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1.0 INTRODUCTION 

On behalf of Legacy Site Services LLC (LSS), agent for Arkema Inc. 
(Arkema), ERM-West, Inc. (ERM) has prepared this Upland Feasibility 
Study (FS) Work Plan (Work Plan) for the former Arkema facility in 
Portland, Oregon (the “Site”). The Work Plan was prepared pursuant to 
the Order on Consent requiring source control measures (SCMs) and an 
upland FS, issued by the Oregon Department of Environmental Quality 
(ODEQ) and signed 31 October 2008 (ODEQ No. LQVC-NWR-08-04) 
(Consent Order). This Work Plan presents the objectives and approach for 
performing the upland FS at the Site in accordance with the Consent 
Order and generally follows the ODEQ Final Guidance for Conducting 
Feasibility Studies (ODEQ 2006). 

1.1 WORK PLAN OBJECTIVES 

The primary objectives of this Work Plan are to: 

• Summarize the conclusions of the remedial investigation (RI), 
Supplemental RI, conceptual site model (CSM) and risk assessments; 

• Summarize the completed remedial actions, interim remedial actions 
and ongoing SCMs; 

• Develop preliminary remedial action objectives (RAOs) for affected 
media and relevant hot spots; and 

• Describe how remedial action alternatives will be developed, screened, 
and evaluated in the FS. 

1.2 WORK PLAN ORGANIZATION 

The remainder of this FS Work Plan is organized as follows: 

• Section 2.0 – Site Background; 

• Section 3.0 – Evaluation of Remedial Investigations, Supplemental 
Investigations, Data Gaps Investigations, Interim Remedial Measures 
(IRMs), and SCMs; 

• Section 4.0 – Summary of Risk Assessments and Hot Spot Evaluation 
(HSE)  

• Section 5.0 – Description of Remedial Action Alternatives; 
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• Section 6.0 – Description of Remedial Action Alternatives Evaluation 
Process; 

• Section 7.0 – Reporting; and 

• Section 8.0 – References. 
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2.0 SITE BACKGROUND 

The Site is located at 6400 NW Front Avenue in the Northwest Industrial 
Area of Portland, Oregon. The Site is located in the heart of the Guild’s 
Lake Industrial Sanctuary, zoned and designated “IH” for heavy 
industrial use. The Site is bounded by Front Avenue on the north and 
west, the Willamette River on the east, and an asphalt roofing 
manufacturer on the south. The plant operated as a chemical 
manufacturing facility for over 50 years. Manufacturing activities at the 
facility were terminated in 2001, and the plant was decommissioned and 
dismantled in 2004. For reference purposes, a site location map and a site 
layout are included as Figures 2-1 and 2-2, respectively. 

2.1 HISTORICAL SITE OPERATIONS 

Starting in 1941, various chemicals were produced at the facility 
including: sodium chlorate, potassium chlorate, chlorine, sodium 
hydroxide, dichloro-diphenyltrichloroethane (DDT), sodium orthosilicate, 
sodium hydroxide, magnesium chloride hexahydrate, ammonia, 
ammonium perchlorate, sodium perchlorate, and hydrochloric acid. Most 
recently, the facility was an operating chlor-alkali plant until the plant 
shut down in 2001. 

A detailed description of historical site activities and manufacturing 
processes was presented in the RI Report (ERM 2005).   

2.2 CURRENT SITE OPERATIONS 

Currently, the majority of the Site is paved, gravel-covered/capped, or 
covered with building foundations. The only remaining building onsite is 
the former administration building, located near the Site entrance in the 
southwest corner of the Site. The groundwater extraction and treatment 
(GWET) system building is currently under construction, as discussed in 
Section 3.6. The only current activities at the Site are general site 
maintenance and those associated with implementation of the interim 
SCMs. 
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2.3 CURRENT AND FUTURE LAND USE 

This section describes the current and reasonably anticipated future land 
use in the locality of facility (LOF) in accordance with Oregon 
Administrative Rules (OAR) 340-122-0080(3)(e) and Consideration of Land 
Use in Environmental Remedial Actions (ODEQ 1998c). According to this 
guidance, in selecting a remedial action, the following must be taken into 
account: 

• Current land uses; 

• Zoning, comprehensive plan, or other land use designations; 

• Land use regulations from any governmental body having jurisdiction; 

• Concerns of the facility owner, the neighboring owners, and the 
community; and 

• Other relevant factors. 

The current and reasonably likely future land use in the LOF is defined by 
its location. The Site is located in the heart of the Guild’s Lake Industrial 
Sanctuary, zoned and designated “IH” for heavy industrial use. On 
14 December 2001, the Portland City Council voted to adopt the Guild’s 
Lake Industrial Sanctuary Plan (GLISP) (City of Portland 2001). The plan 
is intended to preserve industrial land in the area generally bounded by 
Vaughn Street on the south, the St. Johns Bridge on the north, Highway 30 
on the west, and the Willamette River on the east. The plan became 
effective on 21 December 2001. 

The purpose of the GLISP is to maintain and protect this area as a 
dedicated place for heavy and general industrial uses. The plan’s vision 
statement, policies, and objectives were adopted as part of Portland’s 
Comprehensive Plan and are implemented through amendments to the 
City’s Zoning Code. As a result of the GLISP, future land use in the LOF 
will be industrial. 

2.4 GEOLOGY 

The surficial geology in the model area is characterized by fill and alluvial 
deposits of the Willamette River. Alluvial deposits are underlain by 
bedrock of the Columbia River Basalt Group. These units are described in 
detail in the following sections. 
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2.4.1 Fill Materials 

Fill materials generally occur from the surface to depths of approximately 
20 to 30 feet below ground surface (ft bgs), and consist of clayey silt to 
silty sand with occasional debris (including wood, brick, concrete, gravel, 
demolition debris, etc.). Historically, fill materials were used to extend the 
land surface of the Site. Fill thickness ranges from a few feet in the former 
manufacturing area to approximately 25 feet (ft) along the riverbank. 

The source of the fill is generally believed to be river dredge spoils and 
deposits from on- and off-Site excavations. This was common practice for 
near-shore areas of properties along the Portland Harbor. The shallow, 
fine-grained soils are the result of dredged material from the Willamette 
River being placed on the upland portions of the Site. In some areas of the 
Site, this has resulted in an extension of the ground surface into the river 
by a distance of as much as 300 ft.   

Areas to the west of the Site, including the former Doane Lake area, have 
historically been in-filled with sand, clay, organic material and 
miscellaneous debris. An engineered landfill and cap were also 
constructed over a large portion of the Gould site.    

2.4.2 Alluvial Deposits 

The alluvial deposits typically occur as sand, silty sands, silts and clays. 
These sands and silts are massive-to finely-laminated and the contacts 
between the sand and silt can be gradational.   

In general, the alluvium occurs in four alternating sand and silt layers; a 
sand layer occurs at the ground surface Shallow Zone, underlain by a silt 
layer (Shallow-Intermediate Silt), which is underlain by an additional 
sand (Intermediate Zone) and a silty sand/sandy silt layer (Deep Zone). 
The sand and silt layers are continuous over most of the Site. The depth of 
the alluvium (between 50 and 205 ft bgs) is generally controlled by the 
topography of the underlying basalt bedrock.  

A layer of gravel underlies the deepest sandy silt layer in a limited portion 
of Lot 1 (Figure 2-2). The gravel consists of subrounded to round colluvial 
and alluvial gravel. The gravel is typically approximately 10 ft thick. 



 
 

ERM 6 LSS/0164096 – JULY 2013 

2.4.3 Bedrock 

The Columbia River Basalt Group, which consists of flood basalt that 
erupted 6 to 17 million years ago, underlies the fill and alluvium 
throughout the area. These Miocene-age flood basalts are characterized by 
a thick sequence of dense basalt flows separated by permeable interflow 
zones. These interflow zones are recognized as productive aquifers. 
Regionally, the basalt surface dips steeply to the northeast; however, a 
trough or basin has been identified in the upper basalt surface during 
other investigations near the Site (Geraghty & Miller 1991; AMEC 2007). 

2.5 HYDROGEOLOGY 

Groundwater occurs in six distinct water-bearing zones beneath the Site. 
These water-bearing zones have been designated as the Shallow Zone, 
Shallow-Intermediate Silt Zone, Intermediate Zone, Deep Zone, Gravel 
Zone, and Basalt Zone. These water-bearing zones are described in the 
following sections.   

2.5.1 Shallow Zone 

Groundwater in the Shallow Zone is unconfined and occurs at depths of 
approximately 5 to 25 ft bgs in the uppermost fill and sand alluvium from 
Highway 30 toward the Willamette River. In general, the depth to 
groundwater increases from west to east across the Site. The saturated 
thickness of the Shallow Zone is defined as the depth from the top of the 
water table to the upper surface of the Shallow-Intermediate Silt Zone, 
and ranges from approximately 2 to 15 ft near the bank of the Willamette 
River to approximately 15 to 25 ft near Front Avenue. The saturated 
thickness in areas to the west of Front Avenue ranges between 0 and 
approximately 15 ft. 

2.5.2 Shallow-Intermediate Silt Zone 

The Shallow Zone is underlain by the Shallow-Intermediate Silt Zone. 
This zone comprises silts, sandy silts, and clays and acts as an aquitard 
between the Shallow Zone and Intermediate Zone. This layer is 
approximately 1 to 4 ft thick across the Site and is discontinuous in the 
southern portion of the Site (i.e., in the former Chlorate Manufacturing 
area). The Shallow-Intermediate Silt Zone tends to increase in thickness to 
the west of the Site, with the thickest portions (up to 45 ft) located in the 
former Doane Lake area.   
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2.5.3 Intermediate Zone 

The Intermediate Zone consists of the alluvial sands below the Shallow-
Intermediate Silt Zone. The groundwater in the Intermediate Zone is 
confined or semi-confined and occurs between depths of approximately 
36 to 46 ft bgs with a saturated thickness of approximately 5 to 10 ft across 
the Site. The Intermediate Zone is discontinuous in the northwestern 
portion of the Site (Doane Lake area). 

2.5.4 Deep Zone 

Groundwater in the Deep Zone occurs in the finer-grained deposits below 
the alluvial sands and above the Columbia River Basalt. Below the sands, 
at depths from approximately 40 to 60 ft bgs, silt with some clay and fine 
sand is predominant. The depth and saturated thickness of the Deep Zone 
(up to approximately 60 ft) is controlled by the topography of the basalt 
bedrock. 

2.5.5 Gravel Zone 

In northern portion of the Site (Lot 1), alluvial gravel is present between 
the Deep Zone and the basalt bedrock. The Gravel Zone is typically 
approximately 10 ft thick and tends to increase in thickness with 
proximity to the Willamette River.    

The extent of this Gravel Zone throughout the Site is still being 
investigated. Additional investigations and interpretations are underway 
and could lead to some revision of the extent of the Gravel Zone, 
particularly in the northern portion of the Site. The Gravel Zone has a 
significantly higher hydraulic conductivity than the overlying Deep Zone, 
and has been identified as a potential pathway of contaminant migration 
from the Rhone-Poulenc site (AMEC 2010). 

2.6 SURFACE WATER 

The Arkema site is located along the west bank of the Willamette River at 
approximately river mile 6.9 to 7.6.  The confluence of the Willamette and 
Columbia Rivers is approximately 7.5 miles northwest of the Site. The 
minimum monthly river stage along the Willamette River in the Portland 
Harbor area typically occurs between July and October (U.S. Army Corps 
of Engineers 2004). Maximum monthly stages usually occur in the winter 
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between December and February and in the spring between March and 
June, coincident with flood peaks on the Willamette and Columbia rivers. 

The Willamette River stage is influenced by upstream reservoir regulation 
on both the Willamette and Columbia rivers (up to the Bonneville Dam) 
and by tidal effects from the Pacific Ocean (U.S. Army Corps of Engineers 
2004). Tidal effects are most pronounced (i.e., typically ranging from 2 to 3 
ft in amplitude per tidal cycle) when the river stage is less than about 8 ft 
(North American Vertical Datum of 1988 [NAVD88]). Tidal influences are 
more moderate (i.e., less than 2 ft in amplitude) between river stage 
elevations of 13 to 19 ft NAVD88. Above approximately 19 ft, tidal 
fluctuations are generally absent in the Portland Harbor. Tidal influences 
are most pronounced during the summer and fall when river flow and 
river stage are typically at their lowest. 

The area around the Site was once dominated by lakes, including Doane 
Lake. Much of the original Doane Lake has been filled with hydraulic 
dredge material, as well as rocks, gravel, sand and other material, up to 
depths of approximately 40 ft bgs. The remnant of Doane Lake was 
further divided into two bodies, North Doane Lake and West Doane Lake, 
by the placement of fill during the construction of the Burlington 
Northern Santa Fe railroad. The lakes are underlain by thick lacustrine 
deposits of silts and clays. The surface water in both lakes is connected to 
the groundwater (AMEC 2010).  

2.7 DETERMINATION OF BENEFICIAL WATER USE 

A land and beneficial water use determination in the LOF was conducted 
as part of the RI Report. For the purposes of the upland investigation and 
this report, the LOF is assumed to be the Arkema property and the 
riverbank to the ordinary high Willamette River water level. 

Information regarding use of water potentially affected by former 
manufacturing operations was collected as part of the Phase 2 Site 
Characterization (CH2M Hill 1997) and a beneficial water use survey 
conducted for a nearby facility (Woodward-Clyde 1997). Potential 
beneficial uses of nearby surface water (the Willamette River) include 
industrial use, recreational use, and ecological habitat in the LOF. 

No drinking water wells are located on or near the LOF. Groundwater is 
not currently used, nor is it reasonably likely to be used in the future, as a 
drinking water source. A survey of wells within a 1-mile radius of the Site 
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was conducted by CH2M Hill (CH2M Hill 1997). This survey identified 
wells within the search radius of the Site but concluded that there were no 
water supply wells identified downgradient of the Site. An updated 
inventory of wells situated within a 1-mile radius of the facility was 
conducted for the RI Report (ERM 2005). No new water supply wells were 
identified within the search radius.  

Because of the proximity of the Site to the Willamette River, future 
industrial water needs (e.g., non-contact cooling water) are likely to be 
met by surface water, or to a limited potential extent, the basalt aquifer. 
The beneficial use for groundwater in the LOF is expected to be recharge 
to the Willamette River and the basalt aquifer. The potential beneficial 
uses of nearby groundwater in the basalt aquifer include recharge to the 
Willamette River and industrial water supply. The potential impacts from 
the upland area and associated groundwater on the adjacent river 
environment were evaluated in the human health and ecological risk 
assessments, as discussed in Section 4.0. 

2.8 REGULATORY BACKGROUND 

In 1998, Arkema entered into a Voluntary Agreement with the ODEQ 
under the Oregon Voluntary Cleanup Program to address impacts on 
environmental media associated with the manufacture of DDT in the Acid 
Plant Area and sediment in the Willamette River adjacent to the Site. The 
Upland Remedial Investigation Report Lots 3 & 4 and Tract A – Revision 1 (RI 
Report) (ERM 2005) was conditionally approved by the ODEQ on 5 June 
2006. Detailed information regarding environmental conditions at the Site 
is provided in the RI Report, which contains a site description, 
background information, and discussion of the nature and extent of 
contamination at the Site.  

In June 2005, Arkema entered into a non-time-critical removal action 
administrative settlement with the United States Environmental 
Protection Agency (USEPA) (Early Action)1 to address impacts to near-
shore sediment at the Site. The Statement of Work for the Early Action 
requires, among other things, the preparation and delivery of an 

                                                 

1 Administrative Order on Consent for Removal Action, USEPA Region 10, Docket No. 
CERCLA 10-20050191 (27 June 2005). 
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Engineering Evaluation/Cost Analysis (EE/CA) Work Plan to identify 
and provide alternatives for addressing the primary chemicals of potential 
concern (COPCs) in the intertidal area and submerged lands on and 
adjacent to the Site. The draft EE/CA was submitted to the USEPA on  
26 July 2012 (Integral 2012). Agency comments on the EE/CA were 
received on 11 February 2013. Responses were submitted on 28 March 
2013.  

In 2008, Arkema and the ODEQ entered into the Consent Order for the 
upland portion of the Site. The upland Consent Order requires submittal 
of various documents in support of upland source control (i.e., 
groundwater, stormwater, and erodible soil) and the upland FS (data gap 
investigation, risk assessment, HSE, and FS Work Plan and FS).  

The upland Human Health Risk Assessment, Arkema Site: Upland Areas 
(HHRA) (Integral 2008c) was approved by the ODEQ on 5 March 2009. 
The Arkema Upland Level II Screening Ecological Risk Assessment (Level II 
Screening ERA) (Integral 2009a) was conditionally approved by the ODEQ 
on 15 March 2010.  

The HSE Update (ERM 2012a) was submitted on 13 January 2012. ODEQ 
comments on the HSE Update were received on 28 June 2012. Subsequent 
revisions to the determination of hot spots are incorporated into this FS 
Work Plan. The revised determination of hot spots is discussed in Section 
4.3. 

A groundwater source control evaluation was submitted to the ODEQ in 
2007 (Integral 2007a) and an addendum was submitted in 2008 (Integral 
2008a). The source control screening evaluation concluded that 
implementation of the Groundwater SCM would prevent additional 
contaminant flux to the Willamette River, as required by the Joint Source 
Control Strategy (JSCS)2. In May 2008, LSS submitted the Focused 
Feasibility Study, Groundwater Source Control Interim Remedial Measure (FFS) 
in support of the Groundwater SCM at the Site (ERM 2008b). The FFS 
provided an evaluation of remedial alternatives and selected the preferred 
alternative for the Groundwater SCM.  

                                                 

2 The Portland Harbor Joint Source Control Strategy prepared by the ODEQ and USEPA 
(ODEQ 2005) is a framework for making upland source control decisions at the 
Portland Harbor Superfund Site. 
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On 23 February 2009, the ODEQ approved the general approach for the 
Groundwater SCM. This approach included installation of a groundwater 
barrier wall and a GWET system, with treated water discharged to the 
Willamette River. The ODEQ approved the Groundwater Barrier Wall Final 
Design (ERM 2012b) on 7 August 2012. Construction of the groundwater 
barrier wall began in May 2012 and was completed in December 2012. The 
ODEQ approved the Arkema Portland Groundwater Source Control Measure 
Groundwater Extraction and Treatment System Final Design (ERM 2013) on  
2 April 2013. Construction of the GWET system began in December 2012 
and is anticipated to be completed in September 2013. The design and 
implementation of the Groundwater SCM are summarized in Section 
3.6.1.   

Between September 2000 and November 2006, several stormwater IRMs—
including soil removal, temporary capping, and Best Management 
Practices [BMPs]—were implemented at the Site to address stormwater 
(Integral 2007b). However, because the planned Groundwater SCM was 
going to require a substantial modification and rerouting of the existing 
stormwater system, LSS agreed to further enhance the stormwater BMPs. 
LSS subsequently began preparing a Stormwater SCM FFS (SW FFS) 
(Integral 2008b) to evaluate additional stormwater IRMs. Following 
negotiation and response to comments on the SW FFS, LSS began 
designing the Stormwater SCM with preparation of the Design Work Plan 
(Integral 2009). Subsequent to this submittal, the ODEQ and Arkema 
entered into the Memorandum of Agreement and Order (MAO), which 
was executed on 4 August 2010.  

The Final Design Report Stormwater Source Control Measures (Integral 2011) 
was submitted on 30 September 2011 and conditionally approved by the 
ODEQ on 21 December 2011. Construction of the Stormwater SCM began 
in April 2012 and was substantially complete at the time of this Work 
Plan. The design and implementation of the Stormwater SCM are 
summarized in Section 3.6.2. Stormwater SCM performance monitoring 
began in January 2013. A Performance Monitoring Report for the 
Stormwater SCMs at the Arkema Portland Facility was submitted on 1 
June 2013. These design reports and performance monitoring report were 
prepared pursuant to the Order on Consent requiring SCMs, issued by the 
ODEQ, signed 31 October 2008 (ODEQ No. LQVC-NWR-08-04), and the 
storm water MAO, No. WQ/I-NWR-10-175 executed by ODEQ and LSS, 
as agent for Arkema, on 4 August 2010. 
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3.0 SUMMARY OF PREVIOUS INVESTIGATIONS AND SOURCE 
CONTROL MEASURES  

This section provides a summary of the previous investigations and 
interim SCMs that have been implemented at the Site. 

3.1 SUMMARY OF THE RI REPORT 

Historical site activities and potential sources of COPCs have been 
previously described in detail in the RI Report. Site activities and potential 
sources are summarized in this section for convenience. 

Chemical manufacturing at the Site occurred on Lots 3 and 4 in the 
Chlorate Plant and Acid Plant Areas. Inorganic chemicals—including 
sodium chlorate, chlorine, sodium hydroxide, hydrogen, and hydrochloric 
acid—were manufactured at the plant from 1941 to 2001. DDT was 
manufactured at the Site from approximately 1947 to 1954. 

Based on historical activities, potential source areas of COPCs within the 
Chlorate Plant Area include the following: 

• Chlorate Cell Room; 

• Chlorate Process Building; 

• Chlorate Warehouse; and 

• Chlorate Tank Farm.  

Likely COPCs from sources within the Chlorate Plant Area include the 
following: 

• Hexavalent chromium (Cr[VI]); 

• Perchlorate; and 

• Chloride. 

DDT was manufactured in the Acid Plant Area. Discrete areas within the 
Acid Plant Area that are potential sources of COPCs include the 
following: 

• Former Manufacturing Process Residue (MPR) Pond and Trench; 

• DDT Process Building; 
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• Monochlorobenzene (MCB) Recovery Unit; 

• DDT Dry Storage area; and 

• Possible DDT Loading areas. 

Based on historical operations, likely COPCs from Acid Plant Area 
activities include the following: 

• Organochlorine pesticides (DDT, co-metabolites dichloro-
diphenyldichloroethane [DDD], and dichlorodiphenyldichloroethene 
[DDE], hereafter referred to collectively as DDx); 

• Volatile organic compounds (VOCs) (primarily MCB and chloral); and 

• Perchlorate. 

The following additional areas (and likely COPCs) were investigated as 
part of the RI and supplemental investigations: 

• Salt Pads (chloride); 

• Old Caustic Tank Farm (OCTF) (sodium hydroxide, petroleum 
hydrocarbons, and DDx);  

• Former Ammonia Plant (aqueous ammonia); 

• Former Transformer Pads (polychlorinated biphenyls [PCBs]); 

• Bonneville Power Administration (BPA) Main Substation (PCBs);  

• Stormwater Drain System (pesticides, semi-volatile organic 
compounds [SVOCs], perchlorate, and chloride); and 

• Former Cell Repair Room (dibenzofurans). 

A summary of the investigations conducted in each of these additional 
areas is presented in the following sections. 

3.1.1 Salt Pads 

The RI/FS Work Plan did not originally include investigation of the salt 
pads. This investigation was initiated as a result of the Preliminary 
Assessment (PA) (Elf Atochem 1999), Expanded PA (Elf Atochem 2000), 
and chloride concentrations in Site groundwater. The salt pads are 
situated within the Chlorate Plant Area and share many of the same 
groundwater sampling locations. Chloride is the only COPC associated 
with the Salt Pads. Investigation activities carried out to characterize 
impacts of the salt pads consisted of monitoring well groundwater 
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sampling in conjunction with the Chlorate Plant Area groundwater 
investigation and implementation of subsequent IRMs (discussed in 
Section 3.5.1). 

Chloride was observed in groundwater at all Salt Pad area wells during all 
sampling events. Chloride is a naturally-occurring ion in groundwater; 
however, elevated chloride concentrations were observed on the 
downgradient side of the former Salt Pads, where salt was stockpiled and 
where salt brine was produced for use in manufacturing.     

While the highest concentrations of chloride exist in the vicinity of the 
downgradient edge of the Salt Pads Area, chloride concentrations exist 
site-wide in all groundwater zones above the preliminary screening level 
of 230 milligrams per liter (mg/L). This is likely due to the ubiquitous use 
of brine in the manufacturing processes that took place during facility 
operations. Chloride has been observed in the most upgradient Shallow 
and Intermediate Zone monitoring wells, indicating a potential additional 
source of chloride that is upgradient and off site. 

3.1.2 Old Caustic Tank Farm 

The RI/FS Work Plan did not originally include investigation of the 
Chlorate Plant Area. After removal of the tanks during Site demolition, 
Arkema collected and analyzed samples to characterize tank sub-base soil. 
Based on historical operations, the COPCs associated with the OCTF 
included: 

• Sodium hydroxide (caustic); 

• Total petroleum hydrocarbons (TPH); and 

• Organochlorine pesticides. 

Potential sources of these COPCs in the OCTF include (Figure 2-2): 

• The aboveground storage tanks; and 

• Operations in the neighboring Acid Plant Area. 

Investigation activities completed in the OCTF were limited to surface soil 
sampling, including composite and discrete samples.  

The results of the OCTF sampling were reported in the Soil Sampling and 
Analysis Report; Old Caustic Tank Farm; ATOFINA Chemicals, Inc. Portland 
Facility letter report, dated 20 July 2004 (ERM 2004b), and in the RI. Soil 
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samples were analyzed for organochlorine pesticides, VOCs, metals, 
polycyclic aromatic hydrocarbons (PAHs), and TPH. Only pesticides 
(DDT, DDD, and DDE) were detected at concentrations exceeding the 
preliminary screening levels.  

There have been two known historical releases of sodium hydroxide in the 
OCTF. No specific groundwater investigation was conducted as a result of 
these releases; however, pH and alkalinity have been measured in the 
field and laboratory, respectively, for groundwater samples collected from 
the neighboring Acid Plant and Chlorate Plant Areas to characterize any 
impacts of caustic releases. Slightly elevated pH was observed in several 
crossgradient and downgradient wells, including MWA-24 and MWA-42 
(ERM 2010). 

3.1.3 Ammonia Plant 

Based on the release of 400 gallons of a 30-percent anhydrous ammonia 
solution, an investigation was conducted to determine if the groundwater 
had been impacted. Two direct-push borings were conducted in the 
vicinity of the former Ammonia Plant (borings B-67 and B-119) for 
collection of groundwater samples. In addition to the two grab 
groundwater samples collected to characterize ammonia impacts to 
groundwater, groundwater samples from two Acid Plant Area monitoring 
wells (MWA-5 and MWA-14i) were collected and analyzed for ammonia 
as nitrogen. 

Ammonia was detected in groundwater samples collected from both 
direct-push borings and monitoring wells. Concentrations up to 20 mg/L 
were detected during the investigation (well MWA-5, April 2002). 
Groundwater samples collected from direct-push borings upgradient and 
downgradient of the former Ammonia Plant contained ammonia at 
concentrations of 2 mg/L (boring B-119, June 2002, upgradient) and 
1.22 mg/L (boring B-67, May 2001, downgradient). Data presented in a 
report prepared for the Rhone-Poulenc property (Woodward-Clyde 1997) 
indicate that ammonia is present in groundwater at concentrations up to 
34.5 mg/L in monitoring well cluster W-04, situated across Front Avenue 
from the Arkema property, upgradient of the former Ammonia Plant and 
monitoring well MWA-5. Based on this data, the former Ammonia Plant is 
not considered a source of ammonia in Site groundwater. 

In a letter dated 21 March 2002, ODEQ agreed that the data from the 
upgradient monitoring wells indicated that it is likely that ammonia has 
migrated with groundwater onto Arkema property (ODEQ 2002b). In that 
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letter, ODEQ also stated that Arkema was required to perform additional 
sampling before application of the Contaminated Aquifer Policy (ODEQ 
1997).   

Arkema reviewed conditions A through D of the Contaminated Aquifer 
Policy and concluded that, based on the analytical results for ammonia in 
the direct-push boring groundwater samples collected upgradient and 
downgradient of the former Ammonia Manufacturing Plant and 
analytical results from off-site, upgradient wells screened in the same 
groundwater bearing zones, the Contaminated Aquifer Policy applies to 
ammonia at the Site. Based on this determination, no additional 
evaluation of risk posed by ammonia impacts to groundwater or potential 
remedial actions has been conducted. 

3.1.4 Transformer Pad Concrete Sampling 

Based on the prior operational use of potentially PCB-containing 
transformers at the Site, Arkema conducted an investigation of the former 
transformer pads after the transformers had been removed during 
demolition activities. The investigation of the transformer pads consisted 
of the collection and analysis of concrete chip samples from concrete pads 
where PCB-containing transformers were known or suspected to have 
been located. 

During the investigation of the former transformer pads, the highest PCB 
concentration detected in the concrete pads was 2.165 milligrams per 
kilogram (mg/kg). According to 40 Code of Federal Regulations  Part 761, 
a “PCB-contaminated” material is a non-liquid with PCB concentrations 
greater than 50 mg/kg. Based on the sampling results, the concrete pads 
are not considered to be a source of PCB contamination at the Site and 
were not carried forward in the risk assessment.   

3.1.4 Bonneville Power Administration Main Substation 

PCBs were detected in soil during a Phase II Environmental Site 
Assessment conducted by the BPA in the BPA Main Substation (referred 
to as the Pennwalt Substation, PBS Environmental [PBS] 2002a). PCBs 
were detected in shallow soil (0 to 5 ft bgs) at concentrations up to 
1.25 mg/kg. In addition to PCBs, TPH, seven PAHs, lead, DDT, and DDD 
were detected at low concentrations in soil samples collected in the 
substation area (PBS 2002a).   
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Soil samples collected in stormwater drainage swales north and south of 
the substation did not contain PCBs above the detection limit of 
0.05 mg/kg. Excavation of soil in the northwestern corner of the former 
substation removed soil containing the highest observed concentrations of 
PCBs. Confirmation samples indicate that soil containing PCBs at 
concentrations up to 4.5 mg/kg remain on site, within the former 
substation. Samples collected in the area between the substation and NW 
Front Avenue indicate that PCB concentrations in soil are less than 
0.91 mg/kg. Based on these results, PCBs were included in the list of 
COPCs for evaluation in the HHRA and ERA. For the purposes of 
performing a risk assessment and FS, the available data have adequately 
defined the extent of impacts in the BPA Main Substation. 

3.1.5 Stormwater System 

DDT was detected in five of eight samples collected from two manholes 
during early storm water characterization work in the Acid Plant Area in 
1999. DDD and DDE were not detected in any of the eight samples. Total 
DDT and its metabolites were detected in all but one of the 12 stormwater 
samples. Significant reductions in total DDT and metabolite 
concentrations in stormwater were observed after the Phase I Soil IRM 
(discussed in Section 3.4.1) was completed; total DDT concentrations were 
approximately half of what had been previously observed, and DDT 
metabolite concentrations were approximately an order of magnitude less 
than previously observed levels. 

Arkema was issued a new National Pollutant Discharge Elimination 
System (NPDES) discharge permit for stormwater by ODEQ on 22 
January 2004. A condition of the permit required Arkema to conduct a 
stormwater characterization for legacy and 303(d) constituents for a 1-year 
period and to submit a report to ODEQ summarizing the sampling and 
results. The stormwater characterization work consisted of monthly 
monitoring of stormwater in Outfalls 001, 002, 003, and 004.   

Organochlorine pesticides were detected in all four outfalls throughout 
the 1-year sampling program. Cr[VI] was detected in Outfall 004 in 
several of the monthly samples. In an effort to delineate the source of 
pesticides and Cr[VI] in the outfall samples, Arkema collected additional 
stormwater data, which included several locations within each of the four 
storm drain systems. Phase III demolition activities were being carried out 
concurrently with the monthly monitoring. Several constituents exhibited 
temporary increases during this time, only to decrease again after 
demolition activities were complete.   
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Based on the results of the stormwater monitoring during this period and 
ongoing NPDES permit monitoring, Arkema subsequently implemented a 
Stormwater SCM to control DDT and metabolites in stormwater (Section 
3.6.2. 

3.2 SUPPLEMENTAL INVESTIGATIONS 

This section presents a summary of data generated as part of additional 
investigations conducted since the RI was submitted in December 2005. 
These data have been incorporated, as appropriate, into the HHRA, ERA, 
and design of SCMs.   

3.2.1 Surface Soil Sampling on Lots 1 and 2 

In March 2006, seven composite soil samples were collected from Lots 1 
and 2 in support of additional characterization of shallow soils. The 
results of this investigation were previously reported to the ODEQ (ERM 
2006). Four discrete locations were sampled from the surface (0 to 1 ft) for 
each composite. Samples were analyzed for organochlorine pesticides, 
PCBs, SVOCs, total petroleum hydrocarbon‐diesel (TPH‐D), total 
petroleum hydrocarbon‐gasoline (TPH‐G), arsenic, cadmium, chromium, 
lead, and zinc. These data were included in the subsequent HHRA and 
ERA.  

3.2.2 Supplemental 2007 Riverbank Soil Sampling 

A supplemental riverbank soil sampling investigation was conducted to 
further delineate the extent of contamination in support of the terrestrial 
Level II Screening ERA per ODEQ’s direction (Integral 2009a). In March 
2007, surface (0 to 6 inches) soil samples were collected from 13 riverbank 
stations (Stations RBC‐1 through RBC‐13) along the entire property 
boundary, with the exception of the area between Docks 1 and 2, which 
had been adequately sampled during previous sampling events. The 
stations were located near the top of the bank, as well as between the top 
of bank and mean high water (approximately 12 ft NAVD88). A single 
composite sample made up of five discrete samples was collected from 
each station. In addition, five deeper (18 to 24 inches) soil samples were 
collected from select riverbank stations to characterize the shallow 
subsurface. A total of 14 surface composite (including one field duplicate 
sample) and five subsurface samples were collected and analyzed for 
organochlorine pesticides, SVOCs, PCBs, dioxins/furans, total TPH‐D, 
total TPH‐G, VOCs (analysis conducted only on two samples that 
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demonstrated the possible presence of volatile organics by 
photoionization detector field screening), and total metals (arsenic, 
cadmium, chromium, lead, and zinc). These data were incorporated into 
the Level II Screening ERA and have been subsequently used in the HSE 
in this Work Plan (Section 4.3) 

3.2.3 Site-Wide Groundwater Sampling 

A site-wide groundwater monitoring event was conducted in April 2007 
(ERM 2007). The purpose of this sampling event was to obtain 
comprehensive site-wide data following implementation of the 
groundwater IRMs (discussed Section 3.5) that could be incorporated into 
the HHRA and ERA and used in the preliminary design of the 
Groundwater SCM.   

A second site-wide groundwater sampling event was conducted in 
August 2009 (ERM 2010). The purpose of this event was to:  

• Collect data to support an evaluation of the updated CSM for 
dioxins/furans at the Site (discussed in Section 3.3.1); 

• Collect data to support the final design of the Groundwater SCM 
(Section 3.6.1); 

• Collect data to fill data gaps sufficient to evaluate remedial technology 
alternatives in the uplands FS; and 

• Provide additional information regarding the migration (fate and 
transport) of contaminants from the upgradient Rhone-Poulenc facility 
(across NW Front Avenue) onto the Site. 

In general, the results of the April 2007 and August 2009 site-wide 
groundwater monitoring events confirmed the previously determined 
extent of COPCs in the former Acid Plant Area and the Chlorate Plant 
Area for contaminants such as perchlorate, chloride, chlorobenzene, DDx, 
and Cr[VI]. These contaminants are predominately localized on Lot 4, and 
their northernmost extent is bounded by the Groundwater SCM. 

Constituent concentrations on Lots 1, 2 and a large portion of Lot 3 
increase with depth and are the result of impacts from off-site source(s). 
The April 2007 and August 2009 results confirmed that contaminant 
migration from off-site sources of chlorinated VOCs, 1,2-dichlorobenzene, 
chloride, herbicides, and dioxins/furans onto Lots 1, 2, and a large portion 
of Lot 3 is occurring. Interim SCMs, such as the repair of the Outfall 22B 
storm sewer, have been implemented to attempt to prevent groundwater 
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interception and control further migration of contaminants from the 
Rhone-Poulenc facility to the Willamette River. LSS notes that the sealing 
of the city sewer line could exacerbate the flow of Rhone-Poulenc 
contamination onto the Site, as the storm sewer will no longer intercept 
contaminated groundwater. LSS additionally notes that StarLink Logistics 
Inc. (SLLI)/Rhone-Poulenc, under ODEQ guidance, is currently 
implementing an SCM for groundwater contamination in the gravel and 
basalt zone. LSS also notes that SLLI/Rhone-Poulenc has submitted a 
revised Source Control Evaluation (AMEC 2010) to delineate the nature 
and extent of the impacts in the Shallow and Intermediate Zones, which is 
still under review and finalization with ODEQ.  

LSS proposed using only the August 2009 data as the most representative 
data for the purpose of conducting the HSE (ERM 2012a) and the FS. As 
directed by ODEQ, LSS is required to use the maximum concentration 
from the April 2007 and August 2009 data for the purpose of delineating 
preliminary groundwater hot spots. LSS may incorporate into the FS 
additional groundwater monitoring data collected during additional 
investigations or as part of Groundwater SCM performance monitoring. 

3.3 DATA GAPS INVESTIGATION 

A soil investigation was conducted in January 2010 and the results 
reported in the Data Gaps Investigation Report (ERM 2010b). The purpose of 
the data gaps investigation was to achieve the following objectives: 

• Identify and fill data gaps sufficient to evaluate remedial technology 
alternatives in the uplands FS;  

• Collect data to update the CSM for chlorinated dioxins (CDD) and 
chlorinated furans (CDF); and 

• Evaluate the presence/absence of polychlorinated naphthalenes 
(PCNs) and octachlorostyrene (OCS). 

A total of eight borings were advanced in the followings areas of the Site: 

• Old Chlorine Cell Room and associated cell repair room; 

• Former River Bank Brine Residue Pond; 

• Former River Bank Asbestos Pond;  

• Former Diamond Cell Room Asbestos Ponds; and 

• Former Diamond Cell repair room.  
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A revised CSM for dioxin and furans was presented in the Draft Data Gaps 
Assessment Work Plan (ERM 2009a) and the Former Arkema Portland Plant 
Addendum to Data Gaps Assessment Work Plan (LSS 2009). This revised CSM 
is summarized below. 

3.3.1 Revised CDD/CDF Conceptual Site Model 

The results of the data gaps investigation supported the updated 
CDD/CDF CSM. Sufficient data has been collected to identify the 
potential source areas (i.e., Old Chlorine Cell Room) at the Site. Based on 
the Data Gaps Investigation results (ERM 2010), the vertical extent of CDF 
impacts appears limited to shallow soils, from 0 to 2 ft bgs. This is 
consistent with the release of CDFs in wastes generated during historical 
graphite anode cell maintenance activities, and impacts are localized and 
associated with the Old Chlorine Cell Room area. The results of the 
investigation also indicated that additional assessment of arsenic, OCS 
and PCNs was not required, as these potential COPCs were not found.   

In addition, LSS has performed a detailed analysis of the chlor-alkali 
process to determine if the site-specific process utilizing proprietary 
technologies and processes was capable of producing dioxins and furans 
in order to support the CSM (Waterstone 2012). The report is included as 
Appendix B. The conclusion of the report confirms that the chor-alkali 
process was not a source of OCS, PCNs, or PCBs. The Gibbs chlorine cells 
(used from 1946 until 1971) had the potential to form CDFs, and to a much 
lesser extent CDDs (Waterstone 2012). 

3.4 SOIL INTERIM REMEDIAL MEASURES 

During RI field activities, evidence of DDT- and MCB-impacted soil was 
observed in and around the Acid Plant Area. Soils containing DDT and 
MCB at elevated concentrations were observed within the former MPR 
Pond and Trench, in an unpaved area approximately 150 feet west of the 
MPR Pond and Trench, in the unpaved area immediately north of the 
Acid Plant Area, and in the area north of the former MCB Recovery Unit 
Area and south of Warehouse No. 2. These locations, and subsequent IRM 
excavation areas, are shown on Figure 3-2. Elevated DDT and MCB 
concentrations were primarily identified from near ground surface to 
approximately 8 ft bgs. DDT and MCB were observed at depths of up to 
22 ft bgs in the immediate vicinity of the former Acid Plant Area.  
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In response to these elevated DDT and MCB concentrations, Arkema 
implemented multiple IRMs to mitigate potential environmental impacts. 
The purposes of the IRMs were as follows: 

• Remove DDT-affected soil to the extent technically practicable; 

• Construct site drainage improvements to ensure proper drainage and 
reduce ponding of surface water; and  

• Install limited paving and a temporary surface cover to reduce 
transport of DDT and MCB resulting from stormwater runoff and 
erosion of surface soils. 

The IRMs targeted DDT concentrations greater than 1,200 mg/kg. This 
targeted concentration, while equivalent to the ODEQ’s default “hot spot” 
criterion for DDT, was used only as a screening value to identify which 
surface or near-surface soil might need to be addressed by the IRMs. The 
prior soil IRMs are described in the subsections below. 

3.4.1 Phase I Soil Removal 

The Phase I Soil Removal IRM was performed between September and 
November 2000, and focused on excavation and off-site disposal of DDT-
affected soil from the former MPR Pond and Trench areas. Excavations 
were conducted to a maximum depth of 12 ft bgs. A total of 
approximately 3,800 tons of soil was excavated and removed as part of the 
Phase I Soil Removal IRM. Grading, paving, and stormwater conveyance 
improvements were installed within the excavated area. Additionally, a 
temporary surface cover—consisting of a visqueen plastic layer between 
two layers of geotextile, buried beneath approximately 2 inches of ¾-inch-
minus gravel—was constructed in the unpaved area east of the Acid Plant 
Area. Further details regarding the Phase I Soil Removal IRM activities 
were presented in the Interim Remedial Measures Implementation Report 
(ERM 2001). 

3.4.2 Phase II Soil Removal 

The Phase II Soil Removal IRM was completed in November 2001 and 
focused on the area north of the former Acid Plant Area and south of 
Warehouse No. 2 (Area D). A total of 91 tons of soil were excavated to a 
maximum depth of 7 ft bgs. Stormwater conveyance improvements and 
asphalt paving were installed to reduce transport of DDT-affected soil in 
stormwater runoff. A detailed description of the Phase II Soil Removal 
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IRM activities is presented in the Phase II Soil Interim Remedial Measure 
Final Report (ERM 2002). 

The Phase I and Phase II IRMs were effective in removing significant 
quantities of soil containing DDT and MCB, and reduced the potential for 
transport of these constituents in shallow soils.  

3.4.3 Soil Vapor Extraction Interim Remedial Measure 

A soil vapor extraction (SVE) system was installed in December 2000 to 
extract MCB mass from subsurface soils, thereby reducing MCB 
concentrations to allow disposal of the soil as a non-hazardous waste 
during future excavation activities. The system was expanded periodically 
over the 2.5 years of operation and ultimately included five horizontal 
extraction wells. The horizontal wells were situated approximately 6 ft 
bgs. A total of approximately 2,500 pounds of chlorobenzene were 
removed during the operation of the SVE system (ERM 2003). 

Confirmation sampling results revealed MCB concentrations in soil 
greater than had been previously observed in the former MCB Recovery 
Unit area. Generally, samples with higher MCB concentrations than those 
previously observed were located around the SVE system extraction wells. 
Additionally, MCB dense non-aqueous phase liquid (DNAPL) was 
observed at one of the confirmation borings. The SVE system was not 
designed to address DNAPL and, consequently, the system was shut 
down in March 2003. 

3.5 GROUNDWATER INTERIM REMEDIAL MEASURES 

Between 2000 and 2006, in response to observation of COPCs in 
groundwater at the Site, Arkema implemented multiple targeted IRMs, 
including: 

• Cr[VI] Reduction IRM; 

• Air Sparging (AS)/SVE IRM; and 

• Persulfate IRM.  

These prior groundwater IRMs are summarized in the subsections below. 
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3.5.1 Hexavalent Chromium Reduction Interim Remedial Measure 

The Cr[VI] Reduction IRM was implemented to treat dissolved Cr[VI] in 
the Chlorate Plant Area. This IRM involved in situ reduction of Cr[VI] to 
trivalent chromium, thereby decreasing the solubility and toxicity of 
chromium. The objective of this IRM was to reduce the Cr[VI] 
concentration in groundwater to the extent practicable in an attempt to 
achieve the JSCS Screening Level Value (SLV) of 0.011 mg/L in 
groundwater adjacent to the Willamette River. 

The Cr[VI] reduction was achieved by injecting calcium polysulfide 
(CaSx) into the three uppermost groundwater units (Shallow, 
Intermediate, and Deep Zones), where previous investigations indicated 
Cr[VI] was present at elevated concentrations. CaSx injection locations are 
presented on Figure 3-3. The scope and results of the Cr[VI] reduction 
IRM are summarized below: 

• Injection of a total of 1,387,000 gallons of 3 percent and 120,000 gallons 
of 10 percent by weight of CaSx into the three uppermost water-
bearing units at the Site; and 

• The average Shallow Zone concentration decreased from 1.306 to 
0.3286 mg/L, the average Intermediate Zone concentration decreased 
from 0.92 to 0.14 mg/L, and the average Deep Zone concentration 
decreased from 0.123 to 0.01 mg/L. Although concentrations in the 
Shallow and Intermediate zones did not achieve the targeted JSCS 
SLV, the average dissolved Cr[VI] concentrations in the Shallow, 
Intermediate, and Deep zones were significantly reduced by 75, 85, 
and 92 percent, respectively, by this IRM. 

3.5.2 Air Sparging/Soil Vapor Extraction Interim Remedial Measure 

After an investigation was conducted in 2002 to characterize the extent of 
MCB DNAPL in the Shallow Zone, a study involving the installation, 
operation, and monitoring of a pilot-scale remediation system, including 
AS/SVE technologies, was conducted. The pilot study was completed 
over an approximate 5-month period in 2003, in the area where the 
majority of residual-phase DNAPL was observed during the 2002 
investigation. Based on the encouraging pilot study results (an average of 
64 percent reduction in groundwater concentrations in  
5 months), an AS/SVE IRM was designed and implemented to reduce the 
mass of MCB DNAPL in the Shallow Zone. The AS/SVE system operated 
continuously between December 2004 and December 2005.  
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An MCB DNAPL investigation was conducted in two phases in December 
2005 and January/February 2006, respectively. The objective of Phase I of 
the investigation was to evaluate the effectiveness of the AS/SVE system 
approximately 1 year after implementation. To evaluate the ability of the 
system to remove DNAPL, 17 soil samples were collected from across the 
treatment area. The objective of Phase II of the investigation was to 
delineate the lateral extent and vertical distribution of the DNAPL. Phase 
II of the investigation included collecting soil cores from the bottom of the 
Shallow Zone in 42 locations in the former Acid Plant Area.  

DNAPL was observed at 16 of the 17 borings completed during Phase I. 
Although the frequency of DNAPL observation was not unexpected, the 
vertical distribution of DNAPL was greater than initially anticipated. 
Thick zones of DNAPL-impacted soil and thinner zones of saturated 
DNAPL were observed. The lateral extent of DNAPL observed during 
Phase II was greater than previously anticipated, extending in a narrow 
area north of the AS/SVE treatment area. The majority of the DNAPL 
mass was located at the bottom of the Shallow Zone, immediately above 
the lower silt that separates the Shallow and Intermediate zones. Smaller 
amounts of DNAPL were also observed in an upper silt layer within the 
Shallow Zone at most Phase II sample locations. 

Based on the additional DNAPL investigation results, the AS/SVE IRM 
was determined to not be capable of sufficiently remediating the DNAPL 
source because of the presence of DNAPL between multiple silt lenses in 
the Shallow Zone. As a result, the system was shut down and mothballed 
in March 2004. The Draft Acid Plant Area DNAPL Sampling Summary Report 
(ERM 2006a) recommended evaluating additional options for containing 
and treating the DNAPL. Based on previous investigation and the results 
of the AS/SVE IRM, the extent of residual DNAPL appears to be stable 
and limited to areas generally westward of the top of bank (ERM 2006a). 
The major portion of the residual DNAPL is located westward of the 
recently constructed groundwater barrier wall, as discussed in Section 
3.6.1. The length of time since release (i.e., 55 years), the lack of observed 
DNAPL beyond the riverbank (Integral 2003), and the thin (less than 0.02-
inch) DNAPL thickness at the downgradient toe of the DNAPL plume, 
indicates that the DNAPL is likely tension saturated and immobile. 

3.5.3 In Situ Persulfate Oxidation Interim Remedial Measure 

In 2005, the In Situ Persulfate Oxidation IRM was implemented to 
remediate dissolved MCB and DDx in the Shallow and Intermediate zones 
within the Acid Plant Area, where the historical MPR pond and MCB 
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Recovery Unit were located. The IRM objectives were to reduce the mass 
of dissolved MCB and DDx by direct oxidation and subsequently decrease 
the potential mobility of DDx due to co-solvency with MCB. 

Monthly groundwater sampling was completed to evaluate the 
performance of the IRM from October 2005 to January 2006. MCB and 
DDx concentrations measured in groundwater samples collected during 
the performance monitoring fluctuated. Similar results were observed in 
performance monitoring data for the concurrently running AS/SVE IRM 
described above. The In Situ Persulfate Oxidation IRM was suspended in 
April 2006 pending evaluation of source control alternatives for upland 
groundwater as a whole.  

3.6 SOURCE CONTROL MEASURES 

This section presents a summary of the SCMs that are currently being 
evaluated, or have been implemented, at the Site.   

3.6.1 Groundwater Source Control Measure 

Arkema implemented several in situ interim soil and groundwater SCMs 
between 2000 and 2006. The results of these SCMs have been presented to 
the ODEQ and are summarized in Section 3.5. Despite the success of those 
interim remedial measures, Arkema did not believe an in situ remedial 
approach would be capable of meeting the source control objectives, many 
of which are not yet defined, in the USEPA-envisioned timeframe for the 
sediment Early Action currently being planned at the Site. In situ 
treatment technologies, by their nature, are constrained by reaction 
kinetics and media interferences, which hinder their ability to meet rapid 
and undefined source control objectives. In addition, the persistent nature 
of some of the constituents anticipated to require containment and/or 
treatment is expected to complicate and extend an in situ approach for 
source control. Because of the impending Early Action schedule, LSS 
pursued an alternative strategy of physical and hydraulic containment to 
achieve groundwater source control.  

The goal of the Groundwater SCM is to establish hydraulic control of 
COPCs in groundwater at the Site and maintain an inward groundwater 
gradient towards the upland portion of the Site, away from the Willamette 
River. The Groundwater SCM consists of a conventional slurry barrier 
wall and a GWET system. 
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The Groundwater SCM is designed to achieve the following RAOs: 

• Establish hydraulic control of COPCs in groundwater from the 
primary source areas (Lots 3 and 4) at the Site to the Willamette River; 

• Reduce the potential for recontamination of river sediments via the 
groundwater pathway following the Arkema Early Action;  

• Allow upland SCMs to proceed on an independent schedule from the 
Early Action without impeding or compromising that work; and 

• Implement a remedy, which, to the extent practicable, will 
complement and be compatible with potential final upland remedies 
for the Site. 

The Groundwater SCM consists of the following primary components: 

1. A containment barrier wall to physically separate the affected upland 
portions and in-water portions of the Site;  

2. Hydraulic control (“groundwater extraction and treatment”) via a 
series of pumping wells to prevent groundwater containing 
unacceptable concentrations of COPCs from moving around, over, or 
under the containment barrier wall; and 

3. Management of treated groundwater through the ex-situ treatment 
system described above. 

The layout of the Groundwater SCM is presented on Figure 3-1. The 
installation of the slurry backfill groundwater barrier wall was 
substantially complete in December 2012. Completion of the GWET 
system is expected in September 2013.   

3.6.2 Stormwater Source Control Measures 

Between September 2000 and November 2006, several stormwater IRMs, 
including soil removal, temporary capping, and BMPs, were implemented 
at the Site to address stormwater (Integral 2007). These stormwater IRMs 
included: 

• September and November 2000: Phase I Soil Removal IRM, described 
above in Section 3.4.1, was completed in the Acid Plant Area, including 
stormwater conveyance improvements, soil excavation and disposal, 
and temporary capping activities designed to reduce DDT loading in 
stormwater. 

• November 2001: Phase II Soil Removal IRM, described above in 
Section 3.4.2, was completed in the Acid Plant Area, including soil 
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excavation and disposal, capping, and the installation of a storm drain 
to collect stormwater drainage. 

• October to December 2006: BMPs were implemented, including catch 
basin cleaning, installation of new filter socks and biobags, and sealing 
pipes in catch basins that were not needed after the Acid Plant was 
demolished (Lots 3 and 4). 

As discussed in Section 3.6.1, because the planned Groundwater SCMs 
were going to require a substantial modification and rerouting of the 
existing stormwater system, LSS further enhanced the stormwater BMPs 
at the Site by implementing a Stormwater SCM. The Stormwater SCM 
consisted of the following components: 

• Capping portions of the drainage basins that have concentrations of 
COPCs in potentially erodible surface soil as an erosion control 
measure; 

• Decommissioning the existing stormwater collection system to 
eliminate the potential for migration of COPCs; and 

• Rerouting stormwater via a new surface conveyance system (berms 
and swales) and treating stormwater runoff from the Site using 
detention and filtration with discharge through an existing outfall 
equipped with a diffuser (Outfall 004). 

The ODEQ conditionally approved the Stormwater SCM final design in a 
memorandum dated 21 December 2011. A layout of the Stormwater SCM 
is presented on Figure 3-1. Construction of the Stormwater SCM was 
substantially complete in December 2012. Performance monitoring 
commenced in January 2013. 

3.6.3 Riverbank Source Control Measures 

A draft Riverbank Erodible Soil Source Control Screening Evaluation 
(SCSE) was submitted in December 2008 (ERM 2008b). Based on the 
source control screening and weight-of-evidence evaluation, LSS reached 
the following conclusions: 

• DDT, DDD, and DDE (collectively DDx) in the area of Dock No. 2 
(samples RB-9 and RB-10) were considered a medium priority; 

• DDx in the remainder of the river bank was considered a low priority; 
and 
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• Furan congeners were considered a low priority. However, the furans 
and DDx appear to be generally collocated in the river bank soil; 
therefore, the area of relatively higher furan concentrations will be 
addressed in tandem with the medium priority DDx area. 

ODEQ comments on the draft Riverbank SCSE were received on 21 July 
2009. ODEQ rejected the LSS conclusions in the draft Riverbank SCSE. 
ODEQ made the determination that the entire riverbank was high priority 
for source control based on: 

• Detected concentrations of DDx and dioxin/furans in riverbank soil in 
excess of screening levels; 

• Presence of bioaccumulative contaminants (PCBs, dioxin/furans, and 
DDx) in riverbank soil that have been identified as the primary 
contributors to potential risk in the adjacent sediment area; 

• Elevated concentrations of PCBs, dioxins/furans and DDx detected in 
small mouth bass tissue samples collected adjacent to the Site; and 

• Bank soils are considered a highly mobile hot spot due to the high 
contaminant levels observed and the potential for erosion. 

LSS strongly disagrees with ODEQ’s determination regarding the entire 
riverbank and notes that these ODEQ conclusions were based on data 
collected prior to December 2008. As discussed in the previous sections, 
several additional investigations, evaluations, and risk assessments have 
been completed since 2008 related to upland, riverbank, and sediment that 
may warrant revision of the ODEQ conclusions listed above. 

Based on the ODEQ determinations made in the comment letter, a revised 
Riverbank SCSE was not required. ODEQ instead required an evaluation 
of the remedial alternatives to prevent migration of hazardous substances 
present in riverbank soil to the Willamette River. The Summary of Remedial 
Alternatives, Riverbank Source Control Measure (ERM 2009b) was submitted 
in October 2009. Alternative remedial alternatives presented included: 

• No action; 

• No action with institutional controls; 

• Regrading and stabilization; 

• Soil removal and stabilization; and 

• Combinations of the above, as appropriate. 
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Stabilization technologies that were presented consisted of, but are not 
limited to, terraced/vegetated slopes, armoring (e.g., riprap), geocell, and 
structural walls (e.g., sheet pile).   

Riverbank conditions, such as slope, surface covering, and contaminant 
concentrations, vary along the approximate 2,000 ft of river frontage at the 
Site. For the purpose of the Remedial Alternative Evaluation (RAE), the 
riverbank was divided into three sub-areas based on general physical 
characteristics and existing data: 

• Lots 1 and 2 – This area is characterized by dredge fill spoils with a 
gradually sloping bank. Invasive vegetation has become established 
and provides considerable bank stabilization. This area generally 
contains the lowest constituent concentrations found in the riverbank, 
with typically decreasing constituent concentrations from the top of 
bank down to the beach.   

• Lot 3 and Salt Pads – This area is characterized by a relatively steep 
bank with a mixture of debris/riprap and vegetation that provides 
substantial stabilization of the steep bank. This area is further 
comprised of two sections: the riverbank between the Lot 2/Lot 3 
boundary and Dock 1, and the riverbank south of Dock 2. It also 
includes the riverbank along the south boundary of the site that is 
owned by Genstar Roofing Co., Inc. Riverbank materials are a 
mixture of dredge and miscellaneous fill. 

• Docks 1 and 2 – This area is characterized by a relatively steep bank 
with extensive debris/riprap and vegetation that provides substantial 
stabilization. This area is immediately upland of the envisioned 
EE/CA Early Action area and is generally associated with the highest 
constituent concentrations along the riverbank. Riverbank materials 
are a mixture of dredge, miscellaneous fill/debris and riprap. 

ODEQ comments received in April 2010 agreed with this spatial division 
of the riverbank into sub-areas for evaluation of remedial alternatives. In 
order to provide additional information for the evaluation of remedial 
alternatives with regards to potential effects on salmonid habitat, an 
assessment of baseline habitat conditions for salmonids in the vicinity of 
the Site was requested by ODEQ and performed by Integral (Integral 
2010a). This assessment utilized the relative ranking values, developed by 
the National Marine Fisheries Service ([NMFS] 2010) with the Lower 
Willamette Group (LWG). Discussions between NMFS and the LWG 
regarding the ranking values and their application are ongoing. 
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Based on the use of the NMFS relative ranking habitat values, salmonid 
habitat quality along the riverbank was extremely limited throughout the 
entire Site. Consequently, virtually any remedial alternative in the riparian 
zone that adds vegetated grass/shrub land would be an improvement to 
the existing condition.  

The active channel margin has low existing salmonid habitat value in the 
Salt Pad and Dock 1 and Dock 2 areas due to the dominance of riprap in 
these areas. Consequently, remedial alternatives that include unarmored 
or bioengineered slopes could result in improvement to the existing 
salmonid habitat. However, the proportion of unarmored habitat 
increases downstream in areas represented by Lot 3, and Lots 1 and 2. In 
these areas, remedial alternatives may need to be designed in recognition 
of existing habitat conditions with appropriate consideration of any 
mitigation or enhancements that may be needed to offset potential 
salmonid habitat losses and gains.  

Baseline salmonid habitat quality in shallow water areas is moderate to 
high throughout the Site. Primary factors that affect shallow water habitat 
quality are structures (docks) in the Salt Pad and Dock 1 and Dock 2 areas 
and pilings primarily in the Lot 1 and Lot 2 areas. Again, in these areas, 
remedial alternatives may need to be designed in recognition of existing 
habitat conditions with appropriate consideration of any mitigation or 
enhancements that may be needed to offset potential salmonid habitat 
losses and gains.  

3.6.3.1 EE/CA RAA Riverbank Alternatives Evaluation 

A technical memorandum in support of the RAE (ERM 2012c) was 
submitted in July 2012 as an appendix to the EE/CA (Integral 2012). The 
purpose of the memorandum was to evaluate riverbank SCM alternatives 
for a focused portion of the riverbank as it relates to the non-time critical 
removal action being conducted at the Site under the direction of the 
USEPA. The portion of the riverbank that was considered in this 
memorandum was the area of riverbank that is collocated with the 
sediment Removal Action Area (RAA) defined in the Removal Action Area 
Characterization Report (Integral 2011). This area generally corresponds to 
the Dock 1 and Dock 2 areas defined above.  

The recommended focused Riverbank SCM alternative was used during 
the evaluation of in-water RAAs in the EE/CA. This enabled LSS to 
prepare the Arkema EE/CA and address USEPA directives. Based on the 
alternatives evaluation, a remedy consisting of stabilization with riprap 
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alternative was the recommended remedial measure for the Riverbank 
RAA. 

Throughout 2011, 2012, and 2013, discussions have continued between the 
ODEQ and LSS regarding the nexus of the riverbank source control 
alternatives evaluation process, the EE/CA process, and the site-wide FS 
process. LSS’ current understanding is that a presumptive remedy 
approach or similar approach may be used to meet the requirements of 
the Consent Order and other Applicable or Relevant and Appropriate 
Requirements (ARARs) (e.g., Oregon Hot Spot Regulations) as applied to 
the riverbank. 
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4.0 SUMMARY OF RISK ASSESSMENTS AND HOT SPOT EVALUATIONS 

This section presents a summary of the conclusions of the upland HHRA, 
Level II Screening ERA, and HSEs. The results of the HHRA and the Level 
II Screening ERA are summarized in Table 4-1. 

In order to accurately evaluate the potential risk of exposure of the 
different human and ecological receptors to chemicals of concern, the 
upland area of the Site was divided into three sections, based on the 
surface conditions and likely future use of the areas: Lots 1 and 2, Lots 3 
and 4, and the riverbank. The delineation of these areas is presented on 
Figure 2-2. The FS will further refine the evaluation of these areas to be 
fully consistent with the IH zoning on Lots 1, 2, 3, and 4 and with the 
river-dependent uses currently in place, and to be maintained along the 
riverbank in accordance with the City of Portland Greenway regulations 
(City of Portland Code Chapter 33.440). 

4.1 HUMAN HEALTH RISK ASSESSMENT 

The HHRA (Integral 2008) evaluated potential risk to three exposure areas 
at the Site: Lots 1 and 2, Lots 3 and 4, and the riverbank area. For each 
exposure area, COPCs in soil and groundwater were identified for all 
potential exposure pathways and possible receptors at the Site. 

Several applicable scenarios for human exposure to site soils were defined 
in the HHRA. These scenarios are based on the following potential 
receptors at the Site: trespassers, outdoor workers, construction workers, 
and excavation workers. The potential for exposure of each of these 
receptors to site soils is dependent on the site conditions and depth as 
follows: Trespasser (0 to 3 ft bgs), Outdoor Workers (0 to 3 ft bgs), 
Outdoor Workers after Redevelopment (0 to 15 ft bgs), Construction 
Workers (0 to 15 ft bgs), and Excavation Workers (0 to 15 ft bgs). 

Incremental lifetime cancer risks and noncancer health effects for the 
COPCs were assessed for all relevant exposure pathways and potential 
receptor combinations. The results of the risk assessment are presented in 
Table 4-1. The conclusions of the risk assessment are discussed below for 
each of the three exposure areas evaluated at the Site. 
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4.1.1 Lots 1 and 2 

For Lots 1 and 2, the results of the Adult Lead Methodology indicated that 
exposure to lead in soil does not exceed regulatory thresholds for any 
receptor evaluated. For cancer and noncancer endpoints, the exposure to 
arsenic and DDT via the incidental ingestion of soil dominated the 
potential risks. The total hazard index (HI) for every receptor evaluated 
for Lots 1 and 2 was less than 1, indicating that adverse health effects are 
not expected for noncancer endpoints. The total cancer risks for the 
outdoor worker exposures were the highest of the receptors evaluated at 
Lots 1 and 2. The total cancer risk was 3x10‐6 for the central tendency 
exposure (CTE) case and 2x10‐5 for the reasonable maximum exposure 
(RME) case. For construction workers the total cancer risk was 5x10‐7 and 
3x10‐6 for the CTE and RME cases, respectively. For potential trespassers, 
the total cancer risk was 2x10‐6 and 4x10‐6 for the CTE and RME cases, 
respectively. The majority of this cancer risk for all receptors is associated 
with ingestion of arsenic in soil. 

Estimated cancer risks associated with arsenic in soil are likely 
overestimates, since the risk calculations assumed 100 percent 
bioavailability, an unrealistic condition. In addition, the source of arsenic 
at the Site is not related to site processes and therefore is either naturally 
occurring (i.e., geogenic), has an anthropogenic background, or is from 
offsite sources. Furthermore, the exposure point concentration (EPC) used 
in the risk assessment was driven by a single extreme detected 
concentration. 

4.1.2 Lots 3 and 4 

For Lots 3 and 4, the lead concentrations in soil were below the 
screening‐levels for soil and were, therefore, not considered to be a COPC 
for this area. The dominant chemical and exposure route for the cancer 
and noncancer evaluations was 4,4’-DDT via incidental soil ingestion. For 
all receptors except the construction worker, the total HI under the CTE 
case was less than 1, indicating that adverse health effects are not expected 
for these exposure scenarios. The total HI for the construction worker 
exposure resulted in a value of 3, indicating that adverse health effects 
could be associated with this exposure scenario. Under RME conditions, 
current and future outdoor workers and a construction worker had total 
HIs greater than 1, with the construction worker value of 8 as the highest, 
followed by the outdoor worker and outdoor worker under the 
redevelopment scenario at an HI of 3. These RME results for the worker 
receptors are slightly above the threshold of 1 and indicate that adverse 
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health effects could occur for the assumed exposures. The highest total 
incremental lifetime cancer risk of 1×10‐4 was estimated for an outdoor 
occupational worker under RME conditions. The CTE cancer risk for this 
receptor was 2x10‐5 for the outdoor worker. For the construction worker, 
the total cancer risks were 3x10‐6 and 2x10‐5 for the CTE and RME cases, 
respectively. Total cancer risk for the excavation worker was well below 
1x10‐6 under both the CTE and RME conditions. 

4.1.3 Riverbank 

For the riverbank area, the blood lead levels predicted for all receptors 
were below a target level, indicating that exposure to lead in soils is not 
expected to cause adverse health effects. The total HI for all receptors 
under the CTE exposure was 0.2 or less. For the RME case, the highest 
total HI was 0.5. Thus adverse health effects are not expected for any of 
the receptors evaluated for the riverbank. The highest total incremental 
lifetime cancer risks were predicted for the outdoor worker with values of 
3x10‐6 and 2x10‐5 for the CTE and RME cases, respectively. 

The total cancer risk for the construction worker was 5x10‐7 for the CTE 
case and 3x10‐6 for the RME case. For the trespasser exposures, the total 
cancer risk was 2x10‐6 for the CTE case and 4x10‐6 for the RME case. The 
cancer risks for all receptors were dominated by the incidental ingestion of 
dioxin/furan and arsenic in soils. As discussed earlier, the potential risks 
predicted for arsenic are likely to be overestimates. 

Total cancer risk for an indoor worker was 2x10‐6 for the CTE case and 
8×10‐6 for the RME case. These potential risks were driven by a single 
extreme concentration of tetrachloroethene (PCE) in subsurface soil and 
are considered an upper‐bound estimate of the potential cancer risks. The 
total HI for the indoor worker was well less than 0.01 for both the CTE 
and RME case, indicating that potential adverse health effects are not 
expected. 

The results of the HHRA indicate that potential risks from site‐related 
COPCs to receptors under anticipated exposure scenarios are within 
typical USEPA acceptable risk limits. As discussed earlier, there is a 
substantial amount of uncertainty inherent in the estimation of human 
health risk and the net effect is likely to be an overestimate of potential 
risks. For example, biased sampling that focused on areas of former 
operations where known releases occurred were used to develop EPCs 
representing an entire exposure area. This results in an overestimate of 
risk to receptors that are expected to contact exposure media throughout 
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the exposure area, not just the most impacted areas. In general, it is likely 
that actual risks to individuals that may access the Site are less than the 
estimated values presented in the HHRA. Furthermore, current remedial 
activities being implemented at the Site will reduce, if not address, the 
potential risks predicted in the HHRA. For example, crushed rock capping 
conducted for storm water control will reduce, if not eliminate, potential 
exposures to soil. Finally, the removal actions that result from the EE/CA 
being conducted for the in‐water portions of the Site could address even 
the de minimis human health risks predicted for exposure scenarios on 
the riverbank.  

The HHRA identified the following additional compounds as exceeding 
the Oregon Risk-Based Decision-Making (RBDM) carcinogenic screening 
criteria for one or more potential human health exposure pathways, but 
did not present an unacceptable risk: chromium, benzo(a)anthracene, 
benzo(a)pyrene, benzo(b)fluoranthene, 4,4’-DDD, 4,4’-DDE, 
dibenzo(a,h)anthracene, indeno(1,2,3-cd)pyrene. The specific compounds 
that exceeded the RBDM SLVs for individual exposure pathways are 
summarized in Table 4-1. Per ODEQ directives, these compounds were 
included in the HSE (Section 4.3). 

4.2 LEVEL 2 SCREENING LEVEL ECOLOGICAL ASSESSMENT 

Potential ecological habitat exists in previously developed and disturbed 
areas along portions of the riverbank and within limited portions of Lots 1 
and 2. Lots 3 and 4 are generally covered by impervious or uninhabitable 
surfaces including pavement, gravel, and building foundations that 
preclude establishment of any meaningful ecological habitat and were, 
therefore, excluded from the evaluation. The portion of the Site located 
between the mean‐high‐water line of the Willamette River and the top of 
the bank is steeply sloping and covered with rubble used for bank 
stabilization; a limited amount of vegetation has opportunistically 
colonized the area and grows among the bank‐armoring material. 
Riverbank vegetation is characterized by ruderal species, or those species 
likely to first colonize an idle industrial area, including Scotch broom, 
Himalayan blackberry, black mustard, and curly dock. 

Lots 1 and 2 were formerly developed to receive process‐related materials, 
store spare pieces of equipment and graded dredged spoils, but are now 
idle industrial areas that have been passively colonized by a mixture of 
native and invasive plant species. On the northeastern edge of Lot 1 is a 
stand of black cottonwood trees, a willow thicket, and an area with 
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scrub‐shrub vegetation that has been designated as medium‐ to high‐ 
relative rank (City of Portland 2008). Trees and scrub‐shrub vegetation 
also exist on the western end of Lot 1. The remainder of the property is 
vegetated with grass or is bare/covered with aggregate material. 

The potential ecological habitat that was evaluated during the Level II 
Screening ERA was limited to Lot 1 and the northeastern portion of Lot 2, 
and the riverbank between the top of the bank and ordinary low water. 
LSS notes that portions of the passively colonized vegetation on the 
upland parts of Lot 1 and 2 have been altered or removed during the 
implementation of the Stormwater and Groundwater SCMs and this 
condition is/was not reflected in the Level II Screening ERA. 

Based on the above assessments and ongoing actions at the Site, the FS 
will evaluate portions of the riverbank (i.e., between the top of bank and 
ordinary high water) for use as a potential future ecological habitat in 
those areas of the riverbank not intended, and/or needed currently and in 
the future, to maintain the river dependent use of the Site.   

Four categories of ecological receptors were evaluated in the Level II 
Screening ERA: plants, invertebrates, birds, and mammals. Three COPCs 
(chromium, lead, and DDx) exceeded the conservative generic screening 
level values for at least one ecological receptor. The specific COPCs for 
each receptor are summarized in Table 4-1. The SLVs, which are not risk 
based for chromium, for plants and invertebrates are below the regional 
background concentration. Therefore, concentrations of chromium in soil 
that exceed the regional background concentration (76 mg/kg) were used 
to define areas of the Site that potentially result in an unacceptable risk to 
these ecological receptors. 

The evaluation of potential risk posed to invertebrate receptors from 
dioxins and furans in site soils has not been finalized, pending the results 
of a site-specific uptake study and ongoing discussions with ODEQ 
regarding an alternative approach.   

As stated above, the current and reasonably likely future land use in the 
LOF is defined and the Site is located in the heart of the Guild’s Lake 
Industrial Sanctuary, zoned and designated “IH” for heavy industrial use. 
The FS will further refine the evaluation of the areas of potential ecological 
exposure to be fully consistent with the IH zoning on Lots 1, 2, 3, and 4; 
the site conditions following implementation of the SCMs; and with the 
river dependent uses currently in place and required to be maintained 
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along the riverbank in accordance with the City of Portland Greenway 
regulations (City of Portland Code Chapter 33.440). 

4.3 HOT SPOT EVALUATION 

Two HSE reports were prepared (ERM 2006; ERM 2012a). Based on the  
28 June 2012 ODEQ directed comments/changes on the Hot Spot 
Evaluation Update (ERM 2012a), a revision of the HSE and identification of 
the areas and media under consideration in the FS are included as part of 
this Work Plan. The remainder of this section summarizes the conclusions 
of the revised HSE. The receptors, exposure pathways and based for hot 
spot criteria are summarized in Table 4-2. Hot spot screening tables and 
figures are presented in Appendix A. LSS notes that the purpose of 
presenting the hot spot screening tables and figures is to comply with 
OAR 340-122-090 (Hot Spot Rules), identify areas of the Site that will be 
carried forward into the FS for evaluation of potential remedial actions, 
and meet the additional data presentation requirements of the ODEQ. In 
an e-mail dated 20 February 2013, the ODEQ requested LSS prepare iso-
concentration maps of chemicals of concern for soil or groundwater to 
support the project FS. The iso-concentration contours are presented on 
Figures A-1 through A-68 in Appendix A. Concentration data and 
screening level exceedances are also presented on the figures, as directed 
by the ODEQ. Due to the large changes in concentrations over short 
distances that are observed in both soil and groundwater, iso-
concentration contours are based on increasing orders of exceedance ratios 
of the respective hot spot criteria (i.e., 1, 10, 100, and 1,000 times the 
respective hot spot screening criteria). Iso-concentration contours were 
initially plotted using straight line interpolation between points. 
Adjustments to contours were made to incorporate the CSM and 
previously implemented IRMs. For example, contours of soil hot spots 
were adjusted to exclude the volumes of soil that have been previously 
excavated. Data associated with soil that was eventually removed as part 
of an IRM was excluded from the hot spot screening. Data from soil 
samples below the maximum depth of excavation were retained in the hot 
spot screening process and development of iso-concentration contours.   

It should be noted that the current and reasonably likely future land use in 
the LOF is defined, and the Site is located in the heart of the Guild’s Lake 
Industrial Sanctuary, zoned and designated “IH” for heavy industrial use. 
Therefore, the FS will further refine the evaluation of the areas of potential 
ecological exposure to be fully consistent with the IH zoning on Lots 1, 2, 
3, and 4; the site conditions following implementation of the SCMs; and 
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with the river-dependent uses currently in place and required to be 
maintained along the riverbank in accordance with the City of Portland 
Greenway regulations (City of Portland Code Chapter 33.440). 

The HHRA concluded that site soils exceed a hazard index of 1.0 for 4,4-
DDT for construction workers and outdoor workers. The maximum 
hazard index was 7.6. This does not present a non-carcinogenic risk to 
human health that would result in a hot spot (i.e., the maximum hazard 
quotient is less than 10). As the maximum hazard index at the Site is less 
than 10, by definition there are no non-carcinogenic hot spots present at 
the Site. Therefore, non-carcinogenic hot spots are not evaluated further in 
this report.   

The remainder of this section provides a summary of the revised HSE 
based on directed changes, comments, and negotiations with the ODEQ.   

4.3.1 Preliminary Highly Concentrated Hot Spots 

This section presents the results of the HSE for potential direct exposure to 
soil by human and ecological receptors. The selected hot spot criteria for 
direct exposure human and ecological receptors are presented in Table  
3-3.  

4.3.1.1 Human Exposure Routes 

The HHRA identified four human health exposure routes with potentially 
unacceptable risks:  

• Trespasser exposure to surface soils; 

• Outdoor worker from exposure to surface soils; 

• Outdoor worker from exposure to surface and subsurface soils after 
redevelopment; and 

• Construction worker exposure to surface and subsurface soils.  

As discussed above, the HHRA identified the following additional 
compounds as exceeding the Oregon RBDM carcinogenic screening 
criteria for one or more potential human health exposure pathways, but 
did not present an unacceptable risk to human receptors: chromium, 
benzo(a)anthracene, benzo(a)pyrene, benzo(b)fluoranthene, 
dibenzo(a,h)anthracene, indeno(1,2,3-cd)pyrene. The specific compounds 
that exceeded the RBDM SLVs for individual exposure pathways are 
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summarized in Table 4-1. Per ODEQ directives, these compounds were 
included in the hot spot screening evaluation.   

LSS notes that the HHRA concluded that, although these compounds 
were sporadically detected at concentrations above the generic RBDM 
values, the area-wide (Riverbank, Lots 1 and 2, and Lots 3 and 4) did not 
present an unacceptable risk to human receptors (Integral 2009).   

Per the ODEQ Guidance on Identification of Hot Spots (ODEQ 1998a), “the 
assessment of “highly concentrated” soil hot spots for human exposures is 
required only in instances when the baseline risk at the facility exceeds the 
acceptable risk level for human exposures. In such cases, the “highly 
concentrated” hot spot levels are calculated for those exposure pathways 
resulting in unacceptable risk.” Given that these individual compounds 
do not present an unacceptable risk to human receptors, it is unclear as to 
the rationale for inclusion of these individual compounds in the HSE. 
Therefore, per ODEQ directed comments, these compounds have been 
included in the HSE. However, based on the guidance, they will not be 
included in the FS. 

The highly concentrated human health hot spot screening criteria are 
presented in Table 4-3. The highly concentrated human health hot spot 
screening results are presented in Tables A-1 through A-4 of Appendix A. 
The delineation of highly concentrated human health hot spots are 
summarized on Figures A-1 through A-5 for trespassers, outdoor workers 
after redevelopment, and construction workers. 

The potential risk for trespassers identified in the HHRA was arsenic in 
soil on Lots 1 and 2 and the riverbank. The risk identified to trespassers 
from arsenic in soil was primarily from a soil ingestion pathway. A 
preliminary site-specific risk-based SLV for an acceptable carcinogenic 
risk of 1x10-6 excess lifetime cancer risk to trespassers was back calculated 
using the site-specific exposure assumptions used in the HHRA. The 
preliminary site-specific risk-based concentration (RBC) SLV and hot spot 
criteria are 11 mg/kg and 1,100 mg/kg, respectively. Based on these 
criteria, there are no highly concentrated hot spots at the Site for arsenic in 
soil.  

LSS notes that this preliminary SLV incorporates extremely conservative 
exposure assumptions that are based on a resident living at the Site. These 
exposure assumptions are not applicable at the Site because it is zoned for 
heavy industry, and thus will have no residents. Soil ingestion rates for 
trespassers are likely to be significantly lower than for residents. 
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Additionally, recent work conducted on Lots 1 and 2 during 
implementation of the Stormwater and Groundwater SCMs, including on-
site soil management, crushed rock cover, and increased site security, has 
decreased the potential for soil ingestion by trespassers and all potential 
receptors across the Site. The changed surface conditions will result in 
decreased ingestion factors for trespassers and other potential receptors.  

The hot spot values used for 4,4’-DDT for the construction worker 
scenario are based primarily on a cancer endpoint, but there are one or 
more scenarios where there are potential non-cancer endpoints 
contributing to the overall risk for this receptor. The exposure 
assumptions for construction workers used in the HHRA were identical to 
those assumptions used in the calculation of ODEQ RBDM values and 
subsequent hot spot screening criteria values for these receptors. Per the 
ODEQ Guidance on Identification of Hot Spots (ODEQ 1998a), the highly 
concentrated hot spot criterion for the construction worker scenario is 
1,400 mg/kg. 

4,4’-DDT was identified as highly concentrated hot spots for outdoor 
workers, outdoor workers after redevelopment, and construction workers. 
The delineation of the 4,4’-DDT hotspots for these receptors are shown on 
Figures A-1 through A-3 respectively. Two shallow soil samples from one 
boring location (OCTF-11) exceeded the outdoor workers, outdoor 
workers after redevelopment, and construction workers hot spot criteria 
for 4,4-DDE. These samples also exceeded the same hot spot criteria for 
4,4-DDT under the same exposure scenarios, and are thus collocated with 
the 4,4’-DDT hot spot. The location of the highly concentrated hot spots 
for human receptors are located in the vicinity of the former 
manufacturing and processing facilities (the Acid Plant Area), consistent 
with the Site CSM.   

The 2,3,7,8-tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD) toxic equivalent 
concentration (TEQ) hot spot criterion for the outdoor worker and 
outdoor worker after redevelopment exposure scenarios was exceeded in 
one sample, located adjacent to the former Cell Repair Room. No other 
exceedances of highly concentrated hot spot criteria for 2,3,7,8-TCDD 
were observed. The single result that exceeded the hot spot criteria was 
qualified as an estimated value between the method detection limits and 
reporting limits (“J” flagged). The risk from 2,3,7,8-TCDD for the outdoor 
worker scenario is from ingestion of soil. As discussed in Section 4.1, the 
current implementation of the SCMs at the Site, including capping with 
crushed rock, is reducing or eliminating the potential worker exposure to 
2,3,7,8-TCDD via soil ingestion. The exposure assumptions in this risk 
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pathway are inherently conservative and lead to an over estimation of the 
likely risks posed to workers. Based on the single detection and reduction 
of risk posed to outdoor workers, a hot spot area for outdoor workers was 
not defined for 2,3,7,8-TCDD. 

4.3.1.2 Ecological Exposure Routes 

The Level II Screening ERA concluded that ecological receptors would 
likely only be currently potentially exposed to surface soils on portions of 
Lots 1 and 2 and the riverbank (from 0 to 3 ft bgs). The Level II Screening 
ERA identified three compounds—chromium, lead, and DDx—that could 
potentially result in an unacceptable risk to ecological receptors. Dioxin 
and furans were also identified as potentially resulting in unacceptable 
risk to ecological receptors; however, applicable screening level criteria for 
dioxin and furans have not yet been determined (pending resolution by 
ODEQ and LSS). Applicable criteria for dioxin and furans may be 
developed through an invertebrate uptake study. As a result, dioxin and 
furans were not included in the hot spot screening evaluation.  

The highly concentrated ecological hot spot screening criteria as directed 
by ODEQ are presented in Table 4-3. The highly concentrated ecological 
hot spot screening results as directed by ODEQ are presented in Tables A-
5 through A-8 of Appendix A, and summarized on Figures A-6 through 
A-8 for plants, birds, and mammals respectively. The hot spot screening 
criteria used in this evaluation are generic hot spot screening levels and do 
not account for site-specific exposure scenarios. The hot spot screening 
criteria are thus extremely conservative and likely overestimate the actual 
risk posed to ecological receptors at the Site. As discussed in Section 4.1, 
the current implementation of the SCMs at the Site, including capping 
with crushed rock, is reducing or eliminating any ecological receptor 
exposure to contaminants via soil ingestion. LSS will develop remedial 
action levels and cleanup targets for ecological receptors based on 
applicable site-specific exposure scenarios and areas in the FS for use in 
evaluating potential remedial alternatives.   

Highly concentrated hot spots were identified for chromium, lead, and 
DDx in surface soils on Lots 1 and 2 and the riverbank.   

Five detections of chromium in soil exceeded the plant (76 mg/kg, equal 
to regional background concentration [ODEQ 2013]), bird (260 mg/kg) 
and mammal (340 mg/kg) hot spot criteria. These samples were 
composite samples, comprised of individual samples collected from 
locations on the riverbank or near the top of bank on Lot 1.   
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Four detections of lead in soil exceeded hot spot criteria for one or more of 
bird, mammal or plant receptors. These observed exceedances were from 
sporadic, highly localized areas on the riverbank, primarily associated 
with fill materials, indicating that the overall potential risk to ecological 
receptors on a site-wide basis is low. LSS notes that the highest detection 
of lead in soil (RB-8) was located within the EE/CA RAA Riverbank area 
and will be addressed as part of the in-water Early Action.   

The exceedances of DDx in soil for ecological receptor hot spot criteria are 
presented on Figure A-8. There were two potential hot spot areas 
identified: across a large upland portion of Lot 1 and the riverbank from 
approximately the southern half of Lot 3 extending to the Salt Pad area.  

The largest DDx in soil hot spot area occurs on the upland portion Lot 1 
and is associated with surface soils. LSS notes that this upland portion of 
the Site is zoned “IH” heavy industrial and was used, until demolition of 
the plant in 2004, as a heavy industrial area. It has only been since the 
demolition of the plant that invasive species have begun to colonize on the 
upland portion of Lot 1.  

Additionally, this area of the Site was recently disturbed during 
construction of the Stormwater and Groundwater SCMs (e.g., basin 
excavation, berm construction, on-site management of excavated soil, 
erosion and sediment control activities, and placement of crushed rock 
cover). Ongoing activities at the Site in support of Stormwater and 
Groundwater SCM implementation will continue to result in some 
changes to the site conditions and, likely, further reduction in the 
invasively colonized areas on Lot 1 considered in this FS Work plan (e.g., 
additional site grading and installation of crushed rock cover). The FS will 
further refine the evaluation of the areas of potential ecological exposure 
to incorporate the site conditions following implementation of the SCMs 
and in accordance with past and future site uses.   

The riverbank area identified as a hot spot for ecological receptors is 
approximately collocated with the area identified as the EE/CA RAA 
Riverbank area (Integral 2012). This riverbank area is included in the in 
water Early Action, and hot spots identified in this area will be addressed 
as part of that EPA-led action.   

LSS notes that the delineation of hot spots for ecological receptors along 
the riverbank is currently pending the results of a site-specific uptake 
study and on-going discussions with ODEQ regarding an alternative 
approach. 
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4.3.2 Preliminary Groundwater Hot Spots 

This section discusses the HSE results for groundwater. The beneficial use 
of groundwater at the Site has been identified as recharge to aquatic 
habitat (ERM 2005). As directed by the ODEQ, the Ambient Water Quality 
Criteria (AWQC) were used as SLVs for this preliminary groundwater 
HSE, with a point of compliance of transition zone porewater. It should be 
noted the transition zone at the Site has not yet been defined.  

ODEQ has required LSS to identify preliminary groundwater hot spots by 
screening upland groundwater concentrations directly against AWQC 
criteria, with no consideration of the physical, chemical, and biological 
processes that occur between upland groundwater monitoring locations, 
transition zone porewater, and surface water. LSS disagrees, and instead 
considers the surface water column to be the applicable compliance point 
for screening against AWQC. However, LSS has followed the ODEQ 
directive in preparing the screening tables and iso-concentration contours 
in Appendix A for this FS Work Plan. LSS notes that direct comparison of 
upland groundwater to in-water criteria is not appropriate for establishing 
RAOs and defining actual hot spots in groundwater and porewater. It is 
important to consider the chemical, physical, and biological processes that 
occur as dissolved contaminants in groundwater move from upland areas 
to the transition zone porewater and, ultimately, to surface water (e.g., 
diffusion, dilution, and attenuation) to properly reflect the likely exposure 
point concentrations and subsequent potential risk to specific receptors. 
Therefore, for the FS, LSS will develop site-specific groundwater remedial 
action levels and cleanup targets. A summary of selected preliminary 
groundwater hot spot screening criteria is presented in Table 4-4. For this 
evaluation, as directed by ODEQ, the maximum concentration from the 
two most recent groundwater monitoring events (April 2007 and August 
2009) was screened against SLVs. For the purpose of conducting the 
preliminary groundwater HSE, LSS was directed to screen all available 
groundwater concentration from 2007 and 2009 regardless of whether any 
exceedences of surface water criteria have been observed for specific 
COPCs. This is a new approach directed by ODEQ that is contrary to prior 
agreements. In the FS, LSS will evaluate and finalize groundwater 
hotspots for those COPCs that currently, or could be reasonably expected 
to, exceed surface water criteria in the water column as the point of 
discharge. 

LSS notes that a Groundwater SCM is currently being installed at the Site, 
as discussed in Section 3.6.1. The Groundwater SCM is intended to 
prevent the potential for recontamination of sediment through the 
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transport of contaminants from upland groundwater to pore water within 
the general area of Lots 3 and 4 (see Figure 3-1). By minimizing the 
potential for transport of contaminants via groundwater, the 
Groundwater SCM will ultimately be protective of ecological receptors in 
transition zone porewater in this area of the Site. The Groundwater SCM 
is still under construction and its performance has not yet been verified. 
LSS observes that the FS cannot be finalized until the performance of the 
Groundwater SCM has been evaluated sufficiently. LSS anticipates that 
most, if not all, of the final groundwater hot spots as defined in the FS will 
be addressed by implementation of the Groundwater SCM.  

4.3.2.1 Metals 

Preliminary hot spot screening criteria for metals in groundwater are 
presented in Table A-9 of Appendix A. As directed by the ODEQ in the  
28 June 2012 comments, screening criteria for the hardness-dependent 
metals cadmium, chromium, nickel and zinc were calculated using an 
assumed hardness of 25 mg/L, which is the approximate hardness of the 
Willamette River. Concentrations of arsenic, cadmium, chromium, nickel, 
and zinc exceeded screening criteria in one or more of the Shallow, 
Intermediate, Deep, and Basalt zones.  

The preliminary metals groundwater hot spots identified in the Shallow, 
Intermediate, Deep, and Gravel, and Basalt Zones are presented on 
Figures A-9 through A-22. The preliminary hot spots shown in these 
figures indicate monitoring wells where compounds were present at 
concentrations greater than the hot spot screening criteria.  

The results of the preliminary groundwater hot spot screening for arsenic 
are presented in Table A-9. The arsenic hot spots identified in the Shallow, 
Intermediate, and Deep Zones are presented on Figures A-9 through A-12, 
respectively. Arsenic was not used in any processes at the Site. Arsenic is 
known to be a common metal in soil in the region; background 
concentrations (ODEQ 2013) of arsenic in soil and groundwater often 
exceed both risk-based water quality and hot spot screening criteria.  

The areas delineated by the arsenic in preliminary groundwater hot spots 
are generally collocated with areas of low pH in groundwater (e.g., the 
Acid Plant Area). Low pH conditions can potentially mobilize naturally 
occurring arsenic from the soil matrix. The extent of the arsenic in the 
preliminary groundwater hot spot is also generally limited to the area of 
low pH groundwater and within the target capture zone of the 
Groundwater SCM. The extent of arsenic in groundwater in the Shallow, 
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Deep, and Gravel/Basalt aquifers does not appear to reach the Willamette 
River. Only one detection of arsenic in the Intermediate Zone (MWA-51i 
in April 2007) was above the hot spot criteria. The potential low pH 
sources at the Site were eliminated during plant demolition in 2004. 
Arsenic concentrations in groundwater are anticipated to decrease as the 
aquifer attenuates the low pH groundwater. This is supported by the 
comparison of the arsenic concentration in MWA-51i in the August 2009 
monitoring event. The subsequent results from the August 2009 
monitoring event were an order of magnitude lower than in April 2007. 
This trend is generally true for the majority of Shallow and Intermediate 
Zone results. This trend of decreasing arsenic concentrations is anticipated 
to continue. Based on the observed limited extent of arsenic in 
groundwater (i.e., dissolved arsenic is attenuated before reaching the 
Willamette River, implementation of the Groundwater SCM, and 
continuing decreases in dissolved arsenic concentrations), the FS will not 
evaluate potential remedial actions for arsenic in groundwater.   

There were limited exceedences of hot spot criteria for cadmium, nickel, 
and zinc in groundwater. These preliminary hot spots are generally 
associated with the Deep and Basalt Zones on Lot 1. These hot spot criteria 
are hardness dependent. As directed by the ODEQ, the approximate 
hardness of the Willamette River (25 mg/L calcium carbonate) was used 
to calculate these hot spot criteria. The actual site groundwater hardness is 
likely to be significantly higher than the Willamette River and results in a 
significant increase in applicable screening criteria. Further, there is no 
indication that historical site activities had an adverse impact on the Deep 
and Gravel/Basalt Zones in the Lot 1 portion of the Site. As discussed 
below in Section 4.3.2.7, there are known to be impacts to these zones from 
contaminants released by the upgradient Rhone Poulenc facility. The 
impacts are being addressed under a source control evaluation process by 
SLLI/Rhone-Poulenc.  Therefore, the FS will not evaluate remedial actions 
for cadmium, nickel, and zinc in groundwater. 

4.3.2.2 Chromium 

The results of the preliminary groundwater hot spot screening for 
chromium (III) are presented in Table A-9. The chromium (III) hot spots 
identified in the Shallow, Intermediate, and Deep Zones are presented on 
Figures A-14 through A-17, respectively. The preliminary chromium hot 
spots are located in the Chlorate Plant Area on Lots 3 and 4, and are 
within the target capture zone of the Groundwater SCM. This location is 
consistent with historical production of chlorate at the Site, and the 
subsequent Cr[VI] reduction IRM (i.e., conversion to chromium (III)). 
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4.3.2.3 Hexavalent Chromium 

The results of the preliminary groundwater hot spot screening for Cr[VI] 
are presented in Table A-9. The Cr[VI] hot spots identified in the Shallow, 
Intermediate, and Deep Zones are presented on Figures A-20 through  
A-22, respectively. The preliminary Cr[VI] hot spot is located in the 
Shallow Zone within the Chlorate Plant Area on Lots 3 and 4. This 
location is consistent with historical production of chlorate at the Site. 

4.3.2.4 Chloride  

The results of the preliminary groundwater hot spot screening for chloride 
are presented in Table A-9. The chloride hot spots identified in the 
Shallow, Intermediate, Deep, and Gravel and Basalt zones are presented 
on Figures A-23 through A-26, respectively. Chloride is present in 
groundwater across the majority of the Site at concentrations in excess of 
the hot spot criteria of 230 mg/L.  

As indicated by the iso-concentration contours, the area of the Site with 
the highest chloride concentrations is located within the Salt Pad Area. 
This location is consistent with the former salt storage and brine 
production area of the Site. LSS notes that chloride concentrations within 
this area have decreased significantly since the facility ceased operations 
in 2001. 

Historical chloride concentration results from the Site and vicinity (ERM 
2007) indicate that there is a potential upgradient source of chloride in 
groundwater that is migrating onto the Site. During the April 2007 
monitoring event, there were significant detections of chloride observed in 
the Deep, Gravel, and Basalt zones on Lots 1 and 2. Elevated 
concentrations of chloride observed in Gravel Zone well RP-08-80, which 
is located on the northern site boundary, indicate a likely off-site source of 
chloride. Historical chloride data from the off-site, upgradient wells 
confirm the presence of an upgradient source of chloride. Elevated, 
upgradient, Shallow Zone chloride concentrations appear to be migrating 
downward into the deeper zones and then flowing on to Lots 1 and 2 
(ERM 2007). The lining of Outfall 22B storm drain lines may potentially 
exacerbate any current migration of chloride onto the Site from this 
upgradient source. 
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4.3.2.5 Perchlorate 

The results of the preliminary groundwater hot spot screening perchlorate 
are presented in Table A-9. As directed by the ODEQ in a comment letter 
dated 28 June 2012, the EPA-recommended chronic Threshold Limit Value 
of 9,300 micrograms per liter was used for the purpose of determining 
preliminary groundwater hot spots. As discussed above, per the ODEQ 
comment letter, aquatic life criteria are protective of industrial and 
recreational beneficial uses.   

Perchlorate in groundwater exceeded the preliminary hot spot criteria in 
the Shallow, Intermediate, and Deep zones. The preliminary perchlorate 
hot spots in the Shallow, Intermediate, and Deep zones are presented on 
Figures A-27 through A-29, respectively. The preliminary perchlorate hot 
spots are located within the Chlorate Plant Area on Lots 3 and 4. This 
location is consistent with historical production of perchlorate at the Site.  

4.3.2.6 Volatile Organics 

The results of the preliminary groundwater hot spot screening for VOCs 
are presented in Table A-9. Groundwater VOCs above the ODEQ 
mandated chronic aquatic life hot spot screening criteria included: 
chlorobenzene, chloroform, and PCE. The preliminary VOC hot spots in 
groundwater within the Shallow, Intermediate, Deep, and Gravel/Basalt 
zones are presented on Figures A-30 through A-41.  

The extent of preliminary groundwater VOC hot spots identified in the 
Shallow and Intermediate zones are generally limited to Lots 3 and 4. 
These preliminary hot spots are primarily due to the presence of 
chlorobenzene, chloroform, and PCE. The locations of these hot spots are 
consistent with the Site CSM and the known area of releases of 
chlorobenzene. These hot spots are generally located within the capture 
zone of the Groundwater SCM.  

Preliminary hot spots identified on Lots 1 and 2 are generally present in 
the deeper groundwater zones (i.e., Deep, Gravel, and Basalt zones) and 
are primarily associated with 1,2 dichlorobenzene hot spots, as discussed 
below. Concentrations of groundwater VOCs on Lots 1 and 2 tend to 
increase with depth. LSS notes that there is a source control evaluation 
being conducted by SLLI/Rhone Poulenc, upgradient of the Arkema site, 
to assess the contribution of off-site VOCs to groundwater across the 
Arkema site, particularly on Lots 1 and 2. The exceedances of the ODEQ-
determined VOC hot spot criteria in the deeper aquifers on Lots 1 and 2 



 
 

ERM 49 LSS/0164096 – JULY 2013 

are associated with upgradient sources (e.g., SLLI/Rhone Poulenc), as has 
been established through numerous documents produced by both 
SLLI/Rhone Poulenc and LSS. 

4.3.2.7 1,2-Dichlorobenzene 

The results of the preliminary groundwater hot spot screening for 1,2-
dichlorobenzene is presented in Table A-9. The preliminary 1,2-
dichlorobenzene hot spots in groundwater within the Shallow, 
Intermediate, Deep, and Gravel/Basalt zones are presented on Figures A-
42 through A-45.  

Preliminary hot spots for 1,2-dichlorobenzene identified on Lots 1 and 2 
are generally present in the deeper groundwater zones (i.e., Deep, Gravel, 
and Basalt zones). Concentrations of VOCs in groundwater on Lots 1 and 
2 tend to increase with depth. As discussed above, there is a source control 
evaluation being conducted by SLLI/Rhone Poulenc upgradient of the 
Arkema site, to assess the contribution of off-site VOCs to groundwater 
across the Arkema site, particularly on Lots 1 and 2.  

4.3.2.8 Pesticides 

The results of the preliminary groundwater hot spot screening for 
pesticides and herbicides are presented in Table A-9. The preliminary 
pesticide hot spots in groundwater within the Shallow, Intermediate, 
Deep, and Gravel/Basalt zones are presented on Figures A-46 through  
A-59.  

Pesticides in groundwater above the ODEQ chronic aquatic life hot spot 
screening criteria included: heptachlor, gamma-BHC (Lindane), total 
chlordane and 4,4’-DDT. LSS notes that, as discussed above, direct 
comparison of aquatic life criteria to upland groundwater is overly 
conservative and does not reflect the likely exposure point concentrations 
and subsequent potential risk to specific receptors in surface water. 

The extent of preliminary pesticide hot spots in groundwater is generally 
sporadic across the Site in the Shallow, Intermediate, and Deep zones, and 
due to detections of 4,4’-DDT. Because the preliminary hot spot criteria for 
these compounds are equal to the laboratory detection limits, detection at 
any level results in designation as a preliminary hot spot. The effect of this 
evaluation is that almost the entire site is identified as a preliminary hot 
spot driven to a large extent by low detections in wells that are a 
significant distance from each other (Figure A-56). 



 
 

ERM 50 LSS/0164096 – JULY 2013 

This sort of evaluation does not achieve the objective of the HSE (i.e., 
identifying and prioritizing areas of the Site for evaluation of remedial 
action in the FS). Therefore, in order to provide some basis for prioritizing 
areas or focus of remedial action in the FS, the iso-concentration contours 
were used to identify those areas of the Site with the greatest potential 
impact to groundwater.   

As shown on Figures A-56 through A-58, the highest concentrations of 
pesticides in groundwater have been observed on Lots 3 and 4, in the 
vicinity of the former DDT manufacturing area. The areas with the 
greatest exceedance ratios are located within the capture zone of the 
Groundwater SCM. The only detected 4,4’-DDT in the Basalt Zone is in 
Lot 2, in monitoring well RP-09-64. As noted above in Section 4.3.2.7, there 
is likely an upgradient source of contaminants from the SLLI/Rhone 
Poulenc facility, where significant amounts of DDT were historically 
manufactured.  

An additional potential source of low levels of 4,4’-DDT to groundwater 
in the Shallow and Intermediate Zones are the Willamette River dredge 
spoils that were historically placed across the Site. The dredged material 
was likely impacted with DDT prior to placement on the Site.   

LSS notes that, due to the groundwater hot spot screening criteria being 
equal to the laboratory detection limit, the analytical results are extremely 
sensitive to sample interferences (i.e., entrained solids in the groundwater 
samples). When using such low screening criteria, such as the preliminary 
groundwater hot spot criteria, the effects of even small amounts of dredge 
spoil material entrained in the sample will result in the sporadic 
exceedences of DDT. The effects of this sampling interference are more 
likely found in aged, improperly developed and/or sampled wells.   

Lastly, site-specific upland groundwater action levels for 4,4’-DDT that 
incorporate the physical, chemical, and biological processes which occur 
between upland groundwater and transition zone porewater will be 
developed in the FS process. These actions levels will be used as remedial 
action goals and to further refine the preliminary hot spot areas for 
groundwater and soil, as discussed below in Section 4.3.3.9.       

4.3.3 Preliminary Highly Mobile Hot Spots 

The assessment of “highly mobile” hot spots includes two migration 
routes: stormwater runoff and infiltration or leaching to groundwater. Per 
ODEQ guidance (ODEQ 1998a), an assessment of preliminary highly 
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mobile hot spots is only required in instances where it is reasonably likely 
that these migration routes exist at the Site. Based on site conditions, 
erodible soil via stormwater runoff and leaching to groundwater are 
considered potential contaminant migration pathways. 

Erodible soils are generally considered shallow soils that can be mobilized 
in stormwater runoff and directly discharged to the receiving water body. 
The media at the Site that was evaluated for potentially highly mobile hot 
spots through potential migration in stormwater were shallow upland 
soil. Screening criteria specific to surface soils potentially mobilized in 
stormwater runoff were not developed because this type of hot spot, if 
any, will be collocated with either a preliminary highly concentrated hot 
spot or a preliminary leaching to groundwater hot spot. The leaching to 
groundwater criteria are based on chronic exposure pathways and 
extremely conservative water quality screening values, particularly for 
bioaccumulative COPCs. The ODEQ directed preliminary highly mobile 
hot spot screening criteria for these COPCs are typically below detection 
limits; thus any historical detection is identified as a potential hot spot. 
This sort of evaluation does not achieve the objective of the HSE (i.e., 
identifying and prioritizing areas of the Site for evaluation of remedial 
action in the FS). Additionally, preliminary hot spot screening levels for 
the leaching to groundwater pathway will be lower (more conservative) 
than preliminary potential hot spot screening levels for erodible soil. 

LSS notes that the Stormwater SCM is intended to specifically reduce 
potential contaminant transport via the erodible soil pathway. Ongoing 
activities at the Site in support of Stormwater and Groundwater SCM 
implementation will continue to result in some changes to the site 
conditions and, likely, further reductions in the potentially erodible soil 
(e.g., additional site grading and installation of crushed rock cover).  

The identification of potential preliminary highly mobile hot spots from a 
leaching to groundwater pathway is based on the current and future 
beneficial use of groundwater at the Site (i.e., recharge of surface water as 
aquatic habitat). Since the submittal of the Hot Spot Evaluation Update 
(ERM 2012a) and subsequent comment letter dated 28 June 2012, LSS and 
the ODEQ have participated in numerous discussions, including working 
meetings and written correspondence, in which several proposed 
approaches, such as fate and transport modeling, soil leaching to 
groundwater modeling, and a presumptive remedy approach have been 
unsuccessfully suggested as methods for advancing the site-wide FS 
process.   
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One of the objectives of the HSE is to identify areas of the Site that 
potentially require remediation and that will be carried forward into the 
FS as a hot spot. During the FS evaluation, there is a preference for 
removal or treatment of the hot spot areas. In accordance with ODEQ 
direction, preliminary groundwater hot spots have been identified by 
screening upland groundwater concentrations directly against surface 
water criteria, with no consideration of the physical, chemical, and 
biological processes that occur between upland groundwater monitoring 
locations and the transition zone.  

LSS has followed this directive in preparing the screening tables and iso-
concentration contours. LSS notes that direct comparison of upland 
groundwater to in-water criteria is not applicable for establishing RAOs 
and defining actual hot spots. It is important to consider the chemical, 
physical, and biological processes that occur as dissolved contaminants in 
groundwater move from upland areas to the transition zone porewater 
(e.g., diffusion, dilution, and attenuation) to properly reflect the likely 
exposure point concentrations and subsequent risk to receptors. 
Therefore, for the FS, LSS will develop site-specific groundwater action 
levels and cleanup targets.  

LSS will continue discussions with the ODEQ in order to develop 
appropriate site-specific groundwater cleanup levels that will 
subsequently be used, in part, to develop site-specific vadose zone soil 
cleanup levels. These site-specific cleanup levels will be developed using 
the Summers (EPA 1980) and/or PESTAN (Enfield et al. 1982) model for 
pesticides and accepted 2-dimensional leaching models (e.g., VLEACH, 
AT123D) for other COPCs that are identified in the generic screening level 
approach currently used in this revised HSE. This further site-specific 
refinement will be used to develop and evaluate the remedial alternatives 
in the FS.   

In order to advance the FS Work Plan process, LSS used a published soil 
partitioning model to determine leaching to groundwater soil criteria 
(USEPA 1996). This very conservative approach incorporates a dilution 
and attenuation factor to approximate the effects of physical and chemical 
processes between upland soil and the transition zone. To address issues 
with ODEQ’s directed approach for developing groundwater criteria and 
leaching to groundwater criteria, LSS used a published generic dilution 
and attenuation factor of 20 to calculate leaching to groundwater hot spot 
screening criteria for this initial screening. LSS considers the use of a 
published generic dilution and attenuation factor to be somewhat more 
appropriate for the purpose of identifying initial areas potentially 
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requiring remediation that will be carried forward into the FS and 
complying with the Hot Spot Rules, as the following conservative 
assumptions are inherent in the screening criteria:  

• AWQC criteria (i.e., surface water and porewater criteria) are based on 
conservative exposure and uptake assumptions and are inappropriate 
for soil/water partitioning/leaching comparisons;  

• No consideration of any dilution of groundwater by surface water in 
the transition zone porewater; 

• No consideration of biological and chemical degradation of 
contaminants between upland groundwater and transition zone 
porewater;  

• No consideration of dilution, dispersion, or sorption between upland 
groundwater and transition zone porewater; and 

• No consideration of site-specific soil leaching parameters, including 
the assumption that the maximum theoretical leaching occurs 
instantaneously.   

Following development of the site-specific groundwater cleanup levels, 
appropriate site-specific leaching to groundwater criteria will be 
developed. LSS anticipates that the site-specific criteria will be developed 
in conjunction with the ODEQ and prior to conducting the evaluation of 
alternatives in the FS.   

Per ODEQ comments received on 28 June 2012, the vadose zone leaching 
to groundwater pathway was only evaluated for those contaminants for 
which groundwater hot spots were identified, using the generic and 
highly conservative method described in Section 4.3.2. This conclusion 
was based on the significant age of the historical releases to soil and 
assumes that, if there is a risk of contaminants in soil leaching to 
groundwater and adversely affecting the beneficial use, these impacts 
would have been already observed. Additionally, the CSM should be 
considered when screening for leaching to groundwater hot spots. Thus, 
only those compounds that are associated with historical releases are 
evaluated for preliminary highly mobile hot spots. For instance, there are 
no indications that arsenic was historically used, produced, or released at 
the Site. Elevated concentrations of dissolved arsenic in groundwater are 
likely due to naturally occurring arsenic in soil being mobilized due to 
localized pH conditions at the Site. Thus, screening for a vadose zone 
source of arsenic in soil leaching to groundwater is not appropriate.  
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Following this screening rationale, the following compounds, with 
available soil data, were evaluated for preliminary highly mobile hot spots 
from a leaching to groundwater pathway: chromium, Cr[VI], 
chlorobenzene, chloroform, PCE, 1,2-dichlorobenzene, heptachlor, 
lindane, total chlordanes, and 4,4’-DDT. The calculated preliminary 
leaching to groundwater hot spot screening criteria are presented in Table 
4-4. The preliminary highly mobile hot spots screening results are 
presented in Table A-10 and summarized on Figures A-60 through A-67. 
LSS notes that data associated with soil that was eventually removed as 
part of an IRM (see Sections 3.4.1 and 3.4.2) was excluded from the hot 
spot screening. Data from soil samples below the maximum depth of 
excavation were retained in the hot spot screening process and 
development of iso-concentration contours.    

Although preliminary groundwater hot spots for heptachlor were 
identified that are collocated with the DDT preliminary groundwater hot 
spots (see Figures A-46 through A-49), there have been no historical 
detections of heptachlor in soil, and thus no highly mobile spots for 
vadose soil leaching to groundwater were identified.   

4.3.3.1 Chromium 

The results of the preliminary leaching to groundwater hot spot screening 
for chromium are presented in Table A-10. The preliminary chromium 
leaching to groundwater hot spots in soil are presented on Figure A-60. 

The highest chromium concentrations in soil are observed in the Chlorate 
Plant Area. Soil pH ranges between 7 and 11 in this area of the Site. Using 
a conservative estimate of 7.0 for soil pH, the leaching to groundwater 
criteria for chromium was calculated to be 1,190 mg/kg. This criterion was 
exceeded in one location that corresponds to the chlorate manufacturing 
area. 

4.3.3.2 Hexavalent Chromium 

The results of the preliminary leaching to groundwater hot spot screening 
for Cr[VI] are presented in Table A-10. The preliminary Cr[VI] leaching to 
groundwater hot spots in soil are presented on Figure A-60. 

The location of the Cr[VI] leaching to groundwater hot spot corresponds 
with the location of the chlorate manufacturing areas, where Cr[VI] was 
used at the Site.   
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4.3.3.3 Chlorobenzene 

The results of the preliminary leaching to groundwater hot spot screening 
for chlorobenzene are presented in Table A-10. The preliminary 
chlorobenzene leaching to groundwater hot spots in soil are presented on 
Figure A-61. The areas with the highest exceedances are located within the 
former DDT manufacturing area. This area is currently capped by a 
variety of asphalt paving, concrete foundation slabs, and engineered 
covers to minimize the amount of potential leaching.   

4.3.3.4 Chloroform 

The results of the preliminary leaching to groundwater hot spot screening 
for chloroform are presented in Table A-10. The preliminary chloroform 
leaching to groundwater hot spots in soil are presented on Figure A-62. 
The leaching to groundwater hot spot for chloroform is collocated with 
the DDT manufacturing area and MPR pond. This is consistent with the 
CSM.   

4.3.3.5 Tetrachloroethene 

The results of the preliminary leaching to groundwater hot spot screening 
for PCE are presented in Table A-10. The preliminary PCE leaching to 
groundwater hot spot in soil are presented on Figure A-63. Only one 
detection of PCE in soil exceeded the hot spot criteria. This location is 
collocated with the leaching to groundwater hot spot for chlorobenzene.   

4.3.3.6 1,2-Dichlorobenzene 

The results of the preliminary leaching to groundwater hot spot screening 
for 1,2-dichlorobenzene are presented in Table A-10. As presented on 
Figure A-64, there were no exceedances of the preliminary 1,2-
dichlrobenzene leaching to groundwater hot spots observed. The highest 
concentrations observed in the vadose zone soil data were approximately 
an order of magnitude lower than the leaching to groundwater hot spot 
criteria. The only preliminary groundwater hot spots for 1,2-
dichlorobenzene were observed in the Basalt Zone on Lot 1. This is 
consistent with the documented off-site sources of 1,2-dichlorobenzene.   

4.3.3.7 Lindane 

The results of the preliminary leaching to groundwater hot spot screening 
for lindane are presented in Table A-10. The preliminary lindane leaching 
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to groundwater hot spots in soil are presented on Figure A-65. There are 
only three remaining historical detections of lindane in soil, both of which 
are below the conservative leaching to groundwater criteria, and thus no 
lindane leaching to groundwater hot spots were identified. 

4.3.3.8 Chlordane 

The results of the preliminary leaching to groundwater hot spot screening 
for chlordane are presented in Table A-10. The preliminary chlordane 
leaching to groundwater hot spots in soil are presented on Figure A-66. 
Only two remaining soil samples have chlordane concentrations above the 
leaching to groundwater hot spot criteria. These sample locations are 
collocated with the leaching to groundwater hot spots for DDx, as 
discussed below in Section 4.3.3.9. This area is currently capped by a 
variety of asphalt paving, concrete foundation slabs, and engineered 
covers to minimize the amount of potential leaching. 

As discussed above, the preliminary highly mobile leaching to 
groundwater hot spot criteria are generic, overly conservative, and not 
based on an evaluation of site-specific conditions.  As stated above for the 
FS, accepted models, such as Summers and/or Pestan, will be used to 
develop site-specific remedial action levels, and subsequent revised hot 
spot criteria for chlordane for both the groundwater and the leaching to 
groundwater pathway.  

4.3.3.9 DDT 

The results of the preliminary leaching to groundwater hot spot screening 
for 4,4’-DDT are presented in Table A-10. The preliminary 4,4’-DDT 
leaching to groundwater hot spots in soil are presented on Figure A-67. 
With the exception of the former DDT manufacturing area, the extent of 
preliminary DDx leaching to groundwater hot spots are generally 
sporadic across the Site. As noted, the area with the highest exceedance is 
located within the former DDT manufacturing area (the Acid Plant Area) 
of Lot 4. This area is currently capped by a variety of asphalt paving, 
concrete foundation slabs, and engineered covers to minimize the amount 
of potential leaching.   

There are lower level exceedances of the leaching to groundwater hot spot 
criteria sporadically across the Site, including Lots 1 and 2. Significant 
portions of this area were historically filled with dredge spoils from the 
Willamette River that are known to contain 4,4’-DDT and other 
constituents.   
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LSS notes that, due to the leaching to groundwater hot spot screening 
criteria being equal to the laboratory detection limit, the analytical results 
are extremely sensitive to sample interferences. When using such low 
screening criteria, such as the preliminary groundwater hot spot criteria, 
the effects of even small amounts of dredge spoil material entrained in the 
sample will result in the sporadic exceedences of DDT. The effects of this 
sampling interference are more likely found in aged, improperly 
developed and/or sampled wells.   

As discussed above, the preliminary highly mobile leaching to 
groundwater hot spot criteria are generic, overly conservative, and not 
based on an evaluation of site-specific conditions. As stated above for the 
FS, accepted models such as Summers and/or PESTAN, will be used to 
develop site-specific remedial action levels and subsequent revised hot 
spot criteria for 4,4’-DDT for both the groundwater and the leaching to 
groundwater pathway. 

4.3.4 Dense Non-Aqueous-Phase Liquid Hot Spots 

NAPLs are generally considered to produce highly concentrated, highly 
mobile, and/or not reliably containable hot spots. For the purpose of 
identifying NAPL hot spots, a presence or absence criterion was applied 
to available site data.    

There are two areas of the Site where DNAPL has been observed: in 
shallow vadose zone soils within the area of the former MCB Recovery 
Unit and in saturated soils at the base of the Shallow Zone. 

The presence of DNAPL in shallow vadose zone soils was observed 
during the investigation for the implementation of a vapor extraction 
system within the area of the former MCB Recovery Unit. The DNAPL 
observed was present in the form of globules and stringers (residual 
DNAPL) in the unsaturated soil between 5 and 10 ft bgs. The extent of the 
shallow vadose zone soil DNAPL is presented on Figure A-68. This area of 
shallow DNAPL was delineated by borings with observed DNAPL, and 
soil samples with chlorobenzene concentrations that are greater than the 
approximate saturation limit of the soil. LSS notes that this DNAPL hot 
spot area is currently capped by a variety of asphalt paving and concrete 
foundation slabs. Based on the limited extent and presence of DNAPL as 
stringers and globules, the residual vadose zone DNAPL appears to be 
tension saturated and immobile.  
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The extent of DNAPL in the saturated soils of the Shallow Aquifer Zone 
was delineated as part of a performance evaluation of an AS-SVE system 
to address dissolved phase chlorobenzene (ERM 2006a). The extent of 
DNAPL used for this HSE was based on the results of these investigations 
and is shown on Figure A-68. The extent of DNAPL is limited to the 
bottom portion (less than 1 foot) of the Shallow Zone, in the vicinity of the 
former MPR Pond in the Acid Plant Area.  

The results of the DNAPL investigation indicated that the DNAPL plume 
is an irregular oval extending from the former MPR pond to the top of the 
bank of the Willamette River. The plume is oriented north-south, 
approximately 80 ft wide and approximately 320 ft long. The lateral extent 
of the DNAPL is well defined by borings showing no observable DNAPL. 
Although DNAPL was confirmed in a few locations along the top of the 
riverbank, prior investigations (Phase II Stages 1 and 2 In-River Groundwater 
and Sediment Investigation Report [Integral 2003]) conducted in-water did 
not locate any DNAPL adjacent to the shoreline. The extent of the DNAPL 
is presented on Figure A-68. LSS notes that this DNAPL hot spot area is 
currently capped by a variety of asphalt paving and concrete foundation 
slabs and engineered covers, and is within the target capture zone of the 
Groundwater SCM. 

Based on previous investigation, the extent of residual DNAPL appears to 
be stable and limited to areas generally upland of the top of bank (ERM 
2006a). The major portion of the residual DNAPL is located upland of the 
recently constructed groundwater barrier wall, as discussed in Section 
3.6.1.  The length of time since release (i.e., 55 years), the lack of observed 
DNAPL beyond the riverbank (Integral 2003), and the thin (less than 0.02-
inch) DNAPL thickness at the downgradient toe of the DNAPL plume 
indicates that the DNAPL is likely tension saturated and immobile. 
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5.0 DEVELOPMENT OF REMEDIAL ACTION ALTERNATIVES 

This section describes the process that will be used for developing 
remedial action alternatives. This process includes the: identification of 
RAOs and general response actions, identification and screening of 
remedial technologies, and assembly of remedial action alternatives. This 
process follows the ODEQ Guidance for Conducting Feasibility Studies 
(ODEQ 2006). 

5.1 APPLICABLE AND RELEVANT OR APPROPRIATE REQUIREMENTS  

A preliminary list of statutes and regulations that may be considered 
ARARs for the project is included in Table 5-1. These and other potential 
ARARs can be generally categorized as chemical-specific, action-specific, 
or location-specific. 

The list of ARARs in Table 5-1 includes rules and regulations typically 
relevant for in-water actions. These have been included for completeness, 
and to ensure consistency with the in-water Early Action planned for the 
Site. 

5.2 IMPACTED MEDIA 

Media of potential concern on the upland portion of the Site pertinent to 
the FS include soil, groundwater and stormwater. The FS will use existing 
RI data, Supplemental RI data, EE/CA data, Stormwater SCM and 
Groundwater SCM performance monitoring data, and any data developed 
prior to completion of the FS to assess these media and potential remedial 
actions. 

Soil and groundwater at the Site have been impacted with VOCs, SVOCs, 
metals, pesticides, and furans. The FS will utilize the HHRA and Level II 
Screening ERA, and will further refine the preliminary hot spots of 
contamination and areas or volumes of media that require remedial 
action. 
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5.2.2 Identification of Areas or Volumes of Media Which May Potentially 
Require Remedial Action 

The FS will examine areas at the Site containing media that exceed the 
acceptable risk levels and areas or volumes identified as hot spots of 
contamination presented in this FS Work Plan. LSS notes that some of the 
areas identified as preliminary hot spots in Sections 4.3.2 and 4.3.3 above 
are based on generic screening levels. As discussed in the previous 
section, these preliminary hot spot areas will be further refined in the FS 
as site-specific remedial action levels are established. The development of 
site-specific remedial action levels is described in Section 5.3 below.  

The area and volume of impacted media that may require remedial action 
in the treatment approach alternative development will be calculated in 
the FS as the remedial actions levels are finalized.  

5.2.2 Estimate of Preliminary Hot Spot Volumes 

As required in the Consent Order, a preliminary estimate of the volume of 
hot spot material was calculated for applicable exposure scenarios and 
contaminants in soil, groundwater and DNAPL. The results of the volume 
calculations for soil and groundwater are presented in Tables 5-2 and 5-3 
respectively. LSS notes that these estimates of preliminary hot spot 
volumes will be revised in the FS as the site-specific groundwater and 
leaching to groundwater and ecological action levels are developed.  

5.3 IDENTIFICATION OF REMEDIAL ACTION OBJECTIVES 

RAOs are media-specific goals for protecting human health and the 
environment. The RAO process considers primary criteria to: 

1) Develop and identify impacted media with the specific goal of 
achieving the standards for protectiveness as specified in OAR 340-
122-0040(2). These standards are the acceptable risk levels defined in 
OAR 340-122-0115. 

2) Treat or remove hot spots of contamination based on feasible remedy 
selection balancing factors. 

The RAOs for the upland FS process must be consistent with the in-water 
remedial objectives established by EPA under the Portland Harbor 
Comprehensive Environmental Response, Compensation, and Liability 
Act (CERCLA) RI/FS process.   
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Based on the receptors, media, exposure pathways and contaminants 
identified in the previous sections, the following RAOs were established:    

• RAO 1- Reduce upland human health risks to acceptable risk-based 
levels from incidental ingestion, inhalation, and direct contact with soil 
under trespasser, outdoor worker, outdoor worker after 
redevelopment, and construction worker scenarios; 

• RAO 2 - Reduce riverbank terrestrial ecological risks to acceptable risk-
based levels from ingestion and direct contact with soil; 

• RAO 3 – Prevent the potential for migration of COPCs in surface soil 
and groundwater to adversely impact surface water or sediment; 

• RAO 4 – Reduce and/or mitigate the migration of dissolved phase 
groundwater COPCs to the Willamette River above acceptable risk-
based levels for surface water receptors; and 

• RAO 5 - Minimize the potential for DNAPL to act as a continuing 
source for COPCs in groundwater.  

The performance of these RAOs will be assessed against applicable 
remedial action levels established during the FS process. Preliminary 
numerical RAOs (i.e., remedial action levels) are discussed below.  

The following RAOs were established for the Stormwater SCM and are 
applicable to stormwater in the site-wide FS process. 

• RAO 6 - Reduce and/or mitigate the migration of aqueous-phase 
COPCs in stormwater to the Willamette River that are at or above 
acceptable RBCs for ecological receptors; 

• RAO 7 - Reduce and/or mitigate the migration of COPCs in sediment 
that is transported in stormwater to the Willamette River that are at or 
above acceptable RBCs for ecological receptors. 

5.3.1 Preliminary Numerical Remedial Action Objectives 

The results of human health risk assessments and ecological risk 
assessments are generally used to help identify medium-specific and 
chemical-specific numerical RAOs for a site. The type of numerical RAO 
that is chosen for each chemical will depend, to some extent, on the type 
of risk assessment that is (or was) conducted (i.e., screening-level 
assessments versus baseline assessments). Screening-level risk 
assessments typically compare maximum detected concentrations of 
chemicals detected in site media to risk-based protective screening criteria.  
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The preliminary numerical RAOs established for direct exposure to soil 
for human health exposure pathways and applicable COPCs are 
summarized in Table 5-4. The preliminary numerical RAOs established 
for direct exposure to soil for ecological exposure pathways and 
contaminants of interest are summarized in Table 5-5. 

For the purpose of evaluating alternatives for acceptable residual risk to 
human receptors, LSS intends to apply a target risk range of 1x10-4 to 1x10-

6 in accordance with CERCLA and consistent with the Portland Harbor 
HHRA (Kennedy/Jenks March 2013). The COPCs identified in the HHRA 
that exceeded this target risk range are summarized in Table 4-1. 
Preliminary numerical RAOs for the target range of acceptable risk to 
human receptors are presented in Table 5-4. 

The preliminary numerical RAOs presented in Table 5-4 will be used for 
screening the residual COPCs in soil to evaluate the alternatives for 
acceptable residual risk to ecological receptors. As noted above, the 
preliminary numerical RAOs are inherently conservative. If necessary, 
LSS will prepare a quantitative ecological risk assessment in accordance 
with OAR 340-122-0084 to evaluate the residual risk to ecological 
populations within the locality of the facility for the proposed remedial 
alternatives. LSS notes that, per the Guidance for Ecological Risk Assessment: 
Levels I, II, III, IV (ODEQ 1998b), a Level III baseline risk assessment for 
the Site may need to be completed prior to the preparation of the residual 
risk assessment.    

The preliminary numerical RAOs established for indirect exposure to 
groundwater and soil for ecological exposure pathways and applicable 
COPCs are presented in Table 5-6. 

As discussed previously in Sections 4.3.2 and 4.3.3, LSS intends to 
development site-specific remedial action levels for groundwater and soil 
leaching to groundwater pathways. These remedial action levels will be 
used to evaluate the performance of remedial actions at achieving the 
RAOs. 

No site-specific numerical RAOs for stormwater discharging to the 
Willamette River are available at this time. The Stormwater SCM is 
currently being implemented under a “mass reduction” approach that 
utilizes adaptive management to demonstrate a technically practicable 
extent of treatment and mass removal from stormwater. 
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5.4 IDENTIFICATION OF GENERAL RESPONSE ACTIONS 

The general response actions will consider and satisfy the RAOs 
developed for the Site. These actions will target specific areas and 
volumes for each impacted media and any identified hot spots. General 
response actions will be based on several factors, including exposure 
routes, nature and extent of the contamination, RBCs, and action-specific 
applicable or relevant and appropriate requirements (ARARs) as applied 
to applicable media. 

The FS will use existing data and historical site information to identify site 
conditions which may limit or promote specific response actions. The FS 
will also develop a range of alternatives based on these general response 
actions: 

• No Action; 

• Engineering and/or Institutional Controls (i.e., containment); 

• Treatment; and 

• Excavation and Off-Site Disposal. 

Oregon environmental cleanup law allows the elimination of one or more 
general response actions from development if the proposed remedial 
action alternative(s) is not clearly protective, feasible, or otherwise 
appropriate for the facility, as specified in [OAR 340-122-0085 (3)]. 
Justification for the proposed elimination should consider factors 
pertinent to the ODEQ remedy selection criteria. 

5.5 IDENTIFICATION AND SCREENING OF REMEDIAL TECHNOLOGIES 

Under this task in the FS, potential containment, treatment, and removal 
technologies applicable to each general response action will be identified. 
It will also eliminate (screen) any technologies that are inappropriate for 
the Site based on effectiveness, implementability or cost.  

5.6 EVALUATION OF REMEDIAL ACTION ALTERNATIVES 

The development of several remedial action alternatives will be presented 
in the FS. Their evaluation will consider the performance and impact of 
the previous IRMs and the current Groundwater SCM, which includes 
dissolved-phase contaminant recovery, and the Stormwater SCM, which 
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includes capping of soil. The assembled alternatives may include 
additional technology considerations to remove or treat hot spots soils, 
enhance DNAPL treatment or removal, and impacted groundwater 
cleanup necessary to meet the site-specific RAOs. 

The range of technologies currently being considered includes, but is not 
limited to, the following: 

• Soil –in situ and ex situ treatment and/or stabilization, capping, 
monitored natural attenuation and removal, including on-site 
management and off-site disposal. 

• Groundwater – hydraulic containment and ex situ treatment (currently 
being implemented), in situ treatment, in situ stabilization/fixation 
and monitored natural attenuation.  

Alternative remedial actions for the riverbank were previously presented 
to the ODEQ in the Summary of Remedial Alternatives, Riverbank Source 
Control Measure (ERM 2009). An alternatives evaluation for the RAA 
Riverbank area (ERM 2012c) was submitted to EPA as an Appendix to the 
EE/CA report (Integral 2012). Based on recent communication with the 
ODEQ (Matt McClincy e-mail to Todd Slater, dated 13 May 2013), LSS 
anticipates that alternative remedial actions for the riverbank will be 
similar to those already presented to the ODEQ. 

Similar to the approach followed for the Groundwater SCM FFS process, 
LSS will submit an assembly of remedial action alternatives for the site-
wide remedy to the ODEQ for review prior to conducting the evaluation 
of the remedial alternatives. This will enable agreement on the 
combination of technologies in each remedial alternative that will be 
evaluated in the FS.   
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6.0 EVALUATION OF REMEDIAL ACTION ALTERNATIVES 

The alternative evaluation process includes both an individual and 
comparative evaluation of remedial action alternatives The individual 
evaluation measures each remedial alternative against the protectiveness 
requirement, a balancing of remedy selection factors, and the preference 
to treat or remove hot spots of contamination. The RAOs developed 
during the FS are used as quantitative indicators of protectiveness and hot 
spot treatment levels.  

Each remedial alternative is evaluated both individually and compared to 
other alternatives to evaluate which alternative or alternatives best satisfy 
specific evaluation criteria. The purpose of the individual assessment is to 
evaluate the extent to which each remedial action alternative satisfies the 
selection criteria. The comparative assessment provides a relative 
evaluation of the remedial action alternatives to determine which 
alternative best balances the selection factors and provides the best 
comprehensive remedial approach. 

Remedial alternatives will be evaluated and compared to identify a 
preferred alternative. This section describes the evaluation of remedial 
alternatives, including: 

• Description of evaluation criteria; 

• Evaluation of each alternative; 

• Comparison of alternatives; and 

• A description of the preferred alternative. 

6.1 PROTECTIVENESS REQUIREMENT 

Oregon law requires that each remedy achieve the standards for 
“protectiveness” (i.e., that it protects human health and the environment) 
demonstrated through a residual risk assessment as specified in OAR 340-
122-0040(2). This risk assessment precedes the selection or approval of the 
remedial action as specified in OAR 340-122-0084(4). 

ODEQ guidance for the residual risk assessment (ODEQ 2006) includes: 

(a) A quantitative assessment of the risk resulting from concentrations of 
untreated waste or treatment residuals remaining at the facility at the 
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conclusion of any treatment or excavation and off-site disposal 
activities, taking into consideration current and reasonably likely 
future land and water use scenarios and the exposure assumptions 
used in the baseline risk assessment; and 

(b) A qualitative or quantitative assessment of the adequacy and reliability 
of any institutional or engineering controls to be used for management 
of treatment residuals and untreated hazardous substances remaining 
at the facility. 

(c) The combination of (a) and (b) constitute a residual risk assessment 
that must demonstrate to the ODEQ that acceptable levels of risk as 
defined in OAR 340-122-0115 would be attained in the locality of the 
facility. 

6.2 REMEDY SELECTION FACTORS 

Each remedial action alternative assessment will be based on a balancing 
of the five remedy selection factors. These factors include effectiveness, 
long-term reliability, implementability, implementation risk and 
reasonableness of cost. The following sections provide general 
information about the remedy selection factors and related criteria. The 
criteria will be used for the evaluation of each alternative in accordance 
with OAR 340-122-0090(3).  

6.2.1 Effectiveness 

Effectiveness assesses the remedial action alternative and its ability to 
achieve the desired level of protection or restore any significant adverse 
effects on beneficial uses of media as quickly as possible. 

The effectiveness criterion assists in determining the ability of the 
remedial action alternative to meet the required level of protection of 
human health and the environment. The effectiveness criterion evaluates 
the performance of the alternative through implementation of the 
remedial action and achievement of RAOs. Additional long-term 
effectiveness of the alternative is evaluated under the long-term reliability 
criterion (Section 6.2.2). The effectiveness of an alternative is both a 
qualitative (e.g., adequacy of engineering and institutional controls) and a 
quantitative (e.g., magnitude of potential risk from treatment residuals) 
analysis. 
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The effectiveness criteria that are used, as appropriate, for assessment of 
remedial alternatives include the following: 

• Magnitude of risk from treatment residuals or untreated waste, taking 
into consideration any risk reduction through on-site management of 
exposure pathways; 

• Adequacy of engineering and institutional controls necessary to 
manage the potential risk from treatment residuals or untreated waste; 

• Extent to which remedial action protects or restores existing and 
reasonably likely future beneficial uses of water; 

• Adequacy of technologies to meet treatment objectives; and 

• Time required to achieve treatment objectives. 

6.2.2 Long-Term Reliability 

Long-term reliability assesses the remedial action alternative and its 
ability to maintain the required level of protection over a specific time 
period. 

The long-term reliability criterion provides an evaluation of an 
alternative’s ability to provide an adequate level of protection over the 
long term after implementation. Long-term reliability focuses on the 
magnitude of residual risk after RAOs are achieved. This criterion also 
evaluates the adequacy and reliability of engineering or institutional 
controls. Long-term reliability is generally a qualitative evaluation. 

Evaluation of remedial alternatives shall consider the following, as 
appropriate: 

• Reliability of technologies to meet treatment objectives (yet to be 
defined for the Groundwater Source Control IRM); 

• Reliability of engineering and institutional controls to manage 
potential risk from treatment residuals and untreated hazardous 
substances, including characteristics of hazardous substances, long-
term effectiveness in preventing contaminant migration and managing 
risks of potential exposure; and 

• General understanding of necessary long-term management (e.g., 
operation, maintenance, monitoring). 
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6.2.3 Implementability 

This assessment determines whether, or with how much difficulty, the 
remedial action alternative can be implemented and the extent and 
verification of its effectiveness over time. 

The implementability criterion provides an assessment of remedial 
alternatives during the construction and implementation phases through 
the stage where the remedial objectives are met. Implementability 
considerations include technical and administrative feasibility, as well as 
availability of services and materials, and generally comprise a qualitative 
analysis. Technical feasibility considerations include construction, 
operation, and reliability of a technology, as well as monitoring 
considerations. Administrative considerations can include coordination 
with multiple offices or agencies. 

The ease or difficulty of implementing a remedial alternative is evaluated 
by considering the following, as appropriate: 

• Potential difficulties and unknown factors associated with construction 
and implementation of a technology, engineering control, or 
institutional control (including scheduling); 

• Ability to monitor effectiveness of a remedial action; 

• Ability to comply with federal, state, and local requirements and 
coordinate with agencies; and 

• Availability of required services, materials, and equipment (including 
off-site treatment, storage and disposal services). 

6.2.4 Implementation Risk 

This criterion considers how the alternative affects the construction and 
implementation phase (i.e., up to the point that RAOs are met). This risk 
evaluation measures the alternatives with respect to their effect on human 
health and the environment during implementation of the remedial 
action. Implementation risk is also referred to as short-term risk.  

Implementation risk is generally a qualitative analysis of the risks or 
impacts to human health and the environment that may occur due to the 
implementation of a remedial measure. The risk associated with 
implementing a remedial alternative shall be evaluated based on the 
following criteria, as appropriate: 
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• Potential impacts on the community; 

• Potential impacts on workers; 

• Potential impacts on the environment; and 

• The length of time until the remedial action is complete. 

6.2.5 Reasonableness of Cost 

The reasonableness of cost is a two-part assessment. First, the cost of each 
remedial action alternative is estimated using standard engineering 
procedures. These estimated costs will be prepared to a +50 to -30 percent 
(of actual cost for alternative implementation) accuracy typical of FS-level 
cost estimates. The cost estimates will be prepared with detail to clearly 
indicate the assumptions made to prepare each estimate. They will also 
include percentages for unlisted items/contingencies. 

Second, reasonableness determines the degree to which the costs are 
proportionate to the benefits of the remedy. This assessment qualitatively 
compares the remedial actions to each other. The alternatives that are 
more protective, can be readily implemented with minimal impacts to the 
community, workers, and the environment, and have a lower cost will be 
regarded as having a greater level of protection. 

6.3 PREFERENCE FOR TREATMENT OR EXCAVATION OF HOT SPOTS 

Oregon environmental cleanup law requires that all remedies treat or 
remove hot spots of contamination to the extent feasible. The evaluation of 
feasibility is based on the five remedy selection factors. A higher threshold 
is applied to the reasonableness of the cost for managing hot spots. 

The FS will evaluate the feasibility of treatment for groundwater hot spots 
to levels that no longer produce significant adverse effects (OAR 340-122-
0115[5]) to the beneficial use of groundwater. All remedies must be 
protective of present and future public health, safety and welfare and of 
the environment. The remedies selected must also align with the RAOs 
identified for the EE/CA and the Portland Harbor FS.  
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6.4 ANALYSIS OF ALTERNATIVES 

6.4.1 Detailed Analysis of Alternatives 

The FS will conduct an individual evaluation to determine how well each 
remedial action alternative satisfies the remedy selection criteria, 
including whether the RAOs will be achieved. This section of the FS will 
be organized by alternative and will include a detailed description of the 
alternative by media and location, followed by an evaluation against each 
criterion (protectiveness, remedy selection factors, and the extent of hot 
spot remediation). 

6.4.2 Comparative Analysis of Alternatives 

The FS will include a comparative analysis of all alternatives. Following 
the individual evaluation of the alternatives, the alternatives will be 
compared to each other. The comparative evaluation will provide a 
relative evaluation to identify and recommend the alternative that best 
satisfies the criteria. This section of the FS will include a narrative 
discussion describing the strengths and weaknesses of the individual 
alternatives relative to one another. 

6.4.3 Recommended Remedial Action Alternative 

This section of the FS will recommend a remedial action alternative based 
on the individual and comparative analyses. The recommended 
alternative must meet all of the remedy selection criteria as discussed in 
Section 6.2. In general, the recommended alternative should be the least 
expensive protective alternative, unless the additional cost for a more 
expensive alternative is justified by proportionately greater benefits 
within one of the remedy selection factors and significant decrease in 
residual risk. 
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7.0 REPORTING 

A series of interim reporting steps are proposed as part of the FS process. 
These interim deliverables are intended to provide a framework for LSS to 
present key assumptions and ODEQ the opportunity to comment on and 
approve these assumptions prior to incorporation into the FS.  

• Alternatives Scoping Technical Memorandum – This will present the 
technologies for consideration in the FS. Combination of technologies, 
media, and areas of the Site will be presented as specific alternatives to 
be evaluated in the FS.  

• Site-Specific Action Level Development Summary – This report will 
present the results of the site-specific action level development, 
including the methods, and any additional sampling data that may be 
required. 

• Feasibility Study Report – The FS report will discuss the FS results as 
described in this Work Plan and meet the requirements of the Scope of 
Work detailed in the Consent Order.
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Figure 3-3
Hexavalent Chromium Reduction IRM Injection Locations
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Table 4-1
Human Health and Ecological Risk Assessment Summary

Feasibility Study Work Plan
Arkema Inc.

Portland, Oregon

Receptor Area of Site Exposure Soil Depth  Hazard Index > 1 Hazard Index > 10 Compounds Exceeding 
RBDM SLVs  Carcinogenic Risk > 1 x 10-6  Carcinogenic Risk > 1 x 10-5  Carcinogenic Risk > 1 x 10-4

Lots 1 & 2 0-3 ft Residential -- -- As, BaA, BaP, BbF, IcdP, 4-
DDD, 4,4-DDE, 4,4-DDT As, 4,4-DDT -- --

Riverbank 0-3 ft Residential -- --

As, Cr, Pb, BaA, BaP, BbF, 
BkF, DBahA, IcdP, 4,4-DDE, 
4,4-DDT, Alpha-BHC, TCDD 

TEQ

As, TCDD TEQ -- --

Lots 1 & 2 0-3 ft Occupational Worker -- -- As, BaP, 4,4-DDT As, 4,4-DDT As --

Lots 3 & 4 0-3 ft Occupational Worker 4,4-DDT (2.3) -- 4,4-DDD, 4,4-DDE, 4,4-DDT, 
Alpha-BHC, MCB 4,4-DDD, 4,4-DDE, 4,4-DDT 4,4-DDT 4,4-DDT

Riverbank 0-3 ft Occupational Worker -- -- As, Cr, Pb, BaP, BbF, DBahA, 
4,4-DDT, TCDD TEQ As, TCDD TEQ As --

Lots 1 & 2 0-15 ft Occupational Worker -- -- As, BaP, 4,4-DDT As, 4,4-DDT As --

Lots 3 & 4 0-15 ft Occupational Worker 4,4-DDT (2.3) -- Cr, 4,4-DDD, 4,4-DDE, 4,4-
DDT, Alpha-BHC, MCB, PCE 4,4-DDD, 4,4-DDE, 4,4-DDT 4,4-DDT 4,4-DDT

Riverbank 0-3 ft Occupational Worker -- -- As, Cr, Pb, BaP, BbF, DBahA, 
4,4-DDT, TCDD TEQ As, TCDD TEQ As --

Lots 1 & 2 0-15 ft Construction Worker -- -- As, 4,4-DDT As -- --

Lots 3 & 4 0-15 ft Construction Worker 4,4-DDT (7.6) -- Cr, 4,4-DDD, 4,4-DDE, 4,4-
DDT, MCB 4,4-DDT 4,4-DDT --

Riverbank 0-15 ft Construction Worker -- -- As, Cr, Pb, TCDD TEQ As -- --
Lots 1 & 2 0-15 ft Construction Worker -- -- -- -- -- --
Lots 3 & 4 0-15 ft Construction Worker -- -- Cr, 4,4-DDT -- -- --
Riverbank 0-15 ft Construction Worker N/A N/A N/A N/A N/A N/A

Plant Portions of Lots 1 & 
2, Riverbank 0-3 ft Plant N/A N/A Cr, Pb N/A N/A N/A

Invertebrate Portions of Lots 1 & 
2, Riverbank 0-3 ft Invertebrate N/A N/A Cr, Pb N/A N/A N/A

Bird Portions of Lots 1 & 
2, Riverbank 0-3 ft Bird N/A N/A Cr, Pb, DDX N/A N/A N/A

Mammal Portions of Lots 1 & 
2, Riverbank 0-3 ft Mammal N/A N/A DDX N/A N/A N/A

Notes:
-- = No Exceedence
1 = Carcinogenic risk at the Reasonable Maximum Exposure (RME) concentration, calculated using the 90% upper confidence limit of the mean.
DDT = Dichloro-diphenyl-trichloroethane
DDD = Dichloro-diphenyl-dichloroethane
DDE = Dichloro-diphenyl-chloroethane
DDX = Sum Total of DDD, DDE, and DDT
DEQ = Oregon Department of Environmental Quality
N/A = Not Applicable
RBDM =Risk-Based Decision Making, Oregon Department of Environmental Quality.  Risk-Based Decision Making  (October 2008).
SLV = Screening Level Value
TCDD TEQ = 2,3,7,8-Tetrachlorodibenzo-p-dioxin Toxicity Equivalence Quotient
As = Arsenic
BaA = Benzo(a)anthracene
BaP  = Benzo(a)pyrene
BbF = Benzo(b)fluoranthene
IcdP = Indeno(c,d)pyrene
Alpha-BHC = Lindane
BkF = Benzo(k)Fluoranthene
Cr = Chromium
DBahA = Dibenz(a,h)anthracene
Pb = Lead

ODEQ RBDM SLV Exposure Pathway

COPCs with Non-Cancer Risk COPCs with Carcinogenic Risk1

Trespasser

Outdoor Worker

Construction Worker

Potential Receptor Pathway

Outdoor Worker (Redevelopment)

Excavation Worker
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Table 4-2
Hot Spot Receptor Pathway Evaluation

Feasibility Study Work Plan
Arkema Inc.

Portland, Oregon

Area of Site Receptor Pathway
Groundwater

1 Preliminary Groundwater Hot Spot  Per DEQ directed comments, direct 
comparison to surface AWQC

Beneficial use classification is recharge 
to surface water for aquatic habitat. Site Wide Surface Water ODEQ AWQC, EPA NRWCQ or, ORNL  

Highest value  from April 
2007 and August 2009 

Groundwater Monitoring 
data.

All COPCs

Soil

Outdoor Worker - Cancer 100x Site Specific RBC  Lot 1& 2 Soil (0-3 ft)  As, DDT

Outdoor worker after redevelopment - Cancer 100x Site Specific RBC  Lot 1& 2 Soil (0-15 ft)  As, DDT

Trespasser 100x Site Specific RBC  Lot 1& 2 Soil (0-3 ft) As, TCDD TEQ
Outdoor Worker - Cancer 100x Site Specific RBC  Lot 1& 2 Soil (0-3 ft)  As, DDT

Outdoor worker after redevelopment - Cancer 100x Site Specific RBC  Lot 1& 2 Soil (0-15 ft)  As, DDT

Trespasser 100x Site Specific RBC  Lot 1& 2 Soil (0-3 ft) As, TCDD TEQ
Outdoor worker - Cancer 100x Site Specific RBC Lot 3 & 4 Soil (0-3 ft) DDT, DDD, DDE

Outdoor worker after redevelopment - Cancer 100x Site Specific RBC Lot 3 & 4 Soil (all) DDT, DDD, DDE
Construction worker - Cancer 100x Site Specific RBC Lot 3 & 4 Soil (0-15 ft) DDT

Plant 10x Ecological SLV Lots 1 and 2 data; Soil <1 foot Cr, Pb

Invertebrate 10x Ecological SLV Lots 1 and 2 data; Soil <1 foot Cr

Bird 10x Ecological SLV Lots 1 and 2 data; Soil <1 foot Cr, Pb, DDX

Mammal 10x Ecological SLV Lots 1 and 2 data; Soil <1 foot DDX

4 Preliminary Highly Mobile Hot Spot
DEQ RBDM lookup values, or AWQC 
x DAF 20 values as per DEQ directed 
comments

Only perform if levels lower than 
"highly concentrated" values Site Wide Leaching to Groundwater RBDM Values or DAF x Surface Water Criteria

All soil data, excluding Acid 
Plant Area soil data prior to 

removal IRM
All COPCs

5 Preliminary Erodible Soil Based on soil/stormwater JSCS SLVs
Only perform if levels lower than 
"highly concentrated" values or other 
hot spot criteria

Upland Surface Soils Surface Water 10x JSCS SLV Surface soil All COPCs

Other

6 Preliminary DNAPL Yes/no presence of DNAPL in sample Use DNAPL delineation report 
findings Site Wide N/A Presence/Absence All soil and groundwater DNAPL

7 Preliminary Not Reliably Containable Criterion in Feasibility Study To Be Determined during Feasibility 
Study N/A N/A N/A N/A N/A

Notes:
AWQC = Ambient Water Quality Criteria, Table 20 from OAR 340-040 (2004)
COPC = Chemical of Potential Concern
DNAPL = Dense Non-Aqueous Phase Liquid
DAF = Dilution and Attentuation Factor
DDT = Dichloro-diphenyl-trichloroethane
DDD = Dichloro-diphenyl-dichloroethane
DDE = Dichloro-diphenyl-chloroethane
DEQ = Oregon Department of Environmental Quality
HHRA = Human Health Risk Assessment
Hot Spot Guidance = Oregon Department of Environmental Quality, Guidance for Identification of Hot Spots (April 1998)
JSCS SLV = Joint Source Control Strategy Screening Level Values from Portland Harbor Joint Source Control Strategy Final December 2005, Table 3-1 .
MCL =Maximum Contaminant Level (USEPA. Regional Screening Levels (RSL) for Chemical Contaminants at Superfund Sites. RSL Table Update.  Sept 2008). 
N/A = Not Applicable
PECs = MacDonald DD, Ingersoll C.G., Berger T.A. (2000).  Development and Evaluation of Consensus-Based Sediment Quality Guidelines for Freshwater Ecosystems.  Environmental Contaminations and Toxicity 39: 20-31.
PRG = Preliminary Remediation Goal, (USEPA. Regional Screening Levels (RSL) for Chemical Contaminants at Superfund Sites. RSL Table Update.  Sept 2008). 
RBC = Risk-Based Concentration
RBDM =Risk-Based Decision Making, Oregon Department of Environmental Quality.  Risk-Based Decision Making  (October 2008).
SBV = Screening Benchmark Values, Oregon Department of Environmental Quality, Guidance for Ecological Risk Assessment - Level II Screening Benchmark Values (April 1998)
TCDD TEQ = 2,3,7,8-Tetrachlorodibenzo-p-dioxin Toxicity Equivalence Quotient

Compounds

Only calculated for pathways 
resulting in potential unacceptable 
risk calculated in HHRA; screening 

values are pathway-specific. Lots 3 & 4

Type of Hot Spot Rationale for Screening Criteria Note
Potential Receptor Pathway DEQ Mandated Hot Spot Screening Values to 

be Used Data Set to be Screened

Lots 1 & 2

Lots 1 & 2

2 Preliminary Highly Concentrated Hot Spot - 
Human Exposure

Risk-based values from HHRA for 
receptor pathways with potential 

"Unacceptable Risk"

Portions of Lots 1 & 2, RiverbankPreliminary Highly Concentrated Hot Spot - 
Ecological Receptors

3

Screening level values from Level II 
Screening Level Assessment for 

receptor pathways with potential 
Unacceptable Risk. No Threatened or 

Endangered Species identified.  

Only calculated for pathways 
resulting in potential unacceptable 

risk  as identified in Level II Screening 
Level Assessment.  
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Table 4-3
Direct Exposure Pathway Based Screening Criteria

Feasibility Study Work Plan
Arkema Inc.

Portland, Oregon

Media
Type of Screening

Trespasser(2) Outdoor Worker Construction 
Worker

Excavation 
Worker Plant Bird Mammal Invertebrates Trespasser Outdoor Worker Construction 

Worker
Excavation 

Worker Plant Bird Mammal Invertebrates

Contaminant of Concern (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
Hot Spot Multiplier 100 100 100 100 10 10 10 10
Inorganics
Arsenic (total) 8.8 11 1.7(6) 13 370 18 43 46 60 1,100 170 850 24,000 180 430 460 600
Chromium (total) 76 210 500 500 500 1(6) 26(6) 34(6) 0.4(6) 21,000 5,000 5,000 50,000 10(6) 260 340 4(6)

Chromium (VI) -- 0.7 5.5 43 1,200 -- -- 41 -- 29 550 4,300 120,000 -- -- 410 --
Lead 79 400 800 800 800 120 11(6) 56(6) 1700 40,000 80,000 80,000 80,000 1200 110 560 17000
Zinc 180 23,000 100,000 100,000 100,000 160 46(6) 79(6) 1200 2,300,000 10,000,000 10,000,000 10,000,000 1600 460 790 12000
Perchlorate -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --
Chloride -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --
Organics
Chlorobenzene -- 530 8300 4300 120000 -- -- -- 40 5300 83000 43000 >Max -- -- -- 400
Chloroform -- 5.1 22 280 11000 -- -- 1875 -- 510 2200 28000 770000 -- -- 18750 --
Tetrachloroethene (PCE) -- 200 940 9100 250000 10 -- 80 -- 2700 40000 16000 440000 100 -- 800 --
Benzo(a)anthracene -- 0.15 2.7 21 590 -- -- -- -- 15 270 2100 59000 -- -- -- --
Benzo(a)pyrene -- 0.015 0.27 2.1 59 -- -- 125 -- 1.5 27 210 5900 -- -- 1250 --
Benzo(b)fluoranthene -- 0.15 2.7 21 590 -- -- -- -- 15 270 2100 59000 -- -- -- --
Benzo(k)fluoranthene -- 1.5 27 210 5900 -- -- -- -- 150 2700 21000 590000 -- -- -- --
Dibenzo(a,h)anthracene -- 0.015 0.27 2.1 59 -- -- -- -- 1.5 27 210 5900 -- -- -- --
Indeno(1,2,3-cd)pyrene -- 0.15 2.7 21 590 -- -- -- -- 15 270 2100 59000 -- -- -- --
DDD -- 2.4 11 83 2300 -- 0.093 0.021 -- 240 1100 8300 230000 -- 0.93 0.21 --
DDE -- 1.7 7.6 58 1600 -- 0.093 0.021 -- 170 760 5800 160000 -- 0.93 0.21 --
DDT -- 1.7 7.7 58 1600 -- 0.093 0.021 -- 170 770 1400 39000 -- 0.93 0.21 --
DDX -- NA NA NA NA -- 0.093 0.021 -- NA NA NA NA -- 0.93 0.21 --
Alpha-Hexachlorocyclohexane -- 0.07 0.31 2.6 71 0.0025 0.0025 0.0025 0.0025 7 31 260 7100 0.025 0.025 0.025 0.025
PCBs --
Polychlorinated biphenyls (PCBs) -- NA NA NA NA 40 -- 4 -- NA NA NA NA 400 -- 40 --
2,3,7,8-TCDD TEQ -- 0.0000044 0.000015 0.00015 0.0042 -- TBD TBD TBD 0.00044 0.0015 0.0028 0.079 -- TBD TBD TBD

-- = Compound included in reference document, but no value assigned for specific pathway 
mg/kg = milligrams per kilogram
ug/L = micrograms per liter

1 = Oregon Department of Environmental Quality, Guidance for Identification of Hot Spots (April 1998)
2 = Trespasser scenario criteria based on residential exposure assumptions that may not be applicable to actual trespasser receptor
3 = Human Exposure Pathways with unaccepatable risk as determined in Human Health Risk Assessment, Arkema Site: Upland Areas, Integral, May 2008

5 = Ecological soil screening values were adopted in the following order of decreasing priority: EPA Eco-SSLs, Oregon DEQ Guidance, ORNL, and EPA Region 4 or EPA Region 5.
6 = Risk based screening level is below Oregon regional background soil concentrations.  Unacceptable risk determination is based on exceedance of background concentrations. 
RBDM =Risk-Based Decision Making, Oregon Department of Environmental Quality.  Risk-Based Decision Making (updated June 2012).
SBV = Screening Benchmark Values, Oregon Department of Environmental Quality, Guidance for Ecological Risk Assessment - Level II Screening Benchmark Values (April 1998)
TCDD TEQ = 2,3,7,8-Tetrachlorodibenzo-p-dioxin Toxicity Equivalence Quotient
NA = Not Applicable
DDT = Dichloro-diphenyl-trichloroethane
DDD = Dichloro-diphenyl-dichloroethane
DDE = Dichloro-diphenyl-chloroethane
DEQ = Oregon Department of Environmental Quality
HHRA = Human Health Risk Assessment

4 = Ecological Exposure Pathways with exceedences of ODEQ Level II Screening Level Values as determined in Draft Arkema Upland Level II Screening Ecological Risk Assessement. 

Exposure/Receptor Pathway Background 
Concentration

Soil

Human Exposure(3) Ecological Receptors(4)(5)

Risk Based Decision Making Screening Levels
Ecological Receptors(4)Human Exposure(3)

Highly Concentrated Hot Spot Screening Levels(1)
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Table 4-4
Indirect Exposure Pathway Based Screening Criteria

Feasibility Study Work Plan
Arkema Inc.

Portland, Oregon

Leaching to 
Groundwater

Contaminant of Concern
EPA 2009 
NRWQC 
Chronic

Oak Ridge 
National 

Laboratory

Selected Hot 
Spot Criteria

Koc H Hot Spot 
Criteria

Units ug/L ug/L ug/L cm3/gr unitless mg/kg
DAF 20
Metals 
Antimony 1600 c 30 0 45 1,446
Arsenic (total) 150 190 b 3.1 0 29 111
Arsenite (As III) 190 b 0 29 111
Cadmium 0.1 0.1 110 0.22
Chromium-total 0.0238131 0 2.50E+06 1,191
Hexavalent chromium 11 11 d 0 1.80E+01 4
Copper 2.7 12 b 0 NA --
Lead 0.54 1 b 0 NA --
Mercury 0.77 0.012 b 1.3 0 82 0.02
Nickel 16 20 b 0 88 35.3
Selenium 5 35 b 0 4.3 3.1
Zinc 36 40 b 0 7.5 6.1
Chloride 230000 a 0 NA --
Perchlorate 9300 0 NA --
Volatile Organic Compounds
1,1,1-Trichloroethane 11 0 43.89 0.703 0.00
1,1-Dichloroethane 47 0 31.82 0.230 0.00
1,2-Dichloroethane 20000 c 910 0 39.6 0.048 0
1,1-Dichloroethene -- 31.82 1.067 --
cis-1,2-Dichloroethene 590 0 31.82 0.167 0.00
trans-1,2-Dichloroethene -- 39.6 0.167 --
2-Butanone (MEK) 14000 0 4.51 0.002 0
Acetone 1500 0 2.364 0.001 0.00
Benzene 130 0 145.8 0.227 0.00
Bromodichloromethane -- 31.82 0.087 --
Bromoform -- 31.82 0.022 --
Carbon disulfide 0.92 0 21.73 0.589 0.0000
Carbon tetrachloride 9.8 0 43.89 1.128 0.00
Chlorobenzene 50 c 64 0 233.9 0.127 0.00
Chloroethane -- 23.7 0.458 --
Chloroform 1240 c 28 0 31.82 0.150 0.00
Chloromethane -- 13.22 0.361 --
Trichlorofluoromethane -- 43.89 3.966 --
Methylene chloride 2200 0 21.73 0.133 0.0
Naphthalene 620 c 12 0 1544 0.018 0.00
Tetrachloroethene 840 98 0 94.94 0.724 0.00
Toluene 9.8 0 233.9 0.271 0.00
Trichloroethene 21900 47 0 60.7 0.403 0.0
m,p Xylenes 1.8 0 375.3 0.294 0.00
o-Xylene 13 0 382.9 0.212 0.00
Xylenes (total) -- 382.9 0.212 --
Vinyl chloride -- 21.73 1.137 --
Semi-Volatile Organic Compounds
1,2-Dichlorobenzene 763 c 14 0 382.9 0.078496 0.00
1,3-Dichlorobenzene 763 c 71 0 NA NA --
1,4-Dichlorobenzene 763 c 15 0 375.3 0.098528 0.00
1,2,4-Trichlorobenzene 110 0 1356 0.058054 0.00
Butylbenzyl phthalate 3 c 19 0 7155 0.000052 0.00
Carbazole -- 3390 0.000001 --
Diethyl phthalate 3 c 210 0 104.9 0.000025 0.00
Dimethyl phthalate 3 c 0 NA NA --
Di-n-butyl phthalate 3 c 0 1157 0.000074 0.00
bis[2-ethylhexyl]phthalate 3 c 0 119600 0.000011 0.00
Benzoic acid 42 0 16.55 0.000002 0.00
Benzyl alcohol 8.6 0 21.46 0.000014 0.00
Dibenzofuran 3.7 0 9161 0.008708 0.00
2-Methylphenol (o-Cresol) 13 0 306.5 0.000049 0.00
3- and 4-Methylphenol -- 300.4 0.000041 --
2,4,5-Trichlorophenol -- 1777 0.000066 --
2,4,6-Trichlorophenol 970 c 0 1777 0.000106 0.00
2,4-Dichlorophenol 365 c 0 491.8 0.000175 0.00
2,4-Dimethylphenol -- 491.8 0.000039 --
Isophrone -- 65.15 0.000272 --
Pentachlorophenol 15 13 0 4959 0.000001 0.00
Phenol 2560 c 0 187.2 0.000014 0.00
2-Chlorophenol 2000 c 0 306.5 0.000458 0.00
Acenapthene 520 c 0 5027 0.007523 0.00

Exposure Pathway Chemical Parameters(1)

Type of Hot Spot
Media

DEQ 2011 
AWQC 
Chronic

Preliminary Groundwater

Ecological Receptor

Groundwater
Highly Mobile

Soil
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Table 4-4
Indirect Exposure Pathway Based Screening Criteria

Feasibility Study Work Plan
Arkema Inc.

Portland, Oregon

Leaching to 
Groundwater

Contaminant of Concern
EPA 2009 
NRWQC 
Chronic

Oak Ridge 
National 

Laboratory

Selected Hot 
Spot Criteria

Koc H Hot Spot 
Criteria

Units ug/L ug/L ug/L cm3/gr unitless mg/kg
DAF 20

Exposure Pathway Chemical Parameters(1)

Type of Hot Spot
Media

DEQ 2011 
AWQC 
Chronic

Preliminary Groundwater

Ecological Receptor

Groundwater
Highly Mobile

Soil

Anthracene 0.73 0 16360 0.002273 0.00
Benz[a]anthracene 0.027 0 176900 0.000491 0.00
Benzo[b]fluoranthene -- 599400 0.000027 --
Benzo[k]fluoranthene -- 587400 0.000024 --
Benzo[ghi]perylene -- NA NA --
Benzo[a]pyrene -- 587400 0.000019 --
Chrysene -- 180500 0.000214 --
Fluoranthene -- 55450 0.000362 --
Fluorene 3.9 0 9160 0.003933 0.00
Hexachlorobenzene -- 6195 0.069501 --
Hexachlorobutadiene 9.3 c 0 845.2 0.421096 0.00
Hexachloroethane 540 c 12 0 196.8 0.159035 0.00
Indeno [1,2,3-cd] pyrene -- 3470000 0.000066 --
2-Methylnaphthalene 2.1 0 2478 0.021177 0.00
Phenanthrene -- NA NA --
Pyrene -- 54340 0.000487 --
Pesticides
Alpha-BHC 2.2 0 2807 0.000210 0.00
Delta-BHC -- NA NA --
Gamma-BHC [Lindane] 0.08 b 0 2807 0.000210 0.0000
Chlordane (total) 0.0043 0.0043 b 0 33780 0.001987 0.00
Total DDD 0.011 0 117500 0.000270 0.00
Total DDE -- 117500 0.001701 --
Total DDT 0.001 0.001 0.013 0 168600 0.000340 0.000
Dieldrin 0.056 0.056 d 0 20090 0.000409 0.00
Endosulfan I 0.056 0.056 b 0.051 0 6761 0.002657 0.00
Endosulfan sulfate -- NA NA --
Endrin 0.036 0.036 d 0.061 0 20090 0.000409 0.00
Endrinaldehyde -- NA NA --
Heptachlor 0.0038 0.0038 a 0 41260 0.012020 0.00
Lindane 0.08 0 2807 0.000210 0.000
Total Chlordane 0.0043 0 51310 0.001990 0.000
2,3,7,8-TCDD TEQ 0.000038 0 249100 0.002044 0.0000

Notes:
mg/kg = milligrams per kilogram
ug/L = micrograms per liter
1 = Parameters from USEPA Region IX Preliminary Remediation Goal Table (updated November 2012)
a = Aquatic Life Water Quality Summary: Table 33a
b = Aquatic Life Water Quality Summary: Table 20
c = Water Quality Guidance Values Summary: Table 33c
d = Aquatic Life Water Quality Summary: Table 33b
AWQC = Ambient Water Quality Criteria from OAR 340-040 (2004)
DDT = Dichloro-diphenyl-trichloroethane
DDD = Dichloro-diphenyl-dichloroethane
DDE = Dichloro-diphenyl-chloroethane
DEQ = Oregon Department of Environmental Quality
NA = Not Available
TCDD TEQ = 2,3,7,8-Tetrachlorodibenzo-p-dioxin Toxicity Equivalence Quotient
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                                                  Table 5-1  
Preliminary Project ARARs 

Feasibility Study Work Plan 
Arkema Inc. 

Portland, Oregon 
 

ARAR and Citation Description Applicability 

Federal   
Federal Water Pollution 
Control Act/Clean Water 
Act (CWA)  [33 USC Sections 
1313, 1314, 1341 and 1344; 40 
CFR Parts 131, 230] 

The CWA establishes the basic 
structure for regulation of discharges 
of pollutants into the water of the 
United States.  Section 404 (33 USC 
§1344) regulates the discharge of 
dredged material or fill into navigable 
waters.  Section 401(33 USC §1341) 
requires state certification that a 
discharge will not violate state water 
quality standards. 

The implementing 
regulations of the CWA are 
applicable to potential 
remedial actions in the 
riverbank and in-water early 
action. 

Rivers and Harbors 
Appropriations Act [33 USC 
Section 403; 33 CFR Parts 
230, 322] 

The Rivers and Harbors Act prohibits 
unauthorized activities that obstruct 
or alter a navigable waterway.  It 
controls the alteration of navigable 
waters (i.e., waters subject to ebb and 
flow of the tide shoreward to the 
mean high water mark).  Activities 
controlled include construction of 
structures such as piers, berms, and 
installation of pilings.  Section 10 may 
be applicable for any action that may 
obstruct or alter a navigable 
waterway. 

The Rivers and Harbors Act 
regulations are applicable to 
potential remedial activities 
adjacent to the river. 

Resource Conservation and 
Recovery Act (RCRA) [42 
USC Section 6921; 40 CFR 
Parts 260, 261] 

RCRA provides standards for the 
identification and management of 
solid and hazardous waste. 

These regulations are 
applicable because waste 
materials generated as a 
result of removal or treatment 
actions that contain a listed or 
characteristic waste, if any, 
may be subject to RCRA 
requirements for storage, 
treatment, and disposal. 

The Endangered Species Act 
(ESA)  [16 USC Section 1536; 
50 CFR Part 402] 
 

The ESA requires an evaluation of a 
federal agency’s action’s impacts on 
listed (or proposed for listing) species 
of fish, wildlife, or plants. 

The ESA regulations are 
applicable as riverbank 
remedial actions may 
potentially impact listed 
species in and adjacent to the 
Willamette River. 
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                                                  Table 5-1  
Preliminary Project ARARs 

Feasibility Study Work Plan 
Arkema Inc. 

Portland, Oregon 
 

ARAR and Citation Description Applicability 

Floodplain Management and 
Wetlands Protection [40 CFR 
Part 6 App. A and Executive 
Order 11988 and 11990] 

Floodplain Management and 
Wetlands Protection requires 
federal agencies to conduct their 
activities to avoid, if possible, 
adverse impacts associated with the 
destruction or modification of 
wetlands and occupation or 
modification of floodplains. 
Executive Order 11988 requires 
federal projects to avoid adverse 
effects associated with construction 
in floodplains. 

This regulation may be 
applicable because some 
remedial actions could at 
least in part be within a 
floodplain. 

Magnuson-Stevens Fishery 
Conservation and 
Management Act [16 USC 
Section 1855(b); 50 CFR Part 
600, subparts J-K] 
 

Section 305(b) of the Magnuson-
Stevens Act requires federal agencies 
to evaluate impacts to essential fish 
habitat (EFH) for activities that may 
adversely affect EFH. 

This regulation is may be 
applicable because riverbank 
remedial actions may 
potentially impact EFH in the 
Willamette River. 

Marine Mammal Protection 
Act [16 USC Section 1372] 
 

EPA must ensure that the actions do 
not involve the unauthorized taking 
of marine mammals. 

This regulation is unlikely to 
be applicable because marine 
species do not inhabit the 
lower Willamette River. 

Hazardous Materials 
Transportation Act [49 USC 
Section 15101 et seq.; 49 CFR 
Section 171-177] 

Regulations provide for packaging, 
documentation, and transportation of 
hazardous waste (some RCRA 
requirements also apply). 

This regulation is applicable 
if any material generated as a 
result of remedial actions is 
identified as hazardous waste 
and requires shipment for 
treatment or disposal. 

National Historic 
Preservation Act (NHPA) [16 
USC Sections 470h-2] 

The NHPA requires EPA to consider 
the effects of remedial actions on 
historic properties. 

This regulation is unlikely to 
be applicable because this site 
is not an historic property. 

Archaeological and 
Historical Preservation Act 
(AHPA) [16 USC Sections 
4699a-1] 

In the event that significant scientific, 
prehistoric, or archaeological data are 
present on site, the AHPA requires 
EPA to approve the remedial 
activities so that such data are 
preserved. 

This regulation is unlikely to 
be applicable because the site 
has not been shown to be an 
archaeological resource. 

Native American Graves 
Protection and Repatriation 
Act (NAGPR) [25 USC 
Section 3001 et seq.] 

The NAGPR act requires federal 
agencies and museums with 
possession or control over Native 
American human remains and 
associated funerary objects to compile 
an inventory of such items.  It 

This regulation is only 
applicable if Native American 
remains or funerary objects 
are at the site, which, based 
on current information, is 
considered very unlikely. 
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                                                  Table 5-1  
Preliminary Project ARARs 

Feasibility Study Work Plan 
Arkema Inc. 

Portland, Oregon 
 

ARAR and Citation Description Applicability 

requires federal agencies and 
museums with possession or control 
over Native American non-associated 
funerary objects, sacred objects, or 
objects of cultural patrimony to 
provide a written summary of such 
objects.  It prescribes when a federal 
agency or museum must return 
Native American cultural items. 

National Pretreatment 
Standards for Discharges to 
publicly owned treatment 
works (POTW) [40 CFR Part 
403] 

The National Pretreatment Program 
identifies discharge standards to 
POTWs.  

This regulation is potentially 
applicable to any discharges 
to a City of Portland POTW. 

Safe Drinking Water Act 
(SWDA) [42 USC 300f et seq.] 

The SDWA establishes maximum 
contaminant level (MCL) standards 
for the protection of drinking water 
sources. 

This regulation is not 
applicable because the site is 
not impacting a drinking 
water source. 

State and Local Requirements  
Oregon Water Quality Law 
(WQL) [ORS 468b.005 – 
468b.095 (surface water) and 
ORS 468B.150-190 
(groundwater); Oregon 
Water Quality Standards 
and Criteria, OAR Chapter 
340, Divisions 40 and 41] 

The WQL designates beneficial uses 
of water bodies and water quality 
standards and criteria necessary to 
protect those uses.  In particular, OAR 
340-041-0340 provides the beneficial 
water uses that shall be protected in 
the Willamette Basin.  OAR 340-041-
0442 through 340-041-0445 provide 
water quality standards for the State 
of Oregon.  With respect to 
groundwater, OAR 340-0404-020 and 
340-0404-0303(3)(b) define an 
“antidegradation policy to emphasize 
the prevention of groundwater 
pollution and to control waste 
discharges to groundwater so that the 
highest possible water quality is 
maintained.” 

This regulation is likely 
applicable to groundwater 
and the Willamette River.  
Water quality standards may 
apply to discharge of treated 
groundwater. 

Oregon Regulations 
Pertaining to NPDES and 
WPCF Permits[OAR Chapter 
340, Division 45] 

The Oregon NPDES regulations 
establish discharge limits and 
monitoring requirements for direct 
discharges to surface waters.   

The requirements of this 
regulation are potentially 
applicable to any direct 
discharges of treated water to 
the Willamette River. 

Oregon Underground The Oregon UIC rules establish This regulation is potentially 



4 of 6 

                                                  Table 5-1  
Preliminary Project ARARs 

Feasibility Study Work Plan 
Arkema Inc. 

Portland, Oregon 
 

ARAR and Citation Description Applicability 

Injection Control (UIC) Rules 
[OAR Chapter 340, Division 
44] 

requirements for underground 
injection activities, including the 
construction, modification, or 
maintenance of any injection system. 
Under the UIC rules, it is prohibited 
to conduct any injection activity that 
would allow the direct or indirect 
movement of fluids containing 
contaminants into groundwater that 
may cause a violation of any primary 
drinking water regulation under the 
federal Safe Drinking Water Act, or 
fails to comply with groundwater 
quality protection requirements 
specified in OAR 340-040. 

applicable to any subsurface 
injections conducted as part 
of a remedial action. 

Oregon Solid Waste 
Management Act (SWMA) 
[ORS 459.005 et seq.; OAR 
340-094-0040] 

The SWMA provides standards for 
the management and handling of 
solid wastes in Oregon. 

This regulation is potentially 
applicable because disposal 
of non-hazardous waste 
materials may occur at a 
Subtitle D landfill. 

Hazardous Waste 
Regulations [ORS 466.005-
466.225; OAR Chapter 340-
101-0033] 

Hazardous waste regulations provide 
standards for the identification and 
management of hazardous wastes in 
Oregon. 

This regulation is applicable 
if any material generated 
implementation of remedial 
actions is identified as 
hazardous waste and requires 
shipment for treatment or 
disposal in Oregon. 

Cleanup Standards [OAR 
340-122-0040(2)(a), (4) and 
(6] 

The cleanup standards provide 
hazardous substance remedial action 
levels and requirements. 

This regulation may be 
applicable to the 
establishment of cleanup 
levels and other requirements 
for remedial actions. 

Indian Graves and Protected 
Objects (IGPO) [ORS 97.740 
et seq.] 

The IGPO protects human remains, 
funerary objects, sacred objects, and 
objects of cultural patrimony. 

This regulation is only 
applicable if Native American 
remains or funerary objects 
are at the site, which, based 
on current information, is 
considered very unlikely. 

Archaeological Objects Site 
[ORS 358.905 et seq.] 

The archaeological objects laws 
protect archaeological objects and 
sites; requires notice upon discovery 
of artifacts. 

This regulation is unlikely to 
be applicable because the site 
has not been shown to be an 
archaeological resource. 

Visible Air Contaminant The visible air contaminant This regulation is only 
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                                                  Table 5-1  
Preliminary Project ARARs 

Feasibility Study Work Plan 
Arkema Inc. 

Portland, Oregon 
 

ARAR and Citation Description Applicability 

Limitations [OAR 340-208-
0110] 

limitations prohibit the emission of 
any air contaminant from a new 
source for a period or periods 
aggregating more than 3 minutes in 
any 1 hour that is equal to or greater 
than 20% opacity.  These rules are for 
“special control areas” including 
Multnomah County. 

applicable if remedial actions 
generate visible emissions of 
air contaminants. 

Fugitive Emission 
Requirements (FER) [OAR 
340-208-0200, 0210] 

The FER prohibits any handling, 
transporting, or storage of materials, 
or use of a road, or any equipment to 
be operated, without taking 
reasonable precautions to prevent 
particulate matter from becoming 
airborne.  These rules are for “special 
control areas” including Multnomah 
County. 

This regulation is potentially 
applicable only if material 
generated during 
implementation of a remedial 
action has very low water 
content and requires 
shipment, which is 
considered unlikely. 

Lower Willamette River 
Management Plan (LWRMP) 
[ORS 273.045; OAR Chapter 
141 Division 80] 

The LWRMP provides policy 
direction and guidance to the 
Department of State Lands’ (DSL) 
regulatory and proprietary interests 
of the lower 17.5 miles of the 
Willamette River. 

This regulation would likely 
be applicable to remedial 
actions in the riverbank.. 
 
 

Oregon Water Resources 
Department Willamette 
Basin Plan [OAR Chapter 
690] 

Oregon Water Resources Department 
(WRD) permit rules apply to any 
withdrawal of surface water from the 
Willamette River or groundwater 
from a well in the Willamette Basin.  
Production or recovery wells must 
also comply with WRD general 
standards for construction and 
maintenance of water wells (OAR 
Chapter 690, Division 200) and 
monitoring wells must comply with 
the appropriate standards for their 
construction and maintenance (OAR 
Chapter 690, Division 240). 

This regulation is potentially 
applicable to the installation 
of groundwater extraction or 
monitoring wells as part of a 
remedial action. 

Removal Fill Laws and 
Regulations (RFLR) [ORS 
196.795 through 196.990; 
OAR Chapter 141, Division 
85] 

The RFLR define the requirements for 
dredging and filling activities and 
coordination of the permit 
requirements with federal 
regulations. 

This regulation may be 
applicable if a remedial action 
requires dredging and/or 
filling in the Willamette 
River. 
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                                                  Table 5-1  
Preliminary Project ARARs 

Feasibility Study Work Plan 
Arkema Inc. 

Portland, Oregon 
 

ARAR and Citation Description Applicability 

City of Portland Industrial 
Wastewater Discharge 
Limits [Section 17.34 of the 
Portland Code] 

The City of Portland Industrial 
Wastewater Discharge Limits 
establish discharge limits for 
industrial discharges to the City of 
Portland Sewer System.  The City of 
Portland requires any “significant 
industrial user” to obtain a permit 
before discharging to the City of 
Portland Sewer System. 

This regulation is potentially 
applicable to discharges from 
the site to the City of Portland 
Sewer System.   

City of Portland 
Requirements for Greenway 
overlay zones [City of 
Portland Zoning Code 
Chapter 33.440] 

The City of Portland has established 
Greenway overlay zones adjacent to 
the Willamette River to conserve 
natural, scenic, historical, economic, 
and recreational qualities and to 
promote public access, flood 
protection, and aesthetic factors.  The 
regulations for Greenway overlays 
require that proposed development 
not be detrimental to the use and 
function of the river and abutting 
lands and must conserve, enhance, 
and maintain scenic qualities and 
natural habitat. 

This regulation is potentially 
applicable to remedial 
activities at the site, as the site 
is located within a Greenway 
Heavy Industrial overlay 
zone. 

 
 



Table 5-2
Estimated Hot Spot Volumes in Soil

Preliminary Soil Hot Spots
Feasibility Study Work Plan

Arkema Inc.
Portland, Oregon

Top Depth Bottom Depth Thickness Volume
(ft) (ft) (ft) (cy)

DDT Soil Surface Direct Contact Outdoor Worker 0 3 3 3,411
DDT Soil Surface and Subsurface Direct Contact Outdoor Worker After Redevelopment 0 15 15 17,056
DDT Soil Surface and Subsurface Direct Contact Construction Worker 0 15 15 13,199
TCDD TEQ Soil Surface Direct Contact Outdoor Worker 0 3 3 0
Chromium Soil Surface Direct Contact Ecological 0 3 3 3,608
Lead Soil Surface Direct Contact Ecological 0 3 3 2,444
DDT Soil Surface Direct Contact Ecological 0 3 3 71,028
Chromium Soil Deep Leaching to Groundwater Ecological 0 25 25 38,761
Chlorobenzene Soil Deep Leaching to Groundwater Ecological 0 25 25 18,561
Tetrachloroethene Soil Deep Leaching to Groundwater Ecological 0 25 25 646
Chlordanes Soil Deep Leaching to Groundwater Ecological 0 25 25 4,361
DDT Soil Deep Leaching to Groundwater Ecological 0 25 25 975,246
Vadose Zone DNAPL1 Soil Subsurface DNAPL Human and Ecological 5 10 5 9
Shallow Aquifer Zone DNAPL2

Soil Shallow Aquifer DNAPL Human and Ecological 36.5 37 0.5 25

Notes:
1 = Assumed porosity of 0.3 and saturation ofresidual DNAPL 5 percent
2 = Assumed porosity of 0.3 and saturation of residual DNAPL of 50 percent
COPC
ft = Feet
cy = cubic yards
DDT = Dichloro-diphenyl-trichloroethane
DNAPL = Dense Non-Aqueous Phase Liquid
TCDD TEQ = 2,3,7,8-Tetrachlorodibenzo-p-dioxin Toxicity Equivalence Quotient

Contaminant of Potential 
Concern Media Zone Pathway Receptor
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Table 5-3
Estimated Hot Spot Volumes in Groundwater

Preliminary Groundwater Hot Spots
Feasibility Study Work Plan

Arkema Inc.
Portland, Oregon

Arsenic Cadmium Chromium Nickel Zinc Hexavalent 
Chromium Chloride Perchlorate Chlorobenzene Chloroform Tetra-

chloroethene
1,2-Dichloro-

benzene Chlordanes DDT Heptachlor Lindane

(gal) (gal) (gal) (gal) (gal) (gal) (gal) (gal) (gal) (gal) (gal) (gal) (gal) (gal) (gal) (gal)
Shallow 4,075,479 3,072,843 5,339,474 0 0 10,953,227 50,053,116 2,549,230 10,287,242 570,699 47,058 0 16,071,020 44,367,475 2,211,474 1,944,600
Intermediate 812,639 0 3,325,033 189,796 0 3,941,847 49,965,593 5,810,230 13,035,072 0 0 0 0 57,569,691 293,561 185,473
Deep 16,921,784 0 1,496,742 402,696 0 6,477,931 31,651,552 8,619,523 1,530,854 0 0 0 0 25,914,563 0 0

Basalt 0 0 0 0 4,067,240 0 6,160,594 0 13,709,230 0 0 2,244,271 0 14,806,166 0 0

Total 21,809,901 3,072,843 10,161,249 592,492 4,067,240 21,373,005 137,830,855 16,978,983 38,562,399 570,699 47,058 2,244,271 16,071,020 142,657,895 2,505,035 2,130,073

Notes
Volumes are calculated from the thickness of each hydrostatic unit presented in the Draft Groundwater Modeling Report  (ERM 2007)
Estimated porosity of all aquifer zones is 0.3
DDT = Dichloro-diphenyl-trichloroethane
gal = Gallons

Aquifer Zone
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Table 5-4
Direct Exposure Pathway for Human Health Receptors

Preliminary Remedial Action Objectives
Feasibility Study Work Plan

Arkema Inc.
Portland, Oregon

Human Health Receptor Background Trespasser Outdoor Worker
Outdoor Worker 

After 
Redevelopment

Construction 
Worker Trespasser Outdoor Worker

Outdoor Worker 
After 

Redevelopment

Construction 
Worker Trespasser Outdoor Worker

Outdoor Worker 
After 

Redevelopment

Construction 
Worker

COPC (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
Inorganics
Arsenic (total) 8.8 11 NR NR NR 110 NR NR NR 1,100 NR NR NR
Organics
4,4'-DDD -- NR 11 11 NR NR 110 110 NR NR 1100 1100 NR
4,4'-DDE -- NR 7.6 7.6 NR NR 76 76 NR NR 760 760 NR
4,4'-DDT -- 1.7 7.7 7.7 58 17 77 77 580 170 770 770 1400
2,3,7,8-TCDD TEQ -- NR 0.000015 0.000015 NR NR 0.00015 0.00015 NR NR 0.0015 0.0015 NR

Notes:
-- = Compound included in reference document, but no value assigned for specific pathway 
mg/kg = milligrams per kilogram

1 = Oregon Department of Environmental Quality, Guidance for Identification of Hot Spots (April 1998)
2 = Human Exposure Pathways with unaccepatable risk as determined in Human Health Risk Assessment, Arkema Site: Upland Areas, Integral, May 2008
3 = Ecological Exposure Pathways with unacceptable risk as determined in Draft Arkema Upland Level II Screening Ecological Risk Assessement, Integral Consulting, February 2008
COPC = Contaminant of Potential Concern
RBDM =Risk-Based Decision Making, Oregon Department of Environmental Quality.  Risk-Based Decision Making (updated June 2012).
SBV = Screening Benchmark Values, Oregon Department of Environmental Quality, Guidance for Ecological Risk Assessment - Level II Screening Benchmark Values (April 1998)
TEQ = 2,3,7,8-Tetrachlorodibenzo-p-dioxin Toxicity Equivalence Quotient
NR = No unacceptable risk
DDT = Dichloro-diphenyl-trichloroethane
DDD = Dichloro-diphenyl-dichloroethane
DDE = Dichloro-diphenyl-chloroethane
DEQ = Oregon Department of Environmental Quality
TCDD TEQ = 2,3,7,8-Tetrachlorodibenzo-p-dioxin Toxicity Equivalence Quotient

1 x 10-6 1 x 10-5 1 x 10-4

RBDM SLVs(1)Remedial Action Objective

Carcinogenic Risk Range
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Table 5-5
Direct Exposure Pathway for Ecological Receptors

 Preliminary Remedial Action Objectives
Feasibility Study Work Plan

Arkema Inc.
Portland, Oregon

Media

Type of Screening

Plant Bird Mammal Invertebrates Plant Bird Mammal Invertebrates
Contaminant of Concern (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
Hot Spot Multiplier 10 10 10 10
Inorganics
Chromium (total) 76 76 76 NR 76 10 260 NR 76
Lead 79 120 11 56 NR 1200 110 560 NR
Organics
DDX -- 0.093 0.021 -- -- 0.93 0.21 --
2,3,7,8-TCDD TEQ -- TBD TBD TBD -- TBD TBD TBD

Notes
-- = Compound included in reference document, but no value assigned for specific pathway 
mg/kg = milligrams per kilogram

1 = Oregon Department of Environmental Quality, Guidance for Identification of Hot Spots (April 1998)
2 = Human Exposure Pathways with unaccepatable risk as determined in Human Health Risk Assessment, Arkema Site: Upland Areas, Integral, May 2008
3 = Ecological Exposure Pathways with unacceptable risk as determined in Draft Arkema Upland Level II Screening Ecological Risk Assessement, Integral Consulting, February 2008
RBDM =Risk-Based Decision Making, Oregon Department of Environmental Quality.  Risk-Based Decision Making (updated June 2012).
SBV = Screening Benchmark Values, Oregon Department of Environmental Quality, Guidance for Ecological Risk Assessment - Level II Screening Benchmark Values (April 1998)
TEQ = 2,3,7,8-Tetrachlorodibenzo-p-dioxin Toxicity Equivalence Quotient
NR = No unacceptable risk
DDT = Dichloro-diphenyl-trichloroethane
DDD = Dichloro-diphenyl-dichloroethane
DDE = Dichloro-diphenyl-chloroethane
DEQ = Oregon Department of Environmental Quality
TCDD TEQ = 2,3,7,8-Tetrachlorodibenzo-p-dioxin Toxicity Equivalence Quotient

Ecological Receptors(3)

Highly Concentrated Hot Spot Screening Levels

Soil

Exposure/Receptor Pathway Background 
Concentration

Ecological Receptors(3)

Screening Benchmark Levels
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Table 5-6
Indirect Exposure Pathway for Ecological Receptors

Preliminary Remedial Action Objectives
Feasibility Study Work Plan

Arkema Inc.
Portland, Oregon

Exposure Pathway

Media Soil

Contaminant of Concern
EPA 2009 
NRWQC 
Chronic

Oak Ridge 
National 

Laboratory

Selected 
Screening 

Criteria

Leaching to 
Groundwater

Units ug/L ug/L ug/L ug/L mg/kg

Metals 
Arsenic (total) 150 190 b 3.1 190 111
Cadmium 0.1 0.1 0.22
Chromium-total 0.02381311 0.024 1,191
Hexavalent chromium 11 11 d 11 4
Nickel 16 20 b 20 35.3
Zinc 36 40 b 40 6.1
Chloride 230000 a 230000 --
Perchlorate 9300 9300 --
Volatile Organic Compounds
Chlorobenzene 50 c 64 50 1.26
Chloroform 1240 c 28 1240 6.27
Tetrachloroethene 840 98 840 11.02
Semi-Volatile Organic Compounds
1,2-Dichlorobenzene 763 c 14 763 30.48
Pesticides
Gamma-BHC [Lindane] 0.08 b 0.08 0.0226
Chlordane (total) 0.0043 0.0043 b 0.0043 0.01
4,4'-DDT 0.001 0.001 0.013 0.001 0.017
Heptachlor 0.0038 0.0038 a 0.0038 0.02
Lindane 0.08 0.08 0.023
Total Chlordane 0.0043 0.0043 0.022

Notes:
mg/kg = milligrams per kilogram
ug/L = micrograms per liter

1 = Parameters from USEPA Region IX Preliminary Remediation Goal Table (updated November 2012)
a = Aquatic Life Water Quality Summary: Table 33a
b = Aquatic Life Water Quality Summary: Table 20
c = Water Quality Guidance Values Summary: Table 33c
d = Aquatic Life Water Quality Summary: Table 33b
AWQC = Ambient Water Quality Criteria from OAR 340-040 (2004)
DDT = Dichloro-diphenyl-trichloroethane
DDD = Dichloro-diphenyl-dichloroethane
DDE = Dichloro-diphenyl-chloroethane
DEQ = Oregon Department of Environmental Quality
NA = Not Available
TCDD TEQ = 2,3,7,8-Tetrachlorodibenzo-p-dioxin Toxicity Equivalence Quotient

DEQ 2011 
AWQC 
Chronic

Ecological Receptor (Transition Zone Porewater)

Groundwater



 
 

 

Appendix A 
Revised Hot Spot Evaluation 
Tables and Figures 
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Willamette River

See Inset for Details

Groundwater
Barrier Wall

Detention
Basin

Sand
Filter
Basin

B-57:
0-1ft

52.3A

OCTF-13:
1-1ft

21.6A

RB-1:
0.33-0.72ft

0.786T

RB-10: 0-0.5ft
124JA

RB-11:
0-0.5ft
55.2JA

RB-12:
0-0.5ft
10.8JA

RB-2:
0.33-0.75ft

1.97T
RB-3:

0-0.33ft
2.63JT

RB-4:
0.33-1.1ft

2.65T

RB-5:
0.33-0.82ft
0.122T

RB-6:
0.33-1.9ft
0.459T

RB-7:
0-0.5ft

3.2A

RB-8:
0-0.5ft
25.1T

RB-9: 0-0.5ft
97.7JT

RBC-1: 0-0.5ft
0.473T

RBC-10:
0-0.5ft

3.1T

RBC-11: 0.5-ft
13.9JT RBC-11-03:

1.5-2ft
3.54T RBC-12:

0.5-ft
0.328JT RBC-13:

0.5-ft
0.145JT

RBC-13-01:
1.5-2ft

0.0358T

RBC-2: 0.5-ft
0.153T

RBC-2-03: 1.5-2ft
0.0193T

RBC-3:
0.5-ft
15.6JT

RBC-4:
0.5-ft

0.207JT

RBC-5:
0.5-ft
0.33JT

RBC-6:
0.5-ft

0.352JT
RBC-6-03:
1.5-2ft
0.0289JT

RBC-7:
0.5-ft
2.1JT

RBC-7-01:
0-0.5ft

0.1039T

RBC-7-02:
0-0.5ft
1.926T

RBC-7-03:
0-0.5ft
1.38T

RBC-7-04:
0-0.5ft
10.91T

RBC-7-05:
0-0.5ft
3.986T

RBC-8:
0-0.5ft
2.32T

RBC-9:
0-0.5ft
3.7T

S-2:
0-0.33ft
0.429JA

S-3:
0-0.33ft

2JA

S-4:
0-0.33ft
1.47JA

S-5:
0-0.33ft

2.55A

SS1-1:
0-1ft
0.917A

SS1-2:
0-1ft
2.16JA

SS1-3:
0-1ft
147A

SS1-4:
0-1ft
13.5JA

SS1-5:
0-1ft
3.23A

SS2-1:
0-1ft
6.25A

SS2-2:
0-1ft
6.33A

SS2-6:
0-1ft
0.452A

SS2-7:
0-1ft
0.204A

Figure A-1
4, 4' - DDT in Soil - Outdoor Worker Receptor
Human Health Highly Concentrated Hot Spots

Revised Hot Spot Evaluation
Arkema Inc.

Portland, Oregon
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Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

0 200 400100 Feet

q

Note:
   All results given in milligrams per kilogram (mg/kg)
   DDT: Dichlorodiphenyltrichloroethane
   RED text exceeds HS Criteria for Outdoor
      Worker Human Health (770 mg/kg)
   Risk Based Decision Making Screening Level (7.7 mg/kg)
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Figure A-1A
4, 4' - DDT in Soil - Outdoor Worker Receptor - Inset

Human Health Highly Concentrated Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Note:
   All results given in milligrams per kilogram (mg/kg)
   DDT: Dichlorodiphenyltrichloroethane
   RED text exceeds HS Criteria for Outdoor
      Worker Human Health (770 mg/kg)
   Risk Based Decision Making Screening Level (7.7 mg/kg)
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Figure A-2
4, 4' - DDT in Soil - Outdoor Worker

After Redevelopment Receptor
Human Health Highly Concentrated Hot Spots

Revised Hot Spot Evaluation
Arkema Inc.

Portland, Oregon
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Aerial Photo: City of Portland, July 8, 2012
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Note:
   All results given in milligrams per kilogram (mg/kg)
   DDT: Dichlorodiphenyltrichloroethane
   RED text exceeds HS Criteria for Outdoor
      Worker Human Health (770 mg/kg)
   Risk Based Decision Making Screening Level (7.7 mg/kg)



") ")
")

")

")
")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

") ")

")

")

")

")
")

")

")

")

")

")

")

")

")

")

")

")

")

")

")

") ")

")

")

")
")

")

")

")

")

")
")

")

!(

!(

!(

!(

!(

!(

!(

!(!(

!(

!(

!(

!(

!(

!(

!(

!(
!(

!(

!(

!(

!(

!(

!(

!(

!(

!( !(

!(

!(

!(

!( !( !(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!( !(

!(

!(

!(

!(

!(

!(

!( !(

!(

!(

!(

!(

!(

!(!(
!(

!(

!(

!(

!( !(

!(

!(

!(

!(

7,700
mg

/kg

770 m g/ kg

770 mg/kg

7.7
mg/kg

7. 7 mg/kg

7.7 mg/kg

7.7 mg/kg

770 mg/kg

770 mg/kg

770 mg/kg

770 mg/kg

770 mg/kg

7.7 mg/kg

7.7 mg/kg

7. 7
mg

/k g

7.7 mg/kg
7.7 mg/kg

7.7
mg/k

g

7.7
mg

/ kg

7.7
mg

/kg

7.7 mg/kg

AP-3:
8-10ft

2,720JA

B-100:
8-10ft

1,550JA

B-61:
5-6ft
7,660A

B-65:
12-14ft
779JA

IB-20:
3-4ft

13,400A

IB-25: 8-9ft
3,990A

IB-27:
5-6ft

6,540A

IB-37:
3-4ft

1,420A

IB-46:
6-7ft

6,600A

IB-77:
5-6ft
6,780A

IB-89:
6-8ft

9,300JA

IB-93:
8-10ft
7,120JA

MWA-11I(D):
6-8ft

31,500A

RP-SB01:
8.5-8.5ft

150,000A

RP-SB11:
3-3ft

35,000A
RP-SB14:

5.6-5.6ft
5,400A

VP-21:
6-8ft

2,200A VP-22:
8-10ft

1,340A

VP-23:
8-10ft

1,700A

B-101:
12-14ft
0.014UAB-104:

12-14ft
0.121A

B-110:
3.5-4.5ft

0.59A

B-111:
3-4ft
720A

B-112:
4-6ft
2.1A

B-113:
4-6ft

2.5JA

B-114:
4-6ft

0.47JA B-115:
6-8ft

500A

B-49:
7-8ft

0.135JA

B-50:
5-5.5ft

0.018A

B-51:
5-5.5ft

2.9A

B-52:
5-5.5ft

0.048A

B-54:
4-5ft

22.6A

B-55:
6-7ft

333A

B-56:
4-5ft
462A

B-58:
4-5ft

2.33A

B-66:
4-6ft
87A

IB-39:
4-5ft

63.2A

IB-44:
4-5ft

75.3A

IB-6:
3-4ft
1.1A

IB-82:
5-6ft

0.07A

IB-83:
5-6ft

0.029A

IB-84:
5-6ft

0.0074A

IB-86:
8-10ft
18.9A

IB-88:
6-8ft

475JA

IB-95: 4-6ft
277JA

IB-96:
8-10ft

0.195JA

MWA-1:
14-14ft
0.15UA

RP-SB03:
3.5-3.5ft

29A

RP-SB09:
4.3-4.3ft
0.39A

RP-SB15:
10.6-10.6ft

400A

RP-SB23:
5-5ft
1.5A

RP-SB28:
10-10ft
1.45A

RP-SB29:
5-5ft

0.54UA

RP-SB30:
5-5ft
8.7ARP-SB37:

10-10ft
1.7UA

VP-24:
6-8ft

1,55JA

RP-SB18:
10-10ft
21,800A

AP-4:
0-2ft
2,460A

B-100:
0-0.5ft
3,340JT

B-108:
0.5-1.5ft
5,400A

B-111: 1-2ft
1,300A

B-94:
0-0.5ft

1,310JA

IB-17:
1-2ft

1,730A

IB-43:
1-2ft

5,270A

IB-6:
1-2ft
980A

IB-91:
0-2ft
4,340JA

IB-91:
2-4ft
991JA

IB-94:
0-2ft
859JA

OCTF-11: 0.5-0.5ft
31,900A

RP-SB01:
2.7-2.7ft
24,000A

US-01:
2.5-4ft

1,120JA

B-101:
0-0.5ft
230JA

B-102:
0-0.5ft

62A

B-103:
0-0.5ft
0.11A

B-104:
0.5-1.5ft
0.0394A

B-105:
0-0.5ft

272A

B-106:
0-0.5ft
85.5A

B-107:
0-0.5ft

111A

B-109: 0-0.5ft
710A

B-110:
0.5-1.5ft
240A

B-112: 0-0.5ft
107JA

B-114:
0.5-1.5ft
134A

B-115: 0.5-1.5ft
510A

B-50: 0.5-1ft
0.02A

B-51:
0.5-1ft

2A

B-52:
0.5-1ft
0.03A

B-57:
0-1ft

52.3A

B-58:
1-2ft
0.402A

B-91:
0-0.5ft
123JA

B-92:
0-0.5ft
40.2JA

B-93:
0-0.5ft
1.54JA

B-95:
0-0.5ft

17JA

B-96:
0-0.5ft
632JA

B-97:
0.5-1.5ft
0.284JA

B-98:
0.5-1.5ft

1.6A

B-99:
0-0.5ft

0.152JA

CS-1:
0-1ft

0.005UA

CS-2:
0-1ft

0.005UA

IB-36:
0-1ft
344A

IB-41:
0-1ft

206A

IB-87:
2-4ft

291JA

IB-90:
2-4ft

360JA

IB-95: 0-2ft
431JA

OCTF-1:
0.5-0.5ft

0.397A

OCTF-10:
1-1ft

1.45A

OCTF-12:
0.5-0.5ft

11.2A

OCTF-13:
1-1ft

21.6A

OCTF-2:
0.5-0.5ft

63.3A

OCTF-3:
1-1ft

0.681A

OCTF-4:
1-1ft

10.2A

OCTF-5:
0.5-0.5ft
0.0258A

OCTF-6:
0.5-0.5ft

0.186A

OCTF-7:
1-1ft

3.12A

OCTF-8:
0.5-0.5ft

0.168A

OCTF-9:
1-1ft

0.161A

RB-10:
0-0.5ft
124JA

RB-11:
0-0.5ft
55.2JA

RB-12:
0-0.5ft
10.8JA

RB-3:
0-0.33ft
2.63JT

RB-4:
0.33-1.1ft
2.65T

RB-7:
0-0.5ft

3.2A

RB-8:
0-0.5ft
25.1T

RB-9:
0-0.5ft
97.7JT

RBC-10:
0-0.5ft
3.1T

RBC-10-03: 1.5-2ft
1.16T

RBC-7-05:
0-0.5ft
3.986T RBC-9:

0-0.5ft
3.7T

RP-SB27:
2-2ft
11A

S-2:
0-0.33ft
0.429JA

S-3:
0-0.33ft

2JA

US-02:
0-0.5ft
2.16A

US-03:
0-0.5ft

156A

B-113:
0.5-1.5ft

40A

Figure A-2A
4, 4' - DDT in Soil - Outdoor Worker Receptor - Inset

After Redevelopment Receptor
Human Health Highly Concentrated Hot Spots

Revised Hot Spot Evaluation
Arkema Inc.

Portland, Oregon
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Aerial Photo: City of Portland, July 8, 2012
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1001 SW 5th St, Suite 1010
Portland, Oregon  97204
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Note:
   All results given in milligrams per kilogram (mg/kg)
   DDT: Dichlorodiphenyltrichloroethane
   RED text exceeds HS Criteria for Outdoor
      Worker Human Health (770 mg/kg)
   Risk Based Decision Making Screening Level (7.7 mg/kg)
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Willamette River

See Inset for Details

Groundwater
Barrier Wall

Detention
Basin

Sand
Filter
Basin

B-57:
4-5ft

20.6A

B-62: 4-5ft
4.24A

MWA-18:
5-6.5ft
44.7A

MWA-19:
10-11.5ft

0.047A

MWA-20:
10-11.5ft
0.413JA

B-57:
0-1ft
52.3A

OCTF-13:
1-1ft

21.6A

RB-1:
0.33-0.72ft

0.786T

RB-10: 0-0.5ft
124JA

RB-11:
0-0.5ft
55.2JA

RB-12:
0-0.5ft
10.8JA

RB-2:
0.33-0.75ft

1.97T
RB-3:

0-0.33ft
2.63JT

RB-4:
0.33-1.1ft

2.65T

RB-5:
0.33-0.82ft
0.122T

RB-6:
0.33-1.9ft
0.459T

RB-7:
0-0.5ft

3.2A

RB-8:
0-0.5ft
25.1T

RB-9: 0-0.5ft
97.7JT

RBC-1: 0-0.5ft
0.473T

RBC-10:
0-0.5ft

3.1T

RBC-11: 0.5-ft
13.9JT

RBC-11-03: 1.5-2ft
3.54T

RBC-12:
0.5-ft

0.328JT RBC-13:
0.5-ft
0.145JT

RBC-13-01:
1.5-2ft

0.0358T

RBC-2: 0.5-ft
0.153TRBC-2-03:

1.5-2ft
0.0193T

RBC-3:
0.5-ft
15.6JT

RBC-4:
0.5-ft

0.207JT

RBC-5:
0.5-ft
0.33JT

RBC-6:
0.5-ft

0.352JT
RBC-6-03:
1.5-2ft
0.0289JT

RBC-7:
0.5-ft
2.1JT

RBC-7-01:
0-0.5ft

0.1039T

RBC-7-02:
0-0.5ft
1.926T

RBC-7-03:
0-0.5ft
1.38T

RBC-7-04:
0-0.5ft
10.91T

RBC-7-05:
0-0.5ft
3.986T

RBC-8:
0-0.5ft
2.32T

RBC-9:
0-0.5ft
3.7T

S-2:
0-0.33ft
0.429JA

S-3:
0-0.33ft

2JA

S-4:
0-0.33ft
1.47JA

S-5:
0-0.33ft

2.55A

SS1-1:
0-1ft
0.917A

SS1-2:
0-1ft
2.16JA

SS1-3:
0-1ft
147A

SS1-4:
0-1ft
13.5JA

SS1-5:
0-1ft
3.23A

SS2-1:
0-1ft
6.25A

SS2-2:
0-1ft
6.33A

SS2-6:
0-1ft
0.452A

SS2-7:
0-1ft
0.204A

Figure A-3
4, 4' - DDT in Soil - Construction Worker  Receptor

Human Health Highly Concentrated Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Legend
Shallow Borings (0-3ft)
!( >= 1,400 mg/kg
!( 580 - 1,400 mg/kg
!( 58.0 - 580 mg/kg
!( 5.80 - 58.0 mg/kg
!( < 5.80 mg/kg

Deep Borings (3-15ft)
") >= 1,400 mg/kg
") 580 - 1,400 mg/kg
") 58.0 - 580 mg/kg
") 5.80 - 58.0 mg/kg
") < 5.80 mg/kg

DDT Isoconcentration
1,400 mg/kg
Parcel and Property
Boundaries
Barrier Wall Alignment
Acid Plant Source Areas
Excavated Areas Aerial Photo: City of Portland, July 8, 2012

Environmental Resources Management
1001 SW 5th St, Suite 1010

Portland, Oregon  97204

0 200 400100 Feet

q

Note:
   All results given in micrograms per kilogram (mg/kg)
   DDT: Dichlorodiphenyltrichloroethane
   RED text exceeds HS Criteria for Construction
      Worker Human Health (1,400 mg/kg)
   Risk Based Decision Making Screening Level (58 mg/kg)



Willamette River

Please See Insert for Details

Existing Outfall

Groundwater
Barrier Wall

")

")

")

")

") ")

")

")

")

")

")

")

")

")

")

")

")

")
")

") ")

")

")

") ") ")

")
")

")

")

")

") ")

")

")

")

")

")

")

")

")

")

")

")

") ")

")

")

")
")

")

")

")

")

")

")

")

")

")

!(

!(

!(

!(
!(

!(

!(

!(

!(

!(

!(

!(!(

!( !(

!(

!(

!( !( !(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(
!(

!(

!(

!(

!( !(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!( !(

!(

!(

!(

!(

!(

!(!(

!(

!(

!(

!(

AP-4:
0-2ft

2,460A

B-100:
0-0.5ft
3,340JT

B-108:
0.5-1.5ft
5,400A

IB-17:
1-2ft

1,730A

IB-43:
1-2ft

5,270A

IB-91:
0-2ft
4,340JA

OCTF-11:
0.5-0.5ft
31,900A

RP-SB01:
2.7-2.7ft
24,000A

B-101: 0-0.5ft
230JA

B-102:
0-0.5ft

62A

B-103:
0-0.5ft
0.11A

B-104:
0.5-1.5ft
0.0394A

B-105:
0-0.5ft

272A

B-106:
0-0.5ft
85.5A

B-107:
0-0.5ft

111A

B-109:
0-0.5ft

710A

B-110: 0.5-1.5ft
240A

B-111: 1-2ft
1,300A

B-112: 0-0.5ft
107JA

B-113:
0.5-1.5ft

40A

B-114:
0.5-1.5ft
134A

B-115:
0.5-1.5ft

510A

B-50:
0.5-1ft
0.02A

B-51:
0.5-1ft

2A

B-52:
0.5-1ft
0.03A

B-58:
1-2ft

0.402A

B-91:
0-0.5ft
123JA

B-92:
0-0.5ft
40.2JA

B-93:
0-0.5ft
1.54JA

B-94:
0-0.5ft

1,310JA

B-95:
0-0.5ft

17JA

B-96:
0-0.5ft
632JA

B-97:
0.5-1.5ft
0.284JA

B-98:
0.5-1.5ft

1.6A

B-99:
0-0.5ft

0.152JA

CS-1: 0-1ft
0.005UA

CS-2:
0-1ft

0.005UA

IB-36: 0-1ft
344A

IB-41:
0-1ft
206A

IB-6: 1-2ft
980A

IB-87:
2-4ft

291JA

IB-90:
2-4ft

360JA

IB-91:
2-4ft

991JA

IB-94: 0-2ft
859JA

IB-95:
0-2ft

431JA

OCTF-1:
0.5-0.5ft

0.397A

OCTF-10:
1-1ft

1.45A

OCTF-12:
0.5-0.5ft

11.2A

OCTF-2:
0.5-0.5ft

63.3A

OCTF-3:
1-1ft

0.681A

OCTF-4:
1-1ft

10.2A

OCTF-5:
0.5-0.5ft
0.0258A

OCTF-6:
0.5-0.5ft

0.186A

OCTF-7:
1-1ft

3.12A

OCTF-8:
0.5-0.5ft

0.168A

OCTF-9:
1-1ft

0.161A

RP-SB27: 2-2ft
11A

US-01:
2.5-4ft

1,120JA

US-02:
0-0.5ft
2.16A

US-03:
0-0.5ft

156A

AP-3:
8-10ft
2,720JA

B-100:
8-10ft

1,550JA

B-61: 5-6ft
7,660A

IB-20:
3-4ft

13,400A

IB-25:
8-9ft
3,990A

IB-27: 5-6ft
6,540A

IB-37:
3-4ft

1,420A

IB-46:
6-7ft

6,600A

IB-77:
5-6ft

6,780A

IB-89: 6-8ft
9,300JA

IB-93:
8-10ft
7,120JA

MWA-11I(D):
6-8ft

31,500A

RP-SB01:
8.5-8.5ft

150,000A

RP-SB11: 3-3ft
35,000A RP-SB14:

5.6-5.6ft
5,400A

RP-SB18:
10-10ft
21,800A

VP-21: 6-8ft
2,200A VP-23:

8-10ft
1,700A

B-101: 12-14ft
0.014UA

B-104: 12-14ft
0.121A

B-110: 3.5-4.5ft
0.59A

B-111:
3-4ft

720A

B-112:
4-6ft
2.1A

B-113: 4-6ft
2.5JA

B-114: 4-6ft
0.47JA

B-115:
6-8ft

500A

B-49:
7-8ft

0.135JA B-50:
5-5.5ft

0.018A

B-51:
5-5.5ft
2.9A

B-52:
5-5.5ft

0.048A

B-54:
4-5ft

22.6A

B-55:
6-7ft

333A

B-56:
4-5ft
462A

B-58:
4-5ft
2.33A

B-65:
12-14ft
779JA

B-66:
4-6ft
87A

IB-39:
4-5ft

63.2A

IB-44:
4-5ft

75.3A

IB-6:
3-4ft
1.1A

IB-82:
5-6ft

0.07A
IB-83:

5-6ft
0.029A

IB-84: 5-6ft
0.0074A

IB-86:
8-10ft
18.9A

IB-88:
6-8ft
475JA

IB-95:
4-6ft
277JA

IB-96:
8-10ft
0.195JA

MWA-1:
14-14ft
0.15UA

RP-SB03:
3.5-3.5ft

29A

RP-SB23:
5-5ft
1.5A

RP-SB28: 10-10ft
1.45A

RP-SB29:
5-5ft
0.54UA

RP-SB30:
5-5ft
8.7A

RP-SB37:
10-10ft
1.7UA VP-22:

8-10ft
1,340A

VP-24:
6-8ft

155JA

RP-SB15: 10.6-10.6ft
400A

RP-SB09:
4.3-4.3ft
0.39A

1400 mg/kg

1400 mg/kg

Figure A-3A
4, 4' - DDT in Soil - Construction Worker  Receptor - Inset

Human Health Highly Concentrated Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Legend
Shallow Borings (0-3ft)
!( >= 1,400 mg/kg
!( 580 - 1,400 mg/kg
!( 58.0 - 580 mg/kg
!( 5.80 - 58.0 mg/kg
!( < 5.80 mg/kg

Deep Borings (3-15ft)
") >= 1,400 mg/kg
") 580 - 1,400 mg/kg
") 58.0 - 580 mg/kg
") 5.80 - 58.0 mg/kg
") < 5.80 mg/kg

DDT Isoconcentration
1,400 mg/kg
Parcel and Property
Boundaries
Barrier Wall Alignment
Acid Plant Source Areas
Excavated Areas Aerial Photo: City of Portland, July 8, 2012

Environmental Resources Management
1001 SW 5th St, Suite 1010

Portland, Oregon  97204

q
0 50 10025
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Note:
   All results given in micrograms per kilogram (mg/kg)
   DDT: Dichlorodiphenyltrichloroethane
   RED text exceeds HS Criteria for Construction
      Worker Human Health (1,400 mg/kg)
   Risk Based Decision Making Screening Level (58 mg/kg)
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Willamette River

B-122:
0-2ft

0.00022JA

B-123:
0-2ft

0.00073JA

B-129:
0-2ft
0.000013JA

RBC-1:
0-0.5ft
0.000013JA

RBC-10:
0-0.5ft
0.000039JA

RBC-10-03:
1.5-2ft

0.000002JA

RBC-11:
0.5-ft
0.000235JA

RBC-11-03:
1.5-2ft

0.000024JA
RBC-12:

0.5-ft
0.000109JA

RBC-13:
0.5-ft

0.000037JA

RBC-13-01:
1.5-2ft

0.000005JA

RBC-2:
0.5-ft
0.00001JA

RBC-2-03:
1.5-2ft

0.000001A

RBC-3:
0.5-ft
0.000263JA

RBC-4:
0.5-ft
0.000005JA RBC-5:

0.5-ft
0.000055JA

RBC-6: 0.5-ft
0.000008JA

RBC-6-03:
1.5-2ft

0.000001JA

RBC-7:
0.5-ft
0.000101JA

RBC-8:
0-0.5ft
0.00006JA

RBC-9:
0-0.5ft
0.000142JA

B-124:
0-2ft

0.0019JA

Figure A-4
2,3,7,8 TCDD TEQ in Soil - Outdoor Worker Receptor

Human Health Highly Concentrated Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Legend
Shallow Borings (0-3ft)
!( >= 0.0015 mg/kg
!( 0.00015 - 0.0015 mg/kg
!( 0.000015 - 0.00015 mg/kg
!( < 0.000015 mg/kg

Parcel and Property Boundaries
Barrier Wall Alignment
Acid Plant Source Areas
Excavated Areas

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

0 200 400100 Feet

q

Note:
   All results given in milligrams per kilogram (mg/kg)
   2,3,7,8-TCDD TEQ = Toxicity Equivalent of
      2,3,7,8-Tetrachlorodibenzodioxin
   RED text exceeds HS Criteria for Outdoor
      Worker Human Health (0.0015 mg/kg)



Figure A-5
Chlorobenzene - Construction Worker Receptor

Human Health Highly Concentrated Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Legend
Borings 0-3ft bgs
!( >= 430,000 mg/kg
!( 43,000 - 430,000 mg/kg
!( 4,300 - 43,000 mg/kg
!( < 4,300 mg/kg
!( Not Detected

Parcel and Property
Boundaries
Barrier Wall Alignment
Acid Plant Source Areas
Excavated Areas
Lined Pond Boundary

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204
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Willamette River
Groundwater
Barrier Wall

Detention
Basin

Sand
Filter
Basin

B-100:
0-0.5ft
0.021J

B-101:
0-0.5ft
0.0047

B-50:
0.5-1ft

0.005U

B-51:
0.5-1ft
0.005

B-52:
0.5-1ft

0.005U B-91:
0.5-1.5ft
0.0058U

B-92:
0.5-1.5ft
0.0059U

B-93:
0.5-1.5ft
0.0055U

B-94:
0.5-1.5ft
0.0054U

B-95:
0.5-1.5ft
0.0059U

B-96:
0.5-1.5ft
0.006U

B-97:
0.5-1.5ft
0.0052U

B-98: 0.5-1.5ft
0.0056U

B-99:
0.5-1.5ft
0.0053U

IB-26:
0-10ft
2900J

IB-51:
0-10ft
3000J

MWA-15:
0-0ft
47

MWA-16I:
0-0ft
0.2U

MWA-6R: 0-0ft
0.2U

RB-1:
0.33-0.72ft

0.005U

RB-2:
0.33-0.75ft

0.005U

RB-3:
0.33-1ft
0.005U

RB-4:
0.33-1.1ft

0.005URB-5:
0.33-0.82ft
0.005U

RB-6:
0.33-1.9ft

0.005U

RBC-10-01:
0-0.5ft
0.043U

RBC-4-02:
0-0.5ft
0.051U

RBC-6-03:
0-0.5ft

0.044U

RP-SB01: 2.7-2.7ft
0.27J

IB-21:
0-10ft
8800J

0 200 400100 Feet

q

Note:
   All results given in milligrams per kilogram (mg/kg)
   RED text exceeds HS Criteria for Construction
      Worker Human Health (430,000 mg/kg)
   Risk Based Decision Making Screening Level (4,300 mg/kg)
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Willamette River

260mg/kg
340mg/kg

Groundwater
Barrier Wall

RB-10:
0-0.5ft

17

RB-11:
0-0.5ft
21.3

RB-12:
0-0.5ft

19.5

RB-7:
0-0.5ft
20.4T

RB-8:
0-0.5ft

40.7

RB-9:
0-0.5ft
19.2

RBC-10:
0-0.5ft

19

RBC-10-03:
1.5-2ft

16

RBC-11:
0.5-ft
150

RBC-11-03:
1.5-2ft

57

RBC-12:
0.5-ft

17

RBC-13:
0.5-ft

16

RBC-13-01:
1.5-2ft

14

RBC-2-03:
1.5-2ft
31

RBC-3:
0.5-ft
71

RBC-4:
0.5-ft
170

RBC-5:
0.5-ft
21

RBC-6:
0.5-ft
19

RBC-6-03:
1.5-2ft

17

RBC-7:
0.5-ft
27

RBC-8:
0-0.5ft
24

RBC-9:
0-0.5ft
51

SS1-1:
0-1ft
113

SS1-2:
0-1ft
34.1

SS1-3:
0-1ft
35.6

SS1-4:
0-1ft
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Figure A-6
Chromium (III) in Soil - Terrestrial Ecological Receptor

Ecological Highly Concentrated Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon

Legend
Chromium (III) Results in Shallow Borings (0-3ft)
!( Above Mammal Criteria (>= 340 mg/kg)
!( Above Bird Criteria (260 - 340 mg/kg)
!( Above Background Level (76 - 260 mg/kg)
!( Below Background Level (76 mg/kg)

Chromium (III) Isocontours
340 mg/kg
260 mg/kg
Parcel and Property Boundaries
Barrier Wall Alignment

Environmental Resources Management
1001 SW 5th St, Suite 1010

Portland, Oregon  97204
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Aerial Photo: City of Portland, July 8, 2012
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Note:
   All results given in milligrams per
      kilogram (mg/kg)
   RED text exceeds HS Ecological
      Impact for Birds (260 mg/kg)
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Figure A-7
Lead in Soil - Terrestrial Ecological Receptor

Ecological Highly Concentrated Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon

Legend
Lead Results in Shallow Borings (0-3ft)
!( Above Plant Criteria ( > 1200 mg/kg)
!( Above Mammal Criteria (560 - 1200 mg/kg)
!( Above Bird Criteria (110 - 560 mg/kg)
!( Below Bird Criteria (79 - 110 mg/kg)
!( Below Background Level (79 mg/kg)

Lead Isocontours
560 mg/kg
110 mg/kg
Parcel and Property Boundaries
Barrier Wall Alignment

Environmental Resources Management
1001 SW 5th St, Suite 1010

Portland, Oregon  97204
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Aerial Photo: City of Portland, July 8, 2012
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Note:
   All results given in milligrams per kilogram (mg/kg)
   RED text exceeds HS Ecological Impact for Birds (110 mg/kg)
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Figure A-8
4, 4' - DDT in Soil - Terrestrial Ecological Receptor

Ecological Highly Concentrated Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon

Legend
DDT Results in Shallow Borings (0-3ft)
!( Above Bird Criteria (>= 0.93 mg/kg)
!( Above Mammal Criteria (0.21 - 0.93 mg/kg)
!( Below Mammal Criteria ( < 0.21 mg/kg)

DDT Isocontours
0.93 mg/kg
0.21 mg/kg

Parcel and Property Boundaries
Barrier Wall Alignment
Top of Bank
Lined Pond Boundary

Environmental Resources Management
1001 SW 5th St, Suite 1010

Portland, Oregon  97204
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Aerial Photo: City of Portland, July 2009
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Note:
   All results given in milligrams per kilogram (mg/kg)
   Ecological hot spots extend only to the top of bank
      in lots 3 and 4.
   DDT: Dichlorodiphenyltrichloroethane
   RED text exceeds HS Ecological Impact for
      Mammals (0.21 mg/kg)
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Figure A-9
Arsenic - Shallow Aquifer Zone

Preliminary Groundwater Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Legend
Monitoring Wells
Arsenic Results in mg/l
!( >= 19 mg/l
!( 1.9 - 19 mg/l
!( 0.19 - 1.9 mg/l
!( < 0.19 mg/l
!( Not Detected

Arsenic Isocontours
1.9 mg/l
0.19 mg/l
Parcel and Property Boundaries
Barrier Wall Alignment

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (0.19 mg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.

0 200 400100 Feet

q



!

! ! !

!

!

!

!

!

!

!

!

!

(

( ( (

(

(

(

(

(

(

(

(

(

!

!!!

!

!

!

!

!

(

(((

(

(

(

(

(

!(

Willamette River
Groundwater
Barrier Wall

MWA-51I
0.892

MWA-7(I)
< 0.0100

MWA-8I
0.0487

MWA-9I
< 0.00990

MWA-10I
< 0.0156

MWA-16I
< 0.0100

MWA-32I
0.0643

MWA-34I
0.0909

MWA-48I
< 0.0103

MWA-49I
0.0101

MWA-50I
< 0.0100

MWA-52I
< 0.0100

MWA-53I
< 0.0100

MWA-54I
< 0.0100

MWA-55I
0.0208

MWA-64I
0.0649

MWA-65I
< 0.0100

MWA-66I
< 0.0100

MWA-70I
< 0.01

RP-02-49
0.00186

RP-08-80
< 0.0500

RP-09-47
0.00962

RP-10-60
0.0122

0.19 mg/l

Figure A-10
Arsenic - Intermediate Aquifer Zone
Preliminary Groundwater Hot Spots

Revised Hot Spot Evaluation
Arkema Inc.

Portland, Oregon
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Legend
Monitoring Wells
Arsenic Results in mg/l
!( >= 19 mg/l
!( 1.9 - 19 mg/l
!( 0.19 - 1.9 mg/l
!( < 0.19 mg/l
!( Not Detected

Arsenic Isocontours
0.19 mg/l
Parcel and Property Boundaries
Barrier Wall Alignment

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (0.19 mg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Figure A-11
Arsenic - Deep Aquifer Zone

Preliminary Groundwater Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Legend
Monitoring Wells
Arsenic Results in mg/l
!( >= 19 mg/l
!( 1.9 - 19 mg/l
!( 0.19 - 1.9 mg/l
!( < 0.19 mg/l
!( Not Detected

Arsenic Isocontours
0.19 mg/l
Parcel and Property Boundaries
Barrier Wall Alignment

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (0.19 mg/L)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.

0 200 400100 Feet

q



!

!

!!

(

(

((

!

!
!

(

(
(

Willamette River
Groundwater
Barrier Wall

MWA-21B
< 0.0100

RP-02-66
0.00631

RP-08-107
< 0.0500

RP-09-64
0.00786
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Figure A-12
Arsenic - Gravel/Basalt Aquifer Zone
Preliminary Groundwater Hot Spots

Revised Hot Spot Evaluation
Arkema Inc.

Portland, Oregon
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Legend
Monitoring Wells
Arsenic Results in mg/l
!( >= 19 mg/l
!( 1.9 - 19 mg/l
!( 0.19 - 1.9 mg/l
!( < 0.19 mg/l
!( Not Detected

Parcel and Property Boundaries
Barrier Wall Alignment

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (0.19 mg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Figure A-13
Cadmium - Shallow, Intermediate,

Deep, and Gravel/Basalt Aquifer Zones
Preliminary Groundwater Hot Spots

Revised Hot Spot Evaluation
Arkema Inc.

Portland, Oregon
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Legend
Monitoring Wells
Cadmium Results in mg/L
!( 0.009 - 0.09
!( 0.0009 - 0.009
!( < 0.0009
!( Not Detected

Cadmium Isoconcentration
Parcel and Property Boundaries
Barrier Wall Alignment

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (0.0009 mg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Figure A-14
Chromium (III) - Shallow Aquifer Zone

Preliminary Groundwater Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Legend
Monitoring Wells
Chromium (III) Results in mg/l
!( >= 2.38 mg/l
!( 0.238 - 2.38 mg/l
!( 0.0238 - 0.238 mg/l
!( < 0.238 mg/l
!( Not Detected

Chromium (III) Isocontours
2.38 mg/l
0.238 mg/l
0.0238 mg/l
Parcel and Property Boundaries
Barrier Wall Alignment

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (0.0238 mg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Figure A-15
Chromium (III) - Intermediate Aquifer Zone

Preliminary Groundwater Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Legend
Monitoring Wells
Chromium (III) Results in mg/l
!( >= 2.38 mg/l
!( 0.238 - 2.38 mg/l
!( 0.0238 - 0.238 mg/l
!( < 0.238 mg/l
!( Not Detected

Chromium (III) Isocontours
0.0238 mg/l
Parcel and Property Boundaries
Barrier Wall Alignment

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (0.0238 mg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Figure A-16
Chromium (III) - Deep Aquifer Zone
Preliminary Groundwater Hot Spots

Revised Hot Spot Evaluation
Arkema Inc.

Portland, Oregon
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Legend
Monitoring Wells
Chromium (III) Results in mg/l
!( >= 2.38 mg/l
!( 0.238 - 2.38 mg/l
!( 0.0238 - 0.238 mg/l
!( < 0.238 mg/l
!( Not Detected

Chromium (III) Isocontours
0.0238 mg/l
Parcel and Property Boundaries
Barrier Wall Alignment

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (0.0238 mg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Figure A-17
Chromium (III) - Gravel/Basalt Aquifer Zone

Preliminary Groundwater Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Legend
Monitoring Wells
Chromium (III) Results in mg/l
!( >= 2.38 mg/l
!( 0.238 - 2.38 mg/l
!( 0.0238 - 0.238 mg/l
!( < 0.238 mg/l
!( Not Detected

Parcel and Property Boundaries
Barrier Wall Alignment

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (0.0238 mg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Figure A-18
Nickel - Shallow, Intermediate,

Deep, and Gravel/Basalt Aquifer Zones
Preliminary Groundwater Hot Spots

Revised Hot Spot Evaluation
Arkema Inc.

Portland, Oregon
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Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (0.016 mg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Figure A-19
Zinc - Shallow, Intermediate,

Deep, and Gravel/Basalt Aquifer Zones
Preliminary Groundwater Hot Spots

Revised Hot Spot Evaluation
Arkema Inc.

Portland, Oregon
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Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (0.00576999 mg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Figure A-20
Chromium, VI - Shallow Aquifer Zone

Preliminary Groundwater Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon

D
ra

w
n 

B
y:

 M
ik

e 
Ap

pe
l  

   
D

at
e:

 5
/2

9/
20

13
   

  P
ro

je
ct

: 0
16

40
96

Fi
le

: \
\w

dp
or

dc
02

\d
at

aP
O

R
\P

ro
je

ct
s\

A
rk

em
a 

P
or

tla
nd

\G
IS

 F
ig

ur
es

\0
16

40
96

 U
pl

an
d 

S
C

M
 a

nd
 M

od
el

lin
g\

H
ot

 S
po

t A
na

ly
si

s\
F2

0 
G

W
 S

ha
llo

w
 C

r6
.m

xd

Legend
Monitoring Wells
Total Cr6 Value in µg/l
!( >= 1,100 µg/l
!( 110 - 1,100 µg/l
!( 11 - 110 µg/l
!( < 11 µg/l
!( Not Detected

Cr6 Isocontours
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Parcel and Property Boundaries
Barrier Wall Alignment

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   Cr6: Hexavalent Chromium
   RED text exceeds HS criteria (11 µg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Figure A-21
Chromium, VI - Intermediate Aquifer Zone

Preliminary Groundwater Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Legend
Monitoring Wells
Total Cr6 Value in µg/l
!( >= 1,100 µg/l
!( 110 - 1,100 µg/l
!( 11 - 110 µg/l
!( < 11 µg/l
!( Not Detected

Cr6 Isocontours
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Parcel and Property Boundaries
Barrier Wall Alignment

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   Cr6: Hexavalent Chromium
   RED text exceeds HS criteria (11 µg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Figure A-22
Chromium, VI - Deep Aquifer Zone

Preliminary Groundwater Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Monitoring Wells
Total Cr6 Value in µg/l
!( >= 1,100 µg/l
!( 110 - 1,100 µg/l
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!( < 11 µg/l
!( Not Detected

Cr6 Isocontours
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Parcel and Property Boundaries
Barrier Wall Alignment

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   Cr6: Hexavalent Chromium
   RED text exceeds HS criteria (11 µg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Chloride - Shallow Aquifer Zone

Preliminary Groundwater Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (230 mg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (230 mg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Chloride - Deep Aquifer Zone

Preliminary Groundwater Hot Spots
Revised Hot Spot Evaluation
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Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (230 mg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Chloride - Gravel/Basalt Aquifer Zone

Preliminary Groundwater Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
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Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (2,300 mg/L)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Perchlorate - Shallow Aquifer Zone
Preliminary Groundwater Hot Spots

Revised Hot Spot Evaluation
Arkema Inc.

Portland, Oregon
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Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (9,300 µg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Figure A-28
Perchlorate - Intermediate Aquifer Zone

Preliminary Groundwater Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (9,300 µg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Perchlorate - Deep Aquifer Zone

Preliminary Groundwater Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (9,300 µg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Chlorobenzene - Shallow Aquifer Zone

Preliminary Groundwater Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon

D
ra

w
n 

B
y:

 A
le

x 
Ki

rk
   

  D
at

e:
 7

/2
/2

01
3 

   
 P

ro
je

ct
: 0

16
40

96
Fi

le
: F

:\P
ro

je
ct

s\
Ar

ke
m

a 
P

or
tla

nd
\G

IS
 F

ig
ur

es
\0

16
40

96
 U

pl
an

d 
S

C
M

 a
nd

 M
od

el
lin

g\
H

ot
 S

po
t A

na
ly

si
s\

F3
0 

G
W

 S
ha

llo
w

 C
hl

or
ob

en
ze

ne
.m

xd

Legend
Monitoring Wells
Chlorobenzene Results in µg/l
!( >= 5,000 µg/l
!( 500 - 5,000 µg/l
!( 50 - 500 µg/l
!( < 50 µg/l
!( Not Detected

Chlorobenzene Isocontours
50,000 µg/l
5,000 µg/l
500 µg/l
50 µg/l
Inferred Extent of DNAPL

Parcel and Property Boundaries
Barrier Wall Alignment

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (50 µg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Chlorobenzene - Intermediate Aquifer Zone

Preliminary Groundwater Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon

D
ra

w
n 

B
y:

 A
le

x 
Ki

rk
   

  D
at

e:
 5

/2
9/

20
13

   
  P

ro
je

ct
: 0

16
40

96
Fi

le
: \

\w
dp

or
dc

02
\d

at
aP

O
R

\P
ro

je
ct

s\
A

rk
em

a 
P

or
tla

nd
\G

IS
 F

ig
ur

es
\0

16
40

96
 U

pl
an

d 
S

C
M

 a
nd

 M
od

el
lin

g\
H

ot
 S

po
t A

na
ly

si
s\

F3
1 

G
W

 In
te

rm
ed

ia
te

 C
hl

or
ob

en
ze

ne
.m

xd

Legend
Monitoring Wells
Chlorobenzene Results in µg/l
!( >= 5,000 µg/l
!( 500 - 5,000 µg/l
!( 50 - 500 µg/l
!( < 50 µg/l
!( Not Detected

Chlorobenzene Isocontours
50,000 µg/l
5,000 µg/l
500 µg/l
50 µg/l
Parcel and Property Boundaries
Barrier Wall Alignment Aerial Photo: City of Portland, July 8, 2012

Environmental Resources Management
1001 SW 5th St, Suite 1010

Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (50 µg/l)
   Groundwater data shown is the maximum detected
      concentration from the April 2007 and August
      2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Figure A-32
Chlorobenzene - Deep Aquifer Zone
Preliminary Groundwater Hot Spots

Revised Hot Spot Evaluation
Arkema Inc.
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Legend
Monitoring Wells
Chlorobenzene Results in µg/l
!( >= 5,000 µg/l
!( 500 - 5,000 µg/l
!( 50 - 500 µg/l
!( < 50 µg/l
!( Not Detected

Chlorobenzene Isocontours
50,000 µg/l
5,000 µg/l
500 µg/l
50 µg/l
Parcel and Property Boundaries
Barrier Wall Alignment Aerial Photo: City of Portland, July 8, 2012

Environmental Resources Management
1001 SW 5th St, Suite 1010

Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (50 µg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Figure A-33
Chlorobenzene - Gravel/Basalt Aquifer Zone

Preliminary Groundwater Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Legend
Monitoring Wells
Chlorobenzene Results in µg/l
!( >= 5,000 µg/l
!( 500 - 5,000 µg/l
!( 50 - 500 µg/l
!( < 50 µg/l
!( Not Detected

Chlorobenzene Isocontours
50,000 µg/l
5,000 µg/l
500 µg/l
50 µg/l
Parcel and Property Boundaries
Barrier Wall Alignment Aerial Photo: City of Portland, July 8, 2012

Environmental Resources Management
1001 SW 5th St, Suite 1010

Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (50 µg/l)
   Groundwater data shown is the maximum detected
      concentration from the April 2007 and August 2009
      site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.

q

0 200 400100 Feet



!( !( !(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!( !(

!(

!(

!(

!(

!(

!(
!(!(

!(
!(

!(
!(

!(

!( !(
!(

!(

!(

!(

!(

!(

Willamette River
Groundwater
Barrier Wall

MWA-2
50.0

MWA-3
42.5

MWA-4
1.1

MWA-5
< 1.00

MWA-6R
< 10.0

MWA-15R
122

MWA-18
0.3

MWA-19
0.21

MWA-20
< 10.0

MWA-22
< 5.00

MWA-24
< 5.00

MWA-30
4.15

MWA-42
2.11

MWA-44
1.03

MWA-45
0.75

MWA-46
< 2.50

MWA-47
1.06

MWA-60
< 2.50

MWA-61
569

MWA-62
5.51

MWA-63
9,800

MWA-69
76.0

NMP-3D
177

NMP-4D
440

PMP-4
27.4

PMP-5
145

PMP-6
72.0

MWA-17SI
162

MWA-67SI
2,240

MWA-68SI
108

MWA-71
< 1.00

MWA-72
< 0.500

MWA-73
< 0.500

RP-02-31
< 0.500

RP-08-23
< 1.00

RP-09-35
< 1.00

RP-10-30
< 0.500

W-19-S
< 0.500

1,2
40

 µg
/l

Figure A-34
Chloroform - Shallow Aquifer Zone

Preliminary Groundwater Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Legend
Monitoring Wells
Chloroform Results in µg/l
!( >=124,000 µg/l
!( 12,400 - 124,000 µg/l
!( 1,240 - 12,400 µg/l
!( < 1,240 µg/l
!( Not Detected

Chloroform Isocontours
1,240 µg/l
Parcel and Property Boundaries
Barrier Wall Alignment

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (1,240 µg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Figure A-35
Chloroform - Intermediate Aquifer Zone

Preliminary Groundwater Hot Spots
Revised Hot Spot Evaluation

Intermediate Aquifer Monitoring Wells
Arkema Inc.

Portland, Oregon
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Legend
Monitoring Wells
Chloroform Results in µg/l
!( >=124,000 µg/l
!( 12,400 - 124,000 µg/l
!( 1,240 - 12,400 µg/l
!( < 1,240 µg/l
!( Not Detected

Parcel and Property Boundaries
Barrier Wall Alignment

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (1,240 µg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Figure A-36
Chloroform - Deep Aquifer Zone

Preliminary Groundwater Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Legend
Monitoring Wells
Chloroform Results in µg/l
!( >=124,000 µg/l
!( 12,400 - 124,000 µg/l
!( 1,240 - 12,400 µg/l
!( < 1,240 µg/l
!( Not Detected

Parcel and Property Boundaries
Barrier Wall Alignment

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (1,240 µg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Figure A-37
Chloroform - Gravel/Basalt Aquifer Zone

Preliminary Groundwater Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Legend
Monitoring Wells
Chloroform Results in µg/l
!( >=124,000 µg/l
!( 12,400 - 124,000 µg/l
!( 1,240 - 12,400 µg/l
!( < 1,240 µg/l
!( Not Detected

Parcel and Property Boundaries
Barrier Wall Alignment

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (1,240 µg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Figure A-38
Tetrachloroethene - Shallow Aquifer Zone

Preliminary Groundwater Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Legend
Monitoring Wells
Tetrachloroethene Results in µg/l
!( >= 84,000 µg/l
!( 8,400 - 84,000 µg/l
!( 840 - 8,400 µg/l
!( < 840 µg/l
!( Not Detected

Tetrachloroethene Isocontours
840 µg/l
Parcel and Property Boundaries
Barrier Wall Alignment

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (840 µg/l)
   Groundwater data shown is the maximum detected concentration
      from the April 2007 and August 2009 site groundwater
      monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Figure A-39
Tetrachloroethene - Intermediate Aquifer Zone

Preliminary Groundwater Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Legend
Monitoring Wells
Tetrachloroethene Results in µg/l
!( >= 84,000 µg/l
!( 8,400 - 84,000 µg/l
!( 840 - 8,400 µg/l
!( < 840 µg/l
!( Not Detected

Parcel and Property Boundaries
Barrier Wall Alignment

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (840 µg/l)
   Groundwater data shown is the maximum detected
      concentration from the April 2007 and August 2009
      site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Figure A-40
Tetrachloroethene - Deep Aquifer Zone

Preliminary Groundwater Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Monitoring Wells
Tetrachloroethene Results in µg/l
!( >= 84,000 µg/l
!( 8,400 - 84,000 µg/l
!( 840 - 8,400 µg/l
!( < 840 µg/l
!( Not Detected

Parcel and Property Boundaries
Barrier Wall Alignment

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (840 µg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (840 µg/l)
   Groundwater data shown is the maximum detected
      concentration from the April 2007 and August 2009
      site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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!( 763 - 7,630 µg/l
!( < 763 µg/l
!( Not Detected

Parcel and Property Boundaries
Barrier Wall Alignment

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (763 µg/l)
   Groundwater data shown is the maximum detected
      concentration from the April 2007 and August 2009
      site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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!( 7,630 - 76,300 µg/l
!( 763 - 7,630 µg/l
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!( Not Detected

Parcel and Property Boundaries
Barrier Wall Alignment

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (763 µg/l)
   Groundwater data shown is the maximum detected
      concentration from the April 2007 and August 2009
      site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Revised Hot Spot Evaluation
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!( Not Detected

Parcel and Property Boundaries
Barrier Wall Alignment

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (763 µg/l)
   Groundwater data shown is the maximum detected
      concentration from the April 2007 and August 2009
      site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (763 µg/l)
   Groundwater data shown is the maximum detected
      concentration from the April 2007 and August 2009
      site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Revised Hot Spot Evaluation

Arkema Inc.
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Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (0.0038 µg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (0.0038 µg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Heptachlor - Deep Aquifer Zone
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Revised Hot Spot Evaluation

Arkema Inc.
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!( 0.0038 - 0.038 µg/l
!( < 0.0038 µg/l
!( Not Detected

Parcel and Property Boundaries
Barrier Wall Alignment

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (0.0038 µg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (0.0038 µg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Lindane - Shallow Aquifer Zone

Preliminary Groundwater Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Legend
Monitoring Wells
Lindane Results in µg/l
!( >= 8.0 µg/l
!( 0.8 - 8.0 µg/l
!( 0.08 - 0.8 µg/l
!( < 0.08 µg/l
!( Not Detected

Lindane Isocontours
0.08 µg/l
Parcel and Property Boundaries
Barrier Wall Alignment

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (0.08 µg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Figure A-51
Lindane - Intermediate Aquifer Zone
Preliminary Groundwater Hot Spots

Revised Hot Spot Evaluation
Arkema Inc.

Portland, Oregon
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Legend
Monitoring Wells
Lindane Results in µg/l
!( >= 8.0 µg/l
!( 0.8 - 8.0 µg/l
!( 0.08 - 0.8 µg/l
!( < 0.08 µg/l
!( Not Detected

Lindane Isocontours
0.08 µg/l
Parcel and Property Boundaries
Barrier Wall Alignment

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (0.08 µg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Figure A-52
Lindane - Deep Aquifer Zone

Preliminary Groundwater Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Monitoring Wells
Lindane Results in µg/l
!( >= 8.0 µg/l
!( 0.8 - 8.0 µg/l
!( 0.08 - 0.8 µg/l
!( < 0.08 µg/l
!( Not Detected

Parcel and Property Boundaries
Barrier Wall Alignment

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (0.08 µg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Figure A-53
Lindane - Gravel/Basalt Aquifer Zone

Preliminary Groundwater Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Monitoring Wells
Lindane Results in µg/l
!( >= 8.0 µg/l
!( 0.8 - 8.0 µg/l
!( 0.08 - 0.8 µg/l
!( < 0.08 µg/l
!( Not Detected

Parcel and Property Boundaries
Barrier Wall Alignment

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (0.08 µg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Figure A-54
Total Chlordanes - Shallow Aquifer Zone

Preliminary Groundwater Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Legend
Monitoring Wells
Total Chlordanes Results in µg/l
!( > 0.0043 µg/l
!( Not Detected

Chlordanes Isocontours
0.0043 µg/l

Parcel and Property Boundaries
Barrier Wall Alignment

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (0.0043 µg/l)
   Groundwater data shown is the maximum detected concentration
      from the April 2007 and August 2009 site groundwater
      monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Figure A-55
Total Chlordanes - Intermediate Aquifer Zone

Preliminary Groundwater Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Legend
Monitoring Wells
Total Chlordanes Results in µg/l
!( > 0.0043 µg/l
!( Not Detected

Parcel and Property Boundaries
Barrier Wall Alignment

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Notes:
   RED text exceeds HS criteria (0.0043 µg/l)
   Groundwater data shown is the maximum detected
      concentration from the April 2007 and August 2009
      site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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4, 4' - DDT - Shallow Aquifer Zone

Preliminary Groundwater Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon

Legend
Monitoring Wells
DDT Results in µg/l
!( >= 10 µg/l
!( 0.1 - 10 µg/l
!( 0.001 - 0.1 µg/l
!( < 0.001 µg/l
!( Not Detected

DDT Isocontours in µg/l
100 µg/l
10 µg/l
1 µg/l
0.1 µg/l
0.01 µg/l
0.001 µg/l

Parcel and Property Boundaries
Barrier Wall Alignment

Environmental Resources Management
1001 SW 5th St, Suite 1010

Portland, Oregon  97204

D
ra

w
n 

B
y:

 A
le

x 
Ki

rk
   

  D
at

e:
 7

/2
/2

01
3 

   
 P

ro
je

ct
: 0

16
40

96
Fi

le
: F

:\P
ro

je
ct

s\
Ar

ke
m

a 
P

or
tla

nd
\G

IS
 F

ig
ur

es
\0

16
40

96
 U

pl
an

d 
S

C
M

 a
nd

 M
od

el
lin

g\
H

ot
 S

po
t A

na
ly

si
s\

F5
6 

G
W

 S
ha

llo
w

 D
D

T.
m

xd

Aerial Photo: City of Portland, July 8, 2012

Notes:
   DDT: Dichlorodiphenyltrichloroethane
   RED text exceeds HS criteria (0.001 µg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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4, 4' - DDT - Intermediate Aquifer Zone

Preliminary Groundwater Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Aerial Photo: City of Portland, July 8, 2012

Notes:
   DDT: Dichlorodiphenyltrichloroethane
   RED text exceeds HS criteria (0.001 µg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Aerial Photo: City of Portland, July 8, 2012

Notes:
   DDT: Dichlorodiphenyltrichloroethane
   RED text exceeds HS criteria (0.001 µg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Figure A-59
4, 4' - DDT - Gravel/Basalt Aquifer Zone

Preliminary Groundwater Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon

Legend
Monitoring Wells
DDT Results in µg/l
!( >= 10 µg/l
!( 0.1 - 10 µg/l
!( 0.001 - 0.1 µg/l
!( < 0.001 µg/l
!( Not Detected

DDT Isocontours in µg/l
100 µg/l
10 µg/l
1 µg/l
0.1 µg/l
0.01 µg/l
0.001 µg/l

Parcel and Property Boundaries
Barrier Wall Alignment

Environmental Resources Management
1001 SW 5th St, Suite 1010
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Aerial Photo: City of Portland, July 8, 2012

Notes:
   DDT: Dichlorodiphenyltrichloroethane
   RED text exceeds HS criteria (0.001 µg/l)
   Groundwater data shown is the maximum detected concentration from
      the April 2007 and August 2009 site groundwater monitoring events.
   Hot Spot screening criteria are the minimum screening criteria of:
      ODEQ Ambient Water Quality Criteria-Chronic Exposure, EPA
      2004 National Recommended Water Quality Criteria-Chronic,
      Oak Ridge National Laboratory Tier II Screening Criteria.
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Figure A-60
Chromium in Soil - Leaching to Groundwater

Highly Mobile Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Legend
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!( Cr >= 1190 mg/kg or Cr VI >= 4.0 mg/kg
!( Cr < 1190 mg/kg or Cr VI < 4.0 mg/kg
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") Cr >= 1190 mg/kg or Cr VI >= 4.0 mg/kg
") Cr < 1190 mg/kg or Cr VI < 4.0 mg/kg
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Barrier Wall Alignment

Acid Plant Source Areas
Excavated Areas
Lined Pond Boundary

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Note:
   Cr: Chromium (III)
   Cr VI: Hexavalent Chromium
   All results given in milligrams per kilogram (mg/kg)
   RED text exceeds Cr or Cr VI leaching to ground-
      water criteria (1190 mg/kg or 4.0 mg/kg)
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Figure A-61
Chlorobenzene in Soil - Leaching to Groundwater

Highly Mobile Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Legend
Borings 0-3ft bgs
!( >= 126 mg/kg
!( 12.6 - 126 mg/kg
!( 1.26 - 12.6 mg/kg
!( < 1.26 mg/kg
!( Not Detected

Borings 3-15ft bgs
") >= 126 mg/kg
") 12.6 - 126 mg/kg
") 1.26 - 12.6 mg/kg
") < 1.26 mg/kg
") Not Detected

Borings 15-25ft bgs
XW >= 126 mg/kg
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XW 1.26 - 12.6 mg/kg
XW < 1.26 mg/kg
XW Not Detected
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Lined Pond Boundary

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Note:
   All results given in milligrams per kilogram (mg/kg)
   RED text exceeds leaching to groundwater
      criteria (1.25953 mg/kg)
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Figure A-61A
Chlorobenzene in Soil-

Leaching to Groundwater - Inset
Highly Mobile Hot Spots

Revised Hot Spot Evaluation
Arkema Inc.

Portland, Oregon
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Legend
Borings 0-3ft bgs
!( >= 126 mg/kg
!( 12.6 - 126 mg/kg
!( 1.26 - 12.6 mg/kg
!( < 1.26 mg/kg
!( Not Detected

Borings 3-15ft bgs
") >= 126 mg/kg
") 12.6 - 126 mg/kg
") 1.26 - 12.6 mg/kg
") < 1.26 mg/kg
") Not Detected

Borings 15-25ft bgs
XW >= 126 mg/kg
XW 12.6 - 126 mg/kg
XW 1.26 - 12.6 mg/kg
XW < 1.26 mg/kg
XW Not Detected

Chlorobenzene Isocontours
Vadose Zone Approximate Extent of DNAPL
Parcel and Property
Boundaries
Barrier Wall Alignment
Acid Plant Source Areas
Excavated Areas Aerial Photo: City of Portland, July 8, 2012

Environmental Resources Management
1001 SW 5th St, Suite 1010

Portland, Oregon  97204

Note:
   All results given in milligrams per kilogram (mg/kg)
   Extent of DNAPL based on observations and estimated
      saturation limit
   RED text exceeds leaching to groundwater
      criteria (1.25953 mg/kg)
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Figure A-62
Chloroform in Soil - Leaching to Groundwater

Highly Mobile Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Legend
Borings 0-3ft bgs
!( >= 627 mg/kg
!( 62.7 - 627 mg/kg
!( 6.27 - 62.7 mg/kg
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Figure A-62A
Chloroform in Soil -

Leaching to Groundwater - Inset
Highly Mobile Hot Spots

Revised Hot Spot Evaluation
Arkema Inc.

Portland, Oregon
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Note:
   All results given in milligrams per kilogram (mg/kg)
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      criteria (6.26536 mg/kg)
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Figure A-63
Tetrachloroethene in Soil - Leaching to Groundwater

Highly Mobile Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Note:
   All results given in milligrams per kilogram (mg/kg)
   RED text exceeds leaching to groundwater
      criteria (11.02015 mg/kg)
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Figure A-63A
Tetrachloroethene in Soil -

Leaching to Groundwater - Inset
Highly Mobile Hot Spots

Revised Hot Spot Evaluation
Arkema Inc.

Portland, Oregon
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Note:
   All results given in milligrams per kilogram (mg/kg)
   RED text exceeds leaching to groundwater
      criteria (11.02015 mg/kg)
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Figure A-64
1,2-Dichlorobenzene in Soil - Leaching to Groundwater

Highly Mobile Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Note:
   All results given in milligrams per kilogram (mg/kg)
   RED text exceeds leaching to groundwater
      criteria (30.47565 mg/kg)
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Figure A-64A
1,2-Dichlorobenzene in Soil -

Leaching to Groundwater - Inset
Highly Mobile Hot Spots

Revised Hot Spot Evaluation
Arkema Inc.

Portland, Oregon
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Portland, Oregon  97204

Note:
   All results given in milligrams per kilogram (mg/kg)
   RED text exceeds leaching to groundwater
      criteria (30.47565 mg/kg)
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Figure A-65
Lindane in Soil - Leaching to Groundwater

Highly Mobile Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Aerial Photo: City of Portland, July 8, 2012
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1001 SW 5th St, Suite 1010
Portland, Oregon  97204

Note:
   All results given in milligrams per kilogram (mg/kg)
   RED text exceeds leaching to groundwater
      criteria (0.02257 mg/kg)

XW

XW

XW XW

XW
XW

XW
XW

XW

XW

XW

XWXW XW

XW
XW

XW
XWXWXW XW

XW

XW

XW
XW

XW

XW

XW XW

XWXW

XW
XW

XW
XWXWXWXW

XW
XW

")

")

")

")
")

")

")
")

")

")
")

")
") ")

")

")

")

")

")")

")

")

")

")

")
")

")
") ")

") ")

")")

")

")

")")")")")
")

")

")

")

")

")")
") ")

") ")

")")

")

")
")

")

")

")

")

") ")

")

")")

")

")")

")

")

")

")")")")

")

")
")

")

")

")")

")

")

")

")

")

")
")

")
")")

!(

!(

!(

!( !(

!(

!(

!(
!(

!(

!(

!(

!(

!(
!( !(

!(

!(

!(

!(

!(
!(

!(

!(

!(

!(

!( !(!(
!(

!(

!( !(

!(

!( !(

!(

!(
!(

!(

!(
!(

!(

!(

!(

!(!(

!(

!(!(

!(

!(

!(
!(

!(

!(

!(
!(

!(

!(!(

!(

!(
!(!( !(!( !(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(
!( !(

!(

!(
!(

!(

!(

!(

!( !(

!(

!( !(

!(

!(

!(

!(
!(

!(

!(

!(

!(

!( !(!(!(
!(

!(

!(

!(

!(

!(

!(

!(

!(
!(

!(

!(

!(

!(

!(!(

!(!(

!(
!(

!(

!(!(

!(!(

!(
!(!(

!(
!( !( !(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

Willamette River

See Inset for Details

Groundwater
Barrier Wall

MWA-18:
15-16.5ft
0.0081U

MWA-19:
15-16.5ft

0.005U

MWA-2: 24-24ft
0.068U

MWA-20:
15-16.5ft

0.005U

MWA-3:
24-24ft

0.13U
MWA-4:
24-24ft
1.3U

B-57: 4-5ft
0.02U

B-62:
4-5ft

0.05U

MWA-18:
5-6.5ft
0.05U

MWA-19:
10-11.5ft
0.005U

MWA-20:
10-11.5ft
0.0053U

B-57:
0-1ft
0.02U

RB-1:
0-0.33ft
0.01U

RB-10: 0-0.5ft
0.05U

RB-11: 0-0.5ft
0.05U

RB-12:
0-0.5ft
0.05U

RB-2:
0-0.33ft
0.01U

RB-3:
0-0.33ft
0.01U

RB-4:
0-0.33ft
0.01U

RB-5:
0-0.33ft
0.01U

RB-6:
0-0.33ft
0.01U

RB-7:
0-0.5ft
0.05U

RB-8:
0-0.5ft
0.11U

RB-9:
0-0.5ft
0.05U

RBC-1:
0-0.5ft
0.0075U

RBC-10: 0-0.5ft
0.049U

RBC-11-03:
1.5-2ft
0.11U RBC-12:

0.5-ft
0.0031U

RBC-13:
0.5-ft
0.0024U

RBC-13-01:
1.5-2ft

0.00073U

RBC-2:
0.5-ft

0.0026U
RBC-2-03: 1.5-2ft

0.00046U

RBC-3:
0.5-ft
0.27U

RBC-4:
0.5-ft

0.0026U RBC-5:
0.5-ft

0.0073U

RBC-6:
0.5-ft

0.012U RBC-7-01: 0-0.5ft
0.0018

RBC-7-02:
0-0.5ft

0.026U

RBC-7-03:
0-0.5ft
0.012U

RBC-7-04:
0-0.5ft
0.082U

RBC-7-05:
0-0.5ft
0.026U

RBC-8:
0-0.5ft
0.053U

RBC-9:
0-0.5ft
0.074U

S-2:
0-0.33ft
0.0059U

S-3: 0-0.33ft
0.0053U

S-4:
0-0.33ft
0.0058U S-5:

0-0.33ft
0.0065U

SS1-1:
0-1ft

0.0165U

SS1-2:
0-1ft

0.0165U
SS1-3:

0-1ft
0.066U

SS1-4:
0-1ft
0.0165U

SS1-5:
0-1ft

0.0165U

SS2-1: 0-1ft
0.0165U

SS2-2:
0-1ft

0.0165U

SS2-6:
0-1ft

0.0165U

SS2-7:
0-1ft

0.0165U

Detention
Basin

Sand
Filter
Basin

0 200 400100 Feet

q



XW

XW

XW
XW

XW

XW

XW

XW

XW

XW

XW

XW
XW

XWXW
XWXW

XW

XW

XW

XW
XW XW

XW
XW

XW

XW

XW

XW

XW
XW

XW

XW

XW

")

")

")

")

")

")

")

")

")

")

") ")

")

")

")

")

")")

")

")

")

")

")

")

")

") ")

")
")

")

")

")

")

")")

")

")

")

")

")

")
")

")

") ")

")
")

")

")

")

")

")

")

")

")

")
")

")

")")

")

")")

")

")

")

")

")

")

")

")

")

")

")

")

")
")

")
")

")

")

")

")

")

!(

!(

!(

!( !(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(
!(

!(

!(

!(

!(

!( !(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!( !(

!(

!(

!(

!(

!(

!(

!(
!(

!(

!( !(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(
!(!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

!(

B-56:
19-20ft
0.01U

B-61:
21-22ft

0.054UJ

MWA-1:
19-19ft
0.072U

RP-SB16:
20-20ft

210U

RP-SB17:
20-20ft
200U

RP-SB18:
20-20ft
0.19U

RP-SB19: 15-15ft
0.19U

RP-SB20:
15-15ft
0.38U

RP-SB21:
18.5-18.5ft

410URP-SB27: 20-20ft
0.73U

RP-SB28:
20-20ft
0.36U

RP-SB32:
18-18ft
0.061U

RP-SB33:
20-20ft
0.071U

RP-SB37:
20-20ft
0.07U

AP-3:
8-10ft
71UJ

B-100: 8-10ft
20U

B-101:
12-14ft

0.0012U

B-49:
7-8ft

0.015U

B-50:
5-5.5ft

0.012U

B-51:
5-5.5ft
0.01UB-52: 5-5.5ft

0.01U

B-54:
4-5ft
0.2U

B-55:
6-7ft
1U

B-56:
4-5ft
0.2U

B-58:
4-5ft

0.02U

B-61: 6-7ft
2.6UJ

B-65:
12-14ft
0.66U

B-66:
12-14ft
0.07U

IB-20:
3-4ft

0.25U

IB-25: 4-5ft
0.05U

IB-25:
8-9ft

0.25U

IB-27:
5-6ft

0.25U

IB-37:
3-4ft

0.25U

IB-39:
4-5ft

0.25U

IB-46:
6-7ft

0.25U

IB-6:
3-4ft

0.05U

IB-77:
5-6ft
5.9U

IB-82:
5-6ft

0.006U

IB-83:
5-6ft

0.0058U IB-84:
5-6ft

0.0061U

IB-86:
8-10ft

0.045U

IB-88:
6-8ft

0.37U
IB-89:
6-8ft
4.1U

IB-93:
8-10ft
0.34U

IB-95:
4-6ft

0.38U

IB-96:
8-10ft

0.0041U

MWA-1: 14-14ft
0.075U

MWA-11I(D):
6-8ft
7.8U

RP-SB18:
10-10ft

2.7U

RP-SB23:
5-5ft

0.093U

RP-SB28:
10-10ft
0.057U

RP-SB29:
5-5ft

0.054U

RP-SB30:
5-5ft

0.36URP-SB37: 10-10ft
0.057U

AP-4:
0-2ft

0.59U

B-100:
0-0.5ft
31U

B-101:
0-0.5ft
5.5U

B-50:
0.5-1ft
0.01U

B-51:
0.5-1ft
0.01U

B-52:
0.5-1ft
0.01U

B-58:
1-2ft

0.02U

B-91:
0-0.5ft
0.056U

B-92:
0-0.5ft
0.057U

B-93:
0-0.5ft
0.011U

B-94:
0-0.5ft
0.054U

B-95:
0-0.5ft
0.054U

B-96:
0.5-1.5ft
0.06U

B-97:
0.5-1.5ft
0.0021U

B-98:
0.5-1.5ft

0.022U

B-99:
0.5-1.5ft

0.0061

CS-1:
0-1ft

0.005U

CS-2:
0-1ft
0.01

IB-17:
1-2ft

0.25U

IB-36:
0-1ft
0.5U

IB-43:
1-2ft

0.25U

IB-6:
1-2ft
0.25U

IB-87:
2-4ft

0.39U

IB-90:
2-4ft

0.29U

IB-91:
0-2ft
3U

IB-91: 2-4ft
0.37U

IB-94:
0-2ft

0.37U

IB-95:
0-2ft

0.32U

RP-SB27: 2-2ft
0.54U

US-01:
2-2.5ft
12U

US-03:
0-0.5ft

1.1U

Figure A-65A
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Figure A-66
Total Chlordanes in Soil - Leaching to Groundwater

Highly Mobile Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Figure A-66A
Total Chlordanes in Soil -

Leaching to Groundwater - Inset
Highly Mobile Hot Spots

Revised Hot Spot Evaluation
Arkema Inc.

Portland, Oregon
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Figure A-67
4, 4' - DDT in Soil

Leaching to Groundwater
Highly Mobile Hot Spots

Revised Hot Spot Evaluation
Arkema Inc.

Portland, Oregon
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Note:
   All results given in milligrams per kilogram (mg/kg)
   DDT: Dichlorodiphenyltrichloroethane
   bgs: Below ground surface
   RED text exceeds HS leaching to groundwater criteria (0.26 mg/kg)
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8: RP-SB19: 15-15ft 1.8A

2:
1:

7:

3:

5:

RP-SB37: 10-10ft 1.7UA
RP-SB29: 5-5ft 0.54UA

RP-SB03: 3.5-3.5ft 29A

IB-82: 5-6ft 0.07A

IB-6: 3-4ft 1.1A
6: RP-SB21: 18.5-18.5ft 20000A

12:

9:

RP-SB15: 10.6-10.6ft 400A

MWA-11I(D): 6-8ft 31,500A

11:

4:

10:
IB-90: 2-4ft 360JA

IB-6: 1-2ft 980A

B-108: 0.5-1.5ft 5,400A

*Additional Boring Labels
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0-1ft
344A

IB-43:
1-2ft

5,270A

IB-87:
2-4ft

291JA

IB-91: 0-2ft
4,340JA

IB-91:
2-4ft

991JA

IB-94:
0-2ft
859JA

IB-95: 0-2ft
431JA

OCTF-11:
0.5-0.5ft
31,900A

US-01:
2.5-4ft

1,120JA

10*

4*

11*

AP-3: 8-10ft
2,720JA

B-100:
8-10ft

1,550JA

B-111:
3-4ft

720A

B-115: 6-8ft
500A

B-55:
6-7ft
333A

B-56:
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Figure A-67A
4, 4' - DDT in Soil

Leaching to Groundwater - Inset
Highly Mobile Hot Spots

Revised Hot Spot Evaluation
Arkema Inc.

Portland, Oregon
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") Not Detected
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XW Not Detected

Total DDT Isocontours
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Barrier Wall Alignment
Acid Plant Source Areas
Excavated Areas

Aerial Photo: City of Portland, July 8, 2012
Environmental Resources Management

1001 SW 5th St, Suite 1010
Portland, Oregon  97204
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Note:
   All results given in milligrams per
      kilogram (mg/kg)
   DDT: Dichlorodiphenyltrichloroethane
   bgs: Below ground surface
   RED text exceeds HS leaching to groundwater
      criteria (0.26 mg/kg)
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Figure A-68
Dense Non-Aqueous Phase Liquids

Other Media Hot Spots
Revised Hot Spot Evaluation

Arkema Inc.
Portland, Oregon
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Page 1 of 2

Table A-1
Soil Screening for Trespassers

Highly Concentrated Human Health Hot Spots
Arkema, Inc. Facility

Portland, Oregon

Location Top Depth Bottom Depth Site Area

11 210 MSSL 0.15 0.015 0.15 1.5 0.015 0.15 0.07 2.4 1.7 1.7 0.0000044

1100 21,000 MSSL 15 1.5 15 150 1.5 15 7 240 170 170 0.00044

B-125 Lot 2 20.8 0.00808 U 0.219 0.0928 0.19 0.000028 JA
B-125 Lot 2 4.8 J 0.00829 U 0.537 0.232 0.349 0.000061 JA
B-126 3 5 Lot 2 13.3 0.0195 U 0.358 1.1 4 0.00011 JA
B-126 8 10 Lot 2 2.21 J 0.000837 UJ 0.000577 J 0.00505 J 0.0215 J 0.0000035 JA
RB-1 0.33 0.72 Riverbank 0.0305 JT 0.0495 JT 0.058 JT 0.0485 JT 0.007 JT 0.0585 JT 0.01 U 0.096 0.1 0.59
RB-1 0 0.33 Riverbank 0.011 T 0.02 T 0.03 JT 0.031 T 0.005 UT 0.0215 JT 0.01 U 0.066 0.073 0.32

RB-10 0 0.5 Riverbank 17 0.33 U 0.33 U 0.33 U 0.33 U 0.33 U 0.33 U 0.05 U 0.53 J 3.5 120
RB-11 0 0.5 Riverbank 21.3 0.32 U 0.32 U 0.32 U 0.32 U 0.32 U 0.32 U 0.05 U 0.5 J 2.7 52
RB-12 0 0.5 Riverbank 19.5 0.33 U 0.33 U 0.33 U 0.33 U 0.33 U 0.33 U 0.05 U 0.77 J 2.9 7.1
RB-2 0.33 0.75 Riverbank 0.07 JT 0.0825 JT 0.095 JT 0.0695 JT 0.018 JT 0.0685 JT 0.01 U 0.36 0.31 1.3
RB-2 0 0.33 Riverbank 0.029 JT 0.0255 JT 0.0415 JT 0.026 JT 0.005 JT 0.027 JT 0.01 U 0.1 0.13 0.7
RB-3 0.33 1 Riverbank 0.01 UT 0.01 UT 0.017 JT 0.011 JT 0.005 UT 0.012 JT 0.01 U 0.075 0.11 2
RB-3 0 0.33 Riverbank 0.012 T 0.018 T 0.0225 JT 0.022 T 0.005 UT 0.018 JT 0.01 U 0.084 J 0.15 J 2.4 J
RB-4 0.33 1.1 Riverbank 0.019 T 0.016 T 0.019 T 0.016 T 0.005 UT 0.0115 JT 0.01 U 0.018 0.028 2.6
RB-4 0 0.33 Riverbank 0.01 UT 0.01 UT 0.01 UT 0.01 UT 0.005 UT 0.007 JT 0.01 U 0.01 U 0.034 0.41
RB-5 0.33 0.82 Riverbank 0.01 UT 0.01 UT 0.01 UT 0.01 UT 0.005 UT 0.007 JT 0.01 U 0.01 U 0.058 0.064
RB-5 0 0.33 Riverbank 0.014 JT 0.015 JT 0.015 JT 0.015 JT 0.005 UT 0.014 JT 0.01 U 0.01 U 0.023 0.034
RB-6 0.33 1.9 Riverbank 0.05 JT 0.065 JT 0.059 JT 0.0505 JT 0.009 JT 0.0755 JT 0.01 U 0.028 0.071 0.36
RB-6 0 0.33 Riverbank 0.0125 JT 0.0285 JT 0.0265 JT 0.024 JT 0.006 JT 0.041 JT 0.01 U 0.026 J 0.011 J 0.064
RB-7 0 0.5 Riverbank 20.4 T 1.6 U 1.6 U 1.6 U 1.6 U 1.6 U 1.6 U 0.05 U 0.094 0.81 2.3
RB-8 0 0.5 Riverbank 40.7 1.8 1.4 3 2.3 0.36 1 0.11 1.7 2.4 21
RB-9 0 0.5 Riverbank 19.2 0.32 U 0.32 U 0.32 U 0.32 U 0.32 U 0.32 U 0.05 U 1.1 J 1.6 95

RBC-1 0 0.5 Riverbank 4.3 810 0.083 0.12 0.18 0.064 0.019 0.11 0.0075 U 0.0085 0.093 0.31 0.0000133 JA
RBC-10 0 0.5 Riverbank 63 19 0.028 J 0.068 0.074 0.019 J 0.047 U 0.077 J 0.049 U 0.049 U 0.45 2.2 0.0000387 JA

RBC-10-01 0 0.5 Riverbank
RBC-10-03 1.5 2 Riverbank 6.8 16 0.0087 J 0.011 J 0.012 J 0.027 U 0.044 U 0.044 UJ 0.022 U 0.022 U 0.24 0.75 0.00000225 JA

RBC-11 0 0.5 Riverbank 9.3 150 0.13 0.15 0.23 0.065 0.043 U 0.13 J 0.23 U 0.65 1 10 0.000235 JA
RBC-11-03 1.5 2 Riverbank 8.1 57 0.092 0.13 0.16 0.051 0.017 J 0.093 J 0.11 U 0.11 U 0.27 2.6 0.0000243 JA

RBC-12 0 0.5 Riverbank 4.2 17 0.08 J 0.096 J 0.13 J 0.043 J 0.013 J 0.057 J 0.0031 U 0.011 0.11 0.15 0.000109 JA
RBC-13 0 0.5 Riverbank 3.9 16 0.024 J 0.026 J 0.035 J 0.01 J 0.0054 J 0.015 J 0.0024 U 0.0041 J 0.053 J 0.061 J 0.0000373 JA

RBC-13-01 1.5 2 Riverbank 2.1 14 0.0032 J 0.0068 J 0.0079 J 0.0023 J 0.005 UJ 0.006 J 0.00073 U 0.00073 U 0.006 0.025 0.0000049 JA
RBC-2 0 0.5 Riverbank 4.5 410 0.034 0.058 0.073 0.02 0.01 0.056 0.0026 U 0.0037 0.028 0.1 0.0000098 JA

RBC-2-03 1.5 2 Riverbank 3.3 31 0.0073 0.013 0.013 0.0041 0.0025 J 0.012 0.00046 U 0.00046 U 0.0033 0.014 0.000000556 A
RBC-3 0 0.5 Riverbank 5.1 71 0.34 0.53 0.79 0.26 0.092 0.27 0.27 U 0.69 3.5 9.2 J 0.000263 JA
RBC-4 0 0.5 Riverbank 5.7 170 0.11 0.27 0.29 0.12 0.031 J 0.23 J 0.0026 U 0.0068 0.026 0.13 0.00000548 JA

RBC-4-02 0 0.5 Riverbank
RBC-5 0 0.5 Riverbank 4 21 0.022 0.036 0.047 0.016 0.0047 U 0.027 0.0073 U 0.0073 U 0.032 0.26 J 0.0000549 JA
RBC-6 0 0.5 Riverbank 4 19 0.014 J 0.013 J 0.021 J 0.011 J 0.045 U 0.017 J 0.012 U 0.015 0.08 0.19 0.00000825 JA

RBC-6-03 0 0.5 Riverbank
RBC-6-03 1.5 2 Riverbank 2.1 17 0.028 U 0.033 U 0.022 U 0.028 U 0.044 U 0.044 UJ 0.00048 U 0.00048 U 0.013 J 0.01 0.0000013 JA

RBC-7 0 0.5 Riverbank 14 27 0.046 0.071 0.079 0.025 J 0.047 U 0.052 J 0.001 UJ 0.031 J 0.63 J 1.2 J 0.000101 JA
RBC-7-01 0 0.5 Riverbank 0.001 U 0.0013 0.0083 0.043
RBC-7-02 0 0.5 Riverbank 0.026 U 0.026 U 0.34 0.61
RBC-7-03 0 0.5 Riverbank 0.012 U 0.02 0.14 0.54
RBC-7-04 0 0.5 Riverbank 0.082 U 0.11 1.8 3.6
RBC-7-05 0 0.5 Riverbank 0.026 U 0.026 U 0.88 1.1

RBC-8 0 0.5 Riverbank 70 24 0.034 0.048 0.044 0.025 J 0.05 U 0.045 J 0.053 U 0.053 U 0.5 1.5 0.00006 JA
RBC-9 0 0.5 Riverbank 13 51 0.027 U 0.14 0.24 0.11 0.018 J 0.11 J 0.074 U 0.074 U 0.82 2.4 0.000142 JA

S-1 0.4166667 0.6666667 Unknown 0.005 U 0.013 5.2 0.89
S-1 1.166667 1.416667 Unknown 0.005 U 0.014 2.7 1.3
S-5 0 0.3333333 Riverbank 0.0065 U 0.16 0.39 2

SS1-1 0 1 Lot 1 6.62 113 0.288 J 0.296 J 0.244 J 0.269 J 0.0749 J 0.179 J 0.0165 U 0.103 0.219 0.595
SS1-2 0 1 Lot 1 5.31 34.1 0.124 J 0.115 J 0.084 J 0.0974 J 0.07 U 0.07 U 0.0165 U 0.065 0.11 1.98 J

Hot Spot Screening Criteria

alpha-BHCArsenic

mg/kg mg/kgmg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg

Benzo(k)-
fluoranthene

Dibenzo(a,h)-
anthracene

Indeno(1,2,3-
cd)pyreneChromium

mg/kg mg/kg

TCDD TEQ

mg/kg

4,4-DDT4,4-DDEBenzo(a)-
anthracene Benzo(a)-pyrene Benzo(b)-

fluoranthene

Risk Based Screening Level

mg/kg

4,4-DDD
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Table A-1
Soil Screening for Trespassers

Highly Concentrated Human Health Hot Spots
Arkema, Inc. Facility

Portland, Oregon

Location Top Depth Bottom Depth Site Area

11 210 MSSL 0.15 0.015 0.15 1.5 0.015 0.15 0.07 2.4 1.7 1.7 0.0000044

1100 21,000 MSSL 15 1.5 15 150 1.5 15 7 240 170 170 0.00044Hot Spot Screening Criteria

alpha-BHCArsenic

mg/kg mg/kgmg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg

Benzo(k)-
fluoranthene

Dibenzo(a,h)-
anthracene

Indeno(1,2,3-
cd)pyreneChromium

mg/kg mg/kg

TCDD TEQ

mg/kg

4,4-DDT4,4-DDEBenzo(a)-
anthracene Benzo(a)-pyrene Benzo(b)-

fluoranthene

Risk Based Screening Level

mg/kg

4,4-DDD

SS1-3 0 1 Lot 1 16.2 35.6 0.28 U 0.37 J 0.347 J 0.359 J 0.28 U 0.28 U 0.066 U 6.21 2.7 138
SS1-4 0 1 Lot 1 76.1 35.1 0.131 J 0.194 J 0.253 J 0.212 J 0.07 U 0.194 J 0.0165 U 0.925 J 1.24 J 11.4
SS1-5 0 1 Lot 1 18.6 32.2 0.07 U 0.07 U 0.07 U 0.07 U 0.07 U 0.07 U 0.0165 U 0.113 0.329 2.79
SS2-1 0 1 Lot 2 10.9 64 0.179 J 0.261 J 0.243 J 0.229 J 0.14 U 0.168 J 0.0165 U 0.122 0.447 5.68
SS2-2 0 1 Lot 2 6.03 195 0.0962 J 0.11 J 0.102 J 0.108 J 0.07 U 0.0855 J 0.0165 U 0.168 0.325 5.84
SS2-3 0 1 Lot 2 9.51 26.5 0.256 J 0.251 J 0.259 J 0.241 J 0.14 U 0.14 U 0.0165 U 0.461 0.667 11
SS2-4 0 1 Lot 2 4.74 15.1 0.07 U 0.07 U 0.07 U 0.07 U 0.07 U 0.07 U 0.0165 U 0.0716 0.161 1.33
SS2-5 0 1 Lot 2 3.31 16 0.07 U 0.07 U 0.07 U 0.07 U 0.07 U 0.07 U 0.0165 U 0.0497 0.0858 0.516
SS2-6 0 1 Lot 2 2.8 13.8 0.21 U 0.21 U 0.21 U 0.21 U 0.21 U 0.21 U 0.0165 U 0.0165 U 0.0561 0.396
SS2-7 0 1 Lot 2 5.09 15.6 0.14 U 0.14 U 0.14 U 0.14 U 0.14 U 0.14 U 0.0165 U 0.0165 U 0.0258 0.178

Notes:
mg/kg - milligrams per kilogram
Bold
Bold Detected concentration is between 1 and 10 times the Hot Spot Screening Level Value
Bold Detected concentration is between 10 and 100 times the Hot Spot Screening Level Value
Bold Detected concentration is greater than 100 times the Hot Spot Screening Level Value
ft = Feet
DDT = Dichloro-diphenyl-trichloroethane
DDD = Dichloro-diphenyl-dichloroethane
DDE = Dichloro-diphenyl-chloroethane
DDX = Total of DDD, DDE, and DDT isomers
TCDD TEQ = 2,3,7,8-Tetrachlorodibenzo-p-dioxin Toxicity Equivalence Quotient

Qualifiers:
A = The analyte is a suspected aldol-condensation product/Total value based on limited number of analytes
J = The analyte was positively identified and is biased low; associated numerical value is the approximate concentration of the analyte in the sample
JA = Estimated Concentration, Analyte Postively Identified.
T = Result derived or selected from more than one reported value.
U = Analyte was not detected
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Table A-2
Soil Screening for Outdoor Workers and Redevelopment Worker

Highly Concentrated Human Health Hot Spots
Arkema, Inc. Facility

Portland, Oregon

Location Top Depth Bottom 
Depth Site Area

AP-2 0 4 Unknown 0.58 U 2.6 4.2 220 0.0058 U 0.0058 U
AP-4 0 2 Lot 4 0.59 U 40 15 2400
AP-5 0 2 Unknown 0.57 U 2.8 3.5 300 0.0057 U 0.0056 U
B-100 0.5 1.5 Lot 4 0.0052 U 0.22 0.098 20 0.0011 0.0053 U
B-100 0 0.5 Lot 4 31 U 32 U 31 U 3300 J 0.021 J 0.0019 J
B-101 0.5 1.5 Lot 4 0.055 U 0.063 J 0.055 U 5 J 0.0023 J 0.0057 U
B-101 0 0.5 Lot 4 5.5 U 5.5 U 5.5 U 230 J 0.0047 0.0058 U
B-102 0.5 1.5 Lot 4 0.055 U 0.13 0.41
B-102 0 0.5 Lot 4 5.5 U 5.5 U 62
B-103 0.5 1.5 Lot 4 0.0055 U 0.0055 U 0.0055 U
B-103 0 0.5 Lot 4 0.0057 U 0.11 0.07 U
B-104 0.5 1.5 Lot 4 0.0055 U 0.0084 0.031
B-104 0 0.5 Lot 4 0.0055 U 0.12 U 0.032 J
B-105 0.5 1.5 Lot 4 0.56 U 0.9 10
B-105 0 0.5 Lot 4 26 U 32 240
B-106 0.5 1.5 Lot 4 0.55 U 0.55 U 3.3
B-106 0 0.5 Lot 4 2.6 U 4.5 81
B-107 0.5 1.5 Lot 4 0.087 J 0.058 0.77
B-107 0 0.5 Lot 4 13 5.7 U 98
B-108 0.5 1.5 Lot 4 590 U 590 U 5400
B-108 0 0.5 Lot 4 560 U 560 U 2900
B-109 0.5 1.5 Lot 4 60 U 60 U 300
B-109 0 0.5 Lot 4 57 U 57 U 710
B-110 0.5 1.5 Lot 4 58 U 58 U 240
B-110 1.5 2.5 Lot 4 0.7 0.65 U 15
B-110 2.5 3.5 Lot 4 0.68 U 0.68 U 3.4
B-111 0 1 Lot 4 56 U 56 U 390
B-111 1 2 Lot 4 62 U 62 U 1300
B-111 2 3 Lot 4 59 U 59 U 870
B-112 0.5 1.5 Lot 4 5.6 U 5.6 U 23
B-112 0 0.5 Lot 4 11 J 5.5 U 96
B-112 2 4 Lot 4 0.064 U 0.064 U 0.5
B-113 0.5 1.5 Lot 4 5.9 U 5.9 U 40
B-113 0 0.5 Lot 4 1.4 J 0.54 U 14
B-113 2 4 Lot 4 0.0071 U 0.0066 U 0.06 U
B-114 0.5 1.5 Lot 4 14 6 U 120
B-114 0 0.5 Lot 4 5.3 U 5.3 U 23
B-114 2 4 Lot 4 0.0067 UJ 0.0067 U 0.056 U
B-115 0.5 1.5 Lot 4 56 U 56 U 510
B-115 0 0.5 Lot 4 0.019 0.029 0.2
B-122 0 2 Lot 4 2.42 J 0.00022 JA
B-123 0 2 Lot 4 13.2 0.00073 JA
B-124 0 2 Lot 4 4.7 J 0.0019 JA
B-129 0 2 Lot 3 17.3 0.000013 JA
B-50 0.5 1 Lot 4 0.01 U 0.01 U 0.01 U 0.02 0.005 U 0.005 U
B-51 0.5 1 Lot 4 0.01 U 0.01 U 0.197 1.8 0.005 0.005 U
B-52 0.5 1 Lot 3 0.01 U 0.01 U 0.01 U 0.03 0.005 U 0.005 U
B-57 0 1 Lot 4 0.02 U 0.32 29 23
B-58 1 2 Lot 3 0.02 U 0.02 U 0.047 0.355
B-71 0 4 Lot 4 13.1 J
B-72 0 4 Lot 4 19.6 J
B-73 0 4 Lot 4 20.6 J
B-74 0 4 Lot 4 106 J
B-75 0 4 Lot 4 59.1 J
B-76 2 4 Lot 4 29.2 J

0.00001511
1100

7.6 7.7
760 770

8300
0.0015

0.311.7 500 2.7 940

Arsenic Chromium Tetra-
chloroethene

mg/kg mg/kg mg/kg mg/kgmg/kg

Dibenzo-
(a,h)anthracene alpha-BHCBenzo(b)-

fluoranthene

mg/kgmg/kg mg/kg mg/kg

Benzo(a)-
anthracene Benzo(a)-pyrene Chloro-

benzene

mg/kg

4,4-DDD 4,4-DDE 4,4-DDT
Total TCDD 

toxicity 
equivalent

mg/kg mg/kgmg/kg

31 83000 40000270 27 270
Outdoor Worker Receptor Scenario RBCs
Outdoor Worker Receptor Scenario Hot Spot Criteria 170 5000 27

0.27 2.7 0.27
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Table A-2
Soil Screening for Outdoor Workers and Redevelopment Worker

Highly Concentrated Human Health Hot Spots
Arkema, Inc. Facility

Portland, Oregon

Location Top Depth Bottom 
Depth Site Area

0.00001511
1100

7.6 7.7
760 770

8300
0.0015

0.311.7 500 2.7 940

Arsenic Chromium Tetra-
chloroethene

mg/kg mg/kg mg/kg mg/kgmg/kg

Dibenzo-
(a,h)anthracene alpha-BHCBenzo(b)-

fluoranthene

mg/kgmg/kg mg/kg mg/kg

Benzo(a)-
anthracene Benzo(a)-pyrene Chloro-

benzene

mg/kg

4,4-DDD 4,4-DDE 4,4-DDT
Total TCDD 

toxicity 
equivalent

mg/kg mg/kgmg/kg

31 83000 40000270 27 270
Outdoor Worker Receptor Scenario RBCs
Outdoor Worker Receptor Scenario Hot Spot Criteria 170 5000 27

0.27 2.7 0.27

B-77 2 4 Lot 4 79 J
B-78 0 4 Lot 4 31 J
B-79 0 4 Lot 4 30.6 J
B-80 0 4 Lot 4 40.2 J
B-81 0 4 Lot 4 36.3 J
B-82 0 4 Lot 4 13.8 J
B-83 0 4 Lot 4 119 J
B-84 2 4 Lot 4 134 J
B-86 0 4 Lot 4 18.3 J
B-87 0 4 Lot 4 18.6 J
B-88 0 4 Lot 4 182 J
B-90 2 4 Lot 4 74.5 J
B-91 0.5 1.5 Lot 4 0.054 U 0.054 U 0.1 U 3.8 J 0.0058 U 0.0058 U
B-91 0 0.5 Lot 4 0.056 U 0.82 J 2.1 120 0.0057 U 0.0057 U
B-92 0.5 1.5 Lot 4 0.0011 U 0.004 J 0.022 0.033 J 0.0059 U 0.0059 U
B-92 0 0.5 Lot 4 0.057 U 0.33 J 0.83 39 0.0057 U 0.0057 U
B-93 0.5 1.5 Lot 4 0.0011 U 0.0037 J 0.0048 U 0.032 0.0055 U 0.0055 U
B-93 0 0.5 Lot 4 0.011 U 0.012 J 0.53 1 J 0.0055 U 0.0055 U
B-94 0.5 1.5 Lot 4 0.0054 U 0.0054 U 0.016 U 0.56 J 0.0054 U 0.0054 U
B-94 0 0.5 Lot 4 0.054 U 8.8 J 4.4 1300 0.0054 U 0.0054 U
B-95 0.5 1.5 Lot 4 0.012 U 0.012 U 0.027 U 1.1 0.0059 U 0.0059 U
B-95 0 0.5 Lot 4 0.054 U 0.066 J 0.91 16 0.0056 U 0.0056 U
B-96 0.5 1.5 Lot 4 0.06 U 0.06 U 4.7 4.2 0.006 U 0.006 U
B-96 0 0.5 Lot 4 0.059 U 2.2 J 190 440 0.0058 U 0.0058 U
B-97 0.5 1.5 Lot 4 0.0021 U 0.0041 J 0.11 0.17 0.0052 U 0.0052 U
B-97 0 0.5 Lot 4 0.001 U 0.0026 0.044 0.096 0.0052 U 0.0052 U
B-98 0.5 1.5 Lot 4 0.022 U 0.022 U 0.066 U 1.6 0.0056 U 0.0056 U
B-98 0 0.5 Lot 4 0.011 U 0.023 J 0.036 U 0.9 0.0056 U 0.0056 U
B-99 0.5 1.5 Lot 4 0.001 U 0.0032 J 0.0012 U 0.008 U 0.0053 U 0.0053 U
B-99 0 0.5 Lot 4 0.001 U 0.0032 0.055 0.094 J 0.0053 U 0.0053 U

BPA-1 0.25 1.25 Lot 3
BPA-10 0.3 0.3 Lot 3
BPA-11 0.5 0.5 Lot 3
BPA-12 0.3 1.3 Lot 3
BPA-13 0.3 1.3 Lot 3
BPA-14 0.5 1.5 Lot 3
BPA-15 1 2 Lot 3
BPA-16 0.2 1.2 Lot 3
BPA-17 0.3 1.3 Lot 3
BPA-18 0.4 1.4 Lot 3
BPA-2 0.3 1.3 Lot 3
BPA-3 0.3 1.3 Lot 3
BPA-4 0.3 1.3 Lot 3
BPA-5 0.3 1.3 Lot 3
BPA-6 0.3 1.3 Lot 3
BPA-7 0.4 1.4 Lot 3
BPA-8 0.5 1.5 Lot 3
BPA-9 0.3 1.3 Lot 3
CS-1 0 1 Lot 4 0.005 U 0.005 U 0.005 U 0.005 U
CS-2 0 1 Lot 4 0.0062 U 0.005 U 0.005 U 0.005 U

E-SETCON 0 1 Unknown 0.48 0.5 U 15 1400
IB-17 1 2 Lot 4 0.25 U 18 13 1700
IB-21 0 10 Lot 4 8800 J 270 UJ
IB-26 0 10 Lot 4 2900 J 66 UJ
IB-36 0 1 Lot 4 0.5 U 1.9 2.3 340
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Table A-2
Soil Screening for Outdoor Workers and Redevelopment Worker

Highly Concentrated Human Health Hot Spots
Arkema, Inc. Facility

Portland, Oregon

Location Top Depth Bottom 
Depth Site Area

0.00001511
1100

7.6 7.7
760 770

8300
0.0015

0.311.7 500 2.7 940

Arsenic Chromium Tetra-
chloroethene

mg/kg mg/kg mg/kg mg/kgmg/kg

Dibenzo-
(a,h)anthracene alpha-BHCBenzo(b)-

fluoranthene

mg/kgmg/kg mg/kg mg/kg

Benzo(a)-
anthracene Benzo(a)-pyrene Chloro-

benzene

mg/kg

4,4-DDD 4,4-DDE 4,4-DDT
Total TCDD 

toxicity 
equivalent

mg/kg mg/kgmg/kg

31 83000 40000270 27 270
Outdoor Worker Receptor Scenario RBCs
Outdoor Worker Receptor Scenario Hot Spot Criteria 170 5000 27

0.27 2.7 0.27

IB-41 0 1 Lot 4 0.25 U 2.4 3.9 200
IB-43 1 2 Lot 4 0.25 U 96 70 5100
IB-44 0 1 Lot 4 85.7
IB-51 0 10 Lot 4 3000 J 120 UJ
IB-6 1 2 Lot 4 0.25 U 12 7.7 960

IB-87 2 4 Lot 4 0.45 U 10 J 0.75 J 280 J
IB-90 2 4 Lot 4 0.35 U 13 J 7.4 340
IB-91 0 2 Lot 4 3.5 U 91 J 51 J 4200 J
IB-91 2 4 Lot 4 0.44 U 7.3 J 3.3 980
IB-94 0 2 Lot 4 0.43 U 4.5 J 4.2 850
IB-95 0 2 Lot 4 0.38 U 13 J 28 J 390

MWA-15 0 0 Lot 4 47 0.2 U
MWA-16I 0 0 Lot 4 0.2 U 0.2 U
MWA-6R 0 0 Lot 4 0.2 U 0.2 U
OCTF-1 0.5 0.5 Lot 4 9.12 0.00124 0.000775 0.000367 0.0001 0.0495 0.0564 0.291

OCTF-10 0.5 0.5 Lot 4 0.0176 0.167 0.715
OCTF-10 1 1 Lot 4 0.0184 0.0956 1.34
OCTF-11 0.5 0.5 Lot 4 360 18200 13300
OCTF-1 1 1 Lot 4 8.98 0.00108 0.000633 0.000299 0.0001 0.0275 0.0235 0.0815

OCTF-11 1 1 Lot 4 3350 U 12300 3290
OCTF-12 0.5 0.5 Lot 4 0.208 5.28 5.71
OCTF-12 1 1 Lot 4 0.0215 0.664 0.164
OCTF-13 0.5 0.5 Lot 4 0.144 7.87 0.672
OCTF-13 1 1 Lot 4 0.248 14.6 6.74
OCTF-2 0.5 0.5 Lot 4 39.6 5.95 17.7
OCTF-2 1 1 Lot 4 4.59 0.48 1.81
OCTF-3 0.5 0.5 Lot 4 17.8 0.000313 0.000219 0.0002 0.0002 0.0999 0.067 U 0.0109
OCTF-3 1 1 Lot 4 13.4 0.000688 0.000413 0.000191 0.0001 0.362 0.132 0.187
OCTF-4 0.5 0.5 Lot 4 0.0167 0.0189 0.0575
OCTF-4 1 1 Lot 4 7.91 1.16 1.1
OCTF-5 0.5 0.5 Lot 4 0.01 0.0158 0.0067 U
OCTF-5 1 1 Lot 4 0.0067 U 0.0118 0.0067 U
OCTF-6 0.5 0.5 Lot 4 0.0499 0.0429 0.0932
OCTF-6 1 1 Lot 4 0.0267 0.0686 0.0215
OCTF-7 0.5 0.5 Lot 4 0.0067 U 0.226 0.0238
OCTF-7 1 1 Lot 4 0.131 2.99 0.67 U
OCTF-8 0.5 0.5 Lot 4 0.0283 0.0454 0.0941
OCTF-8 1 1 Lot 4 0.0067 U 0.0163 0.0371
OCTF-9 0.5 0.5 Lot 4 6.29 0.000299 0.000174 0.0001 0.0001 0.0474 0.0213 0.0367
OCTF-9 1 1 Lot 4 10 0.000133 0.0001 0.0001 0.0001 0.0774 0.0354 0.0482
PD100-B 0 0 Unknown

PD31&32B 0 0 Unknown
PD31&32S 0 0 Unknown
PD41-BE 0 0 Unknown
PD41-BW 0 0 Unknown
PD41-SE 0 0 Unknown
PD41-SW 0 0 Unknown
PD72-BE 0 0 Unknown
PD72-BW 0 0 Unknown
PD72-SE 0 0 Unknown
PD72-SW 0 0 Unknown
PD97-B 0 0 Unknown
PD97-S 0 0 Unknown

PS-1 0 0.5 Unknown 0.05 U 1.1 1.6 40
PS-1 0 1 Unknown 0.057 U 3 5.4 250
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Soil Screening for Outdoor Workers and Redevelopment Worker

Highly Concentrated Human Health Hot Spots
Arkema, Inc. Facility

Portland, Oregon

Location Top Depth Bottom 
Depth Site Area
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0.27 2.7 0.27

PS-2 0 0.5 Unknown 0.11 U 45 24 2000
PS-2 0 1 Unknown 0.065 U 9.9 19 380
RB-1 0.33 0.72 Riverbank 0.0305 JT 0.0495 JT 0.058 JT 0.007 JT 0.01 U 0.096 0.1 0.59 0.005 U 0.005 U
RB-1 0 0.33 Riverbank 0.011 T 0.02 T 0.03 JT 0.005 UT 0.01 U 0.066 0.073 0.32 0.005 U 0.005 U

RB-10 0 0.5 Riverbank 17 0.33 U 0.33 U 0.33 U 0.33 U 0.05 U 0.53 J 3.5 120
RB-11 0 0.5 Riverbank 21.3 0.32 U 0.32 U 0.32 U 0.32 U 0.05 U 0.5 J 2.7 52
RB-12 0 0.5 Riverbank 19.5 0.33 U 0.33 U 0.33 U 0.33 U 0.05 U 0.77 J 2.9 7.1
RB-2 0.33 0.75 Riverbank 0.07 JT 0.0825 JT 0.095 JT 0.018 JT 0.01 U 0.36 0.31 1.3 0.005 U 0.005 U
RB-2 0 0.33 Riverbank 0.029 JT 0.0255 JT 0.0415 JT 0.005 JT 0.01 U 0.1 0.13 0.7 0.005 U 0.005 U
RB-3 0.33 1 Riverbank 0.01 UT 0.01 UT 0.017 JT 0.005 UT 0.01 U 0.075 0.11 2 0.005 U 0.008
RB-3 0 0.33 Riverbank 0.012 T 0.018 T 0.0225 JT 0.005 UT 0.01 U 0.084 J 0.15 J 2.4 J 0.005 U 0.005 U
RB-4 0.33 1.1 Riverbank 0.019 T 0.016 T 0.019 T 0.005 UT 0.01 U 0.018 0.028 2.6 0.005 U 0.005 U
RB-4 0 0.33 Riverbank 0.01 UT 0.01 UT 0.01 UT 0.005 UT 0.01 U 0.01 U 0.034 0.41 0.005 U 0.005 U
RB-5 0.33 0.82 Riverbank 0.01 UT 0.01 UT 0.01 UT 0.005 UT 0.01 U 0.01 U 0.058 0.064 0.005 U 0.005 U
RB-5 0 0.33 Riverbank 0.014 JT 0.015 JT 0.015 JT 0.005 UT 0.01 U 0.01 U 0.023 0.034 0.005 U 0.005 U
RB-6 0.33 1.9 Riverbank 0.05 JT 0.065 JT 0.059 JT 0.009 JT 0.01 U 0.028 0.071 0.36 0.005 U 0.005 U
RB-6 0 0.33 Riverbank 0.0125 JT 0.0285 JT 0.0265 JT 0.006 JT 0.01 U 0.026 J 0.011 J 0.064 0.005 U 0.005 U
RB-7 0 0.5 Riverbank 20.4 T 1.6 U 1.6 U 1.6 U 1.6 U 0.05 U 0.094 0.81 2.3
RB-8 0 0.5 Riverbank 40.7 1.8 1.4 3 0.36 0.11 1.7 2.4 21
RB-9 0 0.5 Riverbank 19.2 0.32 U 0.32 U 0.32 U 0.32 U 0.05 U 1.1 J 1.6 95 0

RBC-1 0 0.5 Riverbank 4.3 810 0.083 0.12 0.18 0.019 0.0075 U 0.0085 0.093 0.31 0.0000133 JA
RBC-10 0 0.5 Riverbank 63 19 0.028 J 0.068 0.074 0.047 U 0.049 U 0.049 U 0.45 2.2 0.0000387 JA

RBC-10-01 0 0.5 Riverbank 0.043 U 0.025 J
RBC-10-03 1.5 2 Riverbank 6.8 16 0.0087 J 0.011 J 0.012 J 0.044 U 0.022 U 0.022 U 0.24 0.75 0.00000225 JA

RBC-11 0 0.5 Riverbank 9.3 150 0.13 0.15 0.23 0.043 U 0.23 U 0.65 1 10 0.000235 JA
RBC-11-03 1.5 2 Riverbank 8.1 57 0.092 0.13 0.16 0.017 J 0.11 U 0.11 U 0.27 2.6 0.0000243 JA

RBC-12 0 0.5 Riverbank 4.2 17 0.08 J 0.096 J 0.13 J 0.013 J 0.0031 U 0.011 0.11 0.15 0.000109 JA
RBC-13 0 0.5 Riverbank 3.9 16 0.024 J 0.026 J 0.035 J 0.0054 J 0.0024 U 0.0041 J 0.053 J 0.061 J 0.0000373 JA

RBC-13-01 1.5 2 Riverbank 2.1 14 0.0032 J 0.0068 J 0.0079 J 0.005 UJ 0.00073 U 0.00073 U 0.006 0.025 0.0000049 JA
RBC-2 0 0.5 Riverbank 4.5 410 0.034 0.058 0.073 0.01 0.0026 U 0.0037 0.028 0.1 0.0000098 JA

RBC-2-03 1.5 2 Riverbank 3.3 31 0.0073 0.013 0.013 0.0025 J 0.00046 U 0.00046 U 0.0033 0.014 5.56E-07 A
RBC-3 0 0.5 Riverbank 5.1 71 0.34 0.53 0.79 0.092 0.27 U 0.69 3.5 9.2 J 0.000263 JA
RBC-4 0 0.5 Riverbank 5.7 170 0.11 0.27 0.29 0.031 J 0.0026 U 0.0068 0.026 0.13 0.00000548 JA

RBC-4-02 0 0.5 Riverbank 0.051 U 0.032 U
RBC-5 0 0.5 Riverbank 4 21 0.022 0.036 0.047 0.0047 U 0.0073 U 0.0073 U 0.032 0.26 J 0.0000549 JA
RBC-6 0 0.5 Riverbank 4 19 0.014 J 0.013 J 0.021 J 0.045 U 0.012 U 0.015 0.08 0.19 0.00000825 JA

RBC-6-03 0 0.5 Riverbank 0.044 U 0.027 U
RBC-6-03 1.5 2 Riverbank 2.1 17 0.028 U 0.033 U 0.022 U 0.044 U 0.00048 U 0.00048 U 0.013 J 0.01 0.0000013 JA

RBC-7 0 0.5 Riverbank 14 27 0.046 0.071 0.079 0.047 U 0.001 UJ 0.031 J 0.63 J 1.2 J 0.000101 JA
RBC-7-01 0 0.5 Riverbank 0.001 U 0.0013 0.0083 0.043
RBC-7-02 0 0.5 Riverbank 0.026 U 0.026 U 0.34 0.61
RBC-7-03 0 0.5 Riverbank 0.012 U 0.02 0.14 0.54
RBC-7-04 0 0.5 Riverbank 0.082 U 0.11 1.8 3.6
RBC-7-05 0 0.5 Riverbank 0.026 U 0.026 U 0.88 1.1

RBC-8 0 0.5 Riverbank 70 24 0.034 0.048 0.044 0.05 U 0.053 U 0.053 U 0.5 1.5 0.00006 JA
RBC-9 0 0.5 Riverbank 13 51 0.027 U 0.14 0.24 0.018 J 0.074 U 0.074 U 0.82 2.4 0.000142 JA

RP-SB01 2.7 2.7 Lot 4 2000 U 2000 U 24000 0.27 J
RP-SB27 2 2 Lot 3 0.54 U 1.1 U 1.1 U 11

S-1 0.4166667 0.6666667 Unknown 0.005 U 0.013 5.2 0.89
S-1 1.166667 1.416667 Unknown 0.005 U 0.014 2.7 1.3
S-2 0 0.3333333 Lot 4 0.0059 U 0.013 J 0.086 0.33
S-3 0 0.3333333 Lot 4 0.0053 U 0.054 J 0.15 J 1.8
S-4 0 0.3333333 Lot 4 0.0058 U 0.049 J 0.12 1.3
S-5 0 0.3333333 Riverbank 0.0065 U 0.16 0.39 2

SS1-1 0 1 Lot 1 6.62 113 0.288 J 0.296 J 0.244 J 0.0749 J 0.0165 U 0.103 0.219 0.595
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Table A-2
Soil Screening for Outdoor Workers and Redevelopment Worker

Highly Concentrated Human Health Hot Spots
Arkema, Inc. Facility

Portland, Oregon

Location Top Depth Bottom 
Depth Site Area

0.00001511
1100

7.6 7.7
760 770

8300
0.0015

0.311.7 500 2.7 940

Arsenic Chromium Tetra-
chloroethene

mg/kg mg/kg mg/kg mg/kgmg/kg

Dibenzo-
(a,h)anthracene alpha-BHCBenzo(b)-

fluoranthene

mg/kgmg/kg mg/kg mg/kg

Benzo(a)-
anthracene Benzo(a)-pyrene Chloro-

benzene

mg/kg

4,4-DDD 4,4-DDE 4,4-DDT
Total TCDD 

toxicity 
equivalent

mg/kg mg/kgmg/kg

31 83000 40000270 27 270
Outdoor Worker Receptor Scenario RBCs
Outdoor Worker Receptor Scenario Hot Spot Criteria 170 5000 27

0.27 2.7 0.27

SS1-2 0 1 Lot 1 5.31 34.1 0.124 J 0.115 J 0.084 J 0.07 U 0.0165 U 0.065 0.11 1.98 J
SS1-3 0 1 Lot 1 16.2 35.6 0.28 U 0.37 J 0.347 J 0.28 U 0.066 U 6.21 2.7 138
SS1-4 0 1 Lot 1 76.1 35.1 0.131 J 0.194 J 0.253 J 0.07 U 0.0165 U 0.925 J 1.24 J 11.4
SS1-5 0 1 Lot 1 18.6 32.2 0.07 U 0.07 U 0.07 U 0.07 U 0.0165 U 0.113 0.329 2.79
SS2-1 0 1 Lot 2 10.9 64 0.179 J 0.261 J 0.243 J 0.14 U 0.0165 U 0.122 0.447 5.68
SS2-2 0 1 Lot 2 6.03 195 0.0962 J 0.11 J 0.102 J 0.07 U 0.0165 U 0.168 0.325 5.84
SS2-3 0 1 Lot 2 9.51 26.5 0.256 J 0.251 J 0.259 J 0.14 U 0.0165 U 0.461 0.667 11
SS2-4 0 1 Lot 2 4.74 15.1 0.07 U 0.07 U 0.07 U 0.07 U 0.0165 U 0.0716 0.161 1.33
SS2-5 0 1 Lot 2 3.31 16 0.07 U 0.07 U 0.07 U 0.07 U 0.0165 U 0.0497 0.0858 0.516
SS2-6 0 1 Lot 2 2.8 13.8 0.21 U 0.21 U 0.21 U 0.21 U 0.0165 U 0.0165 U 0.0561 0.396
SS2-7 0 1 Lot 2 5.09 15.6 0.14 U 0.14 U 0.14 U 0.14 U 0.0165 U 0.0165 U 0.0258 0.178
US-01 0 0.5 Lot 4 0.1 U 0.42 0.89 6.6
US-01 2.5 4 Lot 4 16 J 8.5 J 1100 J
US-01 2 2.5 Lot 4 12 U 38 53 690
US-02 0 0.5 Lot 4 0.01 U 0.113 0.151 1.9
US-02 2 2.5 Lot 4 0.01 U 0.01 U 0.012 0.239
US-03 0 0.5 Lot 4 1.1 U 9 6.6 140
US-03 2 2.5 Lot 4 1 U 1.1 3.2 25
VES5 0 0 Unknown 610 J 4 U

Notes:
mg/kg - milligrams per kilogram
Bold
Bold Detected concentration is between 1 and 10 times the Hot Spot Screening Level Value
Bold Detected concentration is between 10 and 100 times the Hot Spot Screening Level Value
Bold Detected concentration is greater than 100 times the Hot Spot Screening Level Value
ft = Feet
DDT = Dichloro-diphenyl-trichloroethane
DDD = Dichloro-diphenyl-dichloroethane
DDE = Dichloro-diphenyl-chloroethane
DDX = Total of DDD, DDE, and DDT isomers
TCDD TEQ = 2,3,7,8-Tetrachlorodibenzo-p-dioxin Toxicity Equivalence Quotient

Qualifiers:
A = The analyte is a suspected aldol-condensation product/Total value based on limited number of analytes
J = The analyte was positively identified and is biased low; associated numerical value is the approximate concentration of the analyte in the sample
JA = Estimated Concentration, Analyte Postively Identified.
T = Result derived or selected from more than one reported value.
U = Analyte was not detected
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Table A-3
Soil Screening for Outdoor Workes After Redevelopment

Highly Concentrated Human Health Hot Spots
Arkema, Inc. Facility

Portland, Oregon

Location Top Depth Bottom 
Depth Site Area

AP-1 4 6 Unknown 0.0066 U 0.0066 U
AP-2 0 4 Unknown 0.58 U 2.6 4.2 220 0.0058 U 0.0058 U
AP-2 4 6 Unknown 0.61 UJ 3.3 J 2.5 J 130 J
AP-3 8 10 Lot 4 71 UJ 120 J 71 UJ 2600 J 4 J 0.011 J
AP-4 0 2 Lot 4 0.59 U 40 15 2400
AP-4 8 10 Lot 4 4400 J 2.1 J
AP-5 0 2 Unknown 0.57 U 2.8 3.5 300 0.0057 U 0.0056 U
AP-6 7.5 8 Lot 4 4000 67 U
AP-7 7.5 8 Lot 4 1700 64 U
AP-7 7 7.5 Lot 4 480 16 U
AP-8 7.5 8 Lot 4 2000 68 U
B-100 0.5 1.5 Lot 4 0.0052 U 0.22 0.098 20 0.0011 0.0053 U
B-100 0 0.5 Lot 4 31 U 32 U 31 U 3300 J 0.021 J 0.0019 J
B-100 12 14 Lot 4 0.65 U 19 0.7 U 390 2600 35 U
B-100 8 10 Lot 4 20 U 54 J 20 U 1500 J 1800 37 U
B-101 0.5 1.5 Lot 4 0.055 U 0.063 J 0.055 U 5 J 0.0023 J 0.0057 U
B-101 0 0.5 Lot 4 5.5 U 5.5 U 5.5 U 230 J 0.0047 0.0058 U
B-101 12 14 Lot 4 0.0012 U 0.0012 U 0.0012 U 0.014 U 12 0.14 U
B-102 0.5 1.5 Lot 4 0.055 U 0.13 0.41
B-102 0 0.5 Lot 4 5.5 U 5.5 U 62
B-103 0.5 1.5 Lot 4 0.0055 U 0.0055 U 0.0055 U
B-103 0 0.5 Lot 4 0.0057 U 0.11 0.07 U
B-104 0.5 1.5 Lot 4 0.0055 U 0.0084 0.031
B-104 0 0.5 Lot 4 0.0055 U 0.12 U 0.032 J
B-104 12 14 Lot 4 0.01 0.018 0.093
B-105 0.5 1.5 Lot 4 0.56 U 0.9 10
B-105 0 0.5 Lot 4 26 U 32 240
B-106 0.5 1.5 Lot 4 0.55 U 0.55 U 3.3
B-106 0 0.5 Lot 4 2.6 U 4.5 81
B-107 0.5 1.5 Lot 4 0.087 J 0.058 0.77
B-107 0 0.5 Lot 4 13 5.7 U 98
B-108 0.5 1.5 Lot 4 590 U 590 U 5400
B-108 0 0.5 Lot 4 560 U 560 U 2900
B-109 0.5 1.5 Lot 4 60 U 60 U 300
B-109 0 0.5 Lot 4 57 U 57 U 710
B-110 0.5 1.5 Lot 4 58 U 58 U 240
B-110 1.5 2.5 Lot 4 0.7 0.65 U 15
B-110 2.5 3.5 Lot 4 0.68 U 0.68 U 3.4
B-110 3.5 4.5 Lot 4 0.066 U 0.066 U 0.59
B-110 9.5 10.5 Lot 4 0.37 0.079 U
B-111 0 1 Lot 4 56 U 56 U 390
B-111 1 2 Lot 4 62 U 62 U 1300
B-111 2 3 Lot 4 59 U 59 U 870
B-111 3 4 Lot 4 61 U 61 U 720
B-111 7 8 Lot 4 0.67 U 0.67 U 7
B-111 9 10 Lot 4 0.0077 U 0.0077 U
B-112 0.5 1.5 Lot 4 5.6 U 5.6 U 23
B-112 0 0.5 Lot 4 11 J 5.5 U 96

Tetrachloroeth
ene

mg/kg

83000 40000

mg/kg

Chlorobenzen
e TCDD TEQ

mg/kg

27 31 1100 760 770
7.7 8300 940940

40000
2.7 0.27 11 7.61.7 500 2.7 0.27

mg/kg mg/kg mg/kg

Benzo(a)anthr
acene

Benzo(a)pyren
e

Benzo(b)fluor
anthene

Dibenzo(a,h)
anthracene alpha-BHC

mg/kgmg/kgmg/kg mg/kg

4,4-DDD 4,4-DDE 4,4-DDT

Hot Spot Screening Values

mg/kg mg/kg mg/kg

RBCs
170

0.31
5000 270 27 270

Arsenic Chromium
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Table A-3
Soil Screening for Outdoor Workes After Redevelopment

Highly Concentrated Human Health Hot Spots
Arkema, Inc. Facility

Portland, Oregon

Location Top Depth Bottom 
Depth Site Area

Tetrachloroeth
ene

mg/kg

83000 40000

mg/kg

Chlorobenzen
e TCDD TEQ

mg/kg

27 31 1100 760 770
7.7 8300 940940

40000
2.7 0.27 11 7.61.7 500 2.7 0.27

mg/kg mg/kg mg/kg

Benzo(a)anthr
acene

Benzo(a)pyren
e

Benzo(b)fluor
anthene

Dibenzo(a,h)
anthracene alpha-BHC

mg/kgmg/kgmg/kg mg/kg

4,4-DDD 4,4-DDE 4,4-DDT

Hot Spot Screening Values

mg/kg mg/kg mg/kg

RBCs
170

0.31
5000 270 27 270

Arsenic Chromium

B-112 2 4 Lot 4 0.064 U 0.064 U 0.5
B-112 4 6 Lot 4 0.68 U 0.68 U 2.1
B-112 6 8 Lot 4 0.077 0.0072 U 0.11 U
B-113 0.5 1.5 Lot 4 5.9 U 5.9 U 40
B-113 0 0.5 Lot 4 1.4 J 0.54 U 14
B-113 2 4 Lot 4 0.0071 U 0.0066 U 0.06 U
B-113 4 6 Lot 4 0.66 UJ 0.66 UJ 2.5 J
B-113 6 8 Lot 4 0.042 J 0.041 J 0.045 U
B-114 0.5 1.5 Lot 4 14 6 U 120
B-114 0 0.5 Lot 4 5.3 U 5.3 U 23
B-114 2 4 Lot 4 0.0067 UJ 0.0067 U 0.056 U
B-114 4 6 Lot 4 0.065 U 0.065 U 0.47 J
B-114 6 8 Lot 4 0.0073 U 0.0073 U 0.0073 U
B-115 0.5 1.5 Lot 4 56 U 56 U 510
B-115 0 0.5 Lot 4 0.019 0.029 0.2
B-115 4 6 Lot 4 8.3 U 8.3 U 41
B-115 6 8 Lot 4 89 U 89 U 500
B-122 0 2 Lot 4 2.42 J 0.00022 JA
B-122 4 6 Lot 4 0.000011 JA
B-122 8 10 Lot 4 0.00000049 JA
B-123 0 2 Lot 4 13.2 0.00073 JA
B-123 4 6 Lot 4 0.000092 JA
B-123 8 10 Lot 4 0.00000048 JA
B-124 0 2 Lot 4 4.7 J 0.0019 JA
B-124 4 6 Lot 4 0.000012 JA
B-124 8 10 Lot 4 0.0000017 JA
B-125 3 5 Lot 2 20.8 0.00808 U 0.219 0.0928 0.19 0.000028 JA
B-125 8 10 Lot 2 4.8 J 0.00829 U 0.537 0.232 0.349 0.000061 JA
B-126 3 5 Lot 2 13.3 0.0195 U 0.358 1.1 4 0.00011 JA
B-126 8 10 Lot 2 2.21 J 0.000837 UJ 0.000577 J 0.00505 J 0.0215 J 0.0000035 JA
B-127 10 12 Lot 3 4.56 J 0.000068 JA
B-127 15 17 Lot 3 3.27 J 0.0000017 JA
B-128 10 12 Lot 3 1.59 J 0.0000013 JA
B-128 15 17 Lot 3 3.05 J 0.00000029 JA
B-129 0 2 Lot 3 17.3 0.000013 JA
B-49 7 8 Lot 4 0.015 U 0.015 U 0.015 U 0.135 J 0.005 U 0.005 U
B-50 0.5 1 Lot 4 0.01 U 0.01 U 0.01 U 0.02 0.005 U 0.005 U
B-50 5 5.5 Lot 4 0.012 U 0.012 U 0.018 0.012 U 0.005 U 0.005 U
B-51 0.5 1 Lot 4 0.01 U 0.01 U 0.197 1.8 0.005 0.005 U
B-51 5 5.5 Lot 4 0.01 U 0.075 0.423 2.4 0.005 U 0.005 U
B-52 0.5 1 Lot 3 0.01 U 0.01 U 0.01 U 0.03 0.005 U 0.005 U
B-52 5 5.5 Lot 3 0.01 U 0.01 U 0.01 U 0.048 0.005 U 0.005 U
B-54 4 5 Lot 4 0.2 U 0.7 1.3 21 0.007 U 0.005 U
B-55 12 13 Lot 4 0.037 0.289 0.021 2.8 0.005 U 0.005 U
B-55 6 7 Lot 4 1.6 36 1 U 297 4100 14
B-56 4 5 Lot 4 0.2 U 4.9 3.2 454 0.007 0.005 U
B-57 0 1 Lot 4 0.02 U 0.32 29 23
B-57 4 5 Lot 4 0.02 U 0.19 12 8.4
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Table A-3
Soil Screening for Outdoor Workes After Redevelopment

Highly Concentrated Human Health Hot Spots
Arkema, Inc. Facility

Portland, Oregon

Location Top Depth Bottom 
Depth Site Area

Tetrachloroeth
ene

mg/kg

83000 40000

mg/kg

Chlorobenzen
e TCDD TEQ

mg/kg

27 31 1100 760 770
7.7 8300 940940

40000
2.7 0.27 11 7.61.7 500 2.7 0.27

mg/kg mg/kg mg/kg

Benzo(a)anthr
acene

Benzo(a)pyren
e

Benzo(b)fluor
anthene

Dibenzo(a,h)
anthracene alpha-BHC

mg/kgmg/kgmg/kg mg/kg

4,4-DDD 4,4-DDE 4,4-DDT

Hot Spot Screening Values

mg/kg mg/kg mg/kg

RBCs
170

0.31
5000 270 27 270

Arsenic Chromium

B-58 1 2 Lot 3 0.02 U 0.02 U 0.047 0.355
B-58 4 5 Lot 3 0.02 U 0.132 0.1 2.1
B-61 11 12 Lot 4 0.65 UJ 32 J 3 J 400 J
B-61 5 6 Lot 4 35 UJ 620 J 38 J 7000 J
B-61 6 7 Lot 4 2.1 UJ 60 J 8.2 J 920 J
B-61 7 8 Lot 4 0.034 UJ 1 J 0.19 J 33 J
B-62 4 5 Lot 4 0.05 UJ 0.0855 J 0.36 J 3.9 J
B-65 12 14 Lot 4 0.66 U 15 J 3.8 760
B-66 12 14 Lot 4 0.07 U 1.6 J 0.65 49
B-66 4 6 Lot 4 0.061 U 2.1 0.86 84
B-71 0 4 Lot 4 13.1 J
B-71 8 12 Lot 4 19.8 J
B-72 0 4 Lot 4 19.6 J
B-72 12 16 Lot 4 20.2 J
B-73 0 4 Lot 4 20.6 J
B-73 8 12 Lot 4 12.9 J
B-74 0 4 Lot 4 106 J
B-74 10 12 Lot 4 565 J
B-74 14 16 Lot 4 194 J
B-74 6 8 Lot 4 235 J
B-75 0 4 Lot 4 59.1 J
B-75 12 14 Lot 4 221 J
B-75 4 6 Lot 4 76.6 J
B-75 8 10 Lot 4 68.8 J
B-76 12 14 Lot 4 1090 J
B-76 2 4 Lot 4 29.2 J
B-76 4 6 Lot 4 52.1 J
B-76 8 10 Lot 4 668 J
B-77 12 16 Lot 4 411 J
B-77 2 4 Lot 4 79 J
B-77 4 6 Lot 4 116 J
B-77 8 10 Lot 4 172 J
B-78 0 4 Lot 4 31 J
B-78 12 14 Lot 4 9.48 J
B-78 4 6 Lot 4 30 J
B-78 8 10 Lot 4 20.8 J
B-79 0 4 Lot 4 30.6 J
B-79 8 12 Lot 4 20.6 J
B-80 0 4 Lot 4 40.2 J
B-80 12 14 Lot 4 93.3 J
B-80 4 6 Lot 4 75.8 J
B-80 8 10 Lot 4 222 J
B-81 0 4 Lot 4 36.3 J
B-81 8 12 Lot 4 135 J
B-82 0 4 Lot 4 13.8 J
B-82 8 12 Lot 4 14.2 J
B-83 0 4 Lot 4 119 J
B-83 8 12 Lot 4 157 J
B-84 12 14 Lot 4 28 J
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Table A-3
Soil Screening for Outdoor Workes After Redevelopment

Highly Concentrated Human Health Hot Spots
Arkema, Inc. Facility

Portland, Oregon

Location Top Depth Bottom 
Depth Site Area

Tetrachloroeth
ene

mg/kg

83000 40000

mg/kg

Chlorobenzen
e TCDD TEQ

mg/kg

27 31 1100 760 770
7.7 8300 940940

40000
2.7 0.27 11 7.61.7 500 2.7 0.27

mg/kg mg/kg mg/kg

Benzo(a)anthr
acene

Benzo(a)pyren
e

Benzo(b)fluor
anthene

Dibenzo(a,h)
anthracene alpha-BHC

mg/kgmg/kgmg/kg mg/kg

4,4-DDD 4,4-DDE 4,4-DDT

Hot Spot Screening Values

mg/kg mg/kg mg/kg

RBCs
170

0.31
5000 270 27 270

Arsenic Chromium

B-84 2 4 Lot 4 134 J
B-84 4 6 Lot 4 72.6 J
B-84 8 10 Lot 4 34.8 J
B-86 0 4 Lot 4 18.3 J
B-86 12 16 Lot 4 27.9 J
B-86 4 8 Lot 4 21.1 J
B-87 0 4 Lot 4 18.6 J
B-87 12 16 Lot 4 10.4 J
B-87 4 8 Lot 4 23.3 J
B-88 0 4 Lot 4 182 J
B-88 10 12 Lot 4 1640 J
B-88 14 16 Lot 4 52.2 J
B-88 6 8 Lot 4 189 J
B-90 12 14 Lot 4 117 J
B-90 2 4 Lot 4 74.5 J
B-90 4 6 Lot 4 74.6 J
B-90 8 10 Lot 4 297 J
B-91 0.5 1.5 Lot 4 0.054 U 0.054 U 0.1 U 3.8 J 0.0058 U 0.0058 U
B-91 0 0.5 Lot 4 0.056 U 0.82 J 2.1 120 0.0057 U 0.0057 U
B-92 0.5 1.5 Lot 4 0.0011 U 0.004 J 0.022 0.033 J 0.0059 U 0.0059 U
B-92 0 0.5 Lot 4 0.057 U 0.33 J 0.83 39 0.0057 U 0.0057 U
B-93 0.5 1.5 Lot 4 0.0011 U 0.0037 J 0.0048 U 0.032 0.0055 U 0.0055 U
B-93 0 0.5 Lot 4 0.011 U 0.012 J 0.53 1 J 0.0055 U 0.0055 U
B-94 0.5 1.5 Lot 4 0.0054 U 0.0054 U 0.016 U 0.56 J 0.0054 U 0.0054 U
B-94 0 0.5 Lot 4 0.054 U 8.8 J 4.4 1300 0.0054 U 0.0054 U
B-95 0.5 1.5 Lot 4 0.012 U 0.012 U 0.027 U 1.1 0.0059 U 0.0059 U
B-95 0 0.5 Lot 4 0.054 U 0.066 J 0.91 16 0.0056 U 0.0056 U
B-96 0.5 1.5 Lot 4 0.06 U 0.06 U 4.7 4.2 0.006 U 0.006 U
B-96 0 0.5 Lot 4 0.059 U 2.2 J 190 440 0.0058 U 0.0058 U
B-97 0.5 1.5 Lot 4 0.0021 U 0.0041 J 0.11 0.17 0.0052 U 0.0052 U
B-97 0 0.5 Lot 4 0.001 U 0.0026 0.044 0.096 0.0052 U 0.0052 U
B-98 0.5 1.5 Lot 4 0.022 U 0.022 U 0.066 U 1.6 0.0056 U 0.0056 U
B-98 0 0.5 Lot 4 0.011 U 0.023 J 0.036 U 0.9 0.0056 U 0.0056 U
B-99 0.5 1.5 Lot 4 0.001 U 0.0032 J 0.0012 U 0.008 U 0.0053 U 0.0053 U
B-99 0 0.5 Lot 4 0.001 U 0.0032 0.055 0.094 J 0.0053 U 0.0053 U

BPA-1 0.25 1.25 Lot 3
BPA-10 0.3 0.3 Lot 3
BPA-11 0.5 0.5 Lot 3
BPA-12 0.3 1.3 Lot 3
BPA-13 0.3 1.3 Lot 3
BPA-14 0.5 1.5 Lot 3
BPA-15 1 2 Lot 3
BPA-16 0.2 1.2 Lot 3
BPA-17 0.3 1.3 Lot 3
BPA-18 0.4 1.4 Lot 3
BPA-19 3 3.5 Lot 3
BPA-2 0.3 1.3 Lot 3
BPA-20 3 3.5 Lot 3
BPA-21 3 3.5 Lot 3
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Table A-3
Soil Screening for Outdoor Workes After Redevelopment

Highly Concentrated Human Health Hot Spots
Arkema, Inc. Facility

Portland, Oregon

Location Top Depth Bottom 
Depth Site Area

Tetrachloroeth
ene

mg/kg

83000 40000

mg/kg

Chlorobenzen
e TCDD TEQ

mg/kg

27 31 1100 760 770
7.7 8300 940940

40000
2.7 0.27 11 7.61.7 500 2.7 0.27

mg/kg mg/kg mg/kg

Benzo(a)anthr
acene

Benzo(a)pyren
e

Benzo(b)fluor
anthene

Dibenzo(a,h)
anthracene alpha-BHC

mg/kgmg/kgmg/kg mg/kg

4,4-DDD 4,4-DDE 4,4-DDT

Hot Spot Screening Values

mg/kg mg/kg mg/kg

RBCs
170

0.31
5000 270 27 270

Arsenic Chromium

BPA-22 3 3.5 Lot 3
BPA-23 3 3.5 Lot 3
BPA-24 3 3.5 Lot 3
BPA-3 0.3 1.3 Lot 3
BPA-4 0.3 1.3 Lot 3
BPA-5 0.3 1.3 Lot 3
BPA-6 0.3 1.3 Lot 3
BPA-7 0.4 1.4 Lot 3
BPA-8 0.5 1.5 Lot 3
BPA-9 0.3 1.3 Lot 3
CS-1 0 1 Lot 4 0.005 U 0.005 U 0.005 U 0.005 U

CS-10 8 8.5 Lot 4 26700 69.6 U
CS-11 8 8.5 Lot 4 12500 552 U
CS-12 8 8.5 Lot 4 66600 285 U
CS-13 8.5 9 Lot 4 11.3 1410 U
CS-14 11 11.5 Lot 4 1.21 1.5 U
CS-15 7.5 8 Lot 4 0.298 0.136 U
CS-1 7.5 8 Lot 4 2310 0.13 U
CS-2 0 1 Lot 4 0.0062 U 0.005 U 0.005 U 0.005 U
CS-2 8 8.5 Lot 4 2100 68.8 U
CS-3 8 8.5 Lot 4 41.9 2.75 U
CS-4 7 7.5 Lot 4 7370 267 U
CS-5 8 8.5 Lot 4 0.27 0.138 U
CS-6 8 8.5 Lot 4 3210 68 U
CS-7 8 8.5 Lot 4 3610 135 U
CS-8 7.5 8 Lot 4 4280 282 U
CS-9 8 8.5 Lot 4 7310 290 U

E-SETCON 0 1 Unknown 0.48 0.5 U 15 1400
IB-17 1 2 Lot 4 0.25 U 18 13 1700
IB-20 3 4 Lot 4 0.25 U 320 100 13000
IB-21 0 10 Lot 4 8800 J 270 UJ
IB-25 4 5 Lot 4 0.082 U 0.05 U 0.05 U 0.87
IB-25 8 9 Lot 4 0.25 U 160 U 86 3900
IB-26 0 10 Lot 4 2900 J 66 UJ
IB-27 5 6 Lot 4 0.25 U 230 8.3 6300
IB-36 0 1 Lot 4 0.5 U 1.9 2.3 340
IB-37 3 4 Lot 4 0.25 U 16 2.3 1400
IB-39 4 5 Lot 4 0.25 U 0.37 U 2.2 61
IB-41 0 1 Lot 4 0.25 U 96 70 5100
IB-43 1 2 Lot 4 85.7
IB-44 0 1 Lot 4 0.25 U 19 1.3 55
IB-44 4 5 Lot 4 0.25 U 68 29 6500
IB-46 6 7 Lot 4 0.25 U 5.4 0.73 450
IB-51 0 10 Lot 4 3000 J 120 UJ
IB-6 1 2 Lot 4 0.25 U 12 7.7 960
IB-6 3 4 Lot 4 0.05 U 0.05 U 0.05 U 1.1

IB-77 5 6 Lot 4 56 U 540 38 6200
IB-82 5 6 Lot 4 0.19 U 0.006 U 0.006 U 0.07
IB-83 5 6 Lot 4 0.0058 U 0.0058 U 0.0058 U 0.029
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Table A-3
Soil Screening for Outdoor Workes After Redevelopment

Highly Concentrated Human Health Hot Spots
Arkema, Inc. Facility

Portland, Oregon

Location Top Depth Bottom 
Depth Site Area

Tetrachloroeth
ene

mg/kg

83000 40000

mg/kg

Chlorobenzen
e TCDD TEQ

mg/kg

27 31 1100 760 770
7.7 8300 940940

40000
2.7 0.27 11 7.61.7 500 2.7 0.27

mg/kg mg/kg mg/kg

Benzo(a)anthr
acene

Benzo(a)pyren
e

Benzo(b)fluor
anthene

Dibenzo(a,h)
anthracene alpha-BHC

mg/kgmg/kgmg/kg mg/kg

4,4-DDD 4,4-DDE 4,4-DDT

Hot Spot Screening Values

mg/kg mg/kg mg/kg

RBCs
170

0.31
5000 270 27 270

Arsenic Chromium

IB-84 5 6 Lot 4 0.19 U 0.0061 U 0.0061 U 0.0074
IB-86 8 10 Lot 4 0.053 U 2.4 0.5 16
IB-87 2 4 Lot 4 0.45 U 10 J 0.75 J 280 J
IB-88 6 8 Lot 4 0.43 U 14 J 1.2 J 460 110 0.2 U
IB-88 8 10 Lot 4 0.0043 U 0.028 0.0071 J 2.1
IB-89 6 8 Lot 4 4.8 U 240 J 63 9000
IB-89 8 10 Lot 4 0.44 U 48 J 2.5 700
IB-90 2 4 Lot 4 0.35 U 13 J 7.4 340
IB-91 0 2 Lot 4 3.5 U 91 J 51 J 4200 J
IB-91 2 4 Lot 4 0.44 U 7.3 J 3.3 980
IB-93 8 10 Lot 4 0.4 U 200 J 16 6900 330 200 U
IB-94 0 2 Lot 4 0.43 U 4.5 J 4.2 850
IB-95 0 2 Lot 4 0.38 U 13 J 28 J 390
IB-95 4 6 Lot 4 0.45 U 5.6 J 1.2 J 270
IB-96 8 10 Lot 4 0.0048 U 0.0096 J 0.0049 J 0.18

MWA-1 14 14 Lot 4 0.075 U 0.15 U 0.15 U 0.15 U 0.059 0.007 U
MWA-11I(D) 6 8 Lot 4 0.069 U 0.13 U 0.13 U 0.13 U 0.007 U 1.5 U

MWA-15 0 0 Lot 4 47 0.2 U
MWA-16I 0 0 Lot 4 0.2 U 0.2 U
MWA-18 10 11.5 Lot 4 0.05 U 0.21 J 1.5 3.6
MWA-18 15 16.5 Lot 4 0.005 U 0.6 12 7.4
MWA-18 5 6.5 Lot 4 0.05 U 1.2 5.5 38
MWA-19 10 11.5 Lot 4 0.005 U 0.005 U 0.007 0.04
MWA-19 15 16.5 Lot 4 0.005 U 0.015 0.094 1
MWA-20 10 11.5 Lot 4 0.005 U 0.005 U 0.005 U 0.028
MWA-20 15 16.5 Lot 4 0.068 U 0.13 U 0.13 U 0.36 0.084
MWA-20 5 6.5 Lot 4 0.068 U 0.13 U 0.13 U 0.55 0.13 J
MWA-6R 0 0 Lot 4 0.2 U 0.2 U
OCTF-1 0.5 0.5 Lot 4 9.12 0.00124 0.000775 0.000367 0.000442 0.0495 0.0564 0.291
OCTF-10 0.5 0.5 Lot 4 0.0176 0.167 0.715
OCTF-10 1 1 Lot 4 0.0184 0.0956 1.34
OCTF-11 0.5 0.5 Lot 4 360 18200 13300
OCTF-1 1 1 Lot 4 8.98 0.00108 0.000633 0.000299 0.000361 0.0275 0.0235 0.0815
OCTF-11 1 1 Lot 4 3350 U 12300 3290
OCTF-12 0.5 0.5 Lot 4 0.208 5.28 5.71
OCTF-12 1 1 Lot 4 0.0215 0.664 0.164
OCTF-13 0.5 0.5 Lot 4 0.144 7.87 0.672
OCTF-13 1 1 Lot 4 0.248 14.6 6.74
OCTF-2 0.5 0.5 Lot 4 39.6 5.95 17.7
OCTF-2 1 1 Lot 4 4.59 0.48 1.81
OCTF-3 0.5 0.5 Lot 4 17.8 0.000313 0.000219 0.0002 0.0002 0.0999 0.067 U 0.0109
OCTF-3 1 1 Lot 4 13.4 0.000688 0.000413 0.000191 0.000237 0.362 0.132 0.187
OCTF-4 0.5 0.5 Lot 4 0.0167 0.0189 0.0575
OCTF-4 1 1 Lot 4 7.91 1.16 1.1
OCTF-5 0.5 0.5 Lot 4 0.01 0.0158 0.0067 U
OCTF-5 1 1 Lot 4 0.0067 U 0.0118 0.0067 U
OCTF-6 0.5 0.5 Lot 4 0.0499 0.0429 0.0932
OCTF-6 1 1 Lot 4 0.0267 0.0686 0.0215
OCTF-7 0.5 0.5 Lot 4 0.0067 U 0.226 0.0238
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Table A-3
Soil Screening for Outdoor Workes After Redevelopment

Highly Concentrated Human Health Hot Spots
Arkema, Inc. Facility

Portland, Oregon

Location Top Depth Bottom 
Depth Site Area

Tetrachloroeth
ene

mg/kg

83000 40000

mg/kg

Chlorobenzen
e TCDD TEQ

mg/kg

27 31 1100 760 770
7.7 8300 940940

40000
2.7 0.27 11 7.61.7 500 2.7 0.27

mg/kg mg/kg mg/kg

Benzo(a)anthr
acene

Benzo(a)pyren
e

Benzo(b)fluor
anthene

Dibenzo(a,h)
anthracene alpha-BHC

mg/kgmg/kgmg/kg mg/kg

4,4-DDD 4,4-DDE 4,4-DDT

Hot Spot Screening Values

mg/kg mg/kg mg/kg

RBCs
170

0.31
5000 270 27 270

Arsenic Chromium

OCTF-7 1 1 Lot 4 0.131 2.99 0.67 U
OCTF-8 0.5 0.5 Lot 4 0.0283 0.0454 0.0941
OCTF-8 1 1 Lot 4 0.0067 U 0.0163 0.0371
OCTF-9 0.5 0.5 Lot 4 6.29 0.000299 0.000174 0.0001 0.0001 0.0474 0.0213 0.0367
OCTF-9 1 1 Lot 4 10 0.000133 0.0001 0.0001 0.0001 0.0774 0.0354 0.0482
PD100-B 0 0 Unknown

PD31&32B 0 0 Unknown
PD31&32S 0 0 Unknown
PD41-BE 0 0 Unknown
PD41-BW 0 0 Unknown
PD41-SE 0 0 Unknown
PD41-SW 0 0 Unknown
PD72-BE 0 0 Unknown
PD72-BW 0 0 Unknown
PD72-SE 0 0 Unknown
PD72-SW 0 0 Unknown
PD97-B 0 0 Unknown
PD97-S 0 0 Unknown

PS-1 0 0.5 Unknown 0.05 U 1.1 1.6 40
PS-1 0 1 Unknown 0.057 U 3 5.4 250
PS-2 0 0.5 Unknown 0.11 U 45 24 2000
PS-2 0 1 Unknown 0.065 U 9.9 19 380
RB-1 0.33 0.72 Riverbank 0.0305 JT 0.0495 JT 0.058 JT 0.0485 JT 0.01 U 0.096 0.1 0.59 0.005 U 0.005 U
RB-1 0 0.33 Riverbank 0.011 T 0.02 T 0.03 JT 0.031 T 0.01 U 0.066 0.073 0.32 0.005 U 0.005 U
RB-10 0 0.5 Riverbank 17 0.33 U 0.33 U 0.33 U 0.33 U 0.05 U 0.53 J 3.5 120
RB-11 0 0.5 Riverbank 21.3 0.32 U 0.32 U 0.32 U 0.32 U 0.05 U 0.5 J 2.7 52
RB-12 0 0.5 Riverbank 19.5 0.33 U 0.33 U 0.33 U 0.33 U 0.05 U 0.77 J 2.9 7.1
RB-2 0.33 0.75 Riverbank 0.07 JT 0.0825 JT 0.095 JT 0.0695 JT 0.01 U 0.36 0.31 1.3 0.005 U 0.005 U
RB-2 0 0.33 Riverbank 0.029 JT 0.0255 JT 0.0415 JT 0.026 JT 0.01 U 0.1 0.13 0.7 0.005 U 0.005 U
RB-3 0.33 1 Riverbank 0.01 UT 0.01 UT 0.017 JT 0.011 JT 0.01 U 0.075 0.11 2 0.005 U 0.008
RB-3 0 0.33 Riverbank 0.012 T 0.018 T 0.0225 JT 0.022 T 0.01 U 0.084 J 0.15 J 2.4 J 0.005 U 0.005 U
RB-4 0.33 1.1 Riverbank 0.019 T 0.016 T 0.019 T 0.016 T 0.01 U 0.018 0.028 2.6 0.005 U 0.005 U
RB-4 0 0.33 Riverbank 0.01 UT 0.01 UT 0.01 UT 0.01 UT 0.01 U 0.01 U 0.034 0.41 0.005 U 0.005 U
RB-5 0.33 0.82 Riverbank 0.01 UT 0.01 UT 0.01 UT 0.01 UT 0.01 U 0.01 U 0.058 0.064 0.005 U 0.005 U
RB-5 0 0.33 Riverbank 0.014 JT 0.015 JT 0.015 JT 0.015 JT 0.01 U 0.01 U 0.023 0.034 0.005 U 0.005 U
RB-6 0.33 1.9 Riverbank 0.05 JT 0.065 JT 0.059 JT 0.0505 JT 0.01 U 0.028 0.071 0.36 0.005 U 0.005 U
RB-6 0 0.33 Riverbank 0.0125 JT 0.0285 JT 0.0265 JT 0.024 JT 0.01 U 0.026 J 0.011 J 0.064 0.005 U 0.005 U
RB-7 0 0.5 Riverbank 20.4 T 1.6 U 1.6 U 1.6 U 1.6 U 0.05 U 0.094 0.81 2.3
RB-8 0 0.5 Riverbank 40.7 1.8 1.4 3 2.3 0.11 1.7 2.4 21
RB-9 0 0.5 Riverbank 19.2 0.32 U 0.32 U 0.32 U 0.32 U 0.05 U 1.1 J 1.6 95

RBC-1 0 0.5 Riverbank 4.3 810 0.083 0.12 0.18 0.064 0.0075 U 0.0085 0.093 0.31 0.0000133 JA
RBC-10 0 0.5 Riverbank 63 19 0.028 J 0.068 0.074 0.019 J 0.049 U 0.049 U 0.45 2.2 0.0000387 JA

RBC-10-01 0 0.5 Riverbank 0.043 U 0.025 J
RBC-10-03 1.5 2 Riverbank 6.8 16 0.0087 J 0.011 J 0.012 J 0.027 U 0.022 U 0.022 U 0.24 0.75 0.00000225 JA

RBC-11 0 0.5 Riverbank 9.3 150 0.13 0.15 0.23 0.065 0.23 U 0.65 1 10 0.000235 JA
RBC-11-03 1.5 2 Riverbank 8.1 57 0.092 0.13 0.16 0.051 0.11 U 0.11 U 0.27 2.6 0.0000243 JA

RBC-12 0 0.5 Riverbank 4.2 17 0.08 J 0.096 J 0.13 J 0.043 J 0.0031 U 0.011 0.11 0.15 0.000109 JA
RBC-13 0 0.5 Riverbank 3.9 16 0.024 J 0.026 J 0.035 J 0.01 J 0.0024 U 0.0041 J 0.053 J 0.061 J 0.0000373 JA

RBC-13-01 1.5 2 Riverbank 2.1 14 0.0032 J 0.0068 J 0.0079 J 0.0023 J 0.00073 U 0.00073 U 0.006 0.025 0.0000049 JA
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Table A-3
Soil Screening for Outdoor Workes After Redevelopment

Highly Concentrated Human Health Hot Spots
Arkema, Inc. Facility

Portland, Oregon

Location Top Depth Bottom 
Depth Site Area

Tetrachloroeth
ene

mg/kg

83000 40000

mg/kg

Chlorobenzen
e TCDD TEQ

mg/kg

27 31 1100 760 770
7.7 8300 940940

40000
2.7 0.27 11 7.61.7 500 2.7 0.27

mg/kg mg/kg mg/kg

Benzo(a)anthr
acene

Benzo(a)pyren
e

Benzo(b)fluor
anthene

Dibenzo(a,h)
anthracene alpha-BHC

mg/kgmg/kgmg/kg mg/kg

4,4-DDD 4,4-DDE 4,4-DDT

Hot Spot Screening Values

mg/kg mg/kg mg/kg

RBCs
170

0.31
5000 270 27 270

Arsenic Chromium

RBC-2 0 0.5 Riverbank 4.5 410 0.034 0.058 0.073 0.02 0.0026 U 0.0037 0.028 0.1 0.0000098 JA
RBC-2-03 1.5 2 Riverbank 3.3 31 0.0073 0.013 0.013 0.0041 0.00046 U 0.00046 U 0.0033 0.014 0.000000556 A

RBC-3 0 0.5 Riverbank 5.1 71 0.34 0.53 0.79 0.26 0.27 U 0.69 3.5 9.2 J 0.000263 JA
RBC-4 0 0.5 Riverbank 5.7 170 0.11 0.27 0.29 0.12 0.0026 U 0.0068 0.026 0.13 0.00000548 JA

RBC-4-02 0 0.5 Riverbank 0.051 U 0.032 U
RBC-5 0 0.5 Riverbank 4 21 0.022 0.036 0.047 0.016 0.0073 U 0.0073 U 0.032 0.26 J 0.0000549 JA
RBC-6 0 0.5 Riverbank 4 19 0.014 J 0.013 J 0.021 J 0.011 J 0.012 U 0.015 0.08 0.19 0.00000825 JA

RBC-6-03 0 0.5 Riverbank 0.044 U 0.027 U
RBC-6-03 1.5 2 Riverbank 2.1 17 0.028 U 0.033 U 0.022 U 0.028 U 0.00048 U 0.00048 U 0.013 J 0.01 0.0000013 JA

RBC-7 0 0.5 Riverbank 14 27 0.046 0.071 0.079 0.025 J 0.001 UJ 0.031 J 0.63 J 1.2 J 0.000101 JA
RBC-7-01 0 0.5 Riverbank 0.001 U 0.0013 0.0083 0.043
RBC-7-02 0 0.5 Riverbank 0.026 U 0.026 U 0.34 0.61
RBC-7-03 0 0.5 Riverbank 0.012 U 0.02 0.14 0.54
RBC-7-04 0 0.5 Riverbank 0.082 U 0.11 1.8 3.6
RBC-7-05 0 0.5 Riverbank 0.026 U 0.026 U 0.88 1.1

RBC-8 0 0.5 Riverbank 70 24 0.034 0.048 0.044 0.025 J 0.053 U 0.053 U 0.5 1.5 0.00006 JA
RBC-9 0 0.5 Riverbank 13 51 0.027 U 0.14 0.24 0.11 0.074 U 0.074 U 0.82 2.4 0.000142 JA

RP-SB01 15 15 Lot 4 10000 U 10000 U 63000 2.1
RP-SB01 2.7 2.7 Lot 4 2000 U 2000 U 24000 0.27 J
RP-SB01 4 4 Lot 4 2000 U 2000 U 24000 0.48
RP-SB01 8.5 8.5 Lot 4 20000 U 20000 U 150000 2.3
RP-SB03 3.5 3.5 Lot 4 2 U 2 U 29 0.01 J
RP-SB09 4.3 4.3 Lot 4 0.1 U 0.1 U 0.39 0.01
RP-SB11 3 3 Lot 4 5000 U 5000 U 35000 0.02 J
RP-SB14 5.6 5.6 Lot 4 500 U 500 U 5400 0.63
RP-SB15 10.6 10.6 Lot 4 20 U 20 U 400 200
RP-SB15 11.6 11.6 Lot 4 0.1 U 0.1 U 0.87 0 U
RP-SB16 15 15 Lot 4 0.98 U 1.9 U 1.9 U 24 0.49 0.014 U
RP-SB17 15 15 Lot 4 110 U 200 U 200 U 2100 0.64 0.067
RP-SB18 10 10 Lot 4 2.7 U 690 83 21000 43000 2000 U
RP-SB19 15 15 Lot 4 0.19 U 0.37 U 0.37 U 1.8
RP-SB20 15 15 Lot 4 0.38 U 0.74 U 0.74 U 3.9
RP-SB23 5 5 Lot 4 0.093 U 0.18 U 0.18 U 1.5
RP-SB27 2 2 Lot 3 0.54 U 1.1 U 1.1 U 11
RP-SB28 10 10 Lot 3 0.057 U 0.11 U 0.15 1.3
RP-SB29 5 5 Lot 4 0.054 U 0.1 U 0.1 U 0.54 U
RP-SB30 5 5 Lot 4 0.36 U 0.71 U 0.71 U 8.7
RP-SB31 14 14 Lot 4 56 U 110 U 110 U 750
RP-SB37 10 10 Lot 4 0.057 U 0.11 U 0.11 U 1.7 U

S-1 0.4166667 0.6666667 Unknown 0.005 U 0.013 5.2 0.89
S-1 1.166667 1.416667 Unknown 0.005 U 0.014 2.7 1.3
S-2 0 0.3333333 Lot 4 0.0059 U 0.013 J 0.086 0.33
S-3 0 0.3333333 Lot 4 0.0053 U 0.054 J 0.15 J 1.8
S-4 0 0.3333333 Lot 4 0.0058 U 0.049 J 0.12 1.3
S-5 0 0.3333333 Riverbank 0.0065 U 0.16 0.39 2

SS1-1 0 1 Lot 1 6.62 113 0.288 J 0.296 J 0.244 J 0.269 J 0.0165 U 0.103 0.219 0.595
SS1-2 0 1 Lot 1 5.31 34.1 0.124 J 0.115 J 0.084 J 0.0974 J 0.0165 U 0.065 0.11 1.98 J
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Table A-3
Soil Screening for Outdoor Workes After Redevelopment

Highly Concentrated Human Health Hot Spots
Arkema, Inc. Facility

Portland, Oregon

Location Top Depth Bottom 
Depth Site Area

Tetrachloroeth
ene

mg/kg

83000 40000

mg/kg

Chlorobenzen
e TCDD TEQ

mg/kg

27 31 1100 760 770
7.7 8300 940940

40000
2.7 0.27 11 7.61.7 500 2.7 0.27

mg/kg mg/kg mg/kg

Benzo(a)anthr
acene

Benzo(a)pyren
e

Benzo(b)fluor
anthene

Dibenzo(a,h)
anthracene alpha-BHC

mg/kgmg/kgmg/kg mg/kg

4,4-DDD 4,4-DDE 4,4-DDT

Hot Spot Screening Values

mg/kg mg/kg mg/kg

RBCs
170

0.31
5000 270 27 270

Arsenic Chromium

SS1-3 0 1 Lot 1 16.2 35.6 0.28 U 0.37 J 0.347 J 0.359 J 0.066 U 6.21 2.7 138
SS1-4 0 1 Lot 1 76.1 35.1 0.131 J 0.194 J 0.253 J 0.212 J 0.0165 U 0.925 J 1.24 J 11.4
SS1-5 0 1 Lot 1 18.6 32.2 0.07 U 0.07 U 0.07 U 0.07 U 0.0165 U 0.113 0.329 2.79
SS2-1 0 1 Lot 2 10.9 64 0.179 J 0.261 J 0.243 J 0.229 J 0.0165 U 0.122 0.447 5.68
SS2-2 0 1 Lot 2 6.03 195 0.0962 J 0.11 J 0.102 J 0.108 J 0.0165 U 0.168 0.325 5.84
SS2-3 0 1 Lot 2 9.51 26.5 0.256 J 0.251 J 0.259 J 0.241 J 0.0165 U 0.461 0.667 11
SS2-4 0 1 Lot 2 4.74 15.1 0.07 U 0.07 U 0.07 U 0.07 U 0.0165 U 0.0716 0.161 1.33
SS2-5 0 1 Lot 2 3.31 16 0.07 U 0.07 U 0.07 U 0.07 U 0.0165 U 0.0497 0.0858 0.516
SS2-6 0 1 Lot 2 2.8 13.8 0.21 U 0.21 U 0.21 U 0.21 U 0.0165 U 0.0165 U 0.0561 0.396
SS2-7 0 1 Lot 2 5.09 15.6 0.14 U 0.14 U 0.14 U 0.14 U 0.0165 U 0.0165 U 0.0258 0.178
US-01 0 0.5 Lot 4 0.1 U 0.42 0.89 6.6
US-01 2.5 4 Lot 4 16 J 8.5 J 1100 J
US-01 2 2.5 Lot 4 12 U 38 53 690
US-02 0 0.5 Lot 4 0.01 U 0.113 0.151 1.9
US-02 2 2.5 Lot 4 0.01 U 0.01 U 0.012 0.239
US-03 0 0.5 Lot 4 1.1 U 9 6.6 140
US-03 2 2.5 Lot 4 1 U 1.1 3.2 25
VES5 0 0 Unknown 610 J 4 U
VP-10 12 12.5 Lot 4 150 0.76 U
VP-10 8 8.5 Lot 4 860 0.87
VP-11 12 12.5 Lot 4 11 0.78 U
VP-11 8 8.5 Lot 4 550 2.7
VP-12 12 12.5 Lot 4 92 0.72 U
VP-12 8 8.5 Lot 4 500 3.4
VP-13 12 12.5 Lot 4 14 0.76 U
VP-13 8 8.5 Lot 4 0.16 7.5
VP-14 12 12.5 Lot 4 230 0.067 U
VP-14 8 8.5 Lot 4 110 0.069 U
VP-15 12 12.5 Lot 4 9.6 0.067 U
VP-15 8 8.5 Lot 4 700 6.6 U
VP-16 12 12.5 Lot 4 180 0.17
VP-16 8 8.5 Lot 4 5290 0.67 U
VP-1 7.5 8 Lot 4 930 50 U
VP-17 12 12.5 Lot 4 580 0.2
VP-17 8 8.5 Lot 4 2300 1.4
VP-18 12 12.5 Lot 4 550 0.73 U
VP-18 8 8.5 Lot 4 3900 1.5
VP-19 12 12.5 Lot 4 670 1.5 U
VP-19 8 8.5 Lot 4 7900 6.6 U
VP-20 12 12.5 Lot 4 50 0.35 U
VP-20 8 8.5 Lot 4 22 0.096
VP-21 11.5 12 Lot 4 0.21 J 0.067 U 2 0.15 U
VP-21 14 16 Lot 4 2.6 J
VP-21 6 8 Lot 4 0.37 J
VP-21 7.5 8 Lot 4 170 0.0096 J
VP-22 11.5 12 Lot 4 0.018 0.0067 U 0.15 1.5 U
VP-22 14 16 Lot 4 40
VP-22 7.5 8 Lot 4 140 74 U 1200 0.0068 U
VP-22 8 10 Lot 4 12
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Table A-3
Soil Screening for Outdoor Workes After Redevelopment

Highly Concentrated Human Health Hot Spots
Arkema, Inc. Facility

Portland, Oregon

Location Top Depth Bottom 
Depth Site Area

Tetrachloroeth
ene

mg/kg

83000 40000

mg/kg

Chlorobenzen
e TCDD TEQ

mg/kg

27 31 1100 760 770
7.7 8300 940940

40000
2.7 0.27 11 7.61.7 500 2.7 0.27

mg/kg mg/kg mg/kg

Benzo(a)anthr
acene

Benzo(a)pyren
e

Benzo(b)fluor
anthene

Dibenzo(a,h)
anthracene alpha-BHC

mg/kgmg/kgmg/kg mg/kg

4,4-DDD 4,4-DDE 4,4-DDT

Hot Spot Screening Values

mg/kg mg/kg mg/kg

RBCs
170

0.31
5000 270 27 270

Arsenic Chromium

VP-23 11.5 12 Lot 4 9.2 7.1 U 55 0.14 U
VP-23 14 16 Lot 4 410
VP-23 7.5 8 Lot 4 670 U 670 U 1700 6.8 U
VP-23 8 10 Lot 4 0.31
VP-24 11.5 12 Lot 4 1.1 0.7 U 9.2 0.0074 U
VP-24 14 16 Lot 4 0.059
VP-24 6 8 Lot 4 0.17 J
VP-24 7.5 8 Lot 4 1.6 0.007 UJ
VP-2 7.5 8 Lot 4 180 0.076
VP-3 7.5 8 Lot 4 5600 25 U
VP-4 7.5 8 Lot 4 4600 25 U
VP-5 7.5 8 Lot 4 1500 25 U
VP-6 7.5 8 Lot 4 13000 49 U
VP-7 7.5 8 Lot 4 0.083 0.005 U
VP-8 7.5 8 Lot 4 5400 50 U
VP-9 12 12.5 Lot 4 570 0.68 U
VP-9 8 8.5 Lot 4 11000 5.6

Notes:
mg/kg - milligrams per kilogram
Bold Indicates that the compound was detected
Bold Detected concentration is between 1 and 10 times the Hot Spot Screening Level Value
Bold Detected concentration is between 10 and 100 times the Hot Spot Screening Level Value
Bold Detected concentration is greater than 100 times the Hot Spot Screening Level Value
ft = Feet
DDT = Dichloro-diphenyl-trichloroethane
DDD = Dichloro-diphenyl-dichloroethane
DDE = Dichloro-diphenyl-chloroethane
DDX = Total of DDD, DDE, and DDT isomers
TCDD TEQ = 2,3,7,8-Tetrachlorodibenzo-p-dioxin Toxicity Equivalence Quotient
1 = Some endpoints are non-carcinogenic

Qualifiers:
A = The analyte is a suspected aldol-condensation product/Total value based on limited number of analytes
J = The analyte was positively identified and is biased low; associated numerical value is the approximate concentration of the analyte in the sample
JA = Estimated Concentration, Analyte Postively Identified.
T = Result derived or selected from more than one reported value.
U = Analyte was not detected
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Table A-3
Soil Screening for Construction Workers

Highly Concentrated Human Health Hot Spots
Arkema, Inc. Facility

Portland, Oregon

Location Top Depth Bottom 
Depth Site Area

13 500 83 58 58 4300 9100 0.00015
850 5000 8300 5800 1400 43000 16000 0.015

AP-1 4 6 Unknown 0.0066 U 0.0066 U
AP-2 0 4 Unknown 2.6 4.2 220 0.0058 U 0.0058 U
AP-2 4 6 Unknown 3.3 J 2.5 J 130 J
AP-3 8 10 Lot 4 120 J 71 UJ 2600 J 4 J 0.011 J
AP-4 0 2 Lot 4 40 15 2400
AP-4 8 10 Lot 4 4400 J 2.1 J
AP-5 0 2 Unknown 2.8 3.5 300 0.0057 U 0.0056 U
AP-6 7.5 8 Lot 4 4000 67 U
AP-7 7.5 8 Lot 4 1700 64 U
AP-7 7 7.5 Lot 4 480 16 U
AP-8 7.5 8 Lot 4 2000 68 U
B-100 0.5 1.5 Lot 4 0.22 0.098 20 0.0011 0.0053 U
B-100 0 0.5 Lot 4 32 U 31 U 3300 J 0.021 J 0.0019 J
B-100 12 14 Lot 4 19 0.7 U 390 2600 35 U
B-100 8 10 Lot 4 54 J 20 U 1500 J 1800 37 U
B-101 0.5 1.5 Lot 4 0.063 J 0.055 U 5 J 0.0023 J 0.0057 U
B-101 0 0.5 Lot 4 5.5 U 5.5 U 230 J 0.0047 0.0058 U
B-101 12 14 Lot 4 0.0012 U 0.0012 U 0.014 U 12 0.14 U
B-102 0.5 1.5 Lot 4 0.055 U 0.13 0.41
B-102 0 0.5 Lot 4 5.5 U 5.5 U 62
B-103 0.5 1.5 Lot 4 0.0055 U 0.0055 U 0.0055 U
B-103 0 0.5 Lot 4 0.0057 U 0.11 0.07 U
B-104 0.5 1.5 Lot 4 0.0055 U 0.0084 0.031
B-104 0 0.5 Lot 4 0.0055 U 0.12 U 0.032 J
B-104 12 14 Lot 4 0.01 0.018 0.093
B-105 0.5 1.5 Lot 4 0.56 U 0.9 10
B-105 0 0.5 Lot 4 26 U 32 240
B-106 0.5 1.5 Lot 4 0.55 U 0.55 U 3.3
B-106 0 0.5 Lot 4 2.6 U 4.5 81
B-107 0.5 1.5 Lot 4 0.087 J 0.058 0.77
B-107 0 0.5 Lot 4 13 5.7 U 98
B-108 0.5 1.5 Lot 4 590 U 590 U 5400
B-108 0 0.5 Lot 4 560 U 560 U 2900
B-109 0.5 1.5 Lot 4 60 U 60 U 300
B-109 0 0.5 Lot 4 57 U 57 U 710
B-110 0.5 1.5 Lot 4 58 U 58 U 240
B-110 1.5 2.5 Lot 4 0.7 0.65 U 15
B-110 2.5 3.5 Lot 4 0.68 U 0.68 U 3.4
B-110 3.5 4.5 Lot 4 0.066 U 0.066 U 0.59
B-110 9.5 10.5 Lot 4 0.37 0.079 U
B-111 0 1 Lot 4 56 U 56 U 390
B-111 1 2 Lot 4 62 U 62 U 1300
B-111 2 3 Lot 4 59 U 59 U 870
B-111 3 4 Lot 4 61 U 61 U 720
B-111 7 8 Lot 4 0.67 U 0.67 U 7
B-111 9 10 Lot 4 0.0077 U 0.0077 U
B-112 0.5 1.5 Lot 4 5.6 U 5.6 U 23
B-112 0 0.5 Lot 4 11 J 5.5 U 96
B-112 2 4 Lot 4 0.064 U 0.064 U 0.5
B-112 4 6 Lot 4 0.68 U 0.68 U 2.1
B-112 6 8 Lot 4 0.077 0.0072 U 0.11 U
B-113 0.5 1.5 Lot 4 5.9 U 5.9 U 40
B-113 0 0.5 Lot 4 1.4 J 0.54 U 14
B-113 2 4 Lot 4 0.0071 U 0.0066 U 0.06 U
B-113 4 6 Lot 4 0.66 UJ 0.66 UJ 2.5 J
B-113 6 8 Lot 4 0.042 J 0.041 J 0.045 U
B-114 0.5 1.5 Lot 4 14 6 U 120
B-114 0 0.5 Lot 4 5.3 U 5.3 U 23
B-114 2 4 Lot 4 0.0067 UJ 0.0067 U 0.056 U
B-114 4 6 Lot 4 0.065 U 0.065 U 0.47 J
B-114 6 8 Lot 4 0.0073 U 0.0073 U 0.0073 U
B-115 0.5 1.5 Lot 4 56 U 56 U 510
B-115 0 0.5 Lot 4 0.019 0.029 0.2
B-115 4 6 Lot 4 8.3 U 8.3 U 41
B-115 6 8 Lot 4 89 U 89 U 500
B-122 0 2 Lot 4 2.42 J 0.00022 JA
B-122 4 6 Lot 4 0.000011 JA
B-122 8 10 Lot 4 0.00000049 JA
B-123 0 2 Lot 4 13.2 0.00073 JA
B-123 4 6 Lot 4 0.000092 JA
B-123 8 10 Lot 4 0.00000048 JA
B-124 0 2 Lot 4 4.7 J 0.0019 JA
B-124 4 6 Lot 4 0.000012 JA
B-124 8 10 Lot 4 0.0000017 JA
B-125 3 5 Lot 2 20.8 0.219 0.0928 0.19 0.000028 JA
B-125 8 10 Lot 2 4.8 J 0.537 0.232 0.349 0.000061 JA
B-126 3 5 Lot 2 13.3 0.358 1.1 4 0.00011 JA
B-126 8 10 Lot 2 2.21 J 0.000577 J 0.00505 J 0.0215 J 0.0000035 JA
B-127 10 12 Lot 3 4.56 J 0.000068 JA
B-127 15 17 Lot 3 3.27 J 0.0000017 JA
B-128 10 12 Lot 3 1.59 J 0.0000013 JA
B-128 15 17 Lot 3 3.05 J 0.00000029 JA
B-129 0 2 Lot 3 17.3 0.000013 JA
B-49 7 8 Lot 4 0.015 U 0.015 U 0.135 J 0.005 U 0.005 U
B-50 0.5 1 Lot 4 0.01 U 0.01 U 0.02 0.005 U 0.005 U
B-50 5 5.5 Lot 4 0.012 U 0.018 0.012 U 0.005 U 0.005 U
B-51 0.5 1 Lot 4 0.01 U 0.197 1.8 0.005 0.005 U

4,4-DDT Chlorobenzene

RBCs
Hot Spot Screening Values

Tetrachloroethe
ne

mg/kg

TCDD TEQ

mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg

Arsenic Chromium 4,4-DDD 4,4-DDE
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Table A-3
Soil Screening for Construction Workers

Highly Concentrated Human Health Hot Spots
Arkema, Inc. Facility

Portland, Oregon

Location Top Depth Bottom 
Depth Site Area

13 500 83 58 58 4300 9100 0.00015
850 5000 8300 5800 1400 43000 16000 0.015

4,4-DDT Chlorobenzene

RBCs
Hot Spot Screening Values

Tetrachloroethe
ne

mg/kg

TCDD TEQ

mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg

Arsenic Chromium 4,4-DDD 4,4-DDE

B-51 5 5.5 Lot 4 0.075 0.423 2.4 0.005 U 0.005 U
B-52 0.5 1 Lot 3 0.01 U 0.01 U 0.03 0.005 U 0.005 U
B-52 5 5.5 Lot 3 0.01 U 0.01 U 0.048 0.005 U 0.005 U
B-54 4 5 Lot 4 0.7 1.3 21 0.007 U 0.005 U
B-55 12 13 Lot 4 0.289 0.021 2.8 0.005 U 0.005 U
B-55 6 7 Lot 4 36 1 U 297 4100 14
B-56 4 5 Lot 4 4.9 3.2 454 0.007 0.005 U
B-57 0 1 Lot 4 0.32 29 23
B-57 4 5 Lot 4 0.19 12 8.4
B-58 1 2 Lot 3 0.02 U 0.047 0.355
B-58 4 5 Lot 3 0.132 0.1 2.1
B-61 11 12 Lot 4 32 J 3 J 400 J
B-61 5 6 Lot 4 620 J 38 J 7000 J
B-61 6 7 Lot 4 60 J 8.2 J 920 J
B-61 7 8 Lot 4 1 J 0.19 J 33 J
B-62 4 5 Lot 4 0.0855 J 0.36 J 3.9 J
B-65 12 14 Lot 4 15 J 3.8 760
B-66 12 14 Lot 4 1.6 J 0.65 49
B-66 4 6 Lot 4 2.1 0.86 84
B-71 0 4 Lot 4 13.1 J
B-71 8 12 Lot 4 19.8 J
B-72 0 4 Lot 4 19.6 J
B-72 12 16 Lot 4 20.2 J
B-73 0 4 Lot 4 20.6 J
B-73 8 12 Lot 4 12.9 J
B-74 0 4 Lot 4 106 J
B-74 10 12 Lot 4 565 J
B-74 14 16 Lot 4 194 J
B-74 6 8 Lot 4 235 J
B-75 0 4 Lot 4 59.1 J
B-75 12 14 Lot 4 221 J
B-75 4 6 Lot 4 76.6 J
B-75 8 10 Lot 4 68.8 J
B-76 12 14 Lot 4 1090 J
B-76 2 4 Lot 4 29.2 J
B-76 4 6 Lot 4 52.1 J
B-76 8 10 Lot 4 668 J
B-77 12 16 Lot 4 411 J
B-77 2 4 Lot 4 79 J
B-77 4 6 Lot 4 116 J
B-77 8 10 Lot 4 172 J
B-78 0 4 Lot 4 31 J
B-78 12 14 Lot 4 9.48 J
B-78 4 6 Lot 4 30 J
B-78 8 10 Lot 4 20.8 J
B-79 0 4 Lot 4 30.6 J
B-79 8 12 Lot 4 20.6 J
B-80 0 4 Lot 4 40.2 J
B-80 12 14 Lot 4 93.3 J
B-80 4 6 Lot 4 75.8 J
B-80 8 10 Lot 4 222 J
B-81 0 4 Lot 4 36.3 J
B-81 8 12 Lot 4 135 J
B-82 0 4 Lot 4 13.8 J
B-82 8 12 Lot 4 14.2 J
B-83 0 4 Lot 4 119 J
B-83 8 12 Lot 4 157 J
B-84 12 14 Lot 4 28 J
B-84 2 4 Lot 4 134 J
B-84 4 6 Lot 4 72.6 J
B-84 8 10 Lot 4 34.8 J
B-86 0 4 Lot 4 18.3 J
B-86 12 16 Lot 4 27.9 J
B-86 4 8 Lot 4 21.1 J
B-87 0 4 Lot 4 18.6 J
B-87 12 16 Lot 4 10.4 J
B-87 4 8 Lot 4 23.3 J
B-88 0 4 Lot 4 182 J
B-88 10 12 Lot 4 1640 J
B-88 14 16 Lot 4 52.2 J
B-88 6 8 Lot 4 189 J
B-90 12 14 Lot 4 117 J
B-90 2 4 Lot 4 74.5 J
B-90 4 6 Lot 4 74.6 J
B-90 8 10 Lot 4 297 J
B-91 0.5 1.5 Lot 4 0.054 U 0.1 U 3.8 J 0.0058 U 0.0058 U
B-91 0 0.5 Lot 4 0.82 J 2.1 120 0.0057 U 0.0057 U
B-92 0.5 1.5 Lot 4 0.004 J 0.022 0.033 J 0.0059 U 0.0059 U
B-92 0 0.5 Lot 4 0.33 J 0.83 39 0.0057 U 0.0057 U
B-93 0.5 1.5 Lot 4 0.0037 J 0.0048 U 0.032 0.0055 U 0.0055 U
B-93 0 0.5 Lot 4 0.012 J 0.53 1 J 0.0055 U 0.0055 U
B-94 0.5 1.5 Lot 4 0.0054 U 0.016 U 0.56 J 0.0054 U 0.0054 U
B-94 0 0.5 Lot 4 8.8 J 4.4 1300 0.0054 U 0.0054 U
B-95 0.5 1.5 Lot 4 0.012 U 0.027 U 1.1 0.0059 U 0.0059 U
B-95 0 0.5 Lot 4 0.066 J 0.91 16 0.0056 U 0.0056 U
B-96 0.5 1.5 Lot 4 0.06 U 4.7 4.2 0.006 U 0.006 U
B-96 0 0.5 Lot 4 2.2 J 190 440 0.0058 U 0.0058 U
B-97 0.5 1.5 Lot 4 0.0041 J 0.11 0.17 0.0052 U 0.0052 U
B-97 0 0.5 Lot 4 0.0026 0.044 0.096 0.0052 U 0.0052 U
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Location Top Depth Bottom 
Depth Site Area

13 500 83 58 58 4300 9100 0.00015
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4,4-DDT Chlorobenzene
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Tetrachloroethe
ne

mg/kg

TCDD TEQ
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Arsenic Chromium 4,4-DDD 4,4-DDE

B-98 0.5 1.5 Lot 4 0.022 U 0.066 U 1.6 0.0056 U 0.0056 U
B-98 0 0.5 Lot 4 0.023 J 0.036 U 0.9 0.0056 U 0.0056 U
B-99 0.5 1.5 Lot 4 0.0032 J 0.0012 U 0.008 U 0.0053 U 0.0053 U
B-99 0 0.5 Lot 4 0.0032 0.055 0.094 J 0.0053 U 0.0053 U

BPA-1 0.25 1.25 Lot 3
BPA-10 0.3 0.3 Lot 3
BPA-11 0.5 0.5 Lot 3
BPA-12 0.3 1.3 Lot 3
BPA-13 0.3 1.3 Lot 3
BPA-14 0.5 1.5 Lot 3
BPA-15 1 2 Lot 3
BPA-16 0.2 1.2 Lot 3
BPA-17 0.3 1.3 Lot 3
BPA-18 0.4 1.4 Lot 3
BPA-19 3 3.5 Lot 3
BPA-2 0.3 1.3 Lot 3

BPA-20 3 3.5 Lot 3
BPA-21 3 3.5 Lot 3
BPA-22 3 3.5 Lot 3
BPA-23 3 3.5 Lot 3
BPA-24 3 3.5 Lot 3
BPA-3 0.3 1.3 Lot 3
BPA-4 0.3 1.3 Lot 3
BPA-5 0.3 1.3 Lot 3
BPA-6 0.3 1.3 Lot 3
BPA-7 0.4 1.4 Lot 3
BPA-8 0.5 1.5 Lot 3
BPA-9 0.3 1.3 Lot 3
CS-1 0 1 Lot 4 0.005 U 0.005 U 0.005 U

CS-10 8 8.5 Lot 4 26700 69.6 U
CS-11 8 8.5 Lot 4 12500 552 U
CS-12 8 8.5 Lot 4 66600 285 U
CS-13 8.5 9 Lot 4 11.3 1410 U
CS-14 11 11.5 Lot 4 1.21 1.5 U
CS-15 7.5 8 Lot 4 0.298 0.136 U
CS-1 7.5 8 Lot 4 2310 0.13 U
CS-2 0 1 Lot 4 0.005 U 0.005 U 0.005 U
CS-2 8 8.5 Lot 4 2100 68.8 U
CS-3 8 8.5 Lot 4 41.9 2.75 U
CS-4 7 7.5 Lot 4 7370 267 U
CS-5 8 8.5 Lot 4 0.27 0.138 U
CS-6 8 8.5 Lot 4 3210 68 U
CS-7 8 8.5 Lot 4 3610 135 U
CS-8 7.5 8 Lot 4 4280 282 U
CS-9 8 8.5 Lot 4 7310 290 U

E-SETCON 0 1 Unknown 0.5 U 15 1400
IB-17 1 2 Lot 4 18 13 1700
IB-20 3 4 Lot 4 320 100 13000
IB-21 0 10 Lot 4 8800 J 270 UJ
IB-25 4 5 Lot 4 0.05 U 0.05 U 0.87
IB-25 8 9 Lot 4 160 U 86 3900
IB-26 0 10 Lot 4 2900 J 66 UJ
IB-27 5 6 Lot 4 230 8.3 6300
IB-36 0 1 Lot 4 1.9 2.3 340
IB-37 3 4 Lot 4 16 2.3 1400
IB-39 4 5 Lot 4 0.37 U 2.2 61
IB-41 0 1 Lot 4 96 70 5100
IB-43 1 2 Lot 4 85.7
IB-44 0 1 Lot 4 19 1.3 55
IB-44 4 5 Lot 4 68 29 6500
IB-46 6 7 Lot 4 5.4 0.73 450
IB-51 0 10 Lot 4 3000 J 120 UJ
IB-6 1 2 Lot 4 12 7.7 960
IB-6 3 4 Lot 4 0.05 U 0.05 U 1.1

IB-77 5 6 Lot 4 540 38 6200
IB-82 5 6 Lot 4 0.006 U 0.006 U 0.07
IB-83 5 6 Lot 4 0.0058 U 0.0058 U 0.029
IB-84 5 6 Lot 4 0.0061 U 0.0061 U 0.0074
IB-86 8 10 Lot 4 2.4 0.5 16
IB-87 2 4 Lot 4 10 J 0.75 J 280 J
IB-88 6 8 Lot 4 14 J 1.2 J 460 110 0.2 U
IB-88 8 10 Lot 4 0.028 0.0071 J 2.1
IB-89 6 8 Lot 4 240 J 63 9000
IB-89 8 10 Lot 4 48 J 2.5 700
IB-90 2 4 Lot 4 13 J 7.4 340
IB-91 0 2 Lot 4 91 J 51 J 4200 J
IB-91 2 4 Lot 4 7.3 J 3.3 980
IB-93 8 10 Lot 4 200 J 16 6900 330 200 U
IB-94 0 2 Lot 4 4.5 J 4.2 850
IB-95 0 2 Lot 4 13 J 28 J 390
IB-95 4 6 Lot 4 5.6 J 1.2 J 270
IB-96 8 10 Lot 4 0.0096 J 0.0049 J 0.18

MWA-1 14 14 Lot 4 0.15 U 0.15 U 0.15 U 0.059 0.007 U
MWA-11I(D) 6 8 Lot 4 0.13 U 0.13 U 0.13 U 0.007 U 1.5 U

MWA-15 0 0 Lot 4 47 0.2 U
MWA-16I 0 0 Lot 4 0.2 U 0.2 U
MWA-18 10 11.5 Lot 4 0.21 J 1.5 3.6
MWA-18 15 16.5 Lot 4 0.6 12 7.4
MWA-18 5 6.5 Lot 4 1.2 5.5 38
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MWA-19 10 11.5 Lot 4 0.005 U 0.007 0.04
MWA-19 15 16.5 Lot 4 0.015 0.094 1
MWA-20 10 11.5 Lot 4 0.005 U 0.005 U 0.028
MWA-20 15 16.5 Lot 4 0.13 U 0.13 U 0.36 0.084
MWA-20 5 6.5 Lot 4 0.13 U 0.13 U 0.55 0.13 J
MWA-6R 0 0 Lot 4 0.2 U 0.2 U
OCTF-1 0.5 0.5 Lot 4 9.12 0.0495 0.0564 0.291

OCTF-10 0.5 0.5 Lot 4 0.0176 0.167 0.715
OCTF-10 1 1 Lot 4 0.0184 0.0956 1.34
OCTF-11 0.5 0.5 Lot 4 360 18200 13300
OCTF-1 1 1 Lot 4 8.98 0.0275 0.0235 0.0815

OCTF-11 1 1 Lot 4 3350 U 12300 3290
OCTF-12 0.5 0.5 Lot 4 0.208 5.28 5.71
OCTF-12 1 1 Lot 4 0.0215 0.664 0.164
OCTF-13 0.5 0.5 Lot 4 0.144 7.87 0.672
OCTF-13 1 1 Lot 4 0.248 14.6 6.74
OCTF-2 0.5 0.5 Lot 4 39.6 5.95 17.7
OCTF-2 1 1 Lot 4 4.59 0.48 1.81
OCTF-3 0.5 0.5 Lot 4 17.8 0.0999 0.067 U 0.0109
OCTF-3 1 1 Lot 4 13.4 0.362 0.132 0.187
OCTF-4 0.5 0.5 Lot 4 0.0167 0.0189 0.0575
OCTF-4 1 1 Lot 4 7.91 1.16 1.1
OCTF-5 0.5 0.5 Lot 4 0.01 0.0158 0.0067 U
OCTF-5 1 1 Lot 4 0.0067 U 0.0118 0.0067 U
OCTF-6 0.5 0.5 Lot 4 0.0499 0.0429 0.0932
OCTF-6 1 1 Lot 4 0.0267 0.0686 0.0215
OCTF-7 0.5 0.5 Lot 4 0.0067 U 0.226 0.0238
OCTF-7 1 1 Lot 4 0.131 2.99 0.67 U
OCTF-8 0.5 0.5 Lot 4 0.0283 0.0454 0.0941
OCTF-8 1 1 Lot 4 0.0067 U 0.0163 0.0371
OCTF-9 0.5 0.5 Lot 4 6.29 0.0474 0.0213 0.0367
OCTF-9 1 1 Lot 4 10 0.0774 0.0354 0.0482
PD100-B 0 0 Unknown

PD31&32B 0 0 Unknown
PD31&32S 0 0 Unknown
PD41-BE 0 0 Unknown
PD41-BW 0 0 Unknown
PD41-SE 0 0 Unknown
PD41-SW 0 0 Unknown
PD72-BE 0 0 Unknown
PD72-BW 0 0 Unknown
PD72-SE 0 0 Unknown
PD72-SW 0 0 Unknown
PD97-B 0 0 Unknown
PD97-S 0 0 Unknown

PS-1 0 0.5 Unknown 1.1 1.6 40
PS-1 0 1 Unknown 3 5.4 250
PS-2 0 0.5 Unknown 45 24 2000
PS-2 0 1 Unknown 9.9 19 380
RB-1 0.33 0.72 Riverbank 0.096 0.1 0.59 0.005 U 0.005 U
RB-1 0 0.33 Riverbank 0.066 0.073 0.32 0.005 U 0.005 U

RB-10 0 0.5 Riverbank 17 0.53 J 3.5 120
RB-11 0 0.5 Riverbank 21.3 0.5 J 2.7 52
RB-12 0 0.5 Riverbank 19.5 0.77 J 2.9 7.1
RB-2 0.33 0.75 Riverbank 0.36 0.31 1.3 0.005 U 0.005 U
RB-2 0 0.33 Riverbank 0.1 0.13 0.7 0.005 U 0.005 U
RB-3 0.33 1 Riverbank 0.075 0.11 2 0.005 U 0.008
RB-3 0 0.33 Riverbank 0.084 J 0.15 J 2.4 J 0.005 U 0.005 U
RB-4 0.33 1.1 Riverbank 0.018 0.028 2.6 0.005 U 0.005 U
RB-4 0 0.33 Riverbank 0.01 U 0.034 0.41 0.005 U 0.005 U
RB-5 0.33 0.82 Riverbank 0.01 U 0.058 0.064 0.005 U 0.005 U
RB-5 0 0.33 Riverbank 0.01 U 0.023 0.034 0.005 U 0.005 U
RB-6 0.33 1.9 Riverbank 0.028 0.071 0.36 0.005 U 0.005 U
RB-6 0 0.33 Riverbank 0.026 J 0.011 J 0.064 0.005 U 0.005 U
RB-7 0 0.5 Riverbank 20.4 T 0.094 0.81 2.3
RB-8 0 0.5 Riverbank 40.7 1.7 2.4 21
RB-9 0 0.5 Riverbank 19.2 1.1 J 1.6 95

RBC-1 0 0.5 Riverbank 4.3 810 0.0085 0.093 0.31 0.0000133 JA
RBC-10 0 0.5 Riverbank 63 19 0.049 U 0.45 2.2 0.0000387 JA

RBC-10-01 0 0.5 Riverbank 0.043 U 0.025 J
RBC-10-03 1.5 2 Riverbank 6.8 16 0.022 U 0.24 0.75 0.00000225 JA

RBC-11 0 0.5 Riverbank 9.3 150 0.65 1 10 0.000235 JA
RBC-11-03 1.5 2 Riverbank 8.1 57 0.11 U 0.27 2.6 0.0000243 JA

RBC-12 0 0.5 Riverbank 4.2 17 0.011 0.11 0.15 0.000109 JA
RBC-13 0 0.5 Riverbank 3.9 16 0.0041 J 0.053 J 0.061 J 0.0000373 JA

RBC-13-01 1.5 2 Riverbank 2.1 14 0.00073 U 0.006 0.025 0.0000049 JA
RBC-2 0 0.5 Riverbank 4.5 410 0.0037 0.028 0.1 0.0000098 JA

RBC-2-03 1.5 2 Riverbank 3.3 31 0.00046 U 0.0033 0.014 0.000000556 A
RBC-3 0 0.5 Riverbank 5.1 71 0.69 3.5 9.2 J 0.000263 JA
RBC-4 0 0.5 Riverbank 5.7 170 0.0068 0.026 0.13 0.00000548 JA

RBC-4-02 0 0.5 Riverbank 0.051 U 0.032 U
RBC-5 0 0.5 Riverbank 4 21 0.0073 U 0.032 0.26 J 0.0000549 JA
RBC-6 0 0.5 Riverbank 4 19 0.015 0.08 0.19 0.00000825 JA

RBC-6-03 0 0.5 Riverbank 0.044 U 0.027 U
RBC-6-03 1.5 2 Riverbank 2.1 17 0.00048 U 0.013 J 0.01 0.0000013 JA

RBC-7 0 0.5 Riverbank 14 27 0.031 J 0.63 J 1.2 J 0.000101 JA
RBC-7-01 0 0.5 Riverbank 0.0013 0.0083 0.043
RBC-7-02 0 0.5 Riverbank 0.026 U 0.34 0.61
RBC-7-03 0 0.5 Riverbank 0.02 0.14 0.54
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RBC-7-04 0 0.5 Riverbank 0.11 1.8 3.6
RBC-7-05 0 0.5 Riverbank 0.026 U 0.88 1.1

RBC-8 0 0.5 Riverbank 70 24 0.053 U 0.5 1.5 0.00006 JA
RBC-9 0 0.5 Riverbank 13 51 0.074 U 0.82 2.4 0.000142 JA

RP-SB01 15 15 Lot 4 10000 U 10000 U 63000 2.1
RP-SB01 2.7 2.7 Lot 4 2000 U 2000 U 24000 0.27 J
RP-SB01 4 4 Lot 4 2000 U 2000 U 24000 0.48
RP-SB01 8.5 8.5 Lot 4 20000 U 20000 U 150000 2.3
RP-SB03 3.5 3.5 Lot 4 2 U 2 U 29 0.01 J
RP-SB09 4.3 4.3 Lot 4 0.1 U 0.1 U 0.39 0.01
RP-SB11 3 3 Lot 4 5000 U 5000 U 35000 0.02 J
RP-SB14 5.6 5.6 Lot 4 500 U 500 U 5400 0.63
RP-SB15 10.6 10.6 Lot 4 20 U 20 U 400 200
RP-SB15 11.6 11.6 Lot 4 0.1 U 0.1 U 0.87 0 U
RP-SB16 15 15 Lot 4 1.9 U 1.9 U 24 0.49 0.014 U
RP-SB17 15 15 Lot 4 200 U 200 U 2100 0.64 0.067
RP-SB18 10 10 Lot 4 690 83 21000 43000 2000 U
RP-SB19 15 15 Lot 4 0.37 U 0.37 U 1.8
RP-SB20 15 15 Lot 4 0.74 U 0.74 U 3.9
RP-SB23 5 5 Lot 4 0.18 U 0.18 U 1.5
RP-SB27 2 2 Lot 3 1.1 U 1.1 U 11
RP-SB28 10 10 Lot 3 0.11 U 0.15 1.3
RP-SB29 5 5 Lot 4 0.1 U 0.1 U 0.54 U
RP-SB30 5 5 Lot 4 0.71 U 0.71 U 8.7
RP-SB31 14 14 Lot 4 110 U 110 U 750
RP-SB37 10 10 Lot 4 0.11 U 0.11 U 1.7 U

S-1 0.4166667 0.6666667 Unknown 0.013 5.2 0.89
S-1 1.166667 1.416667 Unknown 0.014 2.7 1.3
S-2 0 0.3333333 Lot 4 0.013 J 0.086 0.33
S-3 0 0.3333333 Lot 4 0.054 J 0.15 J 1.8
S-4 0 0.3333333 Lot 4 0.049 J 0.12 1.3
S-5 0 0.3333333 Riverbank 0.16 0.39 2

SS1-1 0 1 Lot 1 6.62 113 0.103 0.219 0.595
SS1-2 0 1 Lot 1 5.31 34.1 0.065 0.11 1.98 J
SS1-3 0 1 Lot 1 16.2 35.6 6.21 2.7 138
SS1-4 0 1 Lot 1 76.1 35.1 0.925 J 1.24 J 11.4
SS1-5 0 1 Lot 1 18.6 32.2 0.113 0.329 2.79
SS2-1 0 1 Lot 2 10.9 64 0.122 0.447 5.68
SS2-2 0 1 Lot 2 6.03 195 0.168 0.325 5.84
SS2-3 0 1 Lot 2 9.51 26.5 0.461 0.667 11
SS2-4 0 1 Lot 2 4.74 15.1 0.0716 0.161 1.33
SS2-5 0 1 Lot 2 3.31 16 0.0497 0.0858 0.516
SS2-6 0 1 Lot 2 2.8 13.8 0.0165 U 0.0561 0.396
SS2-7 0 1 Lot 2 5.09 15.6 0.0165 U 0.0258 0.178
US-01 0 0.5 Lot 4 0.42 0.89 6.6
US-01 2.5 4 Lot 4 16 J 8.5 J 1100 J
US-01 2 2.5 Lot 4 38 53 690
US-02 0 0.5 Lot 4 0.113 0.151 1.9
US-02 2 2.5 Lot 4 0.01 U 0.012 0.239
US-03 0 0.5 Lot 4 9 6.6 140
US-03 2 2.5 Lot 4 1.1 3.2 25
VES5 0 0 Unknown 610 J 4 U
VP-10 12 12.5 Lot 4 150 0.76 U
VP-10 8 8.5 Lot 4 860 0.87
VP-11 12 12.5 Lot 4 11 0.78 U
VP-11 8 8.5 Lot 4 550 2.7
VP-12 12 12.5 Lot 4 92 0.72 U
VP-12 8 8.5 Lot 4 500 3.4
VP-13 12 12.5 Lot 4 14 0.76 U
VP-13 8 8.5 Lot 4 0.16 7.5
VP-14 12 12.5 Lot 4 230 0.067 U
VP-14 8 8.5 Lot 4 110 0.069 U
VP-15 12 12.5 Lot 4 9.6 0.067 U
VP-15 8 8.5 Lot 4 700 6.6 U
VP-16 12 12.5 Lot 4 180 0.17
VP-16 8 8.5 Lot 4 5290 0.67 U
VP-1 7.5 8 Lot 4 930 50 U

VP-17 12 12.5 Lot 4 580 0.2
VP-17 8 8.5 Lot 4 2300 1.4
VP-18 12 12.5 Lot 4 550 0.73 U
VP-18 8 8.5 Lot 4 3900 1.5
VP-19 12 12.5 Lot 4 670 1.5 U
VP-19 8 8.5 Lot 4 7900 6.6 U
VP-20 12 12.5 Lot 4 50 0.35 U
VP-20 8 8.5 Lot 4 22 0.096
VP-21 11.5 12 Lot 4 0.21 J 0.067 U 2 0.15 U
VP-21 14 16 Lot 4 2.6 J
VP-21 6 8 Lot 4 0.37 J
VP-21 7.5 8 Lot 4 170 0.0096 J
VP-22 11.5 12 Lot 4 0.018 0.0067 U 0.15 1.5 U
VP-22 14 16 Lot 4 40
VP-22 7.5 8 Lot 4 140 74 U 1200 0.0068 U
VP-22 8 10 Lot 4 12
VP-23 11.5 12 Lot 4 9.2 7.1 U 55 0.14 U
VP-23 14 16 Lot 4 410
VP-23 7.5 8 Lot 4 670 U 670 U 1700 6.8 U
VP-23 8 10 Lot 4 0.31
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Table A-3
Soil Screening for Construction Workers

Highly Concentrated Human Health Hot Spots
Arkema, Inc. Facility

Portland, Oregon

Location Top Depth Bottom 
Depth Site Area

13 500 83 58 58 4300 9100 0.00015
850 5000 8300 5800 1400 43000 16000 0.015

4,4-DDT Chlorobenzene

RBCs
Hot Spot Screening Values

Tetrachloroethe
ne

mg/kg

TCDD TEQ

mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg

Arsenic Chromium 4,4-DDD 4,4-DDE

VP-24 11.5 12 Lot 4 1.1 0.7 U 9.2 0.0074 U
VP-24 14 16 Lot 4 0.059
VP-24 6 8 Lot 4 0.17 J
VP-24 7.5 8 Lot 4 1.6 0.007 UJ
VP-2 7.5 8 Lot 4 180 0.076
VP-3 7.5 8 Lot 4 5600 25 U
VP-4 7.5 8 Lot 4 4600 25 U
VP-5 7.5 8 Lot 4 1500 25 U
VP-6 7.5 8 Lot 4 13000 49 U
VP-7 7.5 8 Lot 4 0.083 0.005 U
VP-8 7.5 8 Lot 4 5400 50 U
VP-9 12 12.5 Lot 4 570 0.68 U
VP-9 8 8.5 Lot 4 11000 5.6

Notes:
mg/kg - milligrams per kilogram
Bold Indicates that the compound was detected
Bold Detected concentration is between 1 and 10 times the Hot Spot Screening Level Value
Bold Detected concentration is between 10 and 100 times the Hot Spot Screening Level Value
Bold Detected concentration is greater than 100 times the Hot Spot Screening Level Value
ft = Feet
DDT = Dichloro-diphenyl-trichloroethane
DDD = Dichloro-diphenyl-dichloroethane
DDE = Dichloro-diphenyl-chloroethane
DDX = Total of DDD, DDE, and DDT isomers
TCDD TEQ = 2,3,7,8-Tetrachlorodibenzo-p-dioxin Toxicity Equivalence Quotient
1 = Some endpoints are non-carcinogenic

Qualifiers:
A = The analyte is a suspected aldol-condensation product/Total value based on limited number of analytes
J = The analyte was positively identified and is biased low; associated numerical value is the approximate concentration of the analyte in the sample
JA = Estimated Concentration, Analyte Postively Identified.
T = Result derived or selected from more than one reported value.
U = Analyte was not detected
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Table A-5
Soil Screening for Plant Receptor

Highly Concentrated Ecological Hot Spots
Arkema, Inc. Facility

Portland, Oregon

Location Top Depth Bottom Depth Site Area

(ft) (ft)
Plant
Background
B-125 3 5 Lot 2
B-125 8 10 Lot 2
B-126 3 5 Lot 2
B-126 8 10 Lot 2
RB-1 0.33 0.72 Riverbank
RB-1 0 0.33 Riverbank
RB-10 0 0.5 Riverbank 17 63
RB-11 0 0.5 Riverbank 21.3 51.5
RB-12 0 0.5 Riverbank 19.5 56.2
RB-2 0.33 0.75 Riverbank
RB-2 0 0.33 Riverbank
RB-3 0.33 1 Riverbank
RB-3 0 0.33 Riverbank
RB-4 0.33 1.1 Riverbank
RB-4 0 0.33 Riverbank
RB-5 0.33 0.82 Riverbank
RB-5 0 0.33 Riverbank
RB-6 0.33 1.9 Riverbank
RB-6 0 0.33 Riverbank
RB-7 0 0.5 Riverbank 20.4 T 62.8 T
RB-8 0 0.5 Riverbank 40.7 2090
RB-9 0 0.5 Riverbank 19.2 45.7
RBC-1 0 0.5 Riverbank 810 40
RBC-10 0 0.5 Riverbank 19 50
RBC-10-01 0 0.5 Riverbank
RBC-10-03 1.5 2 Riverbank 16 9.6
RBC-11 0 0.5 Riverbank 150 130
RBC-11-03 1.5 2 Riverbank 57 110
RBC-12 0 0.5 Riverbank 17 59
RBC-13 0 0.5 Riverbank 16 42
RBC-13-01 1.5 2 Riverbank 14 16
RBC-2 0 0.5 Riverbank 410 39
RBC-2-03 1.5 2 Riverbank 31 7.5
RBC-3 0 0.5 Riverbank 71 120
RBC-4 0 0.5 Riverbank 170 19
RBC-4-02 0 0.5 Riverbank
RBC-5 0 0.5 Riverbank 21 37 J
RBC-6 0 0.5 Riverbank 19 20
RBC-6-03 0 0.5 Riverbank
RBC-6-03 1.5 2 Riverbank 17 23
RBC-7 0 0.5 Riverbank 27 77
RBC-7-01 0 0.5 Riverbank
RBC-7-02 0 0.5 Riverbank
RBC-7-03 0 0.5 Riverbank
RBC-7-04 0 0.5 Riverbank
RBC-7-05 0 0.5 Riverbank
RBC-8 0 0.5 Riverbank 24 100
RBC-9 0 0.5 Riverbank 51 110
S-5 0 0.33 Riverbank
SS1-1 0 1 Lot 1 113 34.8
SS1-2 0 1 Lot 1 34.1 28.8
SS1-3 0 1 Lot 1 35.6 41.5
SS1-4 0 1 Lot 1 35.1 56.3
SS1-5 0 1 Lot 1 32.2 30.4
SS2-1 0 1 Lot 2 64 30.5
SS2-2 0 1 Lot 2 195 34.9
SS2-3 0 1 Lot 2 26.5 31.9
SS2-4 0 1 Lot 2 15.1 13.3
SS2-5 0 1 Lot 2 16 11.6
SS2-6 0 1 Lot 2 13.8 27.8
SS2-7 0 1 Lot 2 15.6 22.2

Notes:
mg/kg - milligrams per kilogram
Bold Indicates that the compound was detected
Bold Detected concentration is between 1 and 10 times the Hot Spot Screening Level 
Bold Detected concentration is between 10 and 100 times the Hot Spot Screening Lev  
Bold Detected concentration is greater than 100 times the Hot Spot Screening Level V
ft = Feet
DDT = Dichloro-diphenyl-trichloroethane
DDD = Dichloro-diphenyl-dichloroethane
DDE = Dichloro-diphenyl-chloroethane
DDX = Total of DDD, DDE, and DDT isomers

Qualifiers:
A = The analyte is a suspected aldol-condensation product/Total value based on limited numb   
J = The analyte was positively identified and is biased low; associated numerical value is the a        
JA = Estimated Concentration, Analyte Postively Identified.
T = Result derived or selected from more than one reported value.
U = Analyte was not detected

mg/kg mg/kg

Chromium Lead

76 79
10 1200
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Table A-6
Soil Screening for Bird Receptor

Highly Concentrated Ecological Hot Spots
Arkema, Inc. Facility

Portland, Oregon

Location Top Depth Bottom Depth Site Area

(ft) (ft)
Bird
Background
B-125 3 5 Lot 2 0.502 A
B-125 8 10 Lot 2 1.12 A
B-126 3 5 Lot 2 5.46 A
B-126 8 10 Lot 2 0.0271 JA
RB-1 0.33 0.72 Riverbank 0.786 T
RB-1 0 0.33 Riverbank 0.459 T
RB-10 0 0.5 Riverbank 17 63 124 JT
RB-11 0 0.5 Riverbank 21.3 51.5 55.2 JT
RB-12 0 0.5 Riverbank 19.5 56.2 10.8 JT
RB-2 0.33 0.75 Riverbank 1.97 T
RB-2 0 0.33 Riverbank 0.93 T
RB-3 0.33 1 Riverbank 2.19 T
RB-3 0 0.33 Riverbank 2.63 JT
RB-4 0.33 1.1 Riverbank 2.65 T
RB-4 0 0.33 Riverbank 0.444 T
RB-5 0.33 0.82 Riverbank 0.122 T
RB-5 0 0.33 Riverbank 0.057 T
RB-6 0.33 1.9 Riverbank 0.459 T
RB-6 0 0.33 Riverbank 0.101 JT
RB-7 0 0.5 Riverbank 20.4 T 62.8 T 3.2 T
RB-8 0 0.5 Riverbank 40.7 2090 25.1 T
RB-9 0 0.5 Riverbank 19.2 45.7 97.7 JT
RBC-1 0 0.5 Riverbank 810 40 0.473 T
RBC-10 0 0.5 Riverbank 19 50 3.1 T
RBC-10-01 0 0.5 Riverbank
RBC-10-03 1.5 2 Riverbank 16 9.6 1.16 T
RBC-11 0 0.5 Riverbank 150 130 13.9 JT
RBC-11-03 1.5 2 Riverbank 57 110 3.54 T
RBC-12 0 0.5 Riverbank 17 59 0.328 JT
RBC-13 0 0.5 Riverbank 16 42 0.145 JT
RBC-13-01 1.5 2 Riverbank 14 16 0.0358 T
RBC-2 0 0.5 Riverbank 410 39 0.153 T
RBC-2-03 1.5 2 Riverbank 31 7.5 0.0193 T
RBC-3 0 0.5 Riverbank 71 120 15.6 JT
RBC-4 0 0.5 Riverbank 170 19 0.207 JT
RBC-4-02 0 0.5 Riverbank
RBC-5 0 0.5 Riverbank 21 37 J 0.33 JT
RBC-6 0 0.5 Riverbank 19 20 0.352 JT
RBC-6-03 0 0.5 Riverbank
RBC-6-03 1.5 2 Riverbank 17 23 0.0289 JT
RBC-7 0 0.5 Riverbank 27 77 2.1 JT
RBC-7-01 0 0.5 Riverbank
RBC-7-02 0 0.5 Riverbank
RBC-7-03 0 0.5 Riverbank
RBC-7-04 0 0.5 Riverbank
RBC-7-05 0 0.5 Riverbank
RBC-8 0 0.5 Riverbank 24 100 2.32 T
RBC-9 0 0.5 Riverbank 51 110 3.7 T
S-5 0 0.33 Riverbank 2.55 A
SS1-1 0 1 Lot 1 113 34.8 0.917 A
SS1-2 0 1 Lot 1 34.1 28.8 2.16 JA
SS1-3 0 1 Lot 1 35.6 41.5 147 A
SS1-4 0 1 Lot 1 35.1 56.3 13.5 JA
SS1-5 0 1 Lot 1 32.2 30.4 3.23 A
SS2-1 0 1 Lot 2 64 30.5 6.25 A
SS2-2 0 1 Lot 2 195 34.9 6.33 A
SS2-3 0 1 Lot 2 26.5 31.9 12.1 A
SS2-4 0 1 Lot 2 15.1 13.3 1.56 A
SS2-5 0 1 Lot 2 16 11.6 0.652 A
SS2-6 0 1 Lot 2 13.8 27.8 0.452 A
SS2-7 0 1 Lot 2 15.6 22.2 0.204 A

Notes:
mg/kg - milligrams per kilogram
Bold Indicates that the compound was detected
Bold Detected concentration is between 1 and 10 times the Hot Spot Screening Level Value
Bold Detected concentration is between 10 and 100 times the Hot Spot Screening Level Value
Bold Detected concentration is greater than 100 times the Hot Spot Screening Level Value
ft = Feet
DDT = Dichloro-diphenyl-trichloroethane
DDD = Dichloro-diphenyl-dichloroethane
DDE = Dichloro-diphenyl-chloroethane
DDX = Total of DDD, DDE, and DDT isomers

Qualifiers:

JA = Estimated Concentration, Analyte Postively Identified.
T = Result derived or selected from more than one reported value.
U = Analyte was not detected

Chromium Lead DDX

J = The analyte was positively identified and is biased low; associated numerical value is the approximate 
concentration of the analyte in the sample

A = The analyte is a suspected aldol-condensation product/Total value based on limited number of analytes

260 110 0.93
76 79
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Table A-7
Soil Screening for Mammal Receptor

Highly Concentrated Ecological Hot Spots
Arkema, Inc. Facility

Portland, Oregon

Location Top Depth Bottom Depth Site Area

(ft) (ft)
Mammal
Background
B-125 3 5 Lot 2 0.502 A
B-125 8 10 Lot 2 1.12 A
B-126 3 5 Lot 2 5.46 A
B-126 8 10 Lot 2 0.0271 JA
RB-1 0.33 0.72 Riverbank 0.786 T
RB-1 0 0.33 Riverbank 0.459 T
RB-10 0 0.5 Riverbank 17 63 124 JT
RB-11 0 0.5 Riverbank 21.3 51.5 55.2 JT
RB-12 0 0.5 Riverbank 19.5 56.2 10.8 JT
RB-2 0.33 0.75 Riverbank 1.97 T
RB-2 0 0.33 Riverbank 0.93 T
RB-3 0.33 1 Riverbank 2.19 T
RB-3 0 0.33 Riverbank 2.63 JT
RB-4 0.33 1.1 Riverbank 2.65 T
RB-4 0 0.33 Riverbank 0.444 T
RB-5 0.33 0.82 Riverbank 0.122 T
RB-5 0 0.33 Riverbank 0.057 T
RB-6 0.33 1.9 Riverbank 0.459 T
RB-6 0 0.33 Riverbank 0.101 JT
RB-7 0 0.5 Riverbank 20.4 T 62.8 T 3.2 T
RB-8 0 0.5 Riverbank 40.7 2090 25.1 T
RB-9 0 0.5 Riverbank 19.2 45.7 97.7 JT
RBC-1 0 0.5 Riverbank 810 40 0.473 T
RBC-10 0 0.5 Riverbank 19 50 3.1 T
RBC-10-01 0 0.5 Riverbank
RBC-10-03 1.5 2 Riverbank 16 9.6 1.16 T
RBC-11 0 0.5 Riverbank 150 130 13.9 JT
RBC-11-03 1.5 2 Riverbank 57 110 3.54 T
RBC-12 0 0.5 Riverbank 17 59 0.328 JT
RBC-13 0 0.5 Riverbank 16 42 0.145 JT
RBC-13-01 1.5 2 Riverbank 14 16 0.0358 T
RBC-2 0 0.5 Riverbank 410 39 0.153 T
RBC-2-03 1.5 2 Riverbank 31 7.5 0.0193 T
RBC-3 0 0.5 Riverbank 71 120 15.6 JT
RBC-4 0 0.5 Riverbank 170 19 0.207 JT
RBC-4-02 0 0.5 Riverbank
RBC-5 0 0.5 Riverbank 21 37 J 0.33 JT
RBC-6 0 0.5 Riverbank 19 20 0.352 JT
RBC-6-03 0 0.5 Riverbank
RBC-6-03 1.5 2 Riverbank 17 23 0.0289 JT
RBC-7 0 0.5 Riverbank 27 77 2.1 JT
RBC-7-01 0 0.5 Riverbank
RBC-7-02 0 0.5 Riverbank
RBC-7-03 0 0.5 Riverbank
RBC-7-04 0 0.5 Riverbank
RBC-7-05 0 0.5 Riverbank
RBC-8 0 0.5 Riverbank 24 100 2.32 T
RBC-9 0 0.5 Riverbank 51 110 3.7 T
S-5 0 0.33 Riverbank 2.55 A
SS1-1 0 1 Lot 1 113 34.8 0.917 A
SS1-2 0 1 Lot 1 34.1 28.8 2.16 JA
SS1-3 0 1 Lot 1 35.6 41.5 147 A
SS1-4 0 1 Lot 1 35.1 56.3 13.5 JA
SS1-5 0 1 Lot 1 32.2 30.4 3.23 A
SS2-1 0 1 Lot 2 64 30.5 6.25 A
SS2-2 0 1 Lot 2 195 34.9 6.33 A
SS2-3 0 1 Lot 2 26.5 31.9 12.1 A
SS2-4 0 1 Lot 2 15.1 13.3 1.56 A
SS2-5 0 1 Lot 2 16 11.6 0.652 A
SS2-6 0 1 Lot 2 13.8 27.8 0.452 A
SS2-7 0 1 Lot 2 15.6 22.2 0.204 A

Notes:
mg/kg - milligrams per kilogram
Bold Indicates that the compound was detected
Bold Detected concentration is between 1 and 10 times the Hot Spot Screening Level Value
Bold Detected concentration is between 10 and 100 times the Hot Spot Screening Level Value
Bold Detected concentration is greater than 100 times the Hot Spot Screening Level Value
ft = Feet
DDT = Dichloro-diphenyl-trichloroethane
DDD = Dichloro-diphenyl-dichloroethane
DDE = Dichloro-diphenyl-chloroethane
DDX = Total of DDD, DDE, and DDT isomers

Qualifiers:

JA = Estimated Concentration, Analyte Postively Identified.
T = Result derived or selected from more than one reported value.
U = Analyte was not detected

mg/kg

Chromium Lead DDX

mg/kg mg/kg

A = The analyte is a suspected aldol-condensation product/Total value based on limited number of analytes

J = The analyte was positively identified and is biased low; associated numerical value is the approximate 
concentration of the analyte in the sample

340 560 0.21
76 79
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Table A-8
Soil Screening for Invertebrate Receptor

Highly Concentrated Ecological Hot Spots
Arkema, Inc. Facility

Portland, Oregon

Location Top Depth Bottom Depth Site Area

(ft) (ft)
Invertebrate
Background
B-125 3 5 Lot 2
B-125 8 10 Lot 2
B-126 3 5 Lot 2
B-126 8 10 Lot 2
RB-1 0.33 0.72 Riverbank
RB-1 0 0.33 Riverbank
RB-10 0 0.5 Riverbank 17
RB-11 0 0.5 Riverbank 21.3
RB-12 0 0.5 Riverbank 19.5
RB-2 0.33 0.75 Riverbank
RB-2 0 0.33 Riverbank
RB-3 0.33 1 Riverbank
RB-3 0 0.33 Riverbank
RB-4 0.33 1.1 Riverbank
RB-4 0 0.33 Riverbank
RB-5 0.33 0.82 Riverbank
RB-5 0 0.33 Riverbank
RB-6 0.33 1.9 Riverbank
RB-6 0 0.33 Riverbank
RB-7 0 0.5 Riverbank 20.4 T
RB-8 0 0.5 Riverbank 40.7
RB-9 0 0.5 Riverbank 19.2
RBC-1 0 0.5 Riverbank 810
RBC-10 0 0.5 Riverbank 19
RBC-10-01 0 0.5 Riverbank
RBC-10-03 1.5 2 Riverbank 16
RBC-11 0 0.5 Riverbank 150
RBC-11-03 1.5 2 Riverbank 57
RBC-12 0 0.5 Riverbank 17
RBC-13 0 0.5 Riverbank 16
RBC-13-01 1.5 2 Riverbank 14
RBC-2 0 0.5 Riverbank 410
RBC-2-03 1.5 2 Riverbank 31
RBC-3 0 0.5 Riverbank 71
RBC-4 0 0.5 Riverbank 170
RBC-4-02 0 0.5 Riverbank
RBC-5 0 0.5 Riverbank 21
RBC-6 0 0.5 Riverbank 19
RBC-6-03 0 0.5 Riverbank
RBC-6-03 1.5 2 Riverbank 17
RBC-7 0 0.5 Riverbank 27
RBC-7-01 0 0.5 Riverbank
RBC-7-02 0 0.5 Riverbank
RBC-7-03 0 0.5 Riverbank
RBC-7-04 0 0.5 Riverbank
RBC-7-05 0 0.5 Riverbank
RBC-8 0 0.5 Riverbank 24
RBC-9 0 0.5 Riverbank 51
S-5 0 0.33 Riverbank
SS1-1 0 1 Lot 1 113
SS1-2 0 1 Lot 1 34.1
SS1-3 0 1 Lot 1 35.6
SS1-4 0 1 Lot 1 35.1
SS1-5 0 1 Lot 1 32.2
SS2-1 0 1 Lot 2 64
SS2-2 0 1 Lot 2 195
SS2-3 0 1 Lot 2 26.5
SS2-4 0 1 Lot 2 15.1
SS2-5 0 1 Lot 2 16
SS2-6 0 1 Lot 2 13.8
SS2-7 0 1 Lot 2 15.6

Notes:
mg/kg - milligrams per kilogram
Bold Indicates that the compound was detected
Bold Detected concentration is between 1 and 10 times the Hot Spot Screening Level Value
Bold Detected concentration is between 10 and 100 times the Hot Spot Screening Level Value
Bold Detected concentration is greater than 100 times the Hot Spot Screening Level Value
ft = Feet

Qualifiers:
A = The analyte is a suspected aldol-condensation product/Total value based on limited number of analytes

JA = Estimated Concentration, Analyte Postively Identified.
T = Result derived or selected from more than one reported value.
U = Analyte was not detected

Chromium

mg/kg
4

76

J = The analyte was positively identified and is biased low; associated numerical value is the approximate 
concentration of the analyte in the sample



Table A-9
Groundwater Hot Spot Screening

Hot Spot Evaluation Update
Arkema Portland Facility

Portland, Oregon

Compound Units Chronic Water 
Quality Criteria

Metals
Aluminum mg/l --
Arsenic mg/l 0.19 < 0.0121 U 0.353 0.0523 < 0.0100 U 0.0324 T < 0.0139 U < 0.0100 U < 0.0100 U < 0.0125 U < 0.0100 U 0.0568 J < 0.0100 U 1.15 0.0299 J 2.03 0.217 < 0.0100 U < 0.0100 U 0.439 < 0.0100 U < 0.00664 U 0.0412 J < 0.0100 U 0.0643 0.0464 J 0.0909 0.0882 0.147 0.142 0.0984 < 0.0100 U < 0.0100 U 0.132 < 0.0100 U 0.0939 J
Cadmium mg/l 0.0001
Chromium mg/l 0.0238 < 0.0100 U < 0.0100 U < 0.0015 U < 0.00167 U < 0.00560 U 0.00136 J 0.00528 J 0.0639 0.00285 JT < 0.0518 U < 0.0100 U 0.0511 0.157 < 0.00327 U 0.0805 < 0.0100 U < 0.00172 U < 0.00121 UT 0.388 0.0534 0.0329 0.0127 0.0134 0.0829 0.107 6.36 2.44 T < 0.0100 U < 0.0100 U 0.0143 < 0.0100 U 0.00436 J
Copper mg/l 0.012
Iron mg/l 1 18.8 0.878 2.07 21.5 27.8 0.201 3.72 1.19 1.38 0.00483 J 7.32 1.24 1.66 2.56 1.37 0.522 1.29 0.805 T 1.05 0.112 2.33 < 0.100 U 2.28
Lead mg/l 0.001
Manganese mg/l -- 2.43 < 0.00966 U 1.3 0.744 3.02 1.8 J 2.94 0.0718 2.11 0.811 T 0.886 98.3 1.06 0.12 J 0.0204 0.942 0.328 0.093 0.0786 T 0.00662 J 0.263 J < 0.0200 U 0.388 J
Nickel mg/l 0.02
Zinc mg/l 0.04
Chromium, VI µg/l 11 600 J 40 J 2.6 J 1600 J 340 J 500 J 71 JT 103 4.7 J 86 J 1100 J 110 300 J < 6 UJ < 20 UJ 1100 J 9300 J 210 J 14 J 32.6 248 430 J 3920 2120 T 4.2 J 3.1 J 42 J < 0.6 U 7.4
VOCs
1,1,1,2-Tetrachloroethane µg/l 9320 < 50.0 U < 0.500 U < 0.500 U < 0.500 U < 0.0900 U < 0.500 U < 0.500 U < 25.0 U < 0.500 U < 0.500 U < 10.0 U < 0.900 U < 100 U < 5.00 U < 5.00 U < 0.0900 U < 0.500 U < 0.500 U < 0.500 U < 10.0 U < 0.500 U < 0.500 U
1,1,1-Trichloroethane µg/l 21900 < 50.0 U < 0.500 U < 0.500 U < 0.500 U < 0.120 U 3.08 < 0.500 U < 25.0 U < 0.500 U < 0.500 U < 10.0 U < 1.20 U < 100 U < 5.00 U < 5.00 U < 0.120 U < 0.500 U < 0.500 U < 0.500 U < 10.0 U < 0.500 U < 0.500 U
1,1,2,2-Tetrachloroethane µg/l 2400 < 50.0 U < 0.500 U < 0.500 U < 0.500 U < 0.0800 U < 0.500 U < 0.500 U < 25.0 U < 0.500 U < 0.500 U < 10.0 U < 0.800 U < 100 U < 5.00 U < 5.00 U < 0.0800 U < 0.500 U < 0.500 U < 0.500 U < 10.0 U < 0.500 U < 0.500 U
1,1,2-Trichloroethane µg/l 9400 < 50.0 U < 0.500 U < 0.500 U < 0.500 U < 0.130 U < 0.500 U < 0.500 U < 25.0 U < 0.500 U < 0.500 U < 10.0 U < 1.30 U < 100 U < 5.00 U < 5.00 U 0.14 J < 0.500 U < 0.500 U < 0.500 U < 10.0 U < 0.500 U < 0.500 U
1,1-Dichloroethane µg/l -- < 50.0 U < 0.500 U < 0.500 U 0.27 J 1.27 T 0.25 J 0.76 J < 25.0 U < 0.500 U 0.67 < 10.0 U < 0.800 U < 100 U 1.4 J 1.6 J 0.5 J < 0.500 U 0.12 J 0.52 J < 10.0 U 0.34 J < 0.500 U
1,1-Dichloroethene µg/l -- < 50.0 U < 0.500 U < 0.500 U < 0.500 U 0.935 T < 0.500 U < 0.500 U < 25.0 U < 0.500 U < 0.500 U < 10.0 U < 1.20 U < 100 U < 5.00 U < 5.00 U < 0.120 U < 0.500 U < 0.500 U < 0.500 U < 10.0 U < 0.500 U < 0.500 U
1,1-Dichloropropene µg/l -- < 50.0 U < 0.500 U < 0.500 U < 0.500 U < 0.0800 U < 0.500 U < 0.500 U < 25.0 U < 0.500 U < 0.500 U < 10.0 U < 0.800 U < 100 U < 5.00 U < 5.00 U < 0.0800 U < 0.500 U < 0.500 U < 0.500 U < 10.0 U < 0.500 U < 0.500 U
1,2,3-Trichlorobenzene µg/l -- < 100 U < 1.00 U < 1.00 U < 1.00 U < 0.100 U < 1.00 U < 1.00 U < 50.0 U < 1.00 U < 1.00 U < 20.0 U < 1.00 U < 200 U < 10.0 U < 10.0 U < 0.100 U < 1.00 U < 1.00 U < 1.00 U < 20.0 U < 1.00 U < 1.00 U
1,2,3-Trichloropropane µg/l -- < 50.0 U < 0.500 U < 0.500 U < 0.500 U < 0.130 U < 0.500 U < 0.500 U < 25.0 U < 0.500 U < 0.500 U < 10.0 U < 1.30 U < 100 U < 5.00 U < 5.00 U < 0.130 U < 0.500 U < 0.500 U < 0.500 U < 10.0 U < 0.500 U < 0.500 U
1,2,4-Trichlorobenzene µg/l -- < 100 U < 1.00 U < 1.00 U < 1.00 U < 0.110 U < 1.00 U < 1.00 U < 50.0 U < 1.00 U < 1.00 U < 20.0 U < 1.10 U < 200 U < 10.0 U < 10.0 U < 0.110 U < 1.00 U < 1.00 U < 1.00 U < 20.0 U < 1.00 U < 1.00 U
1,2,4-Trimethylbenzene µg/l -- < 100 U < 1.00 U < 1.00 U < 1.00 U < 0.0800 U < 1.00 U < 1.00 U < 50.0 U < 1.00 U < 1.00 U < 20.0 U < 0.800 U < 200 U < 10.0 U < 10.0 U < 0.0800 U 0.09 J < 1.00 U < 1.00 U < 20.0 U < 1.00 U < 1.00 U
1,2-Dibromo-3-chloropropane µg/l -- < 500 U < 5.00 U < 5.00 U < 5.00 U < 2.35 U < 5.00 U < 5.00 U < 250 U < 5.00 U < 5.00 U < 100 U < 23.5 U < 1000 U < 50.0 U < 50.0 U < 2.35 U < 5.00 U < 5.00 U < 5.00 U < 100 U < 5.00 U < 5.00 U
1,2-Dichlorobenzene µg/l 763 < 50.0 U < 0.500 U < 0.500 U < 0.500 U 0.11 JT 0.22 J < 0.500 U 4.5 J < 0.500 U < 0.500 U 1.4 J < 0.700 U < 100 U < 5.00 U < 5.00 U < 0.0700 U < 0.500 U < 0.500 U 0.18 J < 10.0 U 0.12 J < 0.500 U
1,2-Dichloroethane µg/l 20000 < 50.0 U < 0.500 U < 0.500 U < 0.500 U < 0.100 U < 0.500 U < 0.500 U < 25.0 U < 0.500 U < 0.500 U < 10.0 U < 1.00 U < 100 U < 5.00 U < 5.00 U < 0.100 U < 0.500 U < 0.500 U < 0.500 U < 10.0 U < 0.500 U < 0.500 U
1,2-Dichloropropane µg/l 5700 < 50.0 U < 0.500 U < 0.500 U < 0.500 U < 0.110 U < 0.500 U < 0.500 U < 25.0 U < 0.500 U < 0.500 U < 10.0 U < 1.10 U < 100 U < 5.00 U < 5.00 U < 0.110 U < 0.500 U < 0.500 U < 0.500 U < 10.0 U < 0.500 U < 0.500 U
1,3,5-Trimethylbenzene µg/l -- < 100 U < 1.00 U < 1.00 U < 1.00 U < 0.0700 U < 1.00 U < 1.00 U < 50.0 U < 1.00 U < 1.00 U < 20.0 U < 0.700 U < 200 U < 10.0 U < 10.0 U < 0.0700 U < 1.00 U < 1.00 U < 1.00 U < 20.0 U < 1.00 U < 1.00 U
1,3-Dichlorobenzene µg/l 763 7 J < 0.500 U < 0.500 U < 0.500 U < 0.0600 U < 0.500 U < 0.500 U < 25.0 U < 0.500 U < 0.500 U < 10.0 U < 0.600 U < 100 U < 5.00 U < 5.00 U < 0.0600 U < 0.500 U < 0.500 U < 0.500 U < 10.0 U < 0.500 U < 0.500 U
1,3-Dichloropropane µg/l -- < 50.0 U < 0.500 U < 0.500 U < 0.500 U < 0.140 U < 0.500 U < 0.500 U < 25.0 U < 0.500 U < 0.500 U < 10.0 U < 1.40 U < 100 U < 5.00 U < 5.00 U < 0.140 U < 0.500 U < 0.500 U < 0.500 U < 10.0 U < 0.500 U < 0.500 U
1,4-Dichlorobenzene µg/l 763 < 50.0 U < 0.500 U < 0.500 U < 0.500 U < 0.120 U < 0.500 U < 0.500 U 12 J < 0.500 U < 0.500 U < 10.0 U < 1.20 U < 100 U < 5.00 U < 5.00 U < 0.120 U < 0.500 U < 0.500 U < 0.500 U < 10.0 U 0.66 J < 0.500 U
2,2-Dichloropropane µg/l -- < 50.0 U < 0.500 U < 0.500 U < 0.500 U < 0.0900 U < 0.500 U < 0.500 U < 25.0 U < 0.500 U < 0.500 U < 10.0 U < 0.900 U < 100 U < 5.00 U < 5.00 U < 0.0900 U < 0.500 U < 0.500 U < 0.500 U < 10.0 U < 0.500 U < 0.500 U
2-Butanone µg/l -- < 1000 UJ < 10.0 U < 10.0 U < 10.0 U < 3.50 U < 10.0 U < 10.0 UJ < 500 U < 10.0 U < 10.0 U < 200 U < 35.0 U < 2000 U < 100 U < 100 U < 3.50 U < 10.0 U < 10.0 U < 10.0 U < 200 U < 10.0 U < 10.0 U
2-Hexanone µg/l -- < 1000 U < 10.0 U < 10.0 U < 10.0 U < 3.62 U < 10.0 U < 10.0 U < 500 U < 10.0 U < 10.0 U < 200 U < 36.2 U < 2000 U < 100 U < 100 U < 3.62 U < 10.0 U < 10.0 U < 10.0 U < 200 U < 10.0 U < 10.0 U
2-Phenylbutane µg/l -- < 100 U < 1.00 U < 1.00 U < 1.00 U < 0.0800 U < 1.00 U < 1.00 U < 50.0 U < 1.00 U < 1.00 U < 20.0 U < 0.800 U < 200 U < 10.0 U < 10.0 U < 0.0800 U < 1.00 U < 1.00 U < 1.00 U < 20.0 U < 1.00 U < 1.00 U
4-Chlorotoluene µg/l -- < 100 U < 1.00 U < 1.00 U < 1.00 U < 0.110 U < 1.00 U < 1.00 U < 50.0 U < 1.00 U < 1.00 U < 20.0 U < 1.10 U < 200 U < 10.0 U < 10.0 U < 0.110 U < 1.00 U < 1.00 U < 1.00 U < 20.0 U < 1.00 U < 1.00 U
4-Methyl-2-pentanone µg/l -- < 500 UJ < 5.00 U < 5.00 U < 5.00 U < 0.290 U < 5.00 U < 5.00 UJ < 250 U < 5.00 U < 5.00 U < 100 U < 2.90 U < 1000 U < 50.0 U < 50.0 U < 0.290 U < 5.00 U < 5.00 U < 5.00 U < 100 U < 5.00 U < 5.00 U
Acetone µg/l -- < 2000 UJ < 20.0 U < 20.0 U < 20.0 U < 7.76 U < 20.0 U < 20.0 UJ < 1000 U < 20.0 UJ 19 J < 400 U < 400 U < 4000 U 135 J < 200 U < 7.76 U < 20.0 U < 20.0 U < 20.0 U < 1000 UJ < 20.0 U < 20.0 U
Benzene µg/l -- < 50.0 U 0.1 J < 0.500 U 0.28 J < 0.0900 U < 0.500 U 0.42 J < 25.0 U < 0.500 U 0.14 J < 10.0 U 4 J < 100 U 1.5 J 2 J < 0.0900 U 0.13 J < 0.500 U 0.12 J 11.4 0.11 J < 0.500 U
Bromobenzene µg/l -- < 50.0 U < 0.500 U < 0.500 U < 0.500 U < 0.100 U < 0.500 U < 0.500 U < 25.0 U < 0.500 U < 0.500 U < 10.0 U < 1.00 U < 100 U < 5.00 U < 5.00 U < 0.100 U < 0.500 U < 0.500 U < 0.500 U < 10.0 U < 0.500 U < 0.500 U
Bromodichloromethane µg/l -- < 50.0 U < 0.500 U < 0.500 U < 0.500 U < 0.110 U < 0.500 U < 0.500 U < 25.0 U < 0.500 U < 0.500 U < 10.0 U < 1.10 U < 100 U < 5.00 U < 5.00 U < 0.110 U < 0.500 U < 0.500 U < 0.500 U < 10.0 U < 0.500 U < 0.500 U
Bromoform µg/l -- < 50.0 U < 0.500 U < 0.500 U < 0.500 U < 0.100 U < 0.500 U < 0.500 U < 25.0 U < 0.500 U < 0.500 U < 10.0 U < 1.00 U < 100 U < 5.00 U < 5.00 U < 0.100 U < 0.500 U < 0.500 U < 0.500 U < 10.0 U < 0.500 U < 0.500 U
Carbon disulfide µg/l -- < 100 U < 1.00 U < 1.00 U < 1.00 U < 0.140 U < 1.00 U < 1.00 U < 50.0 U 0.14 J < 1.00 U < 20.0 U < 1.40 U < 200 U 1.5 3.8 J < 0.140 U 0.25 J 0.66 JT 0.73 J < 20.0 U < 1.00 U 0.9 J
Carbon tetrachloride µg/l -- < 50.0 U < 0.500 U < 0.500 U < 0.500 U < 0.0600 U < 0.500 U < 0.500 U < 25.0 U < 0.500 U < 0.500 U < 10.0 U < 0.600 U < 100 U < 5.00 U < 5.00 U 1.61 T < 0.500 U < 0.500 U < 0.500 U < 10.0 U < 0.500 U < 0.500 U
Chlorobenzene µg/l 50 12500 1.92 0.35 J 520 J 0.965 T 23500 90.5 9650 1.33 1.79 18200 1780 26800 538 1.9 J 5.85 J 0.9 0.64 0.47 J 3920 36.4 129
Chlorobromomethane µg/l -- < 50.0 U < 0.500 U < 0.500 U < 0.500 U < 0.180 U < 0.500 U < 0.500 U < 25.0 U < 0.500 U < 0.500 U < 10.0 U < 1.80 U < 100 U < 5.00 U < 5.00 U < 0.180 U < 0.500 U < 0.500 U < 0.500 U < 10.0 U < 0.500 U < 0.500 U
Chloroethane µg/l -- < 50.0 U < 0.500 U < 0.500 U < 0.500 U < 0.110 U 0.51 < 0.500 U 11.5 J < 0.500 U < 0.500 U < 10.0 U < 1.10 U < 100 U < 5.00 U < 5.00 U < 0.110 U < 0.500 U < 0.500 U < 0.500 U < 10.0 U < 0.500 U < 0.500 U
Chloroform µg/l 1240 < 50.0 U < 0.500 U < 0.500 U 2.1 J < 0.0900 U 122 < 0.500 U 162 0.3 J 0.21 J 50 J < 0.900 U 260 < 5.00 U < 5.00 U 42.5 T 4.15 32.2 2.74 J < 10.0 U 1.1 2.11
cis-1,2-Dichloroethene µg/l -- < 50.0 U < 0.500 U < 0.500 U < 0.500 U 0.255 JT < 0.500 U 0.62 J < 25.0 U 1.35 0.82 < 10.0 U < 0.900 U < 100 U 50 < 5.00 U 1.34 J < 0.500 U < 0.500 U < 0.500 U < 10.0 U 5.08 < 0.500 U
cis-1,3-Dichloropropene µg/l 244 < 50.0 U < 0.500 U < 0.500 U < 0.500 U < 0.0900 U < 0.500 U < 0.500 U < 25.0 U < 0.500 U < 0.500 U < 10.0 U < 0.900 U < 100 U < 5.00 U < 5.00 U < 0.0900 U < 0.500 U < 0.500 U < 0.500 U < 10.0 U < 0.500 U < 0.500 U
Cumene µg/l -- < 200 U < 2.00 U < 2.00 U < 2.00 U < 0.0700 U < 2.00 U < 2.00 U < 100 U < 2.00 U < 2.00 U < 40.0 U < 0.700 U < 400 U < 20.0 U < 20.0 U < 0.0700 U < 2.00 U < 2.00 U < 2.00 U < 40.0 U < 2.00 U < 2.00 U
Cymene µg/l -- < 200 U < 2.00 U < 2.00 U < 2.00 U < 0.0600 U < 2.00 U < 2.00 U < 100 U < 2.00 U < 2.00 U < 40.0 U < 0.600 U < 400 U 0.8 J < 20.0 U < 0.0600 U < 2.00 U < 2.00 U < 2.00 U < 40.0 U < 2.00 U < 2.00 U
Dibromochloromethane µg/l -- < 50.0 U < 0.500 U < 0.500 U < 0.500 U < 0.0700 U < 0.500 U < 0.500 U < 25.0 U < 0.500 U < 0.500 U < 10.0 U < 0.700 U < 100 U < 5.00 U < 5.00 U < 0.0700 U < 0.500 U < 0.500 U < 0.500 U < 10.0 U < 0.500 U < 0.500 U
Dibromomethane µg/l -- < 50.0 U < 0.500 U < 0.500 U < 0.500 U < 0.100 U < 0.500 U < 0.500 U < 25.0 U < 0.500 U < 0.500 U < 10.0 U < 1.00 U < 100 U < 5.00 U < 5.00 U < 0.100 U < 0.500 U < 0.500 U < 0.500 U < 10.0 U < 0.500 U < 0.500 U
Ethylbenzene µg/l -- < 50.0 U < 0.500 U < 0.500 U < 0.500 U < 0.0600 U < 0.500 U < 0.500 U < 25.0 U < 0.500 U < 0.500 U < 10.0 U < 0.600 U < 100 U < 5.00 U < 5.00 U < 0.0600 U < 0.500 U < 0.500 U < 0.500 U < 10.0 U < 0.500 U < 0.500 U
Ethylene dibromide µg/l -- < 50.0 U < 0.500 U < 0.500 U < 0.500 U < 0.110 U < 0.500 U < 0.500 U < 25.0 U < 0.500 U < 0.500 U < 10.0 U < 1.10 U < 100 U < 5.00 U < 5.00 U < 0.110 U < 0.500 U < 0.500 U < 0.500 U < 10.0 U < 0.500 U < 0.500 U
Freon 11 µg/l -- < 50.0 U < 0.500 U < 0.500 U < 0.500 U < 0.0600 U < 0.500 U < 0.500 U < 25.0 U < 0.500 U < 0.500 U < 10.0 U < 0.600 U < 100 U < 5.00 U < 5.00 U < 0.0600 U < 0.500 U < 0.500 U < 0.500 U < 10.0 U < 0.500 U < 0.500 U
Freon 12 µg/l -- < 50.0 U < 0.500 U < 0.500 U < 0.500 U < 0.110 U < 0.500 U < 0.500 U < 25.0 U < 0.500 UJ < 0.500 UJ < 10.0 U < 1.10 UJ < 100 U < 5.00 U < 5.00 U < 0.110 U < 0.500 U < 0.500 U < 0.500 U < 10.0 UJ < 0.500 U < 0.500 U
Hexachlorobutadiene µg/l 9.3 < 200 U < 2.00 U < 2.00 U < 2.00 U < 0.210 U < 2.00 U < 2.00 U < 100 U < 2.00 U < 2.00 U < 40.0 U < 2.10 U < 400 U < 20.0 U < 20.0 U < 0.210 U < 2.00 U < 2.00 U < 2.00 U < 40.0 U < 2.00 U < 2.00 U
m,p Xylenes µg/l -- < 100 U < 1.00 U < 1.00 U < 1.00 U < 0.210 U < 1.00 U < 1.00 U < 50.0 U < 1.00 U < 1.00 U < 20.0 U < 2.10 U < 200 U < 10.0 U < 10.0 U < 0.210 U < 1.00 U < 1.00 U < 1.00 U < 20.0 U < 1.00 U < 1.00 U
Methyl bromide µg/l -- < 200 U < 2.00 U < 2.00 U < 2.00 U < 0.170 UJ < 2.00 U < 2.00 U < 100 U < 2.00 U < 2.00 U < 40.0 UJ < 1.70 U < 400 U < 20.0 U < 20.0 UJ < 0.170 U < 2.00 UJ < 2.00 U < 2.00 U < 40.0 U < 2.00 U < 2.00 UJ
Methyl chloride µg/l -- < 200 U < 2.00 U < 2.00 U < 2.00 U < 0.0800 U < 2.00 U < 2.00 U 14 J < 2.00 U < 2.00 U 25 J < 0.800 U < 400 U < 20.0 U < 20.0 U < 0.0800 U < 2.00 U < 2.00 U < 2.00 U < 40.0 U < 2.00 U < 2.00 U
Methyl tert-butyl ether µg/l -- < 100 U < 1.00 U 0.52 J < 1.00 U < 0.0900 U 48 J < 1.00 U < 50.0 U < 1.00 U < 1.00 U < 20.0 U < 0.900 U < 200 U 0.9 < 10.0 U < 0.0900 U < 1.00 U < 1.00 U < 1.00 U 4.5 JT < 1.00 U < 1.00 U
Methylene chloride µg/l -- 25 J < 5.00 U < 5.00 U < 5.00 U < 0.160 U 170 J < 5.00 U < 250 U < 5.00 U < 5.00 U < 100 U < 1.60 U < 1000 U 3.7 < 50.0 U 0.305 JT < 5.00 U 0.24 J 0.16 J < 100 U 0.19 J < 5.00 U
Naphthalene µg/l -- < 200 U < 2.00 U < 2.00 U < 2.00 U < 0.0900 U < 2.00 U < 2.00 U < 100 U < 2.00 U < 2.00 U < 40.0 U < 0.900 U < 400 U 0.85 < 20.0 U < 0.0900 U 0.92 J < 2.00 U 0.58 J < 40.0 U < 2.00 U < 2.00 U
n-Butylbenzene µg/l -- < 500 U < 5.00 U < 5.00 U < 5.00 U < 0.0600 U < 5.00 U < 5.00 U < 250 U < 5.00 U < 5.00 U < 100 U < 0.600 U < 1000 U < 50.0 U < 50.0 U < 0.0600 U < 5.00 U < 5.00 U < 5.00 U < 100 U < 5.00 U < 5.00 U
n-Propylbenzene µg/l -- < 100 U < 1.00 U < 1.00 U < 1.00 U < 0.100 U < 1.00 U < 1.00 U < 50.0 U < 1.00 U < 1.00 U < 20.0 U < 1.00 U < 200 U < 10.0 U < 10.0 U < 0.100 U < 1.00 U < 1.00 U < 1.00 U < 20.0 U < 1.00 U < 1.00 U
o-Chlorotoluene µg/l -- < 100 U < 1.00 U < 1.00 U < 1.00 U < 0.0700 U < 1.00 U < 1.00 U < 50.0 U < 1.00 U < 1.00 U < 20.0 U < 0.700 U < 200 U < 10.0 U < 10.0 U < 0.0700 U < 1.00 U < 1.00 U < 1.00 U < 20.0 U < 1.00 U < 1.00 U
o-Xylene µg/l -- < 50.0 U < 0.500 U < 0.500 U < 0.500 U < 0.0700 U < 0.500 U < 0.500 U < 25.0 U < 0.500 U < 0.500 U < 10.0 U < 0.700 U < 100 U < 5.00 U < 5.00 U < 0.0700 U 0.14 J < 0.500 U < 0.500 U < 10.0 U < 0.500 U < 0.500 U
Styrene µg/l -- < 50.0 U < 0.500 U 0.18 J < 0.500 U < 0.0400 U < 0.500 U < 0.500 U < 25.0 U < 0.500 U < 0.500 U < 10.0 U < 0.400 U < 100 U < 5.00 U < 5.00 U < 0.0400 U < 0.500 U < 0.500 U < 0.500 U < 10.0 U < 0.500 U < 0.500 U
Tert-Butylbenzene µg/l -- < 100 U < 1.00 U < 1.00 U < 1.00 U < 0.0600 U < 1.00 U < 1.00 U < 50.0 U < 1.00 U < 1.00 U < 20.0 U < 0.600 U < 200 U < 10.0 U < 10.0 U < 0.0600 U < 1.00 U < 1.00 U < 1.00 U < 20.0 U < 1.00 U < 1.00 U
Tetrachloroethene µg/l 840 < 50.0 U < 0.500 U < 0.500 U < 0.500 U < 0.110 U 22 J < 0.500 U 30 J 0.82 J 14.8 4 J 3.65 JT < 100 U < 5.00 U < 5.00 U 17 J < 0.500 U < 0.500 U 0.62 J < 10.0 U 1.38 12.4
Toluene µg/l -- < 50.0 U 0.26 J < 0.500 U < 0.110 U < 0.110 U < 0.500 U 0.16 J < 25.0 U < 0.140 U 0.11 J < 10.0 U < 1.10 U < 100 U 2.3 J 1.2 J < 0.110 U 0.65 < 0.500 U 0.75 < 10.0 U 0.12 J 0.7 J
trans-1,2-Dichloroethene µg/l -- < 50.0 U < 0.500 U < 0.500 U < 0.500 U < 0.100 U < 0.500 U 0.56 J < 25.0 U < 0.500 U < 0.500 U < 10.0 U < 1.00 U < 100 U 1.8 J < 5.00 U < 0.100 U < 0.500 U < 0.500 U < 0.500 U < 10.0 U < 0.500 U < 0.500 U
trans-1,3-Dichloropropene µg/l 244 < 50.0 U < 0.500 U < 0.500 U < 0.500 U < 0.100 U < 0.500 U < 0.500 U < 25.0 U < 0.500 U < 0.500 U < 10.0 U < 1.00 U < 100 U < 5.00 U < 5.00 U < 0.100 U < 0.500 U < 0.500 U < 0.500 U < 10.0 U < 0.500 U < 0.500 U
Trichloroethene µg/l 21900 < 50.0 U < 0.500 U < 0.500 U < 0.500 U < 0.0800 U < 0.500 U < 0.500 U < 25.0 U 0.3 J 3.83 < 10.0 U 1.95 JT < 100 U < 5.00 U < 5.00 U 3.05 J < 0.500 U < 0.500 U < 0.500 U 3.6 J 2.38 8.35 J
Vinyl chloride µg/l -- < 50.0 U < 0.500 U < 0.500 U < 0.500 U 0.21 JT < 0.500 U < 0.500 U < 25.0 U < 0.500 U < 0.500 U < 10.0 U < 1.00 U < 100 U 3.4 J < 5.00 U 0.135 JT < 0.500 U < 0.500 U < 0.500 U < 10.0 U 0.36 J < 0.500 U
PAHs
Acenaphthene µg/l 520
Acenaphthylene µg/l --
Anthracene µg/l --
Benzo(a)anthracene µg/l --
Benzo(a)pyrene µg/l --
Benzo(b)fluoranthene µg/l --
Benzo(g,h,i)perylene µg/l --
Benzo(k)fluoranthene µg/l --
Chrysene µg/l --
Dibenzo(a,h)anthracene µg/l --
Fluoranthene µg/l --
Fluorene µg/l --
High Molecular Weight PAH µg/l --
Indeno(1,2,3-cd)pyrene µg/l --
Low Molecular Weight PAH µg/l --
Naphthalene µg/l --
Phenanthrene µg/l --
Polycyclic Aromatic Hydrocarbons µg/l --
Pyrene µg/l --
Inorganic
Perchlorate µg/l 9300 < 20.0 U < 8.0 U < 8.0 U < 6.8 U < 40.0 U 784 < 8.0 U < 80.0 U 73.8 < 3.4 UT < 40 U 258 J 106000 2630 4870 < 4.0 U 243 1240 < 80.0 U 5730 29900 < 20.0 U < 80.0 U 6530 62200 170000 49500 T < 20.0 U 582 < 400 U 1.7 J < 80.0 U
Chlorate mg/l -- < 0.05 U 5.76 < 0.25 U < 1 U
Chloride mg/l 2300 2440 1210 43.3 2590 2590 156 2850 1910 270 737 376 575 T 1170 4200 24.3 274 37900 176 1020 5.72 9710 147 39400 54300 33800 929 1400 1460 502 1030 233 1620 200 294 26.6 816
Petroleum hydrocarbons
Diesel Range Hydrocarbons mg/l --
Petroleum hydrocarbons > C26 mg/l --
Pesticides
Aldrin µg/l -- < 0.0962 U < 0.0971 U < 0.0980 U < 0.0971 U < 0.00483 U < 0.990 U < 0.0980 U < 0.952 U < 0.0971 U < 0.0966 U < 0.0957 U < 0.0485 U < 0.0952 U < 0.0976 U < 0.0966 U < 0.0485 U < 0.0962 U < 0.0962 U < 0.0952 U < 0.0980 U < 0.0971 U < 0.0990 U < 0.0980 U
alpha-BHC µg/l -- < 0.0962 U < 0.0971 U < 0.0980 U < 0.0971 U < 0.00483 U < 0.990 U < 0.0980 U < 0.952 U < 0.0971 U < 0.0966 U < 0.0957 U < 0.0485 U < 0.0952 U < 0.0976 U 0.014 < 0.0485 U < 0.0962 U < 0.0962 U < 0.0952 U < 0.0980 U < 0.0971 U < 0.0990 U < 0.0980 U
beta-BHC µg/l -- < 0.0962 U < 0.0971 U < 0.0980 U < 0.0971 U < 0.00483 U < 0.990 U < 0.0980 U < 0.952 U < 0.0971 U < 0.0966 U < 0.191 U < 0.0485 U < 0.0952 U < 0.0976 U < 0.0966 U < 0.0485 U < 0.0962 U < 0.0962 U < 0.0952 U < 0.0980 U < 0.0971 U < 0.0990 U < 0.0980 U
delta-BHC µg/l -- < 0.0962 U < 0.0971 U < 0.0980 U < 0.0971 U < 0.00483 U < 0.990 U < 0.0980 U 1.23 < 0.0971 U < 0.0966 U 0.284 < 0.0485 U < 0.0952 U < 0.0976 U < 0.0966 U < 0.0485 U < 0.0962 U < 0.0962 U < 0.0952 U < 0.0980 U < 0.0971 U < 0.0990 U < 0.0980 U
Lindane µg/l 0.08 < 0.0962 U < 0.0971 U < 0.0980 U < 0.0971 U < 0.00483 U 0.683 J < 0.0980 U 0.576 J < 0.0971 U < 0.0966 U < 0.0957 U < 0.0485 U < 0.0952 U < 0.0976 U < 0.0966 U 0.0976 < 0.0962 U < 0.0962 U < 0.0952 U < 0.0980 U < 0.0971 U 0.172 < 0.0980 U
alpha-Chlordane µg/l -- < 0.0962 U < 0.0971 U < 0.0980 U < 0.0971 U < 0.00483 U < 0.990 U < 0.0980 U < 0.952 U < 0.0971 U < 0.0966 U < 0.0957 U < 0.0485 U < 0.0952 U < 0.0976 U < 0.0966 U < 0.0485 U < 0.0962 U < 0.0962 U < 0.0952 U < 0.0980 U < 0.0971 U < 0.0990 U < 0.0980 U
gamma-Chlordane µg/l -- < 0.0962 U < 0.0971 U < 0.0980 U < 0.0971 U < 0.00483 U < 0.990 U < 0.0980 U < 0.952 U < 0.0971 U < 0.0966 U < 0.0957 U < 0.0485 U < 0.0952 U < 0.0976 U < 0.0966 U < 0.0485 U < 0.0962 U < 0.0962 U < 0.0952 U < 0.0980 U < 0.0971 U < 0.0990 U < 0.0980 U
Chlordane, Technical µg/l 0.0043 < 0.962 U < 0.971 U < 0.980 U < 0.971 U < 0.0483 U < 9.90 U < 0.980 U < 9.52 U < 0.971 U < 0.966 U < 0.957 U < 0.485 U < 0.952 U < 0.976 U < 0.966 U < 0.485 U < 0.962 U < 0.962 U < 0.952 U < 0.980 U < 0.971 U < 0.990 U < 0.980 U
Chlorinated camphene µg/l -- < 2.40 U < 2.43 U < 2.45 U < 2.43 U < 0.242 U < 24.8 U < 2.45 U < 23.8 U < 2.43 U < 2.42 U < 2.39 U < 2.43 U < 2.38 U < 2.44 U < 2.42 U < 2.43 U < 2.40 U < 2.40 U < 2.38 U < 2.45 U < 2.43 U < 2.48 U < 2.45 U
Dieldrin µg/l 0.056 < 0.0962 U < 0.0971 U < 0.0980 U < 0.0971 U < 0.00966 U < 8.91 U < 0.0980 U < 0.952 U < 0.0971 U < 0.0966 U < 0.191 U < 0.0485 U < 0.0952 U < 0.0976 U < 0.0966 U < 0.0485 U < 0.0962 U < 0.0962 U < 0.0952 U < 0.0980 U < 0.0971 U < 0.0990 U < 0.0980 U
Endosulfan I µg/l 0.056 < 0.0962 U < 0.0971 U < 0.0980 U < 0.0971 U < 0.00966 U < 0.990 U < 0.0980 U < 0.952 U < 0.0971 U < 0.0966 U < 0.0957 U < 0.0485 U < 0.0952 U < 0.0976 U < 0.0966 U < 0.0485 U < 0.0962 U < 0.0962 U < 0.0952 U < 0.0980 U < 0.0971 U < 0.198 U < 0.0980 U
Endosulfan II µg/l 0.056 < 0.0962 U < 0.0971 U < 0.0980 U < 0.0971 U < 0.00483 U < 0.990 U < 0.0980 U < 0.952 U < 0.0971 U < 0.0966 U < 0.383 U < 0.0485 U < 0.0952 U < 0.0976 U < 0.0966 U < 0.0485 U < 0.0962 U < 0.0962 U < 0.0952 U < 0.0980 U < 0.0971 U < 0.0990 U < 0.0980 U
Endosulfan sulfate µg/l -- < 0.0962 U < 0.0971 U < 0.0980 U < 0.0971 U < 0.00483 U < 0.990 U < 0.0980 U < 0.952 U < 0.0971 U < 0.0966 U < 0.0957 U < 0.0485 U < 0.0952 U < 0.0976 U < 0.0966 U < 0.0485 U < 0.0962 U < 0.0962 U < 0.0952 U < 0.0980 U < 0.0971 U < 0.0990 U < 0.0980 U
Endrin µg/l 0.036 < 0.0962 U < 0.0971 U < 0.0980 U < 0.0971 U < 0.00483 U < 0.990 U < 0.0980 U < 1.90 U < 0.0971 U < 0.0966 U < 0.191 U < 0.0485 U < 0.0952 U < 0.0976 U < 0.0966 U < 0.0485 U < 0.0962 U < 0.0962 U < 0.0952 U < 0.0980 U < 0.0971 U < 0.0990 U < 0.0980 U
Endrin aldehyde µg/l -- < 0.0962 U < 0.0971 U < 0.0980 U < 0.0971 U < 0.00483 U < 0.990 U < 0.0980 U < 0.952 U < 0.0971 U < 0.0966 U < 0.383 U < 0.0485 U < 0.0952 U < 0.0976 U < 0.0966 U < 0.0485 U < 0.0962 U < 0.0962 U < 0.0952 U < 0.0980 U < 0.0971 U < 0.0990 U < 0.0980 U
Endrin ketone µg/l -- < 0.0962 U < 0.0971 U < 0.0980 U < 0.0971 U < 0.00483 U < 0.990 U < 0.0980 U < 0.952 U < 0.0971 U < 0.0966 U < 0.0957 U < 0.0485 U < 0.0952 U < 0.0976 U < 0.0966 U < 0.291 U < 0.0962 U < 0.0962 U < 0.0952 U < 0.0980 U < 0.0971 U < 0.0990 U < 0.0980 U
Heptachlor µg/l 0.0038 < 0.0962 U < 0.0971 U < 0.0980 U < 0.0971 U < 0.00483 U 2.54 < 0.0980 U < 0.952 U < 0.0971 U < 0.0966 U < 0.191 U < 0.0485 U < 0.0952 U < 0.0976 U < 0.0966 U < 0.0485 U < 0.0962 U < 0.0962 U < 0.0952 U < 0.0980 U < 0.0971 U < 0.0990 U < 0.0980 U
Heptachlor epoxide µg/l -- < 0.0962 U < 0.0971 U < 0.0980 U < 0.0971 U < 0.00483 U < 0.990 U < 0.0980 U < 0.952 U < 0.0971 U < 0.0966 U < 0.0957 U < 0.0485 U < 0.0952 U < 0.0976 U < 0.0966 U < 0.0485 U < 0.0962 U < 0.0962 U < 0.0952 U < 0.0980 U < 0.0971 U < 0.0990 U < 0.0980 U
Methoxychlor µg/l 0.03 < 0.0962 U < 0.0971 U < 0.0980 U < 0.0971 U < 0.00483 U < 0.990 U < 0.0980 U < 0.952 U < 0.0971 U < 0.0966 U < 0.0957 U < 0.0485 U < 0.0952 U < 0.0976 U < 0.0966 U < 0.0485 U < 0.0962 U < 0.0962 U < 0.0952 U < 0.0980 U < 0.0971 U < 0.0990 U < 0.0980 U
Total Chlordanes µg/l 0.0043 < 0.0962 UA < 0.0971 UA < 0.098 UA < 0.0971 UA < 0.00483 UA < 1.95 UA < 0.098 UA < 0.952 UA < 0.0971 UA < 0.0966 UA < 0.0957 UA < 0.0485 UA < 0.0952 UA < 0.0976 UA < 0.0966 UA < 0.0485 UA < 0.0962 UA < 0.0962 UA < 0.0952 UA < 0.098 UA < 0.0971 UA < 0.099 UA < 0.098 UA
Total Endosulfan µg/l -- < 0.0962 UT < 0.0971 UT < 0.098 UT < 0.0971 UT < 0.00966 UT < 0.99 UT < 0.098 UT < 0.952 UT < 0.0971 UT < 0.0966 UT < 0.383 UT < 0.0485 UT < 0.0952 UT < 0.0976 UT < 0.0966 UT < 0.0485 UT < 0.0962 UT < 0.0962 UT < 0.0952 UT < 0.098 UT < 0.0971 UT < 0.198 UT < 0.098 UT
4,4-DDD µg/l -- 0.0438 J 0.658 0.0135 T 0.189 0.023 T 111 0.0101 J 0.639 J 0.0155 0.183 J 0.292 < 0.0485 U < 0.0952 U 0.133 < 0.0966 U 0.384 0.148 < 0.0962 U 0.0818 J 0.0688 J < 0.0971 U 9.07 0.104
4,4-DDE µg/l -- < 0.0962 U 0.0459 J < 0.0980 U < 0.0971 U < 0.00966 U 21.9 < 0.0980 U < 0.952 U 0.00671 J 0.175 J < 0.287 U < 0.0485 U < 0.0952 U < 0.0976 U < 0.0966 U 0.226 < 0.0962 U < 0.0962 U < 0.0952 U 0.106 < 0.0971 U 0.158 0.197

MWA-10I MWA-11I(D) MWA-12I(D) MWA-13D MWA-14I(D) MWA-15R MWA-21B MWA-22 MWA-23 MWA-24 MWA-25 MWA-26MWA-16I MWA-17SI MWA-18 MWA-19 MWA-2 MWA-20 MWA-32I MWA-33 MWA-34I MWA-35 MWA-36 MWA-37MWA-27 MWA-28I(D) MWA-29 MWA-3 MWA-30 MWA-31I(D) MWA-38 MWA-39 MWA-4 MWA-40 MWA-41 MWA-42



Compound Units Chronic Water 
Quality Criteria

Metals
Aluminum mg/l --
Arsenic mg/l 0.19
Cadmium mg/l 0.0001
Chromium mg/l 0.0238
Copper mg/l 0.012
Iron mg/l 1
Lead mg/l 0.001
Manganese mg/l --
Nickel mg/l 0.02
Zinc mg/l 0.04
Chromium, VI µg/l 11
VOCs
1,1,1,2-Tetrachloroethane µg/l 9320
1,1,1-Trichloroethane µg/l 21900
1,1,2,2-Tetrachloroethane µg/l 2400
1,1,2-Trichloroethane µg/l 9400
1,1-Dichloroethane µg/l --
1,1-Dichloroethene µg/l --
1,1-Dichloropropene µg/l --
1,2,3-Trichlorobenzene µg/l --
1,2,3-Trichloropropane µg/l --
1,2,4-Trichlorobenzene µg/l --
1,2,4-Trimethylbenzene µg/l --
1,2-Dibromo-3-chloropropane µg/l --
1,2-Dichlorobenzene µg/l 763
1,2-Dichloroethane µg/l 20000
1,2-Dichloropropane µg/l 5700
1,3,5-Trimethylbenzene µg/l --
1,3-Dichlorobenzene µg/l 763
1,3-Dichloropropane µg/l --
1,4-Dichlorobenzene µg/l 763
2,2-Dichloropropane µg/l --
2-Butanone µg/l --
2-Hexanone µg/l --
2-Phenylbutane µg/l --
4-Chlorotoluene µg/l --
4-Methyl-2-pentanone µg/l --
Acetone µg/l --
Benzene µg/l --
Bromobenzene µg/l --
Bromodichloromethane µg/l --
Bromoform µg/l --
Carbon disulfide µg/l --
Carbon tetrachloride µg/l --
Chlorobenzene µg/l 50
Chlorobromomethane µg/l --
Chloroethane µg/l --
Chloroform µg/l 1240
cis-1,2-Dichloroethene µg/l --
cis-1,3-Dichloropropene µg/l 244
Cumene µg/l --
Cymene µg/l --
Dibromochloromethane µg/l --
Dibromomethane µg/l --
Ethylbenzene µg/l --
Ethylene dibromide µg/l --
Freon 11 µg/l --
Freon 12 µg/l --
Hexachlorobutadiene µg/l 9.3
m,p Xylenes µg/l --
Methyl bromide µg/l --
Methyl chloride µg/l --
Methyl tert-butyl ether µg/l --
Methylene chloride µg/l --
Naphthalene µg/l --
n-Butylbenzene µg/l --
n-Propylbenzene µg/l --
o-Chlorotoluene µg/l --
o-Xylene µg/l --
Styrene µg/l --
Tert-Butylbenzene µg/l --
Tetrachloroethene µg/l 840
Toluene µg/l --
trans-1,2-Dichloroethene µg/l --
trans-1,3-Dichloropropene µg/l 244
Trichloroethene µg/l 21900
Vinyl chloride µg/l --
PAHs
Acenaphthene µg/l 520
Acenaphthylene µg/l --
Anthracene µg/l --
Benzo(a)anthracene µg/l --
Benzo(a)pyrene µg/l --
Benzo(b)fluoranthene µg/l --
Benzo(g,h,i)perylene µg/l --
Benzo(k)fluoranthene µg/l --
Chrysene µg/l --
Dibenzo(a,h)anthracene µg/l --
Fluoranthene µg/l --
Fluorene µg/l --
High Molecular Weight PAH µg/l --
Indeno(1,2,3-cd)pyrene µg/l --
Low Molecular Weight PAH µg/l --
Naphthalene µg/l --
Phenanthrene µg/l --
Polycyclic Aromatic Hydrocarbons µg/l --
Pyrene µg/l --
Inorganic
Perchlorate µg/l 9300
Chlorate mg/l --
Chloride mg/l 2300
Petroleum hydrocarbons
Diesel Range Hydrocarbons mg/l --
Petroleum hydrocarbons > C26 mg/l --
Pesticides
Aldrin µg/l --
alpha-BHC µg/l --
beta-BHC µg/l --
delta-BHC µg/l --
Lindane µg/l 0.08
alpha-Chlordane µg/l --
gamma-Chlordane µg/l --
Chlordane, Technical µg/l 0.0043
Chlorinated camphene µg/l --
Dieldrin µg/l 0.056
Endosulfan I µg/l 0.056
Endosulfan II µg/l 0.056
Endosulfan sulfate µg/l --
Endrin µg/l 0.036
Endrin aldehyde µg/l --
Endrin ketone µg/l --
Heptachlor µg/l 0.0038
Heptachlor epoxide µg/l --
Methoxychlor µg/l 0.03
Total Chlordanes µg/l 0.0043
Total Endosulfan µg/l --
4,4-DDD µg/l --
4,4-DDE µg/l --

 Table A-9
   Groundwater Hot Spot Screening

   Hot Spot Evaluation Update
  Arkema Portland Facility

 Portland, Oregon

< 0.500 U
< 0.0100 U 0.0586 0.0269 J 0.0095 J < 0.0100 U < 0.0100 U 0.0101 J < 0.0100 U < 0.0100 U 0.892 J < 0.0100 U < 0.0100 U < 0.0100 U 0.0208 J < 0.100 U < 0.100 U < 0.100 U < 0.0100 U < 0.0100 U < 0.0100 U < 0.0100 U 0.0649 < 0.0100 U < 0.0100 U 0.0105 < 0.0295 U 0.0382 < 0.0100 U < 0.0100 U < 0.01 U

< 0.0100 U
< 0.0100 U 0.0206 0.033 J 0.00203 J 0.00436 J 0.0277 0.00148 J < 0.00490 U < 0.0100 U 0.0809 J < 0.0100 U < 0.0100 U 0.015 0.154 J < 0.100 U < 0.100 U < 0.100 U < 0.0100 U < 0.0100 U < 0.0100 U < 0.0100 U 0.00664 J < 0.00167 U < 0.0100 U 0.0306 0.0251 < 0.00665 U 0.00938 J < 0.01 U

0.00285 J
0.0549 J 2.33 1.21 J 2.97 0.701 0.0511 J 0.156 J 1.9 0.0941 J 17.8 J 0.0896 J 33.2 0.19 J 0.385 J 0.0115 J 0.0103 J 0.0167 J 0.00711 J 1.71 0.363 0.752 0.0432 J 1.08 0.854 5.4 41.8 1120 204 2.35 35.3 585

< 0.0100 U
0.0523 0.0843 0.199 J 0.142 J 0.172 4.09 4.94 J 1.2 4.19 J 0.164 0.894 0.72 J 0.504 J 75.7 J 28.8 62.7 39.6 0.679 1.2 0.232 1.44 0.0459 4.69 1.88 3.26 2.78 7.85 0.344 J 1.74 24.7 J

0.00495 J
0.00472 J

< 20 UJ 63.2 116 22 110 J 52 J 0.9 J < 6 UJ 31.3 < 6 UJ < 6 UJ 210 J 340 J < 2 UJ < 0.6 UJ 57.5 < 20 UJ < 2 UJ < 2 UJ < 3.7 UJ 0.9 J 360 J 1.4 J

< 0.500 U < 0.500 U < 2.50 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 2.50 U < 0.500 U < 2.50 U < 0.500 UJ < 0.500 U 0.55 J < 1.00 U < 0.500 U < 50.0 U < 50.0 U < 25.0 U < 500 U < 50.0 U < 25.0 U < 10.0 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U < 2.50 U < 0.500 U 0.24 J < 0.500 U < 0.500 U < 1.00 U < 0.500 U 0.12 J < 2.50 U < 0.500 U < 2.50 U < 0.500 UJ < 0.500 U 2.4 J 0.33 J < 0.500 U < 50.0 U < 50.0 U < 25.0 U < 500 U < 50.0 U < 25.0 U < 10.0 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U < 2.50 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 2.50 U < 0.500 U < 2.50 U < 0.500 UJ < 0.500 U < 2.50 U < 1.00 U < 0.500 U < 50.0 U < 50.0 U < 25.0 U < 500 U < 50.0 U < 25.0 U < 10.0 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U < 2.50 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 2.50 U < 0.500 U < 2.50 U < 0.500 UJ < 0.500 U < 2.50 U < 1.00 U < 0.500 U < 50.0 U < 50.0 U < 25.0 U < 500 U < 50.0 U < 25.0 U < 10.0 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U

1.6 0.49 J 1.84 0.13 J 1.02 1.64 0.38 J 1.5 0.61 1.2 J < 2.50 U 0.14 J < 2.50 U 0.28 J 2.1 0.5 J 0.3 J 0.38 J < 50.0 U < 50.0 U < 25.0 U < 500 U < 50.0 U 4.5 J < 10.0 U 0.16 J < 1.00 U < 0.500 U < 0.500 U < 0.500 U 0.66
0.16 J < 0.500 U < 2.50 U < 0.500 U < 1.00 U 0.46 J < 0.500 U < 1.00 U < 0.500 U 0.17 J < 2.50 U < 0.500 U < 2.50 U < 0.500 UJ 0.72 < 2.50 U < 1.00 U 0.81 < 50.0 U < 50.0 U < 25.0 U < 500 U < 50.0 U < 25.0 U < 10.0 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 0.500 U 0.43 J

< 0.500 U < 0.500 U < 2.50 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 2.50 U < 0.500 U < 2.50 U < 0.500 UJ < 0.500 U < 2.50 U < 1.00 U < 0.500 U < 50.0 U < 50.0 U < 25.0 U < 500 U < 50.0 U < 25.0 U < 10.0 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U
< 1.00 U < 1.00 U < 5.00 U < 1.00 U < 2.00 U < 1.00 U < 1.00 U < 2.00 U < 1.00 U < 1.00 U < 5.00 U < 1.00 U < 5.00 U < 1.00 UJ < 1.00 U < 5.00 U < 2.00 U < 1.00 U < 100 U < 100 U < 50.0 U < 1000 U < 100 U < 50.0 U < 20.0 U < 1.00 U < 2.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U

< 0.500 U < 0.500 U < 2.50 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 2.50 U < 0.500 U < 2.50 U < 0.500 UJ < 0.500 U < 2.50 U < 1.00 U < 0.500 U < 50.0 U < 50.0 U < 25.0 U < 500 U < 50.0 U < 25.0 U < 10.0 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U
< 1.00 U < 1.00 U < 5.00 U < 1.00 U < 2.00 U < 1.00 U < 1.00 U < 2.00 U < 1.00 U < 1.00 U < 5.00 U < 1.00 U < 5.00 U < 1.00 UJ < 1.00 U < 5.00 U < 2.00 U < 1.00 U < 100 U < 100 U < 50.0 U < 1000 U < 100 U < 50.0 U < 20.0 U < 1.00 U < 2.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U
< 1.00 U < 1.00 U < 5.00 U < 1.00 U < 2.00 U < 1.00 U 0.24 J < 2.00 U < 1.00 U < 1.00 U < 5.00 U < 1.00 U < 5.00 U < 1.00 UJ < 1.00 U < 5.00 U < 2.00 U < 1.00 U < 100 U < 100 U < 50.0 U < 1000 U < 100 U < 50.0 U < 20.0 U < 1.00 U < 2.00 U 0.21 J < 1.00 U < 1.00 U < 1.00 U
< 5.00 U < 5.00 U < 25.0 U < 5.00 U < 10.0 U < 5.00 U < 5.00 U < 10.0 U < 5.00 U < 5.00 U < 25.0 U < 5.00 U < 25.0 U < 5.00 UJ < 5.00 U < 25.0 U < 10.0 U < 5.00 U < 500 U < 500 U < 250 U < 5000 U < 500 U < 250 U < 100 U < 5.00 U < 10.0 U < 5.00 U < 5.00 U < 5.00 U < 5.00 U

< 0.500 U < 0.500 U < 2.50 U 0.2 J < 1.00 U < 0.500 U 0.17 J < 1.00 U < 0.500 U < 0.500 U < 2.50 U < 0.500 U < 2.50 U < 0.500 UJ < 0.500 U < 2.50 U < 1.00 U < 0.500 U < 50.0 U < 50.0 U < 25.0 U < 500 U 17 J 12 J < 10.0 U 0.08 J < 1.00 U 0.87 0.37 J 0.89 2.44
< 0.500 U < 0.500 U < 2.50 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 2.50 U < 0.500 U < 2.50 U 0.2 J < 0.500 U 0.5 J < 1.00 U < 0.500 U < 50.0 U < 50.0 U < 25.0 U < 500 U < 50.0 U < 25.0 U < 10.0 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U < 2.50 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 2.50 U < 0.500 U < 2.50 U < 0.500 UJ < 0.500 U < 2.50 U < 1.00 U < 0.500 U < 50.0 U < 50.0 U < 25.0 U < 500 U < 50.0 U < 25.0 U < 10.0 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U
< 1.00 U < 1.00 U < 5.00 U < 1.00 U < 2.00 U < 1.00 U < 1.00 U < 2.00 U < 1.00 U < 1.00 U < 5.00 U < 1.00 U < 5.00 U < 1.00 UJ < 1.00 U < 5.00 U < 2.00 U < 1.00 U < 100 U < 100 U < 50.0 U < 1000 U < 100 U < 50.0 U < 20.0 U < 1.00 U < 2.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U

< 0.500 U < 0.500 U < 2.50 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 2.50 U < 0.500 U < 2.50 U < 0.500 UJ < 0.500 U < 2.50 U < 1.00 U < 0.500 U < 50.0 U < 50.0 U < 25.0 U < 500 U < 50.0 U < 25.0 U < 10.0 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U < 2.50 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 2.50 U < 0.500 U < 2.50 U < 0.500 UJ < 0.500 U < 2.50 U < 1.00 U < 0.500 U < 50.0 U < 50.0 U < 25.0 U < 500 U < 50.0 U < 25.0 U < 10.0 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U < 2.50 U < 0.500 U < 1.00 U < 0.500 U 0.24 J < 1.00 U < 0.500 U < 0.500 U < 2.50 U < 0.500 U < 2.50 U < 0.500 UJ < 0.500 U < 2.50 U < 1.00 U < 0.500 U < 50.0 U < 50.0 U < 25.0 U < 500 U 15 J 42 J < 10.0 U < 0.500 U < 1.00 U 0.19 J 0.16 J < 0.500 U 0.33 J
< 0.500 U < 0.500 U < 2.50 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 2.50 U < 0.500 U < 2.50 U < 0.500 UJ < 0.500 U < 2.50 U < 1.00 U < 0.500 U < 50.0 U < 50.0 U < 25.0 U < 500 U < 50.0 U < 25.0 U < 10.0 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U
< 10.0 U < 10.0 U < 50.0 U < 10.0 U < 20.0 U < 10.0 U < 10.0 U < 20.0 U < 10.0 U < 10.0 U < 50.0 U < 10.0 U < 50.0 U < 10.0 UJ < 10.0 U < 50.0 U < 20.0 U < 10.0 U < 1000 U < 1000 UJ < 500 U < 10000 U < 1000 U < 500 U < 200 U < 10.0 U < 20.0 UJ < 10.0 U < 10.0 U < 10.0 UJ < 10.0 U
< 10.0 U < 10.0 U < 50.0 U < 10.0 U < 20.0 U < 10.0 U < 10.0 U < 20.0 U < 10.0 U < 10.0 U < 50.0 U < 10.0 U < 50.0 UJ < 10.0 UJ < 10.0 U < 50.0 U < 20.0 U < 10.0 U < 1000 U < 1000 U < 500 U < 10000 U < 1000 U < 500 U < 200 U < 10.0 U < 20.0 U < 10.0 U < 10.0 U < 10.0 U < 10.0 U
< 1.00 U < 1.00 U < 5.00 U < 1.00 U < 2.00 U < 1.00 U < 1.00 U < 2.00 U < 1.00 U < 1.00 U < 5.00 U < 1.00 U < 5.00 U < 1.00 UJ < 1.00 U < 5.00 U < 2.00 U < 1.00 U < 100 U < 100 U < 50.0 U < 1000 U < 100 U < 50.0 U < 20.0 U < 1.00 U < 2.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U
< 1.00 U < 1.00 U < 5.00 U < 1.00 U < 2.00 U < 1.00 U < 1.00 U < 2.00 U < 1.00 U < 1.00 U < 5.00 U < 1.00 U < 5.00 U < 1.00 UJ < 1.00 U < 5.00 U < 2.00 U < 1.00 U < 100 U < 100 U < 50.0 U < 1000 U < 100 U < 50.0 U < 20.0 U < 1.00 U < 2.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U
< 5.00 U < 5.00 U < 25.0 U < 5.00 U < 10.0 U < 5.00 U < 5.00 U < 10.0 U < 5.00 U < 5.00 U < 25.0 U < 5.00 U < 25.0 UJ < 5.00 UJ < 5.00 U < 25.0 U < 10.0 U < 5.00 U < 500 U < 500 UJ < 250 U < 5000 U < 500 U < 250 U < 100 U < 5.00 U < 10.0 U < 5.00 U < 5.00 U < 5.00 U < 5.00 U
< 40.0 UJ < 20.0 U < 40.0 UJ 20.5 J < 400 UJ < 20.0 U < 40.0 UJ < 100 UJ < 20.0 U < 100 U < 200 UJ < 100 U < 100 UJ < 20.0 UJ < 20.0 U < 100 U < 40.0 U < 20.0 U < 2000 U < 2000 UJ < 1000 U < 20000 U < 2000 U < 1000 U < 400 U < 20.0 U < 40.0 UJ < 20.0 U < 20.0 U < 20.0 UJ < 20.0 U

1.59 0.15 J 16.6 < 0.500 U 0.8 J < 0.500 U 0.14 J 0.84 J 0.5 J 0.74 < 2.50 U 0.13 J < 2.50 U 0.13 J 1.67 < 2.50 U < 1.00 U < 0.500 U < 50.0 U 10 J 14.5 J < 500 U < 50.0 U < 25.0 U 2.4 J < 0.500 U < 1.00 U 0.38 J < 0.500 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U < 2.50 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 2.50 U < 0.500 U < 2.50 U < 0.500 UJ < 0.500 U < 2.50 U < 1.00 U < 0.500 U < 50.0 U < 50.0 U < 25.0 U < 500 U < 50.0 U < 25.0 U < 10.0 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U < 2.50 U < 0.500 U 4 J < 0.500 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U 8.7 J 0.85 J 4.5 J 0.71 J < 0.500 U 1.65 J < 1.00 U < 0.500 U < 50.0 U < 50.0 U < 25.0 U < 500 U < 50.0 U < 25.0 U < 10.0 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U < 2.50 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U 5.15 < 0.500 U 5.25 < 0.500 UJ < 0.500 U < 2.50 U < 1.00 U < 0.500 U < 50.0 U < 50.0 U < 25.0 U < 500 U < 50.0 U < 25.0 U < 10.0 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U
< 1.00 U < 1.00 U < 5.00 U < 1.00 U < 2.00 U < 1.00 U < 1.00 U < 2.00 U 1.05 < 1.00 U < 5.00 U < 1.00 U < 5.00 U 0.2 J < 1.00 U < 5.00 U < 2.00 U < 1.00 U < 100 U < 100 U < 50.0 U < 1000 U 26 J < 50.0 U < 20.0 U < 1.00 U 0.48 J < 1.00 U < 1.00 U < 1.00 U < 1.00 U

< 0.500 U < 0.500 U < 2.50 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 2.50 U < 0.500 U < 2.50 U < 0.500 UJ < 0.500 U 52 < 1.00 U 0.54 < 50.0 U < 50.0 U < 25.0 U 1220 < 50.0 U < 25.0 U < 10.0 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U
132 1.67 938 0.88 J 0.78 J 21.4 0.88 358 8.73 4.57 < 2.50 U 0.09 J 2 J 0.27 J 247 715 J 282 0.18 J 17500 10600 8160 200000 15300 6930 2050 0.75 < 0.240 U 0.42 J 0.63 1.13 0.85

< 0.500 U < 0.500 U < 2.50 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 2.50 U < 0.500 U < 2.50 U < 0.500 UJ < 0.500 U < 2.50 U < 1.00 U < 0.500 U < 50.0 U < 50.0 U < 25.0 U < 500 U < 50.0 U < 25.0 U < 10.0 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U < 2.50 U < 0.500 U < 1.00 U 4.13 < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 2.50 U < 0.500 U < 2.50 U < 0.500 UJ < 0.500 U 1.45 J 2.1 < 0.500 U < 50.0 U < 50.0 U < 25.0 U < 500 U 521 796 < 10.0 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U

1.03 0.75 < 2.50 U 1.06 364 < 0.500 U 1.35 3.06 < 0.500 U 59.8 461 60.2 476 85.9 J < 0.500 U 569 5.51 9800 256 < 50.0 U 13 J 2240 108 76 2.8 J < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U
1.64 0.37 J 2.55 < 0.500 U < 1.00 U < 0.500 U < 0.500 U 0.26 J 0.16 J 0.27 J < 2.50 U < 0.500 U < 2.50 U < 0.500 UJ 8.5 16.3 1.32 46.8 < 50.0 U < 50.0 U < 25.0 U < 500 U < 50.0 U 6 J 9.6 J < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U

< 0.500 U < 0.500 U < 2.50 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 2.50 U < 0.500 U < 2.50 U < 0.500 UJ < 0.500 U < 2.50 U < 1.00 U < 0.500 U < 50.0 U < 50.0 U < 25.0 U < 500 U < 50.0 U < 25.0 U < 10.0 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U
< 2.00 U < 2.00 U < 10.0 U < 2.00 U < 4.00 U < 2.00 U < 2.00 U < 4.00 U < 2.00 U < 2.00 U < 10.0 U < 2.00 U < 10.0 U < 2.00 UJ < 2.00 U < 10.0 U < 4.00 U < 2.00 U < 200 U < 200 U < 100 U < 2000 U < 200 U < 100 U < 40.0 U < 2.00 U < 4.00 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U
< 2.00 U < 2.00 U < 10.0 U < 2.00 U < 4.00 U < 2.00 U < 2.00 U < 4.00 U < 2.00 U < 2.00 U < 10.0 U < 2.00 U < 10.0 U < 2.00 UJ < 2.00 U < 10.0 U < 4.00 U < 2.00 U < 200 U < 200 U < 100 U < 2000 U < 200 U < 100 U < 40.0 U < 2.00 U < 4.00 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U

< 0.500 U < 0.500 U < 2.50 U < 0.500 U 0.82 J < 0.500 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U 4.25 J 0.34 J 1.75 J 0.23 J < 0.500 U < 2.50 U < 1.00 U < 0.500 U < 50.0 U < 50.0 U < 25.0 U < 500 U < 50.0 U < 25.0 U < 10.0 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U < 2.50 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 2.50 U < 0.500 U 0.5 J < 0.500 UJ < 0.500 U < 2.50 U < 1.00 U < 0.500 U < 50.0 U < 50.0 U < 25.0 U < 500 U < 50.0 U < 25.0 U < 10.0 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U
< 0.500 U 0.08 J < 2.50 U < 0.500 U < 1.00 U < 0.500 U 0.16 J < 1.00 U < 0.500 U < 0.500 U < 2.50 U < 0.500 U < 2.50 U < 0.500 UJ < 0.500 U < 2.50 U < 1.00 U < 0.500 U < 50.0 U < 50.0 U < 25.0 U < 500 U < 50.0 U < 25.0 U < 10.0 U < 0.500 U < 1.00 U 0.26 J < 0.500 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U < 2.50 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 2.50 U < 0.500 U < 2.50 U < 0.500 UJ < 0.500 U < 2.50 U < 1.00 U < 0.500 U < 50.0 U < 50.0 U < 25.0 U < 500 U < 50.0 U < 25.0 U < 10.0 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U < 2.50 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 2.50 U < 0.500 U < 2.50 U < 0.500 UJ < 0.500 U < 2.50 U < 1.00 U < 0.500 U < 50.0 U < 50.0 U < 25.0 U < 500 U < 50.0 U < 25.0 U < 10.0 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U
< 0.500 UJ < 0.500 UJ < 2.50 UJ < 0.500 U < 1.00 UJ < 0.500 U < 0.500 UJ < 1.00 UJ < 0.500 U < 0.500 UJ < 2.50 UJ < 0.500 UJ < 2.50 U < 0.500 UJ < 0.500 U < 2.50 U < 1.00 U < 0.500 U < 50.0 U < 50.0 U < 25.0 U < 500 U < 50.0 U < 25.0 U < 10.0 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U
< 2.00 U < 2.00 U < 10.0 U < 2.00 U < 4.00 U < 2.00 U < 2.00 U < 4.00 U < 2.00 U < 2.00 U < 10.0 U < 2.00 U < 10.0 U < 2.00 UJ < 2.00 U < 10.0 U < 4.00 U 0.48 J < 200 U < 200 U < 100 U < 2000 U < 200 U < 100 U < 40.0 U < 2.00 U < 4.00 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U
< 1.00 U 0.34 J < 5.00 U < 1.00 U < 2.00 U < 1.00 U 0.76 J < 2.00 U < 1.00 U < 1.00 U < 5.00 U < 1.00 U < 5.00 U < 1.00 UJ < 1.00 U < 5.00 U < 2.00 U < 1.00 U < 100 U < 100 U < 50.0 U < 1000 U < 100 U < 50.0 U < 20.0 U < 1.00 U < 2.00 U 1.06 < 1.00 U < 1.00 U < 1.00 U
< 2.00 U < 2.00 U < 10.0 U < 2.00 UJ < 4.00 U < 2.00 UJ < 2.00 U < 4.00 U < 2.00 UJ < 2.00 U < 10.0 U < 2.00 U < 10.0 U < 2.00 UJ < 2.00 UJ < 10.0 UJ < 4.00 U < 2.00 UJ < 200 UJ < 200 U < 100 U < 2000 UJ < 200 U < 100 U < 40.0 UJ < 2.00 U < 4.00 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U
< 2.00 U < 2.00 U < 10.0 U < 2.00 U 1 J < 2.00 U < 2.00 U < 4.00 U < 2.00 U < 2.00 U < 10.0 U < 2.00 U < 10.0 U 0.19 J < 2.00 U < 10.0 U < 4.00 U < 2.00 U < 200 U < 200 U < 100 U < 2000 U 300 111 < 40.0 U < 2.00 U < 4.00 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U
< 1.00 U < 1.00 U < 5.00 U < 1.00 U < 2.00 U < 1.00 U < 1.00 U < 2.00 U 0.8 J < 1.00 U < 5.00 U < 1.00 U < 5.00 U < 1.00 UJ < 1.00 U 2.8 J < 2.00 U < 1.00 U < 100 U < 100 U < 50.0 U < 1000 U < 100 U < 50.0 U 2 J < 1.00 U < 2.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U
< 5.00 U < 5.00 U < 25.0 U < 5.00 U 3.6 J 0.16 J < 5.00 U 0.36 J 2.1 J 1.11 J 3.55 J 0.39 J 2.9 J 0.4 J < 5.00 U 0.95 J 1.48 J 0.26 J < 500 U < 500 U 16 J < 5000 U 42 J 25.5 J 7.8 J < 5.00 U < 1.30 U < 0.450 U < 5.00 U < 5.00 U < 5.00 U

0.44 J < 2.00 U < 10.0 U < 2.00 U < 4.00 U < 2.00 U 0.39 J < 4.00 U < 2.00 U < 2.00 U < 10.0 U < 2.00 U < 10.0 U 0.12 J < 2.00 U < 10.0 U < 4.00 U < 2.00 U < 200 U < 200 U < 100 U < 2000 U < 200 U < 100 U < 40.0 U < 2.00 U < 4.00 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U
< 5.00 U < 5.00 U < 25.0 U < 5.00 U < 10.0 U < 5.00 U < 5.00 U < 10.0 U < 5.00 U < 5.00 U < 25.0 U < 5.00 U < 25.0 U < 5.00 UJ < 5.00 U < 25.0 U < 10.0 U < 5.00 U < 500 U < 500 U < 250 U < 5000 U < 500 U < 250 U < 100 U < 5.00 U < 10.0 U < 5.00 U < 5.00 U < 5.00 U < 5.00 U
< 1.00 U < 1.00 U < 5.00 U < 1.00 U < 2.00 U < 1.00 U < 1.00 U < 2.00 U < 1.00 U < 1.00 U < 5.00 U < 1.00 U < 5.00 U < 1.00 UJ < 1.00 U < 5.00 U < 2.00 U < 1.00 U < 100 U < 100 U < 50.0 U < 1000 U < 100 U < 50.0 U < 20.0 U < 1.00 U < 2.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U
< 1.00 U < 1.00 U < 5.00 U < 1.00 U < 2.00 U < 1.00 U < 1.00 U < 2.00 U < 1.00 U < 1.00 U < 5.00 U < 1.00 U < 5.00 U < 1.00 UJ < 1.00 U < 5.00 U < 2.00 U < 1.00 U < 100 U < 100 U < 50.0 U < 1000 U < 100 U < 50.0 U < 20.0 U < 1.00 U < 2.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U

0.16 J 0.07 J < 2.50 U < 0.500 U < 1.00 U < 0.500 U 0.32 J < 1.00 U < 0.500 U < 0.500 U < 2.50 U < 0.500 U < 2.50 U < 0.500 UJ 0.07 J < 2.50 U < 1.00 U < 0.500 U < 50.0 U < 50.0 U < 25.0 U < 500 U < 50.0 U < 25.0 U < 10.0 U < 0.500 U < 1.00 U 0.39 J < 0.500 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U < 2.50 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 2.50 U < 0.500 U < 2.50 U 0.08 J < 0.500 U < 2.50 U < 1.00 U < 0.500 U < 50.0 U < 50.0 U < 25.0 U < 500 U < 50.0 U < 25.0 U < 10.0 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U
< 1.00 U < 1.00 U < 5.00 U < 1.00 U < 2.00 U < 1.00 U < 1.00 U < 2.00 U < 1.00 U < 1.00 U < 5.00 U < 1.00 U < 5.00 U < 1.00 UJ < 1.00 U < 5.00 U < 2.00 U < 1.00 U < 100 U < 100 U < 50.0 U < 1000 U < 100 U < 50.0 U < 20.0 U < 1.00 U < 2.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U

0.4 J 2.31 5.2 0.2 J < 1.00 U < 0.500 U 0.17 J < 1.00 U < 0.500 U 0.61 < 2.50 U < 0.500 U < 2.50 U < 0.500 UJ < 0.500 U 108 13.2 186 89 < 50.0 U < 25.0 U 2080 19 J 6 J 21.4 < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U
0.16 J 0.66 < 2.50 U 0.64 J < 1.00 U < 0.160 U 0.78 J < 0.440 U 0.11 J 0.55 J < 2.50 U 0.8 J < 2.50 U 0.81 0.27 J < 2.50 U 0.49 J < 0.500 U < 50.0 U < 50.0 U < 25.0 U < 500 U < 50.0 U < 25.0 U < 10.0 U < 0.500 U < 1.00 U 1.94 < 0.340 U 0.4 J < 0.310 U

< 0.500 U < 0.500 U < 2.50 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 2.50 U < 0.500 U < 2.50 U < 0.500 UJ 0.18 J < 2.50 U < 1.00 U 0.38 J < 50.0 U < 50.0 U < 25.0 U < 500 U < 50.0 U < 25.0 U 12 < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U < 2.50 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 2.50 U < 0.500 U < 2.50 U < 0.500 UJ < 0.500 U < 2.50 U < 1.00 U < 0.500 U < 50.0 U < 50.0 U < 25.0 U < 500 U < 50.0 U < 25.0 U < 10.0 U < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U

1.93 0.61 3.15 < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 1.00 U < 0.500 U 0.28 J < 2.50 U < 0.500 U < 2.50 U < 0.500 UJ 1.52 15.4 1.5 40.5 < 50.0 U < 50.0 U < 25.0 U < 500 U < 50.0 U < 25.0 U 10.6 < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U < 2.50 U < 0.500 U < 1.00 U 0.3 J < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 2.50 U < 0.500 U < 2.50 U < 0.500 UJ 0.29 J 0.65 J < 1.00 U 0.19 J < 50.0 U < 50.0 U < 25.0 U < 500 U < 50.0 U < 25.0 U 4.2 J < 0.500 U < 1.00 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U

< 0.0962 U < 0.0952 U < 0.0952 U < 0.0971 U < 0.0952 U
< 0.0962 U < 0.0952 U < 0.0952 U < 0.0971 U < 0.0952 U
< 0.0962 U < 0.0952 U < 0.0952 U < 0.0971 U < 0.0952 U
< 0.0962 U < 0.0952 U < 0.0952 U < 0.0971 U < 0.0952 U
< 0.0962 U < 0.0952 U < 0.0952 U < 0.0971 U < 0.0952 U
< 0.0962 U < 0.0952 U < 0.0952 U < 0.0971 U < 0.0952 U
< 0.0962 U < 0.0952 U < 0.0952 U < 0.0971 U < 0.0952 U
< 0.0962 U < 0.0952 U < 0.0952 U < 0.0971 U < 0.0952 U
< 0.0962 U < 0.0952 U < 0.0952 U < 0.0971 U < 0.0952 U
< 0.192 U < 0.190 U < 0.190 U < 0.194 U < 0.190 U

< 0.0962 U < 0.0952 U < 0.0952 U < 0.0971 U < 0.0952 U
< 0.0962 U < 0.0952 U < 0.0952 U < 0.0971 U < 0.0952 U

< 0.0962 U < 0.0952 U < 0.0952 U < 0.0971 U < 0.0952 U

< 0.0962 U < 0.0952 U < 0.0952 U 0.0543 J < 0.0952 U
< 0.0962 U < 0.0952 U < 0.0952 U < 0.0971 U < 0.0952 U

0.051 J < 0.0952 U < 0.0952 U < 0.0971 U < 0.0952 U

112 55.9 309 < 80.0 U 82.3 211000 58900 < 400 U 172 54.6 J 12600 209 < 40.0 U 119000 2430 16700 128000 42600 < 20.0 U 489 1500 < 4.0 U < 400 U 1250 T 528 12800 29.5 J < 40.0 U < 20.0 U < 40.0 U
3.02 0.73 < 0.05 U 199 < 0.05 U < 1 U

2440 1120 617 1820 3690 8840 11000 256 7360 4640 2260 16200 3090 4070 27900 29600 53600 74800 470 683 138 690 1910 2220 1890 2730 536 511 2810 245 5200 68.1 18.7 10.5 25.4 29.6

0.144 J 0.101 J 0.0808 J 0.3 J 0.126 JT
0.0278 J 0.0294 J 0.0552 J 0.203 J 0.0442 JT

< 0.0957 U < 0.0971 U < 0.0980 U < 0.0957 U < 0.0971 U < 0.00962 U < 0.0962 U < 0.0962 U < 0.0962 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0962 U < 0.0971 U < 0.0971 U < 0.0980 U < 0.0962 U < 0.00980 UJ < 0.0966 U < 0.100 U < 0.0957 U < 0.388 U < 0.481 U < 0.481 U < 0.0971 U < 0.0971 U < 0.00957 U < 0.00952 U < 0.0196 U < 0.0191 U < 0.00976 U
< 0.0957 U < 0.0971 U < 0.0980 U < 0.0957 U < 0.0971 U < 0.00962 U < 0.0962 U < 0.0962 U < 0.0962 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0962 U < 0.0971 U < 0.0971 U < 0.294 U < 0.0962 U < 0.00980 UJ < 0.0966 U < 0.100 U < 0.0957 U < 0.388 U < 0.481 U < 0.481 U < 0.0971 U < 0.0971 U < 0.00957 U < 0.00952 U < 0.0196 U < 0.0191 U < 0.00976 U
< 0.0957 U < 0.0971 U < 0.0980 U < 0.0957 U < 0.0971 U < 0.00962 U < 0.0962 U < 0.0962 U < 0.0962 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0962 U < 0.0971 U < 0.0971 U < 0.490 U < 2.88 U < 0.00980 UJ < 0.0966 U 0.298 < 0.0957 U < 1.17 U < 0.481 U < 0.481 U < 0.0971 U < 0.0971 U < 0.00957 U < 0.00952 U < 0.0196 U < 0.0191 U < 0.00976 U
< 0.0957 U < 0.0971 U < 0.0980 U < 0.0957 U < 0.0971 U < 0.00962 U < 0.0962 U < 0.0962 U < 0.0962 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0962 U < 0.0971 U < 0.0971 U < 0.294 U < 0.0962 U < 0.00980 UJ < 0.0966 U < 0.100 U < 0.0957 U < 0.777 U < 0.481 U < 0.481 U < 0.0971 U < 0.0971 U < 0.00957 U < 0.00952 U < 0.0196 U < 0.0191 U < 0.00976 U
< 0.0957 U < 0.0971 U < 0.0980 U < 0.0957 U < 0.0971 U < 0.00962 U < 0.0962 U < 0.0962 U < 0.0962 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0962 U < 0.0971 U < 0.0971 U 0.232 0.243 < 0.00980 UJ < 0.0966 U 0.109 < 0.0957 U < 0.388 U < 0.481 U 0.954 J < 0.0971 U < 0.0971 U < 0.00957 U < 0.00952 U < 0.0196 U < 0.0191 U < 0.00976 U
< 0.0957 U < 0.0971 U < 0.0980 U < 0.0957 U < 0.0971 U < 0.00962 U < 0.0962 U < 0.0962 U < 0.0962 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0962 U < 0.0971 U < 0.0971 U < 0.0980 U < 0.0962 U < 0.00980 UJ < 0.0966 U < 0.100 U < 0.0957 U < 0.388 U < 0.481 U < 0.481 U < 0.0971 U < 0.0971 U < 0.00957 U < 0.00952 U < 0.0196 U < 0.0191 U < 0.00976 U
< 0.0957 U < 0.0971 U < 0.0980 U < 0.0957 U < 0.0971 U < 0.00962 U < 0.0962 U < 0.0962 U < 0.0962 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0962 U < 0.0971 U < 0.0971 U < 0.0980 U < 0.192 U < 0.00980 UJ < 0.0966 U < 0.100 U < 0.0957 U < 0.388 U < 0.481 U < 0.952 UT < 0.0971 U < 0.0971 U < 0.00957 U < 0.00952 U < 0.0196 U < 0.0191 U < 0.00976 U
< 0.957 U < 0.971 U < 0.980 U < 0.957 U < 0.971 U < 0.0962 U < 0.962 U < 0.962 U < 0.0962 U < 0.980 U < 0.971 U < 0.971 U < 0.962 U < 0.971 U < 0.971 U < 0.980 U < 0.962 U < 0.0980 UJ < 0.966 U < 1.00 U < 0.957 U < 3.88 U < 4.81 U < 4.81 U < 0.971 U < 0.971 U < 0.0957 U < 0.0952 U < 0.196 U < 0.191 U < 0.0976 U
< 2.39 U < 2.43 U < 2.45 U < 2.39 U < 2.43 U < 0.240 U < 2.40 U < 2.40 U < 0.0962 U < 2.45 U < 2.43 U < 2.43 U < 2.40 U < 2.43 U < 2.43 U < 2.45 U < 2.40 U < 0.245 UJ < 2.42 U < 2.50 U < 2.39 U < 9.71 U < 12.0 U < 12 UT < 2.43 U < 2.43 U < 0.239 U < 0.238 U < 0.490 U < 0.478 U < 0.244 U

< 0.0957 U < 0.0971 U < 0.0980 U < 0.0957 U < 0.0971 U < 0.00962 U < 0.0962 U < 0.0962 U < 0.0962 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0962 U < 0.0971 U < 0.0971 U < 0.196 U < 0.0962 U < 0.00980 UJ < 0.0966 U < 0.100 U < 0.0957 U < 0.388 U < 0.481 U < 0.481 U < 0.0971 U < 0.0971 U < 0.00957 U < 0.00952 U < 0.0196 U < 0.0191 U < 0.00976 U
< 0.0957 U < 0.0971 U < 0.0980 U < 0.0957 U < 0.0971 U < 0.00962 U < 0.0962 U < 0.0962 U < 0.0962 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0962 U < 0.0971 U < 0.0971 U < 0.0980 U < 0.0962 U < 0.00980 UJ < 0.0966 U < 0.100 U < 0.0957 U < 0.388 U < 0.481 U < 1.2 UT < 0.0971 U < 0.0971 U < 0.00957 U < 0.00952 U < 0.0196 U < 0.0191 U < 0.00976 U
< 0.0957 U < 0.0971 U < 0.0980 U < 0.0957 U < 0.0971 U < 0.00962 U < 0.0962 U < 0.0962 U < 0.0962 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0962 U < 0.0971 U < 0.0971 U < 0.0980 U < 0.0962 U < 0.00980 UJ < 0.0966 U < 0.100 U < 0.0957 U < 0.388 U < 0.481 U < 1.43 UT < 0.0971 U < 0.0971 U < 0.00957 U < 0.00952 U < 0.0196 U < 0.0191 U < 0.00976 U
< 0.0957 U < 0.0971 U < 0.0980 U < 0.0957 U < 0.0971 U < 0.00962 U < 0.0962 U < 0.0962 U < 0.0962 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0962 U < 0.0971 U < 0.0971 U < 0.0980 U < 0.0962 U < 0.00980 UJ < 0.0966 U < 0.100 U < 0.0957 U < 0.777 U < 0.481 U < 0.481 U < 0.0971 U < 0.0971 U < 0.00957 U 0.00483 J < 0.0196 U < 0.0191 U < 0.00976 U
< 0.0957 U < 0.0971 U < 0.0980 U < 0.0957 U < 0.0971 U < 0.00962 U < 0.0962 U < 0.0962 U < 0.0962 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0962 U < 0.0971 U < 0.0971 U < 0.0980 U < 0.0962 U < 0.00980 UJ < 0.0966 U < 0.100 U < 0.0957 U < 0.388 U < 0.481 U < 0.481 U < 0.0971 U < 0.0971 U < 0.00957 U < 0.00952 U < 0.0196 U < 0.0191 U < 0.00976 U
< 0.0957 U < 0.0971 U < 0.0980 U < 0.0957 U < 0.0971 U < 0.00962 U < 0.0962 U < 0.0962 U < 0.0962 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0962 U < 0.0971 U < 0.0971 U < 0.196 U < 0.0962 U < 0.00980 UJ < 0.0966 U < 0.100 U < 0.0957 U < 0.388 U < 0.481 U < 0.481 U < 0.0971 U < 0.0971 U < 0.00957 U < 0.00952 U < 0.0196 U < 0.0191 U < 0.00976 U
< 0.0957 U < 0.0971 U < 0.0980 U < 0.0957 U < 0.0971 U < 0.00962 U < 0.0962 U < 0.0962 U < 0.0962 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0962 U < 0.0971 U < 0.0971 U < 0.0980 U < 0.0962 U < 0.00980 UJ < 0.0966 U < 0.100 U < 0.0957 U < 0.388 U < 0.481 U < 0.481 U < 0.0971 U < 0.0971 U < 0.00957 U < 0.00952 U < 0.0196 U < 0.0191 U < 0.00976 U
< 0.0957 U < 0.0971 U < 0.0980 U < 0.0957 U < 0.0971 U < 0.00962 U < 0.0962 U < 0.0962 U < 0.0962 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0962 U < 0.0971 U < 0.0971 U < 0.294 U 0.701 J < 0.00980 UJ < 0.0966 U 0.196 < 0.0957 U < 1.17 U < 1.20 U 0.546 JT < 0.0971 U < 0.0971 U < 0.00957 U < 0.00952 U < 0.0196 U < 0.0191 U < 0.00976 U
< 0.0957 U < 0.0971 U < 0.0980 U < 0.0957 U < 0.0971 U < 0.00962 U < 0.0962 U < 0.0962 U < 0.0962 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0962 U < 0.0971 U < 0.0971 U < 0.0980 U < 0.0962 U < 0.00980 UJ < 0.0966 U < 0.100 U < 0.0957 U < 0.388 U < 0.481 U < 0.481 U < 0.0971 U < 0.0971 U < 0.00957 U < 0.00952 U < 0.0196 U < 0.0191 U < 0.00976 U
< 0.0957 U < 0.0971 U < 0.0980 U < 0.0957 U < 0.0971 U < 0.00962 U < 0.0962 U < 0.0962 U < 0.0962 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0962 U < 0.0971 U < 0.0971 U < 0.0980 U < 0.0962 U < 0.00980 UJ < 0.0966 U < 0.100 U < 0.0957 U < 0.388 U < 0.481 U < 0.481 U < 0.0971 U < 0.0971 U < 0.00957 U < 0.00952 U < 0.0196 U < 0.0191 U < 0.00976 U
< 0.0957 UA < 0.0971 UA < 0.098 UA < 0.0957 UA < 0.0971 UA < 0.00962 UA < 0.0962 UA < 0.0962 UA < 0.0962 UA < 0.098 UA < 0.0971 UA < 0.0971 UA < 0.0962 UA < 0.0971 UA < 0.0971 UA < 0.098 UA < 0.192 UA < 0.00995 UJA < 0.0966 UA < 0.1 UA < 0.0957 UA < 0.388 UA < 0.481 UA < 0.952 UA < 0.0971 UA < 0.0971 UA < 0.00957 UA < 0.00952 UA < 0.0196 UA < 0.0191 UA < 0.00976 UA
< 0.0957 UT < 0.0971 UT < 0.098 UT < 0.0957 UT < 0.0971 UT < 0.00962 UT < 0.0962 UT < 0.0962 UT < 0.0962 UT < 0.098 UT < 0.0971 UT < 0.0971 UT < 0.0962 UT < 0.0971 UT < 0.0971 UT < 0.098 UT < 0.0962 UT < 0.00995 UJT < 0.0966 UT < 0.1 UT < 0.0957 UT < 0.777 UT < 0.481 UT < 1.43 UT < 0.0971 UT < 0.0971 UT < 0.00957 UT 0.00483 JT < 0.0196 UT < 0.0191 UT < 0.00976 UT

0.16 0.00484 J 0.429 0.265 0.0402 J 0.0151 < 0.0962 U 0.113 0.0477 JT < 0.0980 U < 0.0971 U < 0.0971 U < 0.0962 U < 0.0971 U < 0.0971 U 0.567 0.599 J < 0.00980 UJ 0.0563 J 1.44 < 0.0957 U < 0.388 U < 1.20 U 57 T 0.0566 J < 0.0971 U 0.0717 < 0.00952 U 0.107 < 0.0191 U < 0.00976 U
0.0324 J < 0.0971 U 0.176 J 0.0489 J 0.0394 J < 0.00962 U < 0.0962 U < 0.0962 U 0.00991 JT < 0.0980 U < 0.0971 U 0.00515 J < 0.0962 U < 0.0971 U < 0.0971 U < 0.0980 U 0.553 J < 0.00980 UJ < 0.0966 U 0.0728 J < 0.0957 U < 0.388 U < 0.481 U 4.06 T 0.0711 J < 0.0971 U < 0.00957 U 0.00942 J 0.0264 < 0.0191 U 0.00595 J

MWA-43 MWA-44 MWA-45 MWA-46 MWA-47 MWA-48I MWA-54I MWA-55I MWA-56D MWA-57D MWA-58D MWA-59DMWA-49I MWA-5 MWA-50I MWA-51I MWA-52I MWA-53I MWA-66I MWA-67SI MWA-68SI MWA-69 MWA-6R MWA-7(I)MWA-60 MWA-61 MWA-62 MWA-63 MWA-64I MWA-65I MWA-70I MWA-71 MWA-72 MWA-73 MWA-74I MWA-75I



Compound Units Chronic Water 
Quality Criteria

Metals
Aluminum mg/l --
Arsenic mg/l 0.19
Cadmium mg/l 0.0001
Chromium mg/l 0.0238
Copper mg/l 0.012
Iron mg/l 1
Lead mg/l 0.001
Manganese mg/l --
Nickel mg/l 0.02
Zinc mg/l 0.04
Chromium, VI µg/l 11
VOCs
1,1,1,2-Tetrachloroethane µg/l 9320
1,1,1-Trichloroethane µg/l 21900
1,1,2,2-Tetrachloroethane µg/l 2400
1,1,2-Trichloroethane µg/l 9400
1,1-Dichloroethane µg/l --
1,1-Dichloroethene µg/l --
1,1-Dichloropropene µg/l --
1,2,3-Trichlorobenzene µg/l --
1,2,3-Trichloropropane µg/l --
1,2,4-Trichlorobenzene µg/l --
1,2,4-Trimethylbenzene µg/l --
1,2-Dibromo-3-chloropropane µg/l --
1,2-Dichlorobenzene µg/l 763
1,2-Dichloroethane µg/l 20000
1,2-Dichloropropane µg/l 5700
1,3,5-Trimethylbenzene µg/l --
1,3-Dichlorobenzene µg/l 763
1,3-Dichloropropane µg/l --
1,4-Dichlorobenzene µg/l 763
2,2-Dichloropropane µg/l --
2-Butanone µg/l --
2-Hexanone µg/l --
2-Phenylbutane µg/l --
4-Chlorotoluene µg/l --
4-Methyl-2-pentanone µg/l --
Acetone µg/l --
Benzene µg/l --
Bromobenzene µg/l --
Bromodichloromethane µg/l --
Bromoform µg/l --
Carbon disulfide µg/l --
Carbon tetrachloride µg/l --
Chlorobenzene µg/l 50
Chlorobromomethane µg/l --
Chloroethane µg/l --
Chloroform µg/l 1240
cis-1,2-Dichloroethene µg/l --
cis-1,3-Dichloropropene µg/l 244
Cumene µg/l --
Cymene µg/l --
Dibromochloromethane µg/l --
Dibromomethane µg/l --
Ethylbenzene µg/l --
Ethylene dibromide µg/l --
Freon 11 µg/l --
Freon 12 µg/l --
Hexachlorobutadiene µg/l 9.3
m,p Xylenes µg/l --
Methyl bromide µg/l --
Methyl chloride µg/l --
Methyl tert-butyl ether µg/l --
Methylene chloride µg/l --
Naphthalene µg/l --
n-Butylbenzene µg/l --
n-Propylbenzene µg/l --
o-Chlorotoluene µg/l --
o-Xylene µg/l --
Styrene µg/l --
Tert-Butylbenzene µg/l --
Tetrachloroethene µg/l 840
Toluene µg/l --
trans-1,2-Dichloroethene µg/l --
trans-1,3-Dichloropropene µg/l 244
Trichloroethene µg/l 21900
Vinyl chloride µg/l --
PAHs
Acenaphthene µg/l 520
Acenaphthylene µg/l --
Anthracene µg/l --
Benzo(a)anthracene µg/l --
Benzo(a)pyrene µg/l --
Benzo(b)fluoranthene µg/l --
Benzo(g,h,i)perylene µg/l --
Benzo(k)fluoranthene µg/l --
Chrysene µg/l --
Dibenzo(a,h)anthracene µg/l --
Fluoranthene µg/l --
Fluorene µg/l --
High Molecular Weight PAH µg/l --
Indeno(1,2,3-cd)pyrene µg/l --
Low Molecular Weight PAH µg/l --
Naphthalene µg/l --
Phenanthrene µg/l --
Polycyclic Aromatic Hydrocarbons µg/l --
Pyrene µg/l --
Inorganic
Perchlorate µg/l 9300
Chlorate mg/l --
Chloride mg/l 2300
Petroleum hydrocarbons
Diesel Range Hydrocarbons mg/l --
Petroleum hydrocarbons > C26 mg/l --
Pesticides
Aldrin µg/l --
alpha-BHC µg/l --
beta-BHC µg/l --
delta-BHC µg/l --
Lindane µg/l 0.08
alpha-Chlordane µg/l --
gamma-Chlordane µg/l --
Chlordane, Technical µg/l 0.0043
Chlorinated camphene µg/l --
Dieldrin µg/l 0.056
Endosulfan I µg/l 0.056
Endosulfan II µg/l 0.056
Endosulfan sulfate µg/l --
Endrin µg/l 0.036
Endrin aldehyde µg/l --
Endrin ketone µg/l --
Heptachlor µg/l 0.0038
Heptachlor epoxide µg/l --
Methoxychlor µg/l 0.03
Total Chlordanes µg/l 0.0043
Total Endosulfan µg/l --
4,4-DDD µg/l --
4,4-DDE µg/l --

 Table A-9
   Groundwater Hot Spot Screening

   Hot Spot Evaluation Update
  Arkema Portland Facility

 Portland, Oregon

< 0.500 U 0.0177 J < 0.0395 U < 0.0384 U < 0.0693 U < 0.0735 U
0.0487 J < 0.00990 U < 0.0100 U < 0.0100 U < 0.0100 U < 0.0100 U < 0.0100 U 0.154 0.00186 T 0.00631 J < 0.0100 U 0.0181 < 0.0100 U 0.0729 J 0.00962 J 0.00786 J < 0.0100 U < 0.0100 U 0.0122 J < 0.0100 U 0.00551 J 0.00578 JT < 0.0100 U

< 0.00100 U 0.00182 T 0.00262 J 0.000672 J 0.00052 JT < 0.0100 U
< 0.0100 U 0.003 J < 0.00250 U 0.00246 J < 0.00043 U < 0.00274 U < 0.00205 U < 0.00448 U < 0.00484 U

< 0.000610 U 0.00595 T 0.00454 J < 0.0200 U 0.00185 J < 0.0200 U
5 18.7 0.0695 J 1.05 3.34 77 0.101 0.0383 J < 0.100 U 0.123 < 0.100 U

< 0.000140 U < 0.0000553 U < 0.0100 U < 0.0100 U < 0.0100 U < 0.0100 U
0.0807 0.41 0.28 0.235 T 0.622 0.538 6.34 10.9 T 2.49 0.531 13.9 0.0173 J

0.00974 J 0.0349 T 0.00726 J 0.00819 J 0.0511 J < 0.00723 U
< 0.00132 U 0.00641 J 0.169 J 0.0368 J 0.0356 J

< 0.500 U < 0.500 U < 25.0 U < 250 U < 50.0 U < 250 U < 1.00 U < 5.00 U < 25.0 U < 0.500 U < 0.0900 U < 0.500 U < 5.00 U < 0.500 U < 2.50 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 2.50 U < 5.00 U < 1 UT < 1.00 U < 2.50 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U < 25.0 U < 250 U < 50.0 U < 250 U 4.8 J < 5.00 U < 25.0 U < 0.500 U < 0.120 U < 0.500 U < 5.00 U < 0.500 U < 2.50 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 2.50 U < 5.00 U < 1 UT < 1.00 U < 2.50 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U < 25.0 U < 250 U < 50.0 U < 250 U < 1.00 U < 5.00 U < 25.0 U < 0.500 U < 0.0800 U < 0.500 U < 5.00 U < 0.500 U < 2.50 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 2.50 UJ < 5.00 UJ < 1 UJT < 1.00 UJ < 2.50 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U < 25.0 U < 250 U < 50.0 U < 250 U < 1.00 U < 5.00 U < 25.0 U < 0.500 U < 0.130 U < 0.500 U < 5.00 U < 0.500 U < 2.50 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 2.50 U < 5.00 U < 1 UT < 1.00 U < 2.50 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U < 25.0 U < 250 U < 50.0 U < 250 U < 1.00 U < 5.00 U < 25.0 U < 0.500 U < 0.0800 U < 0.500 U < 5.00 U < 0.500 U < 2.50 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 2.50 U < 5.00 U < 1 UT < 1.00 U < 2.50 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U < 25.0 U < 250 U < 50.0 U < 250 U < 1.00 U < 5.00 U < 25.0 U < 0.500 U 0.26 J 0.4 J 2.7 J < 0.500 U 1.25 J < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 2.50 U < 5.00 U < 1 UT < 1.00 U 2.95 JT 0.35 J < 0.500 U
< 0.500 U < 0.500 U < 25.0 U < 250 U < 50.0 U < 250 U < 1.00 U < 5.00 U < 25.0 U < 0.500 U < 0.0800 U < 0.500 U < 5.00 U < 0.500 U < 2.50 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 2.50 U < 5.00 U < 1 UT < 1.00 U < 2.50 U < 0.500 U < 0.500 U
< 1.00 U < 1.00 U < 50.0 U < 500 U < 100 U < 500 U < 2.00 U < 10.0 U < 50.0 U < 1.00 U < 0.100 U < 1.00 U < 10.0 U < 1.00 U < 5.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 5.00 U < 10.0 U < 2 UT < 2.00 U < 5.00 U < 1.00 U < 1.00 U

< 0.500 U < 0.500 U < 25.0 U < 250 U < 50.0 U < 250 U < 1.00 U < 5.00 U < 25.0 U < 0.500 U < 0.130 U < 0.500 U < 5.00 U < 0.500 U < 2.50 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 2.50 U < 5.00 U < 1 UT < 1.00 U < 2.50 U < 0.500 U < 0.500 U
< 1.00 U < 1.00 U < 50.0 U < 500 U < 100 U < 500 U < 2.00 U < 10.0 U < 50.0 U < 1.00 U < 0.110 U < 1.00 U < 10.0 U < 1.00 U < 5.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 5.00 U < 10.0 U < 2 U < 2.00 U < 5.00 U < 1.00 U < 1.00 U
< 1.00 U < 1.00 U < 50.0 U < 500 U < 100 U < 500 U < 2.00 U < 10.0 U < 50.0 U < 1.00 U < 0.0800 U < 1.00 U < 10.0 U < 1.00 U < 5.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U 0.22 J < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 5.00 U < 10.0 U < 2 UT < 2.00 U < 5.00 U < 1.00 U < 1.00 U
< 5.00 U < 5.00 U < 250 U < 2500 U < 500 U < 2500 U < 10.0 U < 50.0 U < 250 U < 5.00 U < 2.35 U < 5.00 U < 50.0 U < 5.00 U < 25.0 U < 5.00 U < 5.00 U < 5.00 U < 5.00 U < 5.00 U < 5.00 U < 5.00 U < 5.00 U < 5.00 U < 25.0 UJ < 50.0 UJ < 10 UJT < 10.0 UJ < 25.0 U < 5.00 U < 5.00 U

< 0.500 U < 0.500 U < 25.0 U 80 J 7 JT < 250 U < 1.00 U < 5.00 U < 25.0 U 1.66 114 148 1000 0.22 J 501 0.08 J < 0.500 U 0.21 J < 0.500 U 0.41 J < 0.500 U < 0.500 U < 0.500 U < 0.500 U 6.65 372 < 1 UT < 1.00 U 625 130 < 0.500 U
< 0.500 U < 0.500 U < 25.0 U < 250 U < 50.0 U < 250 U < 1.00 U < 5.00 U < 25.0 U < 0.500 U < 0.100 U < 0.500 U < 5.00 U < 0.500 U < 2.50 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 2.50 U < 5.00 U < 1 U < 1.00 U < 2.50 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U < 25.0 U < 250 U < 50.0 U < 250 U < 1.00 U < 5.00 U < 25.0 U < 0.500 U < 0.110 U < 0.500 U < 5.00 U < 0.500 U < 2.50 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 2.50 U < 5.00 U < 1 UT < 1.00 U < 2.50 U < 0.500 U < 0.500 U
< 1.00 U < 1.00 U < 50.0 U < 500 U < 100 U < 500 U < 2.00 U < 10.0 U < 50.0 U < 1.00 U < 0.0700 U < 1.00 U < 10.0 U < 1.00 U < 5.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U 0.11 J < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 5.00 U < 10.0 U < 2 U < 2.00 U < 5.00 U < 1.00 U < 1.00 U

< 0.500 U < 0.500 U < 25.0 U < 250 U < 50.0 U 50 J < 1.00 U < 5.00 U < 25.0 U < 0.500 U 1.49 T 4.42 29.4 < 0.500 U 14.8 < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 2.50 U 11.9 < 1 U < 1.00 U 18.4 4.67 < 0.500 U
< 0.500 U < 0.500 U < 25.0 U < 250 U < 50.0 U < 250 U < 1.00 U < 5.00 U < 25.0 U < 0.500 U < 0.140 U < 0.500 U < 5.00 U < 0.500 U < 2.50 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 2.50 U < 5.00 U < 1 U < 1.00 U < 2.50 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U < 25.0 U < 250 U 9.25 JT < 250 U < 1.00 U < 5.00 U < 25.0 U < 0.500 U 32 44.8 308 < 0.500 U 160 < 0.500 U 0.12 J < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U 2.85 120 < 1 U < 1.00 U 196 43.2 < 0.500 U
< 0.500 U < 0.500 U < 25.0 U < 250 U < 50.0 U < 250 U < 1.00 U < 5.00 U < 25.0 U < 0.500 U < 0.0900 U < 0.500 U < 5.00 U < 0.500 U < 2.50 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 2.50 U < 5.00 U < 1 UT < 1.00 U < 2.50 U < 0.500 U < 0.500 U
< 10.0 UJ < 10.0 U < 500 U < 5000 U < 1000 U < 5000 UJ < 20.0 U < 100 U < 500 U < 10.0 UJ < 3.50 UJ < 10.0 U < 100 U < 10.0 U < 50.0 U < 10.0 UJ < 10.0 UJ < 10.0 UJ < 10.0 U < 10.0 U < 10.0 U < 10.0 U < 10.0 U < 10.0 U < 50.0 U < 100 U < 20 UT < 20.0 U < 50.0 U < 10.0 U < 10.0 U
< 10.0 U < 10.0 U < 500 U < 5000 U < 1000 U < 5000 U < 20.0 U < 100 U < 500 U < 10.0 UJ < 3.62 UJ < 10.0 U < 100 U < 10.0 U < 50.0 U < 10.0 UJ < 10.0 UJ < 10.0 UJ < 10.0 U < 10.0 U < 10.0 U < 10.0 U < 10.0 U < 10.0 U < 50.0 U < 100 U < 20 UT < 20.0 U < 50.0 U < 10.0 U < 10.0 U
< 1.00 U < 1.00 U < 50.0 U < 500 U < 100 U < 500 U < 2.00 U < 10.0 U < 50.0 U < 1.00 U < 0.0800 U < 1.00 U < 10.0 U < 1.00 U < 5.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 5.00 U < 10.0 U < 2 U < 2.00 U < 5.00 U < 1.00 U < 1.00 U
< 1.00 U < 1.00 U < 50.0 U < 500 U < 100 U < 500 U < 2.00 U < 10.0 U < 50.0 U < 1.00 U < 0.110 U < 1.00 U < 10.0 U < 1.00 U < 5.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 5.00 U < 10.0 U < 2 U < 2.00 U < 5.00 U < 1.00 U < 1.00 U
< 5.00 U < 5.00 U < 250 U < 2500 U < 500 U < 2500 UJ < 10.0 U < 50.0 U < 250 U < 5.00 UJ < 0.290 UJ < 5.00 U < 50.0 U < 5.00 U < 25.0 U < 5.00 UJ < 5.00 UJ < 5.00 UJ < 5.00 U < 5.00 U < 5.00 U < 5.00 U < 5.00 U < 5.00 U < 25.0 U < 50.0 U < 10 U < 10.0 U < 25.0 U < 5.00 U < 5.00 U
< 20.0 UJ < 20.0 U < 1000 U < 10000 U < 2000 U < 10000 UJ < 40.0 U < 200 U < 1000 U < 20.0 U < 200 U < 20.0 U < 100 U < 20.0 U < 20.0 U < 20.0 U < 20.0 U < 20.0 U < 20.0 U < 100 U < 20.0 U < 20.0 U

< 0.500 U 0.31 J < 25.0 U < 250 U < 50.0 U < 250 U < 1.00 U < 5.00 U < 25.0 U < 0.500 U 0.11 J 0.14 J 4 J 0.5 0.75 J < 0.500 U < 0.500 U < 0.500 U < 0.500 U 1.28 J < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 2.50 U 1.1 J < 1 UT < 1.00 U 1.15 J 0.2 J < 0.500 U
< 0.500 U < 0.500 U < 25.0 U < 250 U < 50.0 U < 250 U < 1.00 U < 5.00 U < 25.0 U < 0.500 U < 0.100 U < 0.500 U < 5.00 U < 0.500 U < 2.50 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 2.50 U < 5.00 U < 1 U < 1.00 U < 2.50 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U < 25.0 U < 250 U < 50.0 U < 250 U < 1.00 U < 5.00 U < 25.0 U < 0.500 U < 0.110 U < 0.500 U < 5.00 U < 0.500 U < 2.50 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 2.50 U < 5.00 U < 1 UT < 1.00 U < 2.50 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U < 25.0 U < 250 U < 50.0 U < 250 U < 1.00 U < 5.00 U < 25.0 U < 0.500 U < 0.100 U < 0.500 U < 5.00 U < 0.500 U < 2.50 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 2.50 U < 5.00 U < 1 UT < 1.00 U < 2.50 U < 0.500 U < 0.500 U
< 1.00 U < 1.00 U < 50.0 U < 500 U < 100 U < 500 U < 2.00 U < 10.0 U < 50.0 U < 1.00 U < 0.140 U < 1.00 U < 10.0 U < 1.00 U < 5.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U 0.18 J < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 5.00 U < 10.0 U < 2 UT < 2.00 U < 5.00 U < 1.00 U < 1.00 U

< 0.500 U < 0.500 U < 25.0 U < 250 U < 50.0 U < 250 U < 1.00 U < 5.00 U < 25.0 U < 0.500 U < 0.0600 U < 0.500 U < 5.00 U < 0.500 U < 2.50 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 2.50 U < 5.00 U < 1 U < 1.00 U < 2.50 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U 4910 61600 17500 112000 1120 1420 6720 0.37 J 39.1 34.8 350 59.6 180 0.07 J < 0.500 U 0.34 J < 0.500 U 0.26 J < 0.500 U < 0.500 U < 0.100 U < 0.500 U < 1.65 U 129 < 1 U < 0.180 U 200 32.4 < 0.500 U
< 0.500 U < 0.500 U < 25.0 U < 250 U < 50.0 U < 250 U < 1.00 U < 5.00 U < 25.0 U < 0.500 U < 0.180 U < 0.500 U < 5.00 U < 0.500 U < 2.50 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 2.50 UJ < 5.00 UJ < 1 UJT < 1.00 UJ < 2.50 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U < 25.0 U < 250 U 31 T < 250 U 0.4 J 4.5 J 13 J < 0.500 U < 0.110 U < 0.500 U < 5.00 U < 0.500 U < 2.50 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 2.50 U < 5.00 U < 1 UT < 1.00 U < 2.50 U < 0.500 U < 0.500 U

0.22 J < 0.500 U < 25.0 U 60 J 177 T 440 27.4 145 72 < 0.500 U 0.11 J 0.24 J < 5.00 U < 0.500 U < 2.50 U < 0.500 U < 0.500 U 0.81 < 0.500 U < 0.500 U 0.18 J < 0.500 U < 0.500 U < 0.500 U < 2.50 U < 5.00 U 32.7 T 3.56 < 2.50 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U 20 J < 250 U < 50.0 U < 250 U < 1.00 U < 5.00 U < 25.0 U 0.09 J 1.35 T 3.05 11.3 < 0.500 U 5.2 0.47 J 0.09 J < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 2.50 U 4.8 J 0.18 JT < 1.00 U 6.65 1.45 < 0.500 U
< 0.500 U < 0.500 U < 25.0 U < 250 U < 50.0 U < 250 U < 1.00 U < 5.00 U < 25.0 U < 0.500 U < 0.0900 U < 0.500 U < 5.00 U < 0.500 U < 2.50 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 2.50 U < 5.00 U < 1 U < 1.00 U < 2.50 U < 0.500 U < 0.500 U
< 2.00 U < 2.00 U < 100 U < 1000 U < 200 U < 1000 U < 4.00 U < 20.0 U < 100 U < 2.00 U < 0.0700 U < 2.00 U < 20.0 U < 2.00 U < 10.0 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U < 10.0 U < 20.0 U < 4 UT < 4.00 U < 10.0 U < 2.00 U < 2.00 U
< 2.00 U < 2.00 U < 100 U < 1000 U < 200 U < 1000 U < 4.00 U < 20.0 U < 100 U < 2.00 U < 0.0600 U < 2.00 U < 20.0 U < 2.00 U < 10.0 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U 2.82 J < 2.00 U < 2.00 U < 2.00 U < 2.00 U < 10.0 U < 20.0 U < 4 UT < 4.00 U < 10.0 U < 2.00 U < 2.00 U

< 0.500 U < 0.500 U < 25.0 U < 250 U < 50.0 U < 250 U < 1.00 U < 5.00 U < 25.0 U < 0.500 U < 0.0700 U < 0.500 U < 5.00 U < 0.500 U < 2.50 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 2.50 U < 5.00 U < 1 U < 1.00 U < 2.50 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U < 25.0 U < 250 U < 50.0 U < 250 U < 1.00 U < 5.00 U < 25.0 U < 0.500 U < 0.100 U < 0.500 U < 5.00 U < 0.500 U < 2.50 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 2.50 U < 5.00 U < 1 UT < 1.00 U < 2.50 U < 0.500 U < 0.500 U
< 0.500 U 0.13 J < 25.0 U < 250 U < 50.0 U < 250 U < 1.00 U < 5.00 U < 25.0 U < 0.500 U < 0.0600 U < 0.500 U < 5.00 U < 0.500 U < 2.50 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U 0.08 J 0.08 J < 0.500 U < 0.500 U < 0.500 U < 2.50 U < 5.00 U < 1 U < 1.00 U < 2.50 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U < 25.0 U < 250 U < 50.0 U < 250 U < 1.00 U < 5.00 U < 25.0 U < 0.500 U < 0.110 U < 0.500 U < 5.00 U < 0.500 U < 2.50 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 2.50 U < 5.00 U < 1 U < 1.00 U < 2.50 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U < 25.0 U < 250 U < 50.0 U < 250 U < 1.00 U < 5.00 U < 25.0 U < 0.500 U < 0.0600 U 0.31 J < 5.00 U < 0.500 U < 2.50 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 2.50 U < 5.00 U < 1 UT < 1.00 U < 2.50 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U < 25.0 U < 250 U < 50.0 U < 250 U < 1.00 U < 5.00 U < 25.0 U < 0.500 U < 0.110 U < 0.500 U < 5.00 U < 0.500 U < 2.50 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 2.50 UJ < 5.00 UJ < 1 UJT < 1.00 UJ < 2.50 U < 0.500 U < 0.500 U
< 2.00 U < 2.00 U < 100 U < 1000 U < 200 U < 1000 U < 4.00 U < 20.0 U < 100 U < 2.00 U < 0.210 U < 2.00 U < 20.0 U < 2.00 U < 10.0 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U < 10.0 U 3.9 J < 4 UT < 4.00 U < 10.0 U < 2.00 U < 2.00 U
< 1.00 U 0.46 J < 50.0 U < 500 U < 100 U < 500 U < 2.00 U < 10.0 U < 50.0 U < 1.00 U < 0.210 U < 1.00 U < 10.0 U < 1.00 U < 5.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 5.00 U < 10.0 U < 2.00 U < 2.00 U < 5.00 U < 1.00 U < 1.00 U
< 2.00 U < 2.00 U < 100 UJ < 1000 U < 200 U < 1000 U < 4.00 U < 20.0 U < 100 U < 2.00 U < 0.170 U < 2.00 U < 20.0 U < 2.00 U < 10.0 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U < 10.0 UJ < 20.0 UJ < 4 UJT < 4.00 UJ < 10.0 U < 2.00 U < 2.00 U
< 2.00 U < 2.00 U < 100 U < 1000 U < 200 U < 1000 U < 4.00 U < 20.0 U < 100 U < 2.00 U < 0.0800 U < 2.00 U < 20.0 U < 2.00 U < 10.0 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U < 10.0 U < 20.0 U < 4 UT < 4.00 U < 10.0 U < 2.00 U < 2.00 U
< 1.00 U < 1.00 U < 50.0 U < 500 U 10 JT 230 J < 2.00 U < 10.0 U < 50.0 U < 1.00 U 0.7 J < 1.00 U 2.4 J < 1.00 U 2 J < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U 0.7 J < 10.0 U 0.23 JT < 2.00 U < 5.00 U < 1.00 U < 1.00 U
< 5.00 U < 5.00 U < 250 U < 2500 U 36 JT 920 J < 10.0 U < 50.0 U < 250 U 0.16 J 0.375 JT 0.17 J 3.3 J < 5.00 U 1.6 J < 5.00 U < 5.00 U < 5.00 U < 5.00 U < 5.00 U < 5.00 U < 5.00 U < 5.00 U < 5.00 U < 2.20 U < 50.0 U < 0.52 UT < 0.720 U 1.9 J < 5.00 U < 5.00 U
< 2.00 U 0.09 J < 100 U < 1000 U < 200 U < 1000 U < 4.00 U < 20.0 U < 100 U < 2.00 U < 2.00 U < 2.00 U < 20.0 U < 2.00 U < 10.0 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U < 2.00 U < 10.0 U < 20.0 U < 4.00 U < 4.00 U < 10.0 U < 2.00 U < 2.00 U
< 5.00 U < 5.00 U < 250 U < 2500 U < 500 U < 2500 U < 10.0 U < 50.0 U < 250 U < 5.00 U < 0.0600 U < 5.00 U < 50.0 U < 5.00 U < 25.0 U < 5.00 U < 5.00 U < 5.00 U < 5.00 U < 5.00 U < 5.00 U < 5.00 U < 5.00 U < 5.00 U < 25.0 U < 50.0 U < 10.0 U < 10.0 U < 25.0 U < 5.00 U < 5.00 U
< 1.00 U < 1.00 U < 50.0 U < 500 U < 100 U < 500 U < 2.00 U < 10.0 U < 50.0 U < 1.00 U < 0.100 U < 1.00 U < 10.0 U < 1.00 U < 5.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 5.00 U < 10.0 U < 2.00 U < 2.00 U < 5.00 U < 1.00 U < 1.00 U
< 1.00 U < 1.00 U < 50.0 U < 500 U < 100 U < 500 U < 2.00 U < 10.0 U < 50.0 U < 1.00 U < 0.0700 U < 1.00 U < 10.0 U < 1.00 U < 5.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 5.00 U < 10.0 U < 2.00 U < 2.00 U < 5.00 U < 1.00 U < 1.00 U

< 0.500 U 0.11 J < 25.0 U < 250 U < 50.0 U < 250 U < 1.00 U < 5.00 U < 25.0 U < 0.500 U < 0.0700 U < 0.500 U < 5.00 U < 0.500 U < 2.50 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U 0.16 J 0.12 J < 0.500 U < 0.500 U < 0.500 U < 2.50 U < 5.00 U < 1.00 U < 1.00 U < 2.50 U < 0.500 U < 0.500 U
0.07 J < 0.500 U < 25.0 U < 250 U < 50.0 U < 250 U < 1.00 U < 5.00 U < 25.0 U < 0.500 U < 0.0400 U < 0.500 U < 5.00 U < 0.500 U < 2.50 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 2.50 U < 5.00 U < 1.00 U < 1.00 U < 2.50 U < 0.500 U < 0.500 U

< 1.00 U < 1.00 U < 50.0 U < 500 U < 100 U < 500 U < 2.00 U < 10.0 U < 50.0 U < 1.00 U < 0.0600 U < 1.00 U < 10.0 U < 1.00 U < 5.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 5.00 U < 10.0 U < 2.00 U < 2.00 U < 5.00 U < 1.00 U < 1.00 U
< 0.500 U < 0.500 U < 25.0 U < 250 U < 50.0 U < 250 U 4.6 J 19 7 J < 0.500 U 0.355 JT < 0.500 U < 5.00 U < 0.500 U < 2.50 U < 0.500 U < 0.500 U 0.29 J < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 2.50 U < 5.00 U 1.28 T 0.44 J < 2.50 U < 0.500 U < 0.500 U

0.5 1.51 J < 25.0 U < 250 U < 50.0 U < 250 U < 1.00 U < 5.00 U < 25.0 U < 0.500 U < 0.110 U 0.14 J < 5.00 U < 0.500 U < 2.50 U < 0.500 U < 0.500 U < 0.500 U 0.15 J 0.51 J < 0.500 U 0.12 J 0.22 J < 0.500 U < 2.50 U < 5.00 U 0.24 JT < 1.00 U < 2.50 U 0.11 J < 0.500 U
< 0.500 U < 0.500 U < 25.0 U < 250 U < 50.0 U < 250 U < 1.00 U < 5.00 U < 25.0 U < 0.500 U < 0.100 U 0.14 J 1.4 J < 0.500 U 0.75 J < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 2.50 U < 5.00 U < 1.00 U < 1.00 U 2.1 JT 0.16 J < 0.500 U
< 0.500 U < 0.500 U < 25.0 U < 250 U < 50.0 U < 250 U < 1.00 U < 5.00 U < 25.0 U < 0.500 U < 0.100 U < 0.500 U < 5.00 U < 0.500 U < 2.50 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 2.50 U < 5.00 U < 1.00 U < 1.00 U < 2.50 U < 0.500 U < 0.500 U
< 0.500 U < 0.500 U < 25.0 U < 250 U < 50.0 U < 250 U < 1.00 U < 5.00 U < 25.0 U < 0.500 U 1.3 J 1.54 8 < 0.500 U 4.75 0.23 J < 0.500 U 0.21 J 0.63 J < 0.500 U 12.5 J 0.74 J < 0.500 U < 0.500 U < 2.50 U 3.7 J 0.74 JT 0.3 J 4.6 1.07 < 0.500 U
< 0.500 U < 0.500 U < 25.0 U < 250 U < 50.0 U < 250 U < 1.00 U < 5.00 U < 25.0 U < 0.500 U 2.84 T 3.99 31.3 < 0.500 U 12.7 < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 0.500 U < 2.50 U 9.7 < 1 UT < 1.00 U 17 3.66 < 0.500 U

< 0.0962 U < 0.0952 U < 0.0962 U < 0.0476 U < 0.0990 U < 0.0966 U 0.061 J < 0.0971 U < 0.0957 U < 0.0976 U < 0.0971 U < 0.0966 U 0.131 J < 0.0966 U < 0.0962 U < 0.0952 U < 0.0952 U < 0.0952 UT < 0.0971 U < 0.0952 U < 0.105 U < 0.0971 U < 0.0962 U < 0.0966 U
< 0.0962 U < 0.0952 U < 0.0962 U < 0.0476 U < 0.0990 U < 0.0966 U < 0.0962 U < 0.0971 U < 0.0957 U < 0.0976 U < 0.0971 U < 0.0966 U < 0.0976 U < 0.0966 U < 0.0962 U < 0.0952 U < 0.0952 U < 0.0952 UT < 0.0971 U < 0.0952 U < 0.105 U < 0.0971 U < 0.0962 U < 0.0966 U
< 0.0962 U < 0.0952 U < 0.0962 U < 0.0476 U < 0.0990 U < 0.0966 U < 0.0962 U < 0.0971 U < 0.0957 U < 0.0976 U < 0.0971 U < 0.0966 U < 0.0976 U < 0.0966 U < 0.0962 U < 0.0952 U < 0.0952 U < 0.0952 UT < 0.0971 U < 0.0952 U < 0.105 U < 0.0971 U < 0.0962 U < 0.0966 U
< 0.0962 U < 0.0952 U < 0.0962 U < 0.0476 U < 0.0990 U < 0.0966 U < 0.0962 U < 0.0971 U < 0.0957 U < 0.0976 U < 0.0971 U < 0.0966 U < 0.0976 U < 0.0966 U < 0.0962 U < 0.0952 U < 0.0952 U < 0.0952 UT < 0.0971 U < 0.0952 U < 0.105 U < 0.0971 U < 0.0962 U < 0.0966 U
< 0.0962 U < 0.0952 U < 0.0962 U < 0.0476 U < 0.0990 U < 0.0966 U < 0.0962 U < 0.0971 U < 0.0957 U < 0.0976 U < 0.0971 U < 0.0966 U < 0.0976 U < 0.0966 U < 0.0962 U < 0.0952 U < 0.0952 U < 0.0952 UT < 0.0971 U < 0.0952 U < 0.105 U < 0.0971 U < 0.0962 U < 0.0966 U
< 0.0962 U < 0.0952 U < 0.0962 U < 0.0476 U < 0.0990 U < 0.0966 U < 0.0962 U < 0.0971 U < 0.0957 U < 0.0976 U < 0.0971 U < 0.0966 U < 0.0976 U < 0.0966 U < 0.0962 U < 0.0952 U < 0.0952 U < 0.0952 UT < 0.0971 U < 0.0952 U < 0.105 U < 0.0971 U < 0.0962 U < 0.0966 U
< 0.0962 U < 0.0952 U < 0.0962 U < 0.0476 U < 0.0990 U < 0.0966 U < 0.0962 U < 0.0971 U < 0.0957 U < 0.0976 U < 0.0971 U < 0.0966 U < 0.0976 U < 0.0966 U < 0.0962 U < 0.0952 U < 0.0952 U < 0.0952 UT < 0.0971 U < 0.0952 U < 0.105 U < 0.0971 U < 0.0962 U < 0.0966 U
< 0.0962 U < 0.0952 U < 0.0962 U < 0.0476 U < 0.0990 U < 0.0966 U < 0.0962 U < 0.0971 U < 0.0957 U < 0.0976 U < 0.0971 U < 0.0966 U < 0.0976 U < 0.0966 U < 0.0962 U < 0.0952 U < 0.0952 U < 0.0952 UT < 0.0971 U < 0.0952 U < 0.105 U < 0.0971 U < 0.0962 U < 0.0966 U
< 0.0962 U < 0.0952 U < 0.0962 U < 0.0476 U < 0.0990 U < 0.0966 U < 0.0962 U < 0.0971 U < 0.0957 U < 0.0976 U < 0.0971 U < 0.0966 U < 0.0976 U < 0.0966 U < 0.0962 U < 0.0952 U < 0.0952 U < 0.0952 UT < 0.0971 U < 0.0952 U < 0.105 U < 0.0971 U < 0.0962 U < 0.0966 U
< 0.192 U < 0.190 U < 0.192 U < 0.0952 U < 0.198 U < 0.193 U < 0.192 U < 0.194 U < 0.191 U < 0.195 U < 0.194 U < 0.193 U < 0.195 U < 0.193 U < 0.192 U < 0.190 U < 0.190 U < 0.19 UT < 0.194 U < 0.190 U < 0.211 U < 0.194 U < 0.192 U < 0.193 U

< 0.0962 U < 0.0952 U < 0.0962 U < 0.0476 U < 0.0990 U < 0.0966 U 0.0723 J < 0.0971 U 0.096 < 0.0976 U < 0.0971 U < 0.0966 U 0.0553 J < 0.0966 U < 0.0962 U < 0.0952 U < 0.0952 U < 0.0952 UT < 0.0971 U 0.0625 J < 0.105 U < 0.0971 U < 0.0962 U < 0.0966 U
< 0.0962 U < 0.0952 U < 0.0962 U < 0.0476 U < 0.0990 U < 0.0966 U < 0.0962 U < 0.0971 U < 0.0957 U < 0.0976 U < 0.0971 U < 0.0966 U < 0.0976 U < 0.0966 U < 0.0962 U < 0.0952 U < 0.0952 U < 0.0952 UT < 0.0971 U < 0.0952 U < 0.105 U < 0.0971 U < 0.0962 U < 0.0966 U

< 0.192 UT < 0.0952 UT < 0.198 UT < 0.193 UT 0.198 JT < 0.194 UT 0.483 T < 0.195 UT < 0.194 UT < 0.193 UT 0.128 JT < 0.193 UT < 0.192 UT < 0.194 UT < 0.192 UT < 0.193 UT
< 0.0962 U < 0.0952 U < 0.0962 U < 0.0476 U < 0.0990 U < 0.0966 U < 0.0962 U < 0.0971 U < 0.0957 U < 0.0976 U < 0.0971 U < 0.0966 U < 0.0976 U < 0.0966 U < 0.0962 U < 0.0952 U < 0.0952 U < 0.0952 UT < 0.0971 U < 0.0952 U < 0.105 U < 0.0971 U < 0.0962 U < 0.0966 U

< 0.0962 UA < 0.0476 UA < 0.099 UA 0.0645 JA 0.151 JA < 0.0971 UA < 0.0957 UA < 0.0976 UA < 0.0971 UA < 0.0966 UA 0.231 A < 0.0966 UA < 0.0962 UA 0.0523 JA < 0.0962 UA < 0.0966 UA
< 0.0962 U 0.0533 J < 0.0962 U < 0.0476 U < 0.0990 U 0.0645 J < 0.0962 U < 0.0971 U < 0.0957 U < 0.0976 U < 0.0971 U < 0.0966 U 0.116 < 0.0966 U < 0.0962 U < 0.0952 U < 0.0952 U < 0.0952 UT < 0.0971 U < 0.0952 U < 0.105 U 0.0523 J < 0.0962 U < 0.0966 U
< 0.0962 U < 0.0952 U < 0.0962 U < 0.0476 U < 0.0990 U < 0.0966 U 0.0901 J < 0.0971 U < 0.0957 U < 0.0976 U < 0.0971 U < 0.0966 U < 0.0976 U < 0.0966 U < 0.0962 U < 0.0952 U < 0.0952 U < 0.0952 UT < 0.0971 U < 0.0952 U < 0.105 U < 0.0971 U < 0.0962 U < 0.0966 U

< 0.192 UA < 0.0952 UA < 0.198 UA 0.0645 JA 0.349 JA < 0.194 UA 0.483 A < 0.195 UA < 0.194 UA < 0.193 UA 0.359 JA < 0.193 UA < 0.192 UA 0.0523 JA < 0.192 UA < 0.193 UA
< 0.0962 U < 0.0952 U < 0.0962 U < 0.0476 U < 0.0990 U < 0.0966 U 0.126 < 0.0971 U 0.387 < 0.0976 U < 0.0971 U < 0.0966 U 0.0731 J < 0.0966 U < 0.0962 U 0.0773 J < 0.0952 U < 0.0952 UT < 0.0971 U 0.326 < 0.105 U < 0.0971 U < 0.0962 U < 0.0966 U

< 200 U 465 < 40.0 U < 200 U < 8.0 U

42.4 28.3 1420 3590 2200 2250 115 910 852 2890 8530 T 11500 796 161 2490 405 4120 3190 79.2 9.56 102 14.8 84 194 907 JT 2110 494 1420 2180 1620 90

< 0.243 U 0.0248 J 0.866 0.528 T 0.201 J 0.539 0.44 0.28 0.215 J 0.0377 J 0.0157 J < 0.0290 U 0.266 0.414 J < 0.0324 U 0.0292 J 0.0445 J 0.106 JT 0.243 0.13 J 0.0588 J 0.338 0.332 < 0.0244 U
< 0.485 U < 0.481 U 0.661 0.365 JT < 0.485 U < 0.485 U 0.404 J < 0.485 U 0.175 J < 0.485 U < 0.485 U < 0.490 U 0.107 J 0.496 J < 0.485 U < 0.481 U 0.0356 J 0.0592 JT < 0.481 U 0.0664 J 0.0287 J < 0.495 U 0.397 J < 0.495 U

< 0.00980 U < 0.00952 U < 0.0976 U < 0.481 U < 0.196 U < 0.971 U < 0.194 U < 0.962 U < 0.194 U < 0.0966 U < 0.0490 U < 0.100 U < 0.0990 U < 0.100 U < 0.0990 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0976 U < 0.0976 U < 0.0966 U < 0.0966 U < 0.0192 U < 0.0192 U < 0.0192 U < 0.0195 U < 0.00962 U < 0.00952 U < 0.0990 U < 0.0985 U < 0.0962 U
< 0.00980 U < 0.00952 U < 0.0976 U < 0.481 U < 0.196 U < 0.971 U < 0.0971 U < 0.962 U < 0.388 U < 0.0966 U < 0.0490 U < 0.100 U < 0.0990 U < 0.100 U < 0.0990 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0976 U < 0.0976 U < 0.0966 U < 0.0966 U < 0.0192 U < 0.0192 U < 0.0192 U < 0.0195 U < 0.00962 U < 0.00952 U < 0.0990 U < 0.0985 U < 0.0962 U
< 0.00980 U < 0.00952 U < 0.0976 U < 0.481 U < 0.588 U < 0.971 U < 0.0971 U < 0.962 U < 0.388 U < 0.0966 U < 0.0490 U < 0.100 U < 0.0990 U < 0.100 U < 0.0990 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0976 U < 0.0976 U < 0.0966 U < 0.0966 U < 0.0192 U < 0.0192 U < 0.0192 U < 0.0195 U < 0.00962 U < 0.00952 U < 0.0990 U < 0.0985 U < 0.0962 U
< 0.00980 U < 0.00952 U < 0.0976 U < 0.481 U < 0.392 U < 0.971 U < 0.0971 U 0.561 J < 0.388 U < 0.0966 U < 0.0490 U < 0.100 U < 0.0990 U < 0.100 U < 0.0990 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0976 U < 0.0976 U < 0.0966 U < 0.0966 U < 0.0192 U < 0.0192 U < 0.0192 U < 0.0195 U < 0.00962 U < 0.00952 U < 0.0990 U < 0.0985 U < 0.0962 U
< 0.00980 U < 0.00952 U < 0.0976 U < 0.481 U < 0.196 U < 0.971 U < 0.0971 U 0.246 J 0.23 < 0.0966 U < 0.0490 U < 0.100 U < 0.0990 U < 0.100 U < 0.0990 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0976 U < 0.0976 U < 0.0966 U < 0.0966 U < 0.0192 U < 0.0192 U < 0.0192 U < 0.0195 U < 0.00962 U < 0.00952 U < 0.0990 U < 0.0985 U < 0.0962 U
< 0.00980 U < 0.00952 U < 0.0976 U < 0.481 U < 0.196 U < 0.971 U < 0.0971 U < 0.962 U < 0.194 U < 0.0966 U < 0.0490 U < 0.100 U < 0.0990 U < 0.100 U < 0.0990 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0976 U 0.025 J < 0.0966 U < 0.0966 U < 0.0192 U < 0.0192 U < 0.0192 U < 0.0195 U < 0.00962 U < 0.00952 U < 0.0990 U < 0.0985 U < 0.0962 U
< 0.00980 U < 0.00952 U < 0.0976 U < 0.481 U < 0.392 U < 0.971 U < 0.0971 U < 0.962 U < 0.194 U < 0.0966 U < 0.0490 U < 0.100 U < 0.0990 U < 0.100 U < 0.0990 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0976 U < 0.0976 U < 0.0966 U < 0.0966 U < 0.0192 U < 0.0192 U < 0.0192 U < 0.0195 U < 0.00962 U < 0.00952 U < 0.0990 U < 0.0985 U < 0.0962 U
< 0.0980 U < 0.0952 U < 0.976 U < 4.81 U < 1.96 U < 9.71 U < 0.971 U < 9.62 U < 1.94 U < 0.966 U < 0.490 U < 1.00 U < 0.990 U < 1.00 U < 0.990 U < 0.980 U < 0.971 U < 0.971 U < 0.976 U < 0.976 U < 0.966 U < 0.966 U < 0.192 U < 0.192 U < 0.192 U < 0.195 U < 0.0962 U < 0.0952 U < 0.990 U < 0.985 U < 0.962 U
< 0.245 U < 0.238 U < 2.44 U < 12.0 U < 4.90 U < 24.3 U < 2.43 U < 24.0 U < 4.85 U < 2.42 U < 2.45 U < 2.50 U < 2.48 U < 2.50 U < 2.48 U < 2.45 U < 2.43 U < 2.43 U < 2.44 U < 2.44 U < 2.42 U < 2.42 U < 0.481 U < 0.481 U < 0.481 U < 0.488 U < 0.240 U < 0.238 U < 2.48 U < 2.46 U < 2.40 U

< 0.00980 U < 0.00952 U < 0.0976 U < 0.481 U < 0.392 U < 2.43 U < 0.0971 U < 0.962 U < 0.194 U < 0.0966 U < 0.0490 U < 0.100 U < 0.0990 U < 0.100 U < 0.0990 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0976 U < 0.0976 U < 0.0966 U < 0.0966 U < 0.0192 U < 0.0192 U < 0.0192 U < 0.0195 U < 0.00962 U < 0.00952 U < 0.0990 U < 0.0985 U < 0.0962 U
< 0.00980 U < 0.00952 U < 0.0976 U < 0.481 U < 0.196 U < 0.971 U < 0.0971 U < 0.962 U < 0.194 U < 0.0966 U < 0.0490 U < 0.300 U < 0.198 U < 0.100 U < 0.0990 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0976 U < 0.0976 U < 0.0966 U < 0.0966 U < 0.0192 U < 0.0192 U < 0.0192 U < 0.0195 U < 0.00962 U < 0.00952 U < 0.0990 U < 0.0985 U < 0.0962 U
< 0.00980 U < 0.00952 U < 0.0976 U < 0.481 U < 0.196 U < 4.90 U < 0.0971 U < 0.962 U < 0.194 U < 0.0966 U < 0.0490 U < 0.100 U < 0.0990 U < 0.100 U < 0.0990 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0976 U < 0.0976 U < 0.0966 U < 0.0966 U < 0.0192 U < 0.0192 U < 0.0192 U < 0.0195 U < 0.00962 U < 0.00952 U < 0.0990 U < 0.0985 U < 0.0962 U
< 0.00980 U < 0.00952 U < 0.0976 U < 0.481 U < 0.196 U 0.767 J < 0.0971 U < 0.962 U < 0.194 U < 0.0966 U < 0.0490 U < 0.100 U < 0.0990 U < 0.100 U < 0.0990 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0976 U < 0.0976 U < 0.0966 U < 0.0966 U < 0.0192 U < 0.0192 U < 0.0192 U < 0.0195 U < 0.00962 U < 0.00952 U < 0.0990 U < 0.0985 U < 0.0962 U
< 0.00980 U < 0.00952 U < 0.0976 U < 0.481 U < 0.980 U < 4.90 U < 0.0971 U < 0.962 U < 0.194 U < 0.0966 U < 0.0490 U < 0.100 U < 0.0990 U < 0.100 U < 0.0990 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0976 U < 0.0976 U < 0.0966 U < 0.0966 U < 0.0192 U < 0.0192 U < 0.0385 U < 0.0195 U < 0.00962 U < 0.00952 U < 0.0990 U < 0.0985 U < 0.0962 U
< 0.00980 U < 0.00952 U < 0.0976 U < 0.481 U < 0.196 U < 1.46 U < 0.0971 U < 0.962 U < 0.194 U < 0.0966 U < 0.0490 U < 0.100 U < 0.0990 U < 0.100 U < 0.0990 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0976 U < 0.0976 U < 0.0966 U < 0.0966 U < 0.0192 U < 0.0192 U < 0.0192 U < 0.0195 U < 0.00962 U < 0.00952 U < 0.0990 U < 0.0985 U < 0.0962 U
< 0.00980 U < 0.00952 U < 0.0976 U < 0.481 U < 0.196 U < 0.971 U < 0.0971 U < 0.962 U < 0.194 U < 0.0966 U < 0.0490 U < 0.100 U < 0.0990 U < 0.100 U < 0.0990 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0976 U < 0.0976 U < 0.0966 U < 0.0966 U < 0.0192 U < 0.0192 U < 0.0192 U < 0.0195 U < 0.00962 U < 0.00952 U < 0.0990 U < 0.0985 U < 0.0962 U
< 0.00980 U < 0.00952 U < 0.0976 U < 0.481 U < 0.196 U < 0.971 U < 0.0971 U < 0.962 U 0.643 < 0.0966 U < 0.0490 U < 0.100 U < 0.0990 U < 0.100 U < 0.0990 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0976 U < 0.0976 U < 0.0966 U < 0.0966 U < 0.0192 U < 0.0192 U < 0.0192 U < 0.0195 U < 0.00962 U < 0.00952 U < 0.0990 U < 0.0985 U < 0.0962 U
< 0.00980 U < 0.00952 U < 0.0976 U < 0.481 U < 0.196 U < 0.971 U < 0.0971 U < 0.962 U < 0.194 U < 0.0966 U < 0.0490 U < 0.100 U < 0.0990 U < 0.100 U < 0.0990 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0976 U < 0.0976 U < 0.0966 U < 0.0966 U < 0.0192 U < 0.0192 U < 0.0192 U < 0.0195 U < 0.00962 U < 0.00952 U < 0.0990 U < 0.0985 U < 0.0962 U
< 0.00980 U < 0.00952 U < 0.0976 U < 0.481 U < 0.196 U < 0.971 U < 0.0971 U < 0.962 U < 0.194 U < 0.0966 U < 0.0490 U < 0.100 U < 0.0990 U < 0.100 U < 0.0990 U < 0.0980 U < 0.0971 U < 0.0971 U < 0.0976 U < 0.0976 U < 0.0966 U < 0.0966 U < 0.0192 U < 0.0192 U < 0.0192 U < 0.0195 U < 0.00962 U < 0.00952 U < 0.0990 U < 0.0985 U < 0.0962 U
< 0.0098 UA < 0.00952 UA < 0.0976 UA < 0.481 UA < 0.392 UA < 0.971 UA < 0.0971 UA < 0.962 UA < 0.194 UA < 0.0966 UA < 0.049 UA < 0.1 UA < 0.099 UA < 0.1 UA < 0.099 UA < 0.098 UA < 0.0971 UA < 0.0971 UA < 0.0976 UA 0.025 JA < 0.0966 UA < 0.0966 UA < 0.0192 UA < 0.0192 UA < 0.0192 UA < 0.0195 UA < 0.00962 UA < 0.00952 UA < 0.099 UA < 0.0985 UA < 0.0962 UA
< 0.0098 UT < 0.00952 UT < 0.0976 UT < 0.481 UT < 0.196 UT 0.767 JT < 0.0971 UT < 0.962 UT < 0.194 UT < 0.0966 UT < 0.049 UT < 0.3 UT < 0.198 UT < 0.1 UT < 0.099 UT < 0.098 UT < 0.0971 UT < 0.0971 UT < 0.0976 UT < 0.0976 UT < 0.0966 UT < 0.0966 UT < 0.0192 UT < 0.0192 UT < 0.0192 UT < 0.0195 UT < 0.00962 UT < 0.00952 UT < 0.099 UT < 0.0985 UT < 0.0962 UT

< 0.00980 U < 0.00952 U < 0.0976 U 1.44 1.3 28.4 0.245 J 2.86 1.38 < 0.0966 U < 0.0490 U < 0.100 U < 0.0990 U 0.284 < 0.0990 U 0.0649 J < 0.0971 U 0.00699 JT < 0.0976 U < 0.0976 U < 0.0966 U < 0.0966 U 0.222 < 0.0192 U < 0.0192 U < 0.0195 U < 0.00962 U < 0.00952 U < 0.0990 U < 0.0985 U < 0.0962 U
< 0.00980 U < 0.00952 U < 0.0976 U < 0.481 U 0.255 J 8.26 0.166 J 0.724 J 0.463 J < 0.0966 U < 0.0490 U < 0.100 U < 0.0990 U 0.083 J < 0.0990 U 0.0427 < 0.0971 U < 0.0971 U < 0.0976 U < 0.0976 U < 0.0966 U < 0.0966 U < 0.0192 U < 0.0192 U < 0.0192 U < 0.0195 U < 0.00962 U < 0.00952 U < 0.0990 U < 0.0985 U < 0.0962 U

MWA-76G MWA-77G MWA-8I MWA-9I NMP-3D NMP-4D RP-08-107 RP-08-23 RP-08-80 RP-09-35 RP-09-47 RP-09-64PMP-4 PMP-5 PMP-6 RP-02-30 RP-02-49 RP-02-66 W-19-SRP-13-33 RP-13-43 RP-14-26 RP-14-39 W-19-D W-19-IRP-10-130 RP-10-30 RP-10-60 RP-10-97 RP-13-11 RP-13-22



Table A-9
Groundwater Hot Spot Screening

Hot Spot Evaluation Update
Arkema Portland Facility

Portland, Oregon

Compound Units Chronic Water 
Quality Criteria

MWA-10I MWA-11I(D) MWA-12I(D) MWA-13D MWA-14I(D) MWA-15R MWA-21B MWA-22 MWA-23 MWA-24 MWA-25 MWA-26MWA-16I MWA-17SI MWA-18 MWA-19 MWA-2 MWA-20 MWA-32I MWA-33 MWA-34I MWA-35 MWA-36 MWA-37MWA-27 MWA-28I(D) MWA-29 MWA-3 MWA-30 MWA-31I(D) MWA-38 MWA-39 MWA-4 MWA-40 MWA-41 MWA-42

4,4-DDT µg/l 0.001 0.292 0.0599 J 0.0798 J 0.277 0.0328 JT 702 < 0.0980 U 0.667 J 0.00789 J 1.14 0.191 0.0712 JT < 0.0952 U < 0.0976 U < 0.0966 U 1.43 < 0.0962 U < 0.0962 U < 0.0952 U 0.0892 J < 0.0971 U < 0.198 U 0.111
Total of 2,4' and 4,4'-DDD µg/l -- 0.0438 JA 0.658 A 0.0135 A 0.189 A 0.023 A 111 A 0.0101 JA 0.639 JA 0.0155 A 0.183 JA 0.292 A < 0.0485 UA < 0.0952 UA 0.133 A < 0.0966 UA 0.384 A 0.148 A < 0.0962 UA 0.0818 JA 0.0688 JA < 0.0971 UA 9.07 A 0.104 A
Total of 2,4' and 4,4'-DDE µg/l -- < 0.0962 UA 0.0459 JA < 0.0980 UA < 0.0971 UA < 0.00966 UA 21.9 A < 0.0980 UA < 0.952 UA 0.00671 JA 0.175 JA < 0.287 UA < 0.0485 UA < 0.0952 UA < 0.0976 UA < 0.0966 UA 0.226 A < 0.0962 UA < 0.0962 UA < 0.0952 UA 0.106 A < 0.0971 UA 0.158 A 0.197 A
Total of 2,4' and 4,4'-DDT µg/l 0.001 0.292 A 0.0599 JA 0.0798 JA 0.277 A 0.0328 JA 702 A < 0.0980 UA 0.667 JA 0.00789 JA 1.14 A 0.191 A 0.0712 JA < 0.0952 UA < 0.0976 UA < 0.0966 UA 1.43 A < 0.0962 UA < 0.0962 UA < 0.0952 UA 0.0892 JA < 0.0971 UA < 0.198 UA 0.111 A
Total of 2,4' and 4,4'-DDD, -DDE, -DD µg/l 0.001 0.292 A 0.764 JA 0.0798 JA 0.466 A 0.0558 JA 835 A 0.0101 JA 1.31 JA 0.0301 JA 1.5 JA 0.292 A 0.0712 JA < 0.0952 UA 0.133 A < 0.0966 UA 2.04 A 0.148 A < 0.0962 UA 0.0818 JA 0.264 JA < 0.0971 UA 9.07 A 0.409 A
Herbicides
2,4,5-TP (Silvex) µg/l --
2,4-D µg/l --
Dioxin and Furans
1,2,3,4,6,7,8,9-Octachlorodibenzofuran pg/l -- 49 J
1,2,3,4,6,7,8-Heptachlorodibenzofuran pg/l -- < 12 U
1,2,3,4,6,7,8-Heptachlorodibenzo-p-dio pg/l -- 1.35 JT
1,2,3,4,7,8,9-Heptachlorodibenzofuran pg/l -- 0.94 J
1,2,3,4,7,8-Hexachlorodibenzofuran pg/l -- < 8.4 U
1,2,3,4,7,8-Hexachlorodibenzo-p-dioxi pg/l -- < 9.8 U
1,2,3,6,7,8-Hexachlorodibenzofuran pg/l -- 0.55 JT
1,2,3,6,7,8-Hexachlorodibenzo-p-dioxi pg/l -- < 9.7 U
1,2,3,7,8,9-Hexachlorodibenzofuran pg/l -- 1 JT
1,2,3,7,8,9-Hexachlorodibenzo-p-dioxi pg/l -- < 9.2 U
1,2,3,7,8-Pentachlorodibenzofuran pg/l -- < 5.7 U
1,2,3,7,8-Pentachlorodibenzo-p-dioxin pg/l -- < 8.5 U
2,3,4,6,7,8-Hexachlorodibenzofuran pg/l -- 0.63 J
2,3,4,7,8-Pentachlorodibenzofuran pg/l -- < 5.7 U
2,3,7,8-Tetrachlorodibenzofuran pg/l -- < 3.0 U
2,3,7,8-Tetrachlorodibenzo-p-dioxin pg/l 380 < 5.2 U
Dioxin/furan TCDD toxicity equivalen pg/l 380 0.243 JT
Heptachlorodibenzofuran homologs pg/l -- 2.85 JT
Heptachlorodibenzo-p-dioxin homolo pg/l -- 2.8 JT
Hexachlorodibenzofuran homologs pg/l -- 4.2 JT
Hexachlorodibenzo-p-dioxin homolog pg/l -- < 9.8 U
Octachlorodibenzo-P-Dioxin pg/l -- 7.95 JT
Pentachlorodibenzofuran homologs pg/l -- 2.7 J
Pentachlorodibenzo-p-dioxin homolog pg/l -- < 8.5 U
Tetrachlorodibenzofuran homologs pg/l -- 6.6 J
Tetrachlorodibenzo-p-dioxin homolog pg/l -- < 5.2 U
Total PCDD/F pg/l -- 49 JT

Notes:
< = Compound not detected. Reportable method detection limit shown. Bold Indicates that the compound was detected
Empty cells = Not analyzed Bold Detected concentration is between 1 and 10 times the Hot Spot Screening Level Value
N = Normal Environmental Sample Bold Detected concentration is between 10 and 100 times the Hot Spot Screening Level Value
FD = Field Duplicate Sample Bold Detected concentration is greater than 100 times the Hot Spot Screening Level Value
mg/l = milligrams per liter
µg/l = micrograms per liter
pg/l = picogram per liter
mV = millivolts
NTU = nephelometric turbidity units
deg C = degrees Celsius
NA = 
ntu = nephelometric turbidity units
pH units = pH units
umhos/cm = umhos per centimeter
mv = millivolts
deg c = degrees Celsius

Qualifiers:
A = The analyte is a suspected aldol-condensation product/Total value based on limited number of analytes
J = The analyte was positively identified and is biased low; associated numerical value is the approximate concentration of the analyte in the sample
JA = Estimated Concentration, Analyte Postively Identified.
T = Result derived or selected from more than one reported value.
U = Analyte was not detected



Compound Units Chronic Water 
Quality Criteria

4,4-DDT µg/l 0.001
Total of 2,4' and 4,4'-DDD µg/l --
Total of 2,4' and 4,4'-DDE µg/l --
Total of 2,4' and 4,4'-DDT µg/l 0.001
Total of 2,4' and 4,4'-DDD, -DDE, -DD µg/l 0.001
Herbicides
2,4,5-TP (Silvex) µg/l --
2,4-D µg/l --
Dioxin and Furans
1,2,3,4,6,7,8,9-Octachlorodibenzofuran pg/l --
1,2,3,4,6,7,8-Heptachlorodibenzofuran pg/l --
1,2,3,4,6,7,8-Heptachlorodibenzo-p-dio pg/l --
1,2,3,4,7,8,9-Heptachlorodibenzofuran pg/l --
1,2,3,4,7,8-Hexachlorodibenzofuran pg/l --
1,2,3,4,7,8-Hexachlorodibenzo-p-dioxi pg/l --
1,2,3,6,7,8-Hexachlorodibenzofuran pg/l --
1,2,3,6,7,8-Hexachlorodibenzo-p-dioxi pg/l --
1,2,3,7,8,9-Hexachlorodibenzofuran pg/l --
1,2,3,7,8,9-Hexachlorodibenzo-p-dioxi pg/l --
1,2,3,7,8-Pentachlorodibenzofuran pg/l --
1,2,3,7,8-Pentachlorodibenzo-p-dioxin pg/l --
2,3,4,6,7,8-Hexachlorodibenzofuran pg/l --
2,3,4,7,8-Pentachlorodibenzofuran pg/l --
2,3,7,8-Tetrachlorodibenzofuran pg/l --
2,3,7,8-Tetrachlorodibenzo-p-dioxin pg/l 380
Dioxin/furan TCDD toxicity equivalen pg/l 380
Heptachlorodibenzofuran homologs pg/l --
Heptachlorodibenzo-p-dioxin homolo pg/l --
Hexachlorodibenzofuran homologs pg/l --
Hexachlorodibenzo-p-dioxin homolog pg/l --
Octachlorodibenzo-P-Dioxin pg/l --
Pentachlorodibenzofuran homologs pg/l --
Pentachlorodibenzo-p-dioxin homolog pg/l --
Tetrachlorodibenzofuran homologs pg/l --
Tetrachlorodibenzo-p-dioxin homolog pg/l --
Total PCDD/F pg/l --

Notes:
< = Compound not detected. Reportable method detection limit shown.
Empty cells = Not analyzed
N = Normal Environmental Sample
FD = Field Duplicate Sample
mg/l = milligrams per liter
µg/l = micrograms per liter
pg/l = picogram per liter
mV = millivolts
NTU = nephelometric turbidity units
deg C = degrees Celsius
NA = 
ntu = nephelometric turbidity units
pH units = pH units
umhos/cm = umhos per centimeter
mv = millivolts
deg c = degrees Celsius

Qualifiers:
A = The analyte is a suspected aldol-condensation product/Total value      
J = The analyte was positively identified and is biased low; associated n            
JA = Estimated Concentration, Analyte Postively Identified.
T = Result derived or selected from more than one reported value.
U = Analyte was not detected

 Table A-9
   Groundwater Hot Spot Screening

   Hot Spot Evaluation Update
  Arkema Portland Facility

 Portland, Oregon

MWA-43 MWA-44 MWA-45 MWA-46 MWA-47 MWA-48I MWA-54I MWA-55I MWA-56D MWA-57D MWA-58D MWA-59DMWA-49I MWA-5 MWA-50I MWA-51I MWA-52I MWA-53I MWA-66I MWA-67SI MWA-68SI MWA-69 MWA-6R MWA-7(I)MWA-60 MWA-61 MWA-62 MWA-63 MWA-64I MWA-65I MWA-70I MWA-71 MWA-72 MWA-73 MWA-74I MWA-75I

0.0433 J 0.00667 J 0.728 0.152 0.269 0.0126 < 0.0962 U 0.0572 J 0.0303 JT < 0.0980 U 0.0069 J 0.00709 J 0.0286 0.00794 J 0.0534 J < 0.0980 U 30.8 0.00621 J 0.0319 J 0.847 0.0062 J 0.664 1.22 66.2 T 0.132 < 0.0971 U 0.0125 < 0.00952 U 0.0394 0.0122 J < 0.00976 U
0.16 A 0.00484 JA 0.429 A 0.265 A 0.0402 JA 0.0151 A < 0.0962 UA 0.113 A 0.0477 JA < 0.0980 UA < 0.0971 UA < 0.0971 UA < 0.0962 UA < 0.0971 UA < 0.0971 UA 0.567 A 0.599 JA < 0.00980 UJA 0.0563 JA 1.44 A < 0.0957 UA < 0.388 UA < 1.20 UA 57 A 0.0566 JA < 0.0971 UA 0.0717 A < 0.00952 UA 0.107 A < 0.0191 UA < 0.00976 UA

0.0324 JA < 0.0971 UA 0.176 JA 0.0489 JA 0.0394 JA < 0.00962 UA < 0.0962 UA < 0.0962 UA 0.00991 JA < 0.0980 UA < 0.0971 UA 0.00515 JA < 0.0962 UA < 0.0971 UA < 0.0971 UA < 0.0980 UA 0.553 JA < 0.00980 UJA < 0.0966 UA 0.0728 JA < 0.0957 UA < 0.388 UA < 0.481 UA 4.06 A 0.0711 JA < 0.0971 UA < 0.00957 UA 0.00942 JA 0.0264 A < 0.0191 UA 0.00595 JA
0.0433 JA 0.00667 JA 0.728 A 0.152 A 0.269 A 0.0126 A < 0.0962 UA 0.0572 JA 0.0303 JA < 0.0980 UA 0.0069 JA 0.00709 JA 0.0286 A 0.00794 JA 0.0534 JA < 0.0980 UA 30.8 A 0.00621 JA 0.0319 JA 0.847 A 0.0062 JA 0.664 A 1.22 A 66.2 A 0.132 A < 0.0971 UA 0.0125 A < 0.00952 UA 0.0394 A 0.0122 JA < 0.00976 UA
0.236 JA 0.0115 JA 1.33 JA 0.466 JA 0.349 JA 0.0277 A < 0.0962 UA 0.16 JA 0.0879 JA < 0.098 UA 0.0069 JA 0.0122 JA 0.0286 A 0.00794 JA 0.0534 JA 0.567 A 32 JA 0.00621 JA 0.0609 JA 1.99 JA 0.0062 JA 0.664 A 1.22 A 127 A 0.203 JA < 0.0971 UA 0.0842 A 0.00942 JA 0.173 A 0.0122 JA 0.00595 JA

< 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1 UT
< 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1 UT

16 J 1.1 J < 1.5 U < 96 U 5.7 J < 96 U
5.9 J < 1.3 U < 1.3 U < 48 U 3.4 J < 0.67 U
15 J 0.92 J < 1.9 U < 48 U 4.9 J < 48 U

< 8.3 U < 0.63 U 1.1 J < 48 UJ < 0.83 U 0.94 J
7.6 J 2.9 J 1.7 J < 1.3 U 2.7 J < 1.2 U

< 12 U < 48 U 0.52 J < 48 U < 48 U < 48 U
3.1 J 0.66 J < 0.5 U 0.49 J < 0.98 U 0.52 J

< 11 U < 48 U < 48 U < 48 U < 48 U < 48 U
1.7 J < 48 U < 48 U < 0.84 U < 48 U 1.2 J

< 11 U < 48 U < 48 U < 48 U < 48 U < 48 U
< 7.9 U < 2.4 U < 48 U < 48 U < 2.7 U < 48 U
< 13 U < 48 U < 48 U < 48 U < 48 U < 48 U
< 12 U < 48 U < 0.73 U < 0.32 U 1 J < 48 U
< 7.9 U < 0.77 U < 48 U < 48 U 0.98 J < 48 U

5.3 1.3 J < 9.6 U < 1.7 U 1.5 J < 9.6 U
< 6.1 U < 9.5 U < 9.6 U < 9.6 U < 9.5 U < 9.6 U
2.03 JT 0.496 JT 0.233 JT 0.0497 JT 0.911 JT 0.181 JT

13 J 4.2 J 5.1 J < 48 U 11 J 2.5 J
28 J 2.5 J 3.8 J < 48 U 8.9 J 0.97
18 J 9.4 J 9.8 J 4.6 J 10 J 4.9 J

1.8 < 48 U 0.52 J < 48 U < 48 U < 48 U
160 < 5.7 U < 11 U 2.3 J 40 J < 96 U
11 J 7 J < 48 U < 48 U 6.5 J < 48 U

< 13 U < 48 U < 48 U < 48 U < 48 U < 48 U
10 1.3 J < 9.6 U < 1.7 U 1.5 J < 9.6 U

< 6.1 U < 9.5 U < 9.6 U < 9.6 U 0.43 < 9.6 U
258 JT 25.5 JT 19.2 JT 6.9 JT 84 JT 8.37 JT



Compound Units Chronic Water 
Quality Criteria

4,4-DDT µg/l 0.001
Total of 2,4' and 4,4'-DDD µg/l --
Total of 2,4' and 4,4'-DDE µg/l --
Total of 2,4' and 4,4'-DDT µg/l 0.001
Total of 2,4' and 4,4'-DDD, -DDE, -DD µg/l 0.001
Herbicides
2,4,5-TP (Silvex) µg/l --
2,4-D µg/l --
Dioxin and Furans
1,2,3,4,6,7,8,9-Octachlorodibenzofuran pg/l --
1,2,3,4,6,7,8-Heptachlorodibenzofuran pg/l --
1,2,3,4,6,7,8-Heptachlorodibenzo-p-dio pg/l --
1,2,3,4,7,8,9-Heptachlorodibenzofuran pg/l --
1,2,3,4,7,8-Hexachlorodibenzofuran pg/l --
1,2,3,4,7,8-Hexachlorodibenzo-p-dioxi pg/l --
1,2,3,6,7,8-Hexachlorodibenzofuran pg/l --
1,2,3,6,7,8-Hexachlorodibenzo-p-dioxi pg/l --
1,2,3,7,8,9-Hexachlorodibenzofuran pg/l --
1,2,3,7,8,9-Hexachlorodibenzo-p-dioxi pg/l --
1,2,3,7,8-Pentachlorodibenzofuran pg/l --
1,2,3,7,8-Pentachlorodibenzo-p-dioxin pg/l --
2,3,4,6,7,8-Hexachlorodibenzofuran pg/l --
2,3,4,7,8-Pentachlorodibenzofuran pg/l --
2,3,7,8-Tetrachlorodibenzofuran pg/l --
2,3,7,8-Tetrachlorodibenzo-p-dioxin pg/l 380
Dioxin/furan TCDD toxicity equivalen pg/l 380
Heptachlorodibenzofuran homologs pg/l --
Heptachlorodibenzo-p-dioxin homolo pg/l --
Hexachlorodibenzofuran homologs pg/l --
Hexachlorodibenzo-p-dioxin homolog pg/l --
Octachlorodibenzo-P-Dioxin pg/l --
Pentachlorodibenzofuran homologs pg/l --
Pentachlorodibenzo-p-dioxin homolog pg/l --
Tetrachlorodibenzofuran homologs pg/l --
Tetrachlorodibenzo-p-dioxin homolog pg/l --
Total PCDD/F pg/l --

Notes:
< = Compound not detected. Reportable method detection limit shown
Empty cells = Not analyzed
N = Normal Environmental Sample
FD = Field Duplicate Sample
mg/l = milligrams per liter
µg/l = micrograms per liter
pg/l = picogram per liter
mV = millivolts
NTU = nephelometric turbidity units
deg C = degrees Celsius
NA = 
ntu = nephelometric turbidity units
pH units = pH units
umhos/cm = umhos per centimeter
mv = millivolts
deg c = degrees Celsius

Qualifiers:
A = The analyte is a suspected aldol-condensation product/Total value      
J = The analyte was positively identified and is biased low; associated n            
JA = Estimated Concentration, Analyte Postively Identified.
T = Result derived or selected from more than one reported value.
U = Analyte was not detected

 Table A-9
   Groundwater Hot Spot Screening

   Hot Spot Evaluation Update
  Arkema Portland Facility

 Portland, Oregon

MWA-76G MWA-77G MWA-8I MWA-9I NMP-3D NMP-4D RP-08-107 RP-08-23 RP-08-80 RP-09-35 RP-09-47 RP-09-64PMP-4 PMP-5 PMP-6 RP-02-30 RP-02-49 RP-02-66 W-19-SRP-13-33 RP-13-43 RP-14-26 RP-14-39 W-19-D W-19-IRP-10-130 RP-10-30 RP-10-60 RP-10-97 RP-13-11 RP-13-22

< 0.00980 U < 0.00952 U 0.0194 < 0.481 U 7.64 302 5.5 15.8 14.8 < 0.0966 U < 0.0490 U < 0.100 U < 0.0990 U < 0.100 U < 0.0990 U 0.106 < 0.0971 U < 0.0971 U < 0.0976 U < 0.0976 U < 0.0966 U < 0.0966 U < 0.0192 U < 0.0192 U < 0.0192 U < 0.0195 U < 0.00962 U < 0.00952 U < 0.0990 U < 0.0985 U < 0.0962 U
< 0.00980 UA < 0.00952 UA < 0.0976 UA 1.44 A 1.3 A 28.4 A 0.245 JA 2.86 A 1.38 A < 0.0966 UA < 0.0490 UA < 0.100 UA < 0.0990 UA 0.284 A < 0.0990 UA 0.0649 JA < 0.0971 UA 0.00699 JA < 0.0976 UA < 0.0976 UA < 0.0966 UA < 0.0966 UA 0.222 A < 0.0192 UA < 0.0192 UA < 0.0195 UA < 0.00962 UA < 0.00952 UA < 0.0990 UA < 0.0985 UA < 0.0962 UA
< 0.00980 UA < 0.00952 UA < 0.0976 UA < 0.481 UA 0.255 JA 8.26 A 0.166 JA 0.724 JA 0.463 JA < 0.0966 UA < 0.0490 UA < 0.100 UA < 0.0990 UA 0.083 JA < 0.0990 UA 0.0427 A < 0.0971 UA < 0.0971 UA < 0.0976 UA < 0.0976 UA < 0.0966 UA < 0.0966 UA < 0.0192 UA < 0.0192 UA < 0.0192 UA < 0.0195 UA < 0.00962 UA < 0.00952 UA < 0.0990 UA < 0.0985 UA < 0.0962 UA
< 0.00980 UA < 0.00952 UA 0.0194 A < 0.481 UA 7.64 A 302 A 5.5 A 15.8 A 14.8 A < 0.0966 UA < 0.0490 UA < 0.100 UA < 0.0990 UA < 0.100 UA < 0.0990 UA 0.106 A < 0.0971 UA < 0.0971 UA < 0.0976 UA < 0.0976 UA < 0.0966 UA < 0.0966 UA < 0.0192 UA < 0.0192 UA < 0.0192 UA < 0.0195 UA < 0.00962 UA < 0.00952 UA < 0.0990 UA < 0.0985 UA < 0.0962 UA
< 0.0098 UA < 0.00952 UA 0.0194 A 1.44 A 8.94 A 339 A 5.91 JA 19.4 JA 16.6 JA < 0.0966 UA < 0.049 UA < 0.1 UA < 0.099 UA 0.367 JA < 0.099 UA 0.171 JA < 0.0971 UA 0.00699 JA < 0.0976 UA < 0.0976 UA < 0.0966 UA < 0.0966 UA 0.222 A < 0.0192 UA < 0.0192 UA < 0.0195 UA < 0.00962 UA < 0.00952 UA < 0.099 UA < 0.0985 UA < 0.0962 UA

< 1.00 U < 1.00 U 0.324 J 9.99 10.9 55.5 < 1.00 U 27.4 < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U 5.31 17.6 < 1 UT < 1.00 U 27.2 < 1.00 U < 1.00 U
< 1.00 U < 1.00 U < 1.00 U < 0.229 U < 1.00 U 0.585 J < 1.00 U 0.333 J 0.486 J < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1.00 U < 1 UT < 1.00 U < 1.00 U < 1.00 U < 1.00 U

< 96 U 1.2 J < 10 U < 10 U < 17 U < 54 U < 20 U < 15 U < 12 U < 9.8 U < 8.3 U < 47 U < 32 U < 35 U < 38 U < 97 U < 97 U 5.3 J < 96 U 6.1 JT < 98 U < 33 U < 28 U < 36 U
< 1.1 U 2.3 J < 2.7 U < 5.1 UT 2.3 J < 18 U 4.5 J < 6.4 U 4.5 J 1.8 J 1.3 J < 15 U < 14 U 1.8 J 1.8 J < 2.9 U 2 J 4.5 J 2.2 J 3 JT < 1.6 U < 13 U < 14 U < 14 U
0.51 J < 0.49 U < 5.8 U < 7.1 UT < 11 U < 31 U < 10 U < 9.6 U 15 J < 7.1 U 0.39 J < 34 U < 20 U 1.1 J < 29 U 2.3 J 2.1 J 6.1 J 1.3 J 8.6 JT < 1.9 U < 22 U < 22 U < 20 U

< 0.76 U < 0.51 U < 3.0 U < 5.8 UT < 7.8 U < 20 U 1.8 J < 7.3 U 0.83 J 0.3 J 0.41 J 0.8 J 0.52 J 0.9 J 0.5 J 2 J 0.54 J 4.3 J 1.1 J 1.8 JT < 49 U < 15 U < 16 U < 16 U
< 2.2 U < 0.43 U < 3.1 U 1.8 J 2.2 J < 19 UJ < 12 U 1 J < 8.0 U < 6.8 U < 6.2 U < 15 U < 14 U < 15 U < 15 U < 2.9 U < 1.6 U < 4.9 U < 1.9 U < 2.7 UT < 49 U < 12 U < 14 U < 14 U
0.55 J < 48 U < 4.8 UJ < 8.4 UJT < 14 U < 29 U < 14 U < 10 U 1.3 J < 7.1 UJ < 7.1 UJ 0.54 J < 19 UJ 0.35 J < 24 UJ < 49 U < 49 U 4.1 J < 48 U 1.2 JT < 49 U < 21 UJ < 20 UJ < 22 UJ

< 0.77 U < 48 U < 2.9 U < 7.6 UT < 9.1 U < 18 U < 11 U < 8.0 U 1.5 J < 6.4 U < 5.9 U 0.75 J 0.62 J 0.75 J < 14 U 1.1 J < 49 U 4.8 J 0.89 J 1.3 JT < 49 U < 11 U 0.91 J < 13 U
0.37 J < 48 U < 4.7 U < 8.2 UT < 13 U < 28 U < 14 U < 9.9 U 2.1 J < 6.9 U < 7.0 U 0.31 J < 19 U 0.28 J < 24 U < 49 U < 49 U 2.9 J < 48 U 1.7 JT < 49 U < 21 U < 20 U < 22 U
< 48 U < 0.78 U < 3.4 U < 9.0 UT < 11 U 0.42 J < 13 U < 9.4 U 0.32 J < 7.5 U 0.2 J 0.48 J 0.34 J 0.32 J < 17 U 1.1 J < 49 U 3.1 J < 48 U 2.2 JT < 49 U < 13 U 1.5 J < 15 U
< 48 U < 48 U < 4.4 U < 7.8 UT < 13 U < 27 U < 13 U < 9.4 U 3.4 J < 6.6 U < 6.6 U 0.35 J < 18 U < 20 U < 22 U < 49 U < 49 U 2.8 J < 48 U 2.4 JT < 49 U < 20 U < 19 U < 21 U
< 2.8 U < 48 U < 4.2 U < 6.3 UT 0.72 J 0.61 J < 8.9 U < 6.0 U < 5.6 U < 5.3 U < 5.2 U < 12 U < 12 U < 12 U < 15 U 2.1 J 1.4 J 3.5 J 1.7 J 1.7 JT < 49 U < 12 U < 12 U < 12 U
< 48 U < 48 U < 6.0 U < 10 UT < 12 U < 34 U < 13 U < 10 U < 8.6 U < 7.4 U < 7.0 U < 22 U < 27 U < 21 U < 24 U < 49 U < 49 U < 48 U < 48 U < 49 U < 49 U < 20 U < 24 U < 20 U
0.47 J 0.69 J < 3.3 U < 8.8 UT < 10 U < 21 U < 13 U < 9.2 U < 8.6 U 1.1 J 0.98 J 1.4 J 1.3 J 1.2 J 1.3 J 1.5 J < 49 U 4.5 J 1 J 1.75 JT < 49 U < 13 U < 15 U < 15 U
0.67 J < 48 U < 4.2 U < 6.3 UT < 9.8 U < 23 U < 9.0 U < 6.0 U 2.7 J 1.7 J 1.7 J 1.2 J 1.3 J 1.5 J 1.8 J < 49 U < 49 U 3.6 J < 48 U 1.4 JT < 49 U < 12 U < 12 U < 13 U
1.3 J < 9.5 U < 2.7 U < 4.6 UT < 4.3 U < 11 U < 5.1 U < 3.5 U < 4.0 U < 4.0 U < 3.3 U < 6.3 U < 7.2 U < 3.7 U < 7.4 U < 9.7 U < 9.7 U < 9.6 U < 9.6 U < 9.8 U < 9.8 U < 5.5 U < 7.2 U < 5.7 U

< 9.6 U < 9.5 U < 3.7 U < 5.7 U < 7.2 U < 18 U 0.46 J < 5.4 U < 5.8 U < 6.5 U < 5.8 U < 6.9 U < 6.3 U 0.28 J < 5.2 U < 9.7 U < 9.7 U < 9.6 U < 9.6 U < 9.8 U < 9.8 U < 11 U < 5.3 U < 10 U
0.476 JT 0.0924 JT < 0 UT 0.18 JT 0.265 JT 0.0603 JT 0.523 JT 0.1 JT 1.91 JT 0.641 JT 0.649 JT 0.751 JT 0.621 JT 1.06 JT 0.693 JT 0.476 JT 0.0935 JT 3.56 JT 0.286 JT 1.68 JT 0.0036 JT < 0 UT 0.242 JT < 0 UT

3 J 5 J < 3.0 U 8.8 J 6.3 J 6 J 11 J 2.4 J 9.6 J 3.4 J 3.1 J 3.2 J 3.5 J 3.8 J 3.2 J 6.2 J 5.3 J 11 J 5.8 J 8.55 JT 3.5 J 2.5 J < 16 U < 16 U
1.2 J 1.5 J 1.7 J 1.8 J < 48 U 43 J 1.4 J 43 J 1.3 J 1.2 J 1.2 J 1.9 J 2.1 J 0.82 J 4 J 4.5 J 9 J 2.3 J 18.6 JT 6.3 J < 49 U < 49 U
7.4 J 8.5 J < 3.4 U 10 J 10 J 11 J 16 J 7.6 J 22 J 11 J 9.3 J 10 J 9.9 J 9.6 J 7.9 J 9.4 J 5.6 J 21 J 8.1 J 12 JT 4.4 5 J 7 J < 15 U
1.2 J < 48 U < 4.8 U < 8.4 UT < 14 U < 29 U < 14 U < 10 U 36 J 0.59 < 7.1 U 1.2 J < 19 U 0.62 J < 24 U < 49 U < 49 U 9 J < 48 U 15.5 JT < 49 U < 21 U < 20 U < 22 U
3.1 J < 2.3 U < 13 U < 11 UT < 14 U < 41 U < 50 U < 13 U 130 < 14 U < 9.5 U < 40 U < 33 U < 38 U < 34 U < 97 U 17 J 26 J < 96 U 77 JT 12 J < 31 U 2.6 J < 35 U
5.7 J 0.73 < 4.2 U < 6.3 UT 1.8 J 1.4 J < 9.0 U < 6.0 U 21 J 10 J 10 J 8.2 J 9 J 7.5 J 8.3 J 2.1 J 3.8 J 7.1 J 3.3 J 3.75 JT 2.5 < 12 U 9.7 J < 13 U

< 48 U < 48 U < 6.0 U < 10 UT < 12 U < 34 U < 13 U < 10 U 11 < 9.2 U < 12 U < 22 U < 27 U < 21 U < 29 U < 49 U < 49 U < 48 U < 48 U < 49 U < 49 U < 20 U < 24 U < 22 U
1.3 J < 9.5 U < 2.7 U < 4.6 UT < 4.3 U < 11 U < 5.1 U < 3.5 U 17 J 7 J 5.5 J 6.2 J 6.3 J 13 5.9 J < 9.7 U < 9.7 U < 9.6 U < 9.6 U < 9.8 U < 9.8 U < 5.5 U 7.8 J < 5.7 U

< 9.6 U < 9.5 U < 3.7 U < 5.7 U < 7.2 U < 18 U 1.5 J < 5.4 U 21 < 6.5 U < 5.8 U < 6.9 U < 6.3 U 0.28 J < 5.2 U < 9.7 U < 9.7 U < 9.6 U < 9.6 U < 9.8 U < 9.8 U < 11 U < 5.3 U < 10 U
22.9 JT 16.9 JT < 13 UT 20.5 JT 19.9 JT 18.4 JT 71.5 JT 11.4 JT 311 JT 33.3 JT 27.9 JT 30 JT 30.6 JT 29.3 JT 26.1 JT 21.7 JT 36.2 JT 88.4 JT 19.5 JT 142 JT 28.7 JT 7.5 JT 27.1 JT < 36 UT



Table A-10
Soil Screening for Leaching to Groundwater 

Highly Concentrated Human Health Hot Spots
Arkema, Inc. Facility

Portland, Oregon

Location Top Depth Bottom Depth Site Area

(ft) (ft)

1191 4 1.26 6.27 11 30.5 0.016 0.023 0.022 0.017
AP-2 0 4 Unknown 0.0058 U 0.0058 U 0.0058 U 0.0058 U 0.58 U 0.58 U 0.58 UA 220
AP-4 0 2 Lot 4 0.59 U 0.59 U 0.59 UA 2400
AP-5 0 2 Unknown 0.0057 U 0.0056 U 0.0056 U 0.0056 U 0.57 U 0.57 U 0.56 UA 300
B-100 0 0.5 Lot 4 0.021 J 0.00067 U 0.0019 J 0.0056 U 31 U 31 U 0.22 UA 3300 J
B-101 0 0.5 Lot 4 0.0047 0.0058 U 0.0058 U 0.0058 U 5.5 U 5.5 U 5.5 UA 230 J
B-102 0 0.5 Lot 4 62
B-103 0 0.5 Lot 4 0.07 U
B-104 0 0.5 Lot 4 0.032 J
B-105 0 0.5 Lot 4 240
B-106 0 0.5 Lot 4 81
B-107 0 0.5 Lot 4 98
B-108 0 0.5 Lot 4 2900
B-109 0 0.5 Lot 4 710
B-111 0 1 Lot 4 390
B-112 0 0.5 Lot 4 96
B-113 0 0.5 Lot 4 14
B-114 0 0.5 Lot 4 23
B-115 0 0.5 Lot 4 0.2
B-122 0 2 Lot 4
B-123 0 2 Lot 4
B-124 0 2 Lot 4
B-129 0 2 Lot 3
B-57 0 1 Lot 4 0.02 U 0.02 U 0.02 UA 23
B-71 0 4 Lot 4 13.1 J
B-72 0 4 Lot 4 19.6 J
B-73 0 4 Lot 4 20.6 J
B-74 0 4 Lot 4 106 J
B-75 0 4 Lot 4 59.1 J
B-78 0 4 Lot 4 31 J
B-79 0 4 Lot 4 30.6 J
B-80 0 4 Lot 4 40.2 J
B-81 0 4 Lot 4 36.3 J
B-82 0 4 Lot 4 13.8 J
B-83 0 4 Lot 4 119 J
B-86 0 4 Lot 4 18.3 J
B-87 0 4 Lot 4 18.6 J
B-88 0 4 Lot 4 182 J
B-91 0 0.5 Lot 4 0.0057 U 0.0057 U 0.0057 U 0.0057 U 0.056 U 0.056 U 0.056 UA 120
B-92 0 0.5 Lot 4 0.0057 U 0.0057 U 0.0057 U 0.0057 U 0.057 U 0.057 U 0.057 UA 39
B-93 0 0.5 Lot 4 0.0055 U 0.0055 U 0.0055 U 0.0055 U 0.011 U 0.011 U 0.011 UA 1 J
B-94 0 0.5 Lot 4 0.0054 U 0.0054 U 0.0054 U 0.0054 U 0.054 U 0.054 U 0.054 UA 1300
B-95 0 0.5 Lot 4 0.0056 U 0.0056 U 0.0056 U 0.0056 U 0.054 U 0.054 U 0.054 UA 16
B-96 0 0.5 Lot 4 0.0058 U 0.0058 U 0.0058 U 0.0058 U 0.059 U 0.059 U 0.059 UA 440
B-97 0 0.5 Lot 4 0.0052 U 0.0052 U 0.0052 U 0.0052 U 0.001 U 0.001 U 0.001 UA 0.096
B-98 0 0.5 Lot 4 0.0056 U 0.0056 U 0.0056 U 0.0056 U 0.011 U 0.011 U 0.011 UA 0.9
B-99 0 0.5 Lot 4 0.0053 U 0.0053 U 0.0053 U 0.0053 U 0.001 U 0.001 U 0.001 UA 0.094 J
CS-1 0 1 Lot 4 0.005 U 0.005 U 0.005 UA 0.005 U
CS-2 0 1 Lot 4 0.005 U 0.01 0.005 UA 0.005 U

E-SETCON 0 1 Unknown 0.5 U 0.5 U 0.5 UA 1400
IB-21 0 10 Lot 4 8800 J 270 UJ 270 UJ 270 UJ
IB-26 0 10 Lot 4 2900 J 66 UJ 66 UJ 66 UJ
IB-36 0 1 Lot 4 0.5 U 0.5 U 0.5 UA 340
IB-41 0 1 Lot 4 0.25 U 0.25 U 0.25 UA 200
IB-44 0 1 Lot 4 85.7
IB-51 0 10 Lot 4 3000 J 120 UJ 120 UJ 120 UJ
IB-91 0 2 Lot 4 3.3 U 3 U 4.2 UA 4200 J
IB-94 0 2 Lot 4 0.4 U 0.37 U 0.52 UA 850
IB-95 0 2 Lot 4 0.35 U 0.32 U 0.46 UA 390

MWA-15 0 0 Lot 4 47 0.4 U 0.2 U
MWA-16I 0 0 Lot 4 0.2 U 0.2 U 0.2 U
MWA-6R 0 0 Lot 4 0.2 U 0.2 U 0.2 U
PD100-B 0 0 Unknown

PD31&32B 0 0 Unknown
PD31&32S 0 0 Unknown
PD41-BE 0 0 Unknown
PD41-BW 0 0 Unknown
PD41-SE 0 0 Unknown
PD41-SW 0 0 Unknown
PD72-BE 0 0 Unknown
PD72-BW 0 0 Unknown
PD72-SE 0 0 Unknown
PD72-SW 0 0 Unknown
PD97-B 0 0 Unknown
PD97-S 0 0 Unknown

PS-1 0 0.5 Unknown 0.05 U 0.05 U 0.05 UA 40
PS-1 0 1 Unknown 0.05 U 0.05 U 0.05 UA 250
PS-2 0 0.5 Unknown 0.05 U 0.05 U 0.05 UA 2000
PS-2 0 1 Unknown 0.05 U 0.05 U 0.05 UA 380
RB-1 0 0.33 Riverbank 0.005 U 0.005 U 0.005 U 0.005 U 0.01 U 0.01 U 0.32

RB-10 0 0.5 Riverbank 17 0.33 U 0.05 U 0.05 U 0.05 UA 120
RB-11 0 0.5 Riverbank 21.3 0.32 U 0.05 U 0.05 U 0.05 UA 52
RB-12 0 0.5 Riverbank 19.5 0.33 U 0.05 U 0.05 U 0.05 UA 7.1
RB-2 0 0.33 Riverbank 0.005 U 0.005 U 0.005 U 0.005 U 0.01 U 0.01 U 0.7
RB-3 0 0.33 Riverbank 0.005 U 0.005 U 0.005 U 0.005 U 0.01 U 0.01 U 2.4 J
RB-4 0 0.33 Riverbank 0.005 U 0.005 U 0.005 U 0.005 U 0.01 U 0.01 U 0.41
RB-5 0 0.33 Riverbank 0.005 U 0.005 U 0.005 U 0.005 U 0.01 U 0.01 U 0.034
RB-6 0 0.33 Riverbank 0.005 U 0.005 U 0.005 U 0.005 U 0.01 U 0.01 U 0.064
RB-7 0 0.5 Riverbank 20.4 T 1.6 U 0.05 U 0.05 U 0.05 UA 2.3
RB-8 0 0.5 Riverbank 40.7 0.33 U 0.05 U 0.11 U 21
RB-9 0 0.5 Riverbank 19.2 0.32 U 0.05 U 0.05 U 95

RBC-1 0 0.5 Riverbank 810 0.0063 U 0.0075 U 0.0075 U 0.012 JT 0.31
RBC-10 0 0.5 Riverbank 19 0.059 U 0.049 U 0.049 U 0.049 UT 2.2

RBC-10-01 0 0.5 Riverbank 0.043 U 0.043 U 0.025 J 0.043 U
RBC-11 0 0.5 Riverbank 150 0.054 U 0.23 U 0.23 U 0.23 UT 10
RBC-12 0 0.5 Riverbank 17 0.0058 UJ 0.0031 U 0.0031 U 0.0031 UT 0.15
RBC-13 0 0.5 Riverbank 16 0.006 UJ 0.0024 U 0.0024 U 0.0024 UT 0.061 J
RBC-2 0 0.5 Riverbank 410 0.0063 U 0.0026 U 0.0026 U 0.0026 UT 0.1
RBC-3 0 0.5 Riverbank 71 0.0062 U 0.27 U 0.27 U 0.27 UT 9.2 J
RBC-4 0 0.5 Riverbank 170 0.063 U 0.0026 U 0.0026 U 0.0034 JT 0.13

RBC-4-02 0 0.5 Riverbank 0.051 U 0.051 U 0.032 U 0.051 U
RBC-5 0 0.5 Riverbank 21 0.0059 U 0.0073 U 0.0073 U 0.0073 UT 0.26 J
RBC-6 0 0.5 Riverbank 19 0.056 U 0.012 U 0.012 U 0.012 UT 0.19

RBC-6-03 0 0.5 Riverbank 0.044 U 0.044 U 0.027 U 0.044 U
RBC-7 0 0.5 Riverbank 27 0.059 U 0.001 UJ 0.015 J 0.015 JT 1.2 J

RBC-7-01 0 0.5 Riverbank 0.001 U 0.0018 0.043
RBC-7-02 0 0.5 Riverbank 0.026 U 0.026 U 0.61
RBC-7-03 0 0.5 Riverbank 0.012 U 0.012 U 0.54
RBC-7-04 0 0.5 Riverbank 0.082 U 0.082 U 3.6
RBC-7-05 0 0.5 Riverbank 0.026 U 0.026 U 1.1

RBC-8 0 0.5 Riverbank 24 0.062 U 0.053 U 0.053 U 0.053 UT 1.5
RBC-9 0 0.5 Riverbank 51 0.055 U 0.074 U 0.074 U 0.074 UT 2.4

S-2 0 0.3333333 Lot 4 0.0059 U 0.0059 U 0.0059 UA 0.33
S-3 0 0.3333333 Lot 4 0.0053 U 0.0053 U 0.0053 UA 1.8
S-4 0 0.3333333 Lot 4 0.0058 U 0.0058 U 0.0058 UA 1.3
S-5 0 0.3333333 Riverbank 0.0065 U 0.0065 U 0.0065 UA 2

SS1-1 0 1 Lot 1 113 0.5 U 0.0165 U 0.0165 U 0.0165 UA 0.595
SS1-2 0 1 Lot 1 34.1 0.5 U 0.0165 U 0.0165 U 0.0165 UA 1.98 J
SS1-3 0 1 Lot 1 35.6 2 U 0.066 U 0.066 U 0.066 UA 138
SS1-4 0 1 Lot 1 35.1 0.5 U 0.0165 U 0.0165 U 0.0165 UA 11.4

mg/kg mg/kgmg/kg mg/kg mg/kg mg/kg mg/kg
Leaching To Groundwater

mg/kg

Heptachlor Lindane Total Chlordanes 4,4'-DDT1,2-Dichloro-
benzeneChromium Chromium, VI Chlorobenzene Chloroform Tetrachloroethene

mg/kg mg/kg
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1191 4 1.26 6.27 11 30.5 0.016 0.023 0.022 0.017
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Leaching To Groundwater
mg/kg

Heptachlor Lindane Total Chlordanes 4,4'-DDT1,2-Dichloro-
benzeneChromium Chromium, VI Chlorobenzene Chloroform Tetrachloroethene

mg/kg mg/kg

SS1-5 0 1 Lot 1 32.2 0.5 U 0.0165 U 0.0165 U 0.0165 UA 2.79
SS2-1 0 1 Lot 2 64 1 U 0.0165 U 0.0165 U 0.0165 UA 5.68
SS2-2 0 1 Lot 2 195 0.5 U 0.0165 U 0.0165 U 0.0165 UA 5.84
SS2-3 0 1 Lot 2 26.5 1 U 0.0165 U 0.0165 U 0.0165 UA 11
SS2-4 0 1 Lot 2 15.1 0.5 U 0.0165 U 0.0165 U 0.0165 UA 1.33
SS2-5 0 1 Lot 2 16 0.5 U 0.0165 U 0.0165 U 0.0165 UA 0.516
SS2-6 0 1 Lot 2 13.8 1.5 U 0.0165 U 0.0165 U 0.0165 UA 0.396
SS2-7 0 1 Lot 2 15.6 1 U 0.0165 U 0.0165 U 0.0165 UA 0.178
US-01 0 0.5 Lot 4 0.1 U 0.1 U 0.1 UA 6.6
US-02 0 0.5 Lot 4 0.01 U 0.01 U 0.01 UA 1.9
US-03 0 0.5 Lot 4 1.1 U 1.1 U 1.1 UA 140
VES5 0 0 Unknown 610 J 4 U 4 U 4 U

BPA-16 0.2 1.2 Lot 3
BPA-1 0.25 1.25 Lot 3
BPA-10 0.3 0.3 Lot 3
BPA-12 0.3 1.3 Lot 3
BPA-13 0.3 1.3 Lot 3
BPA-17 0.3 1.3 Lot 3
BPA-2 0.3 1.3 Lot 3
BPA-3 0.3 1.3 Lot 3
BPA-4 0.3 1.3 Lot 3
BPA-5 0.3 1.3 Lot 3
BPA-6 0.3 1.3 Lot 3
BPA-9 0.3 1.3 Lot 3
RB-1 0.33 0.72 Riverbank 0.005 U 0.005 U 0.005 U 0.005 U 0.01 U 0.01 U 0.59
RB-2 0.33 0.75 Riverbank 0.005 U 0.005 U 0.005 U 0.005 U 0.01 U 0.01 U 1.3
RB-3 0.33 1 Riverbank 0.005 U 0.005 U 0.008 0.005 U 0.01 U 0.01 U 2
RB-4 0.33 1.1 Riverbank 0.005 U 0.005 U 0.005 U 0.005 U 0.01 U 0.01 U 2.6
RB-5 0.33 0.82 Riverbank 0.005 U 0.005 U 0.005 U 0.005 U 0.01 U 0.01 U 0.064
RB-6 0.33 1.9 Riverbank 0.005 U 0.005 U 0.005 U 0.005 U 0.01 U 0.01 U 0.36

BPA-18 0.4 1.4 Lot 3
BPA-7 0.4 1.4 Lot 3

S-1 0.4166667 0.6666667 Unknown 0.005 U 0.005 U 0.03 UA 0.89
B-100 0.5 1.5 Lot 4 0.0011 0.0053 U 0.0053 U 0.0053 U 0.0052 U 0.0052 U 0.0052 UA 20
B-101 0.5 1.5 Lot 4 0.0023 J 0.0057 U 0.0057 U 0.0057 U 0.055 U 0.055 U 0.055 UA 5 J
B-102 0.5 1.5 Lot 4 0.41
B-103 0.5 1.5 Lot 4 0.0055 U
B-104 0.5 1.5 Lot 4 0.031
B-105 0.5 1.5 Lot 4 10
B-106 0.5 1.5 Lot 4 3.3
B-107 0.5 1.5 Lot 4 0.77
B-108 0.5 1.5 Lot 4 5400
B-109 0.5 1.5 Lot 4 300
B-110 0.5 1.5 Lot 4 240
B-112 0.5 1.5 Lot 4 23
B-113 0.5 1.5 Lot 4 40
B-114 0.5 1.5 Lot 4 120
B-115 0.5 1.5 Lot 4 510
B-50 0.5 1 Lot 4 0.005 U 0.005 U 0.005 U 0.005 U 0.01 U 0.01 U 0.01 UA 0.02
B-51 0.5 1 Lot 4 0.005 0.005 U 0.005 U 0.005 U 0.01 U 0.01 U 0.01 UA 1.8
B-52 0.5 1 Lot 3 0.005 U 0.005 U 0.005 U 0.005 U 0.01 U 0.01 U 0.01 UA 0.03
B-91 0.5 1.5 Lot 4 0.0058 U 0.0058 U 0.0058 U 0.0058 U 0.054 U 0.054 U 0.054 UA 3.8 J
B-92 0.5 1.5 Lot 4 0.0059 U 0.0059 U 0.0059 U 0.0059 U 0.0011 U 0.0011 U 0.0011 UA 0.033 J
B-93 0.5 1.5 Lot 4 0.0055 U 0.0055 U 0.0055 U 0.0055 U 0.0011 U 0.0011 U 0.0011 UA 0.032
B-94 0.5 1.5 Lot 4 0.0054 U 0.0054 U 0.0054 U 0.0054 U 0.0054 U 0.0054 U 0.0054 UA 0.56 J
B-95 0.5 1.5 Lot 4 0.0059 U 0.0059 U 0.0059 U 0.0059 U 0.012 U 0.012 U 0.012 UA 1.1
B-96 0.5 1.5 Lot 4 0.006 U 0.006 U 0.006 U 0.006 U 0.06 U 0.06 U 0.06 UA 4.2
B-97 0.5 1.5 Lot 4 0.0052 U 0.0052 U 0.0052 U 0.0052 U 0.0021 U 0.0021 U 0.0021 UA 0.17
B-98 0.5 1.5 Lot 4 0.0056 U 0.0056 U 0.0056 U 0.0056 U 0.022 U 0.022 U 0.022 UA 1.6
B-99 0.5 1.5 Lot 4 0.0053 U 0.0053 U 0.0053 U 0.0053 U 0.001 U 0.0061 0.001 UA 0.008 U

BPA-11 0.5 0.5 Lot 3
BPA-14 0.5 1.5 Lot 3
BPA-8 0.5 1.5 Lot 3

OCTF-1 0.5 0.5 Lot 4 9.12 0.291
OCTF-10 0.5 0.5 Lot 4 0.715
OCTF-11 0.5 0.5 Lot 4 13300
OCTF-12 0.5 0.5 Lot 4 5.71
OCTF-13 0.5 0.5 Lot 4 0.672
OCTF-2 0.5 0.5 Lot 4 17.7
OCTF-3 0.5 0.5 Lot 4 17.8 0.0109
OCTF-4 0.5 0.5 Lot 4 0.0575
OCTF-5 0.5 0.5 Lot 4 0.0067 U
OCTF-6 0.5 0.5 Lot 4 0.0932
OCTF-7 0.5 0.5 Lot 4 0.0238
OCTF-8 0.5 0.5 Lot 4 0.0941
OCTF-9 0.5 0.5 Lot 4 6.29 0.0367

B-111 1 2 Lot 4 1300
B-58 1 2 Lot 3 0.02 U 0.02 U 0.02 UA 0.355

BPA-15 1 2 Lot 3
IB-17 1 2 Lot 4 0.25 U 0.25 U 0.25 UA 1700
IB-43 1 2 Lot 4 0.25 U 0.25 U 3.2 UA 5100
IB-6 1 2 Lot 4 0.25 U 0.25 U 0.25 UA 960

OCTF-1 1 1 Lot 4 8.98 0.0815
OCTF-10 1 1 Lot 4 1.34
OCTF-11 1 1 Lot 4 3290
OCTF-12 1 1 Lot 4 0.164
OCTF-13 1 1 Lot 4 6.74
OCTF-2 1 1 Lot 4 1.81
OCTF-3 1 1 Lot 4 13.4 0.187
OCTF-4 1 1 Lot 4 1.1
OCTF-5 1 1 Lot 4 0.0067 U
OCTF-6 1 1 Lot 4 0.0215
OCTF-7 1 1 Lot 4 0.67 U
OCTF-8 1 1 Lot 4 0.0371
OCTF-9 1 1 Lot 4 10 0.0482

S-1 1.166667 1.416667 Unknown 0.005 U 0.005 U 0.0087 UA 1.3
B-110 1.5 2.5 Lot 4 15

RBC-10-03 1.5 2 Riverbank 16 0.055 U 0.022 U 0.022 U 0.022 UT 0.75
RBC-11-03 1.5 2 Riverbank 57 0.056 U 0.11 U 0.11 U 0.11 UT 2.6
RBC-13-01 1.5 2 Riverbank 14 0.0063 UJ 0.00073 U 0.00073 U 0.00073 UT 0.025
RBC-2-03 1.5 2 Riverbank 31 0.0056 UJ 0.00046 U 0.00046 U 0.009 T 0.014
RBC-6-03 1.5 2 Riverbank 17 0.055 U 0.00048 U 0.00048 U 0.00048 UT 0.01

B-111 2 3 Lot 4 870
B-112 2 4 Lot 4 0.5
B-113 2 4 Lot 4 0.06 U
B-114 2 4 Lot 4 0.056 U
B-76 2 4 Lot 4 29.2 J
B-77 2 4 Lot 4 79 J
B-84 2 4 Lot 4 134 J
B-90 2 4 Lot 4 74.5 J
IB-87 2 4 Lot 4 0.42 U 0.39 U 0.55 UA 280 J
IB-90 2 4 Lot 4 0.32 U 0.29 U 0.41 UA 340
IB-91 2 4 Lot 4 0.4 U 0.37 U 0.52 UA 980

RP-SB27 2 2 Lot 3 0.54 U 0.54 U 11
US-01 2 2.5 Lot 4 12 U 12 U 12 UA 690
US-02 2 2.5 Lot 4 0.01 U 0.01 U 0.01 UA 0.239
US-03 2 2.5 Lot 4 1 U 1 U 1 UA 25
B-110 2.5 3.5 Lot 4 3.4
US-01 2.5 4 Lot 4 1100 J
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RP-SB01 2.7 2.7 Lot 4 0.27 J 0 UJ 24000
B-111 3 4 Lot 4 720
B-125 3 5 Lot 2 0.00808 U 0.00808 U 0.00808 UA 0.19
B-126 3 5 Lot 2 0.0195 U 0.0195 U 0.0195 UA 4

BPA-19 3 3.5 Lot 3
BPA-20 3 3.5 Lot 3
BPA-21 3 3.5 Lot 3
BPA-22 3 3.5 Lot 3
BPA-23 3 3.5 Lot 3
BPA-24 3 3.5 Lot 3

IB-20 3 4 Lot 4 0.25 U 0.25 U 0.25 UA 13000
IB-37 3 4 Lot 4 0.25 U 0.25 U 0.25 UA 1400
IB-6 3 4 Lot 4 0.05 U 0.05 U 0.05 UA 1.1

RP-SB11 3 3 Lot 4 0.02 J 0 UJ 35000
B-110 3.5 4.5 Lot 4 0.59

RP-SB03 3.5 3.5 Lot 4 0.01 J 0 J 29
AP-1 4 6 Unknown 0.0066 U 0.0066 U 0.0066 U 0.0066 U
AP-2 4 6 Unknown 0.61 UJ 0.61 UJ 130 J
B-112 4 6 Lot 4 2.1
B-113 4 6 Lot 4 2.5 J
B-114 4 6 Lot 4 0.47 J
B-115 4 6 Lot 4 41
B-122 4 6 Lot 4
B-123 4 6 Lot 4
B-124 4 6 Lot 4
B-54 4 5 Lot 4 0.007 U 0.005 U 0.005 U 0.005 U 0.2 U 0.2 U 0.2 UA 21
B-56 4 5 Lot 4 0.007 0.005 U 0.005 U 0.005 U 0.2 U 0.2 U 0.2 UA 454
B-57 4 5 Lot 4 0.02 U 0.02 U 0.14 A 8.4
B-58 4 5 Lot 3 0.02 U 0.02 U 0.02 UA 2.1
B-62 4 5 Lot 4 0.05 U 0.05 U 0.05 UA 3.9 J
B-66 4 6 Lot 4 0.061 U 0.061 U 0.061 UA 84
B-75 4 6 Lot 4 76.6 J
B-76 4 6 Lot 4 52.1 J
B-77 4 6 Lot 4 116 J
B-78 4 6 Lot 4 30 J
B-80 4 6 Lot 4 75.8 J
B-84 4 6 Lot 4 72.6 J
B-86 4 8 Lot 4 21.1 J
B-87 4 8 Lot 4 23.3 J
B-90 4 6 Lot 4 74.6 J
IB-25 4 5 Lot 4 0.05 U 0.05 U 0.05 UA 0.87
IB-39 4 5 Lot 4 0.25 U 0.25 U 0.25 UA 61
IB-44 4 5 Lot 4 0.25 U 0.25 U 0.25 UA 55
IB-95 4 6 Lot 4 0.42 U 0.38 U 0.54 UA 270

RP-SB01 4 4 Lot 4 0.48 1.3 24000
RP-SB09 4.3 4.3 Lot 4 0.01 0 U 0.39

B-50 5 5.5 Lot 4 0.005 U 0.005 U 0.005 U 0.005 U 0.012 U 0.012 U 0.012 UA 0.012 U
B-51 5 5.5 Lot 4 0.005 U 0.005 U 0.005 U 0.005 U 0.01 U 0.01 U 0.01 UA 2.4
B-52 5 5.5 Lot 3 0.005 U 0.005 U 0.005 U 0.005 U 0.01 U 0.01 U 0.01 UA 0.048
B-61 5 6 Lot 4 0.05 U 0.55 J 0.73 JA 7000 J
IB-27 5 6 Lot 4 0.25 U 0.25 U 0.79 UA 6300
IB-77 5 6 Lot 4 5.9 U 5.9 U 5.9 UA 6200
IB-82 5 6 Lot 4 0.006 U 0.006 U 0.006 UA 0.07
IB-83 5 6 Lot 4 0.0058 U 0.0058 U 0.0058 UA 0.029
IB-84 5 6 Lot 4 0.0061 U 0.0061 U 0.0061 UA 0.0074

MWA-18 5 6.5 Lot 4 0.05 U 0.05 U 0.05 UA 38
MWA-20 5 6.5 Lot 4 0.13 J 0.005 U 0.005 U 0.005 UA 0.028
RP-SB23 5 5 Lot 4 0.093 U 0.093 U 1.5
RP-SB29 5 5 Lot 4 0.054 U 0.054 U 0.54 U
RP-SB30 5 5 Lot 4 0.36 U 0.36 U 8.7
RP-SB14 5.6 5.6 Lot 4 0.63 0.03 5400

B-112 6 8 Lot 4 0.11 U
B-113 6 8 Lot 4 0.045 U
B-114 6 8 Lot 4 0.0073 U
B-115 6 8 Lot 4 500
B-55 6 7 Lot 4 4100 5 U 14 8 1 U 1 U 1 UA 297
B-61 6 7 Lot 4 2.4 UJ 2.6 UJ 920 J
B-74 6 8 Lot 4 235 J
B-88 6 8 Lot 4 189 J
IB-46 6 7 Lot 4 0.25 U 0.25 U 0.25 UA 6500
IB-88 6 8 Lot 4 110 0.2 U 0.2 U 0.4 U 0.37 U 0.51 UA 460
IB-89 6 8 Lot 4 4.5 U 4.1 U 5.8 UA 9000

MWA-11I(D) 6 8 Lot 4 0.007 U 1.5 U 1.5 U 1.6 7.8 U 7.8 U 7.8 UA 31000
VP-21 6 8 Lot 4 0.37 J 2000
VP-24 6 8 Lot 4 0.17 J 100
AP-7 7 7.5 Lot 4 480 16 U 16 U 16 U
B-111 7 8 Lot 4 7
B-49 7 8 Lot 4 0.005 U 0.005 U 0.005 U 0.005 U 0.015 U 0.015 U 0.015 UA 0.135 J
B-61 7 8 Lot 4 0.038 UJ 0.042 UJ 33 J
CS-4 7 7.5 Lot 4 7370 267 U 267 U 267 U
AP-6 7.5 8 Lot 4 4000 67 U 67 U 67 U
AP-7 7.5 8 Lot 4 1700 64 U 64 U 64 U
AP-8 7.5 8 Lot 4 2000 68 U 68 U 68 U
CS-1 7.5 8 Lot 4 2310 0.13 U 0.13 U 0.13 U

CS-15 7.5 8 Lot 4 0.298 0.136 U 0.136 U 0.136 U
CS-8 7.5 8 Lot 4 4280 282 U 282 U 282 U
VP-1 7.5 8 Lot 4 930 50 U 50 U
VP-2 7.5 8 Lot 4 180 0.007 0.076

VP-21 7.5 8 Lot 4 170 0.0087 J 0.0096 J 0.011 J
VP-22 7.5 8 Lot 4 0.0068 U 0.0068 U 0.053
VP-23 7.5 8 Lot 4 6.8 U 6.8 U 6.8 U
VP-24 7.5 8 Lot 4 1.6 0.007 UJ 0.007 UJ 0.013 J
VP-3 7.5 8 Lot 4 5600 25 U 25 U
VP-4 7.5 8 Lot 4 4600 25 U 25 U
VP-5 7.5 8 Lot 4 1500 25 U 25 U
VP-6 7.5 8 Lot 4 13000 49 U 49 U
VP-7 7.5 8 Lot 4 0.083 0.005 U 0.005 U
VP-8 7.5 8 Lot 4 5400 50 U 50 U
AP-3 8 10 Lot 4 4 J 0.026 0.011 J 0.044 J 71 UJ 71 UJ 71 UJA 2600 J
AP-4 8 10 Lot 4 4400 J 0.38 UJ 2.1 J 1.7 J
B-100 8 10 Lot 4 1800 37 U 37 U 37 U 20 U 20 U 20 UA 1500 J
B-122 8 10 Lot 4
B-123 8 10 Lot 4
B-124 8 10 Lot 4
B-125 8 10 Lot 2 0.00829 U 0.00829 U 0.00829 UA 0.349
B-126 8 10 Lot 2 0.000837 UJ 0.000837 UJ 0.000837 UJA 0.0215 J
B-71 8 12 Lot 4 19.8 J 1.57 U
B-73 8 12 Lot 4 12.9 J
B-75 8 10 Lot 4 68.8 J 9.72 J
B-76 8 10 Lot 4 668 J
B-77 8 10 Lot 4 172 J 69 J
B-78 8 10 Lot 4 20.8 J
B-79 8 12 Lot 4 20.6 J
B-80 8 10 Lot 4 222 J 16.2 J
B-81 8 12 Lot 4 135 J
B-82 8 12 Lot 4 14.2 J
B-83 8 12 Lot 4 157 J
B-84 8 10 Lot 4 34.8 J 41.1 J
B-90 8 10 Lot 4 297 J



Table A-10
Soil Screening for Leaching to Groundwater 

Highly Concentrated Human Health Hot Spots
Arkema, Inc. Facility

Portland, Oregon

Location Top Depth Bottom Depth Site Area

(ft) (ft)

1191 4 1.26 6.27 11 30.5 0.016 0.023 0.022 0.017
mg/kg mg/kgmg/kg mg/kg mg/kg mg/kg mg/kg

Leaching To Groundwater
mg/kg

Heptachlor Lindane Total Chlordanes 4,4'-DDT1,2-Dichloro-
benzeneChromium Chromium, VI Chlorobenzene Chloroform Tetrachloroethene

mg/kg mg/kg

CS-10 8 8.5 Lot 4 26700 69.6 U 69.6 U 69.6 U
CS-11 8 8.5 Lot 4 12500 552 U 552 U 552 U
CS-12 8 8.5 Lot 4 66600 285 U 285 U 285 U
CS-2 8 8.5 Lot 4 2100 68.8 U 68.8 U 68.8 U
CS-3 8 8.5 Lot 4 41.9 2.75 U 2.75 U 2.75 U
CS-5 8 8.5 Lot 4 0.27 0.138 U 0.138 U 0.138 U
CS-6 8 8.5 Lot 4 3210 68 U 68 U 68 U
CS-7 8 8.5 Lot 4 3610 135 U 135 U 135 U
CS-9 8 8.5 Lot 4 7310 290 U 290 U 290 U
IB-25 8 9 Lot 4 0.25 U 0.25 U 0.62 UA 3900
IB-86 8 10 Lot 4 0.049 U 0.045 U 0.064 UA 16
IB-88 8 10 Lot 4 0.004 U 0.0037 U 0.0052 UA 2.1
IB-89 8 10 Lot 4 0.41 U 0.38 U 0.53 UA 700
IB-93 8 10 Lot 4 330 200 U 200 U 0.37 U 0.34 U 0.48 UA 6900
IB-96 8 10 Lot 4 0.0044 U 0.0041 U 0.0057 UA 0.18
VP-10 8 8.5 Lot 4 860 0.075 U 0.87 3.3
VP-11 8 8.5 Lot 4 550 0.071 U 2.7 15
VP-12 8 8.5 Lot 4 500 0.68 U 3.4 1.9
VP-13 8 8.5 Lot 4 0.16 0.69 U 7.5 5.4
VP-14 8 8.5 Lot 4 110 0.13 0.069 U 0.069 U
VP-15 8 8.5 Lot 4 700 6.6 U 6.6 U 6.6 U
VP-16 8 8.5 Lot 4 5290 0.67 U 0.67 U 0.67 U
VP-17 8 8.5 Lot 4 2300 0.65 U 1.4 0.87
VP-18 8 8.5 Lot 4 3900 0.64 U 1.5 1
VP-19 8 8.5 Lot 4 7900 6.6 U 6.6 U 6.6 U
VP-20 8 8.5 Lot 4 22 0.066 U 0.096 0.066 U
VP-22 8 10 Lot 4 12 1200
VP-23 8 10 Lot 4 0.31 1700
VP-9 8 8.5 Lot 4 11000 0.78 U 5.6 3.4
CS-13 8.5 9 Lot 4 11.3 1410 U 1410 U 1410 U

RP-SB01 8.5 8.5 Lot 4 2.3 0.02 150000
B-111 9 10 Lot 4 0.0077 U 0.0077 U 0.0077 U 0.0077 U
B-110 9.5 10.5 Lot 4 0.37 0.079 U 0.079 U 0.079 U
B-127 10 12 Lot 3
B-128 10 12 Lot 3
B-74 10 12 Lot 4 565 J
B-88 10 12 Lot 4 1640 J

MWA-18 10 11.5 Lot 4 0.05 U 0.05 U 0.05 UA 3.6
MWA-19 10 11.5 Lot 4 0.005 U 0.005 U 0.005 UA 0.04
MWA-20 10 11.5 Lot 4 0.005 U 0.0053 U 0.005 UA 0.3 J
RP-SB18 10 10 Lot 4 43000 2000 U 2000 U 2.7 U 2.7 U 21000
RP-SB28 10 10 Lot 3 0.057 U 0.057 U 1.3
RP-SB37 10 10 Lot 4 0.057 U 0.057 U 1.7 U
RP-SB15 10.6 10.6 Lot 4 200 0.63 U 400

B-61 11 12 Lot 4 0.65 UJ 0.65 UJ 0.65 UJA 400 J
CS-14 11 11.5 Lot 4 1.21 1.5 U 1.5 U 1.5 U
VP-21 11.5 12 Lot 4 0.15 U 0.15 U 0.16
VP-22 11.5 12 Lot 4 1.5 U 1.5 U 1.5 U
VP-23 11.5 12 Lot 4 0.14 U 0.14 U 0.14 U
VP-24 11.5 12 Lot 4 0.0074 U 0.0074 U 0.0077

RP-SB15 11.6 11.6 Lot 4 0 U 0 U 0.87
B-100 12 14 Lot 4 2600 35 U 35 U 35 U 0.65 U 0.65 U 0.65 UA 390
B-101 12 14 Lot 4 12 0.14 U 0.14 U 0.14 U 0.0012 U 0.0012 U 0.0012 UA 0.014 U
B-104 12 14 Lot 4 0.093
B-55 12 13 Lot 4 0.005 U 0.005 U 0.005 U 0.005 U 0.01 U 0.01 U 0.01 UA 2.8
B-65 12 14 Lot 4 0.66 U 0.66 U 0.66 UA 760
B-66 12 14 Lot 4 0.07 U 0.07 U 0.07 UA 49
B-72 12 16 Lot 4 20.2 J
B-75 12 14 Lot 4 221 J
B-76 12 14 Lot 4 1090 J
B-77 12 16 Lot 4 411 J
B-78 12 14 Lot 4 9.48 J
B-80 12 14 Lot 4 93.3 J
B-84 12 14 Lot 4 28 J
B-86 12 16 Lot 4 27.9 J
B-87 12 16 Lot 4 10.4 J
B-90 12 14 Lot 4 117 J

VP-10 12 12.5 Lot 4 150 0.76 U 0.76 U 0.76 U
VP-11 12 12.5 Lot 4 11 0.78 U 0.78 U 0.78 U
VP-12 12 12.5 Lot 4 92 0.72 U 0.72 U 0.72 U
VP-13 12 12.5 Lot 4 14 0.76 U 0.76 U 0.76 U
VP-14 12 12.5 Lot 4 230 0.067 U 0.067 U 0.083
VP-15 12 12.5 Lot 4 9.6 0.067 U 0.067 U 0.14
VP-16 12 12.5 Lot 4 180 0.27 0.17 0.12
VP-17 12 12.5 Lot 4 580 0.31 0.2 0.16
VP-18 12 12.5 Lot 4 550 0.73 U 0.73 U 0.73 U
VP-19 12 12.5 Lot 4 670 1.5 U 1.5 U 1.5 U
VP-20 12 12.5 Lot 4 50 0.35 U 0.35 U 0.35 U
VP-9 12 12.5 Lot 4 570 0.68 U 0.68 U 0.68 U
B-74 14 16 Lot 4 194 J
B-88 14 16 Lot 4 52.2 J

MWA-1 14 14 Lot 4 0.059 0.007 U 0.007 U 0.075 U 0.075 U 0.15 U
RP-SB31 14 14 Lot 4 56 U 56 U 750

VP-21 14 16 Lot 4 2.6 J 2
VP-22 14 16 Lot 4 40 0.15
VP-23 14 16 Lot 4 410 55
VP-24 14 16 Lot 4 0.059 9.2
B-127 15 17 Lot 3
B-128 15 17 Lot 3

MWA-18 15 16.5 Lot 4 0.005 U 0.0081 U 0.005 UA 7.4
MWA-19 15 16.5 Lot 4 0.005 U 0.005 U 0.005 UA 1
MWA-20 15 16.5 Lot 4 0.084 0.005 U 0.005 U 0.005 UA 0.014
RP-SB01 15 15 Lot 4 2.1 0.02 63000
RP-SB16 15 15 Lot 4 0.49 0.014 U 0.014 U 0.98 U 0.98 U 24
RP-SB17 15 15 Lot 4 0.64 0.12 0.067 110 U 110 U 2100
RP-SB19 15 15 Lot 4 0.19 U 0.19 U 1.8
RP-SB20 15 15 Lot 4 0.38 U 0.38 U 3.9

VP-21 15.5 16 Lot 4 0.0066 U 0.0066 U 0.053 J
VP-22 15.5 16 Lot 4 0.4 0.37 U 0.37 U 0.37 U
VP-23 15.5 16 Lot 4 310 7.4 U 7.4 U 7.4 U
VP-24 15.5 16 Lot 4 0.0067 U 0.0067 U 0.0067 U
B-71 16 20 Lot 4 15.3 J
B-73 16 20 Lot 4 16 J
B-74 16 20 Lot 4 221 J
B-75 16 18 Lot 4 86.8 J
B-76 16 18 Lot 4 154 J
B-78 16 18 Lot 4 38.1 J
B-79 16 20 Lot 4 14.9 J
B-80 16 20 Lot 4 776 J
B-81 16 20 Lot 4 257 J
B-84 16 18 Lot 4 33.7 J
B-90 16 18 Lot 4 49.4 J

VP-10 16 16.5 Lot 4 53 0.19 U 0.19 U 0.19 U
VP-11 16 16.5 Lot 4 9.8 0.068 U 0.068 U 0.068 U
VP-12 16 16.5 Lot 4 7200 0.17 U 0.17 U 0.17 U
VP-13 16 16.5 Lot 4 8700 0.068 U 0.068 U 0.068 U
VP-14 16 16.5 Lot 4 0.35 34 U 34 U 34 U
VP-15 16 16.5 Lot 4 13 0.066 U 0.066 U 0.066 U
VP-16 16 16.5 Lot 4 1300 0.067 U 0.067 U 0.067 U



Table A-10
Soil Screening for Leaching to Groundwater 

Highly Concentrated Human Health Hot Spots
Arkema, Inc. Facility

Portland, Oregon

Location Top Depth Bottom Depth Site Area

(ft) (ft)

1191 4 1.26 6.27 11 30.5 0.016 0.023 0.022 0.017
mg/kg mg/kgmg/kg mg/kg mg/kg mg/kg mg/kg

Leaching To Groundwater
mg/kg

Heptachlor Lindane Total Chlordanes 4,4'-DDT1,2-Dichloro-
benzeneChromium Chromium, VI Chlorobenzene Chloroform Tetrachloroethene

mg/kg mg/kg

VP-17 16 16.5 Lot 4 73 0.069 U 0.069 U 0.069 U
VP-18 16 16.5 Lot 4 240 0.34 U 0.34 U 0.34 U
VP-19 16 16.5 Lot 4 7.3 0.063 U 0.063 U 0.063 U
VP-20 16 16.5 Lot 4 29 0.066 U 0.066 U 0.066 U
VP-9 16 16.5 Lot 4 420 0.74 U 0.74 U 0.74 U
B-76 18 22 Lot 4 122 J
B-77 18 20 Lot 4 104 J
B-88 18 20 Lot 4 21 J

RP-SB32 18 18 Lot 3 0.061 U 0.061 U 1.1 U
RP-SB21 18.5 18.5 Lot 4 7.2 J 0.29 J 0.27 UJ 410 U 410 U 20000

B-56 19 20 Lot 4 0.005 U 0.005 U 0.005 U 0.005 U 0.01 U 0.01 U 0.01 UA 0.01 U
MWA-1 19 19 Lot 4 0.057 J 0.007 UJ 0.007 UJ 0.072 U 0.072 U 0.14 U

B-75 20 22 Lot 4 110 J
B-78 20 24 Lot 4 133 J
B-84 20 22 Lot 4 148 J
B-90 20 24 Lot 4 32.6 J

RP-SB16 20 20 Lot 4 210 U 210 U 13000
RP-SB17 20 20 Lot 4 3.1 U 0.35 0.31 200 U 200 U 11000
RP-SB18 20 20 Lot 4 6.5 0.69 U 0.69 U 0.19 U 0.19 U 5.8
RP-SB20 20 20 Lot 4 0.078 0.005 U 0.005 U 0.19 U 0.19 U 2.5
RP-SB27 20 20 Lot 3 0.73 U 0.73 U 7.9
RP-SB28 20 20 Lot 3 0.36 U 0.36 U 9.1
RP-SB33 20 20 Lot 3 0.071 U 0.071 U 3.1 U
RP-SB37 20 20 Lot 4 0.07 U 0.07 U 2.8 U

B-61 21 22 Lot 4 0.054 UJ 0.054 UJ 0.054 UJA 21 J
B-77 22 24 Lot 4 133 J
B-88 22 24 Lot 4 32 J

MWA-3 22 22 Lot 4 0.0056 U 0.006 U 0.006 U 0.065 U 0.065 U 0.13 U
B-72 24 28 Lot 4 24.7 J
B-75 24 28 Lot 4 287 J
B-84 24 26 Lot 4 101 J

MWA-2 24 24 Lot 3 0.007 U 0.007 U 0.068 U 0.068 U 0.36
MWA-3 24 24 Lot 4 0.006 U 0.007 U 0.007 U 0.13 U 0.13 U 2.5
MWA-4 24 24 Lot 4 0.01 0.006 U 0.006 U 1.3 U 1.3 U 79
RP-SB18 25 25 Lot 4 42 1.4 U 1.4 U 0.019 U 0.019 U 140
RP-SB19 25 25 Lot 4 0.081 J 0.007 UJ 0.007 UJ 0.023 U 0.023 U 0.37
MWA-1 26 26 Lot 4 880 0.007 U 0.007 U 0.069 U 0.069 U 0.13 U

MWA-11I(D) 26 28 Lot 4 39 1 UJ 1 UJ 1 UJ 0.67 U 0.67 U 0.67 UA 230
MWA-3 27.5 27.5 Lot 4 0.007 U 0.006 U 0.006 U 0.066 U 0.066 U 0.64
MWA-4 27.8 27.8 Lot 4 0.13 J 0.007 UJ 0.007 UJ 0.069 U 0.069 U 2.6

B-84 28 32 Lot 4 108 J
MWA-11I(D) 28 30 Lot 4 15000 J 0.05 UJ 0.05 UJ 0.05 UJ 0.07 U 0.07 U 0.07 UA 2.72

MWA-2 29 29 Lot 3 0.007 UJ 0.007 UJ 0.068 U 0.068 U 0.55
MWA-30 29.5 30 Lot 4 0.006 U 0.025 0.0056 U 0.0056 U 0.038 U 0.038 U 0.038 UA 0.038 U
MWA-4 30 30 Lot 4 4.3 J 0.067 U 0.067 U 0.59

B-72 32 36 Lot 4 223 J
MWA-8I 36 36.3 Lot 4 1100 50 U 50 U 1.5 10 U 10 U 10 UA 5800

Notes:
mg/kg - milligrams per kilogram
Bold Detected concentration is between 1 and 10 times the Hot Spot Screening Level Value
Bold Detected concentration is between 10 and 100 times the Hot Spot Screening Level Value
Bold Detected concentration is greater than 100 times the Hot Spot Screening Level Value
BOLD - Detected

ft = Feet
DDT = Dichloro-diphenyl-trichloroethane
DDD = Dichloro-diphenyl-dichloroethane
DDE = Dichloro-diphenyl-chloroethane
DDX = Total of DDD, DDE, and DDT isomers

Qualifiers:
A = The TIC is a suspected aldol-condensation product/Total value based on limited number of analytes
J = The analyte was positively identified and is biased low; associated numerical value is the approximate concentration of the analyte in the sample
JA = Estimated Concentration, Analyte Postively Identified.
T = Result derived or selected from >1 reported value.
UJ = A hint of something was found below detection limit.
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Section 1 

Introduction 


This Report summarizes our evaluation of factors potentially effecting incidental formation of 
polychlorinated dibenzo-p-dioxins (CDDs) and polychlorinated dibenzofurans (CDFs) in 
chlorate/chlorine reactors at the former Arkema manufacturing facility located in Portland, 
Oregon. 

The purpose of Waterstone’s analysis was to:  

i.	 Identify process variables and materials of construction of the cells (and cell components)  
which potentially may have impacted the formation of CDDs/CDFs and 

ii.	 Evaluate whether the identified process variables or materials of construction would have 
impacted or promoted the formation of CDDs/CDFs at the former Arkema facility. 

Understanding the relationship of CDD/CDF formation with site processes will lead to a better 
understanding of the sources of CDD/CDF from operations historically conducted on the 
Arkema site; aid investigators in developing an effective remedial investigation/mitigation 
program; and aid investigators and regulators in understanding how offsite CDD/CDF 
contamination has migrated onto and further impacted the Arkema site with CDD/CDF type 
contaminants. In addition, this information is relevant in developing an accurate and complete 
conceptual site model (CSM) for the Arkema Portland site. 

1.1 Site Background 

The Portland facility operated at 6400 NW Front Avenue in the Northwest Industrial Area of 
Portland from 1941 until 2001 when the facility was closed and chemical manufacturing was 
discontinued. 

The Portland facility is bounded by Front Avenue on the north and west, the Willamette River on 
the east, and an asphalt roofing manufacturer on the south. The facility is located on the 
southwest bank of the lower Willamette River between river mile 6.9 and river mile 7.6, 
immediately upstream of the Burlington Northern Santa Fe Railroad Bridge. The property is 
located within the Portland Harbor Superfund site. 

The Portland Harbor Superfund site is located along the lower Willamette River near Portland, 
Oregon (Figure 1). The Willamette River originates in the Oregon Cascade Range, drains a 
watershed area of about 11,400 square miles, and has a total length of 309 miles before its 
confluence with the Columbia River (Ref. 1, Kammerer, 1990). From the mouth of the 
Willamette, the Columbia River flows another 100 channel miles before discharging into the 
Pacific Ocean. 
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Section 1	 Introduction 

1.2 Products Produced at the Former Arkema Facility 

During the Arkema facility’s operation (1941-2001), chemical manufacturing activities included: 

 Electrolytic decomposition of brine solutions to manufacture inorganic chemicals, 
including sodium chlorate, chlorine, sodium hydroxide, hydrogen, and hydrochloric acid 

 Production of orthosilicates from 1951 to 1980 

 Production of dichloro-diphenyl-trichloroethane (DDT) from 1947 to 1954 

 Production of ammonium perchlorate from 1958 to 1962 

 Production of ammonia from 1955 to 1990. 

The following is a brief chronology of chlorate/chlorine production operations at the former 
Arkema Portland facility: 

 1941 - Sodium chlorate production began. 

 1946-1971 - Chlorine production using Gibbs and Taylor cells commenced. These cells 
used graphite anodes and operated at temperatures of 160 to190 degrees Fahrenheit (oF) 
under a slight vacuum. The cells were sealed with a putty-like material, which was a 
blend in the form of Bunker C fuel oil, China clay, asbestos and linseed oil. An asbestos 
rope gasket soaked in Bunker C and linseed oil was also used. The Gibbs cell head was 
constructed of concrete-like material coated in coal tar oil. The Taylor cell head was 
made of uncoated ebony transite material. Other components such as internal rings and 
the stud ends of the electrodes were soaked in Bunker C and hot linseed oil, respectively. 

 1962 - Diamond cells were first put into use for chlorine production. These cells used 
neoprene gaskets instead of putty material. The neoprene gaskets were later replaced by a 
TFE-type gasket material. The Diamond cells did not use Bunker C oil or any other 
material as an internal sealant. The cells operated under similar temperature and vacuum 
as before. 

 1971 - Gibbs and Taylor cells were completely replaced by Diamond cells.  

 1973 - Graphite anodes were replaced by titanium anodes in the Diamond cells. 

 1990 - Membrane cells manufactured by ICI were installed. These cells used HPDF 
membrane materials and inert (silica based) gasket materials between titanium alloy 
electrodes. They operated with an internal temperature of approximately 180o F under a 
slight vacuum. 

A report entitled “Summary of Portland Processes and the Conditions for Potential Formation of 
Chlorinated Ring Compounds” dated January 12, 2011 was prepared by Jimmie Hodges and 
Fredrick Wolf.  The report supplied much of the information on chlorate/chlorine cell processes 
used in the evaluation and analysis presented in this report (see Attachment A). This report was a 
forensic analysis and collation of the cell processes, related equipment, and operating conditions 
historically used at the Arkema facility.  
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Section 1 Introduction 

Jimmie Hodges and Fred Wolf are knowledgeable in chlorate/chlorine cell processes.  Mr. 
Hodges was Director of Technology for the Pennwalt Industrial Chemical Division during the 
period 1982-1994. Fred Wolf joined the Pennwalt Corporation in March 1988 as Manager of 
Environmental Affairs for the Industrial Chemical Division’s Tacoma, Washington, chloro-alkali 
and sodium chlorate manufacturing facility.  
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Section 2 

Chemical Formation Mechanisms 


2.1 Aspects of CDD/CDF Formation Mechanisms 

In order for CDDs/CDFs to be produced, certain key components must be present. These 
components include: (i) a reactive aromatic carbon source or dibenzodioxin/furan precursor 
molecule, (ii) activated Cl2 (reactive chlorine radicals), (iii) energy to overcome activation 
energy barriers and form reactive complexes, and (iv) oxygen (can be part of the reactive carbon 
source). There is no one mechanism for CDD/CDF formation and it is generally thought to be 
source dependent. 

In thermal processes, such as waste incineration, three mechanisms are thought to contribute to 
dioxin formation. These mechanisms are summarized below: 

 Pass Through Mechanism – CDDs/CDFs are present in the waste materials and are 
passed through the incinerator or transformed during combustion.  

 Precursor Mechanism – CDDs/CDFs are formed from related precursors such as PCB, 
chlorinated phenols, and chlorinated benzenes. 

 De Novo Synthesis – CDDs/CDFs are formed from unrelated compounds such as PVC 
or other chlorocarbons, and/or burning of non-chlorinated compounds such as 
polystyrene, cellulose, lignin, coal, and particulate carbon in the presence of chlorine 
donors. 

In general, there is agreement that the most important pathway for the formation of CDD/CDF is 
when the flue gases are transported down the cooling zone at temperatures between 250-450oC 
(480-840oF). Both fly ash (with its constituents of organic carbon, alkali and alkali earth 
chlorides, and metal catalysts) and dioxin/furan precursors are important in the formation of 
CDD/CDF. Additionally, both homogeneous (gas phase) and heterogeneous (gas/solid phase) 
reactions have been found to be important pathways for formation of CDD/CDF. It is unlikely 
that any of these mechanisms directly apply to the formation of CDDs/CDFs in chloralkali 
reactors for the following reasons: 

 No evidence has been found to suggest that CDDs/CDFs are in the feed stocks for 
chloralkali reactors or in the materials of construction of chloralkali reactors. 

 No evidence has been found to suggest that precursor molecules such as chlorinated 
phenols or chlorinated benzenes are present in the feed stocks for chloralkali reactors or 
in the materials of construction of chloralkali reactors. However, Rappe and Swanson 
(1991) have suggested that direct chlorination of dibenzofuran found in some graphite 
anodes (possibly associated with the coal tar pitch used to bind the graphite particles in 
the anode) is responsible for formation of CDF found in graphite electrode sludge 
associated with chloralkali plants. 

 Fly ash is not present in the feed stocks for chloralkali reactors.  
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Section 2	 Subjject Property HHistory 

 TThe “Precursoor” and “De Novo Synthhesis” mechaanisms requiire substantiial amounts oof 
heat to transfoform the carbbon moleculees into arommatic ringed sstructures simmilar to 
dibenzodioxinns and/or dibbenzofurans. Chemical pprocesses peerformed in cchloralkali 
ellectrolytic ceells are perfoormed usingg aqueous briine solutionss and as suchh the temperrature 
iss below the bboiling pointt of water annd usually wiithin the 1000 to160oF range. n 

Factors favorable to CCDD/CDF fformation in wet-chemiccal processess are the following: 

 HHigh temperaatures 

 AAlkaline meddia 

 PPresence of UUV light 

 PPresence of rradicals in thhe reaction mmixtures/chemmical processses. 

The proppensity to forrm CDDs/CDDFs during tthe synthesiss of chemicaal compoundds decreases in 
the followwing order: 

chhlorophenol s > chlorobeenzenes > aliiphatic chlorrinated comppounds > inoorganic 
chhlorinated coompounds. ((Ref. 2, Fieddler, 2003). 

Rappe annd Swanson (Ref. 3, Rapppe, 1991) haave suggesteed that CDF is formed b y chlorinatioon of 
dibenzofufuran in the ccarbon electrrode of the cchloralkali ceell. This sug ggestion is suupported by 
investigaations performmed by Swaanson while ppreparing hiis dissertatioon in 1988. SSwanson fouund 
that he coould producee CDF from the direct chhlorination oof dibenzofuuran. In addittion, the patttern 
of CDF ccongeners foormed was siimilar to thatt produced inn materials iisolated fromm a graphite 
electrodee sludge provviding furtheer support foor his hypothhesis. This reeaction is summmarized beelow. 

This is suupported by Pereira (Reff. 4, Pereira, 2004), whoo reports thatt these so-ca lled “cold
formationn” mechanissms are alwaays mediatedd by precursoors. 

Based onn the above ddiscussion, wwe have idenntified the foollowing genneral areas off key process 
componeents which mmay (or may not) impact the formatioon of CDDs//CDFs in chlloralkali cellls 
historicallly operated at the Arkemma Portland plant. 

 CCell Operatinng Temperatuure Range 

 AAnode Compposition
 
 Powdered Graphitte Bound wiith Coal Tar Pitch 

 “Pure” Graphite 

 Titaniium
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Section 2	 Subject Property History 

 Other Potential Reactive Carbon Sources 
 Gaskets and Sealants 
 PVC Headboard 
 Cell Body Coatings 

 Diaphragm and Membrane Materials 

 Metals  
 Cell construction 
 Dichromate Buffer 
 Titanium Anode 
 Steel Body 

 Brine Feed Stock. 
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Section 3 

Chlorate/Chlorine Chemical Processes Review 


The first step in Waterstone’s evaluation was to review the processes used to manufacture 
chlorate/chorine and related products. During this review, we have identified aspects of the 
processes which reportedly (Ref. 5, USEPA; 2006) impact the formation of CDDs/CDFs. The 
purpose of this section is to summarize the processes that were used at the Portland Arkema 
facility and identify key aspects of the process or materials used in the process which have the 
potential to impact CDD/CDF formation. 

3.1 Chlorate Cells 

The Arkema Portland plant was constructed in 1940 by its then owner Pennsylvania Salt 
Manufacturing. Chlorate cell technology implemented at the Portland plant in 1941was an 
invention of the parent company, Pennsylvania Salt Manufacturing1 (became Pennsalt Chemical 
Corporation and still later became Arkema. 

3.1.1 General Description 

The first cell used at the Portland plant was a diaphragm-less chlorate cell where the cathode was 
bare steel and the anodes were graphitized carbon. The cells were approximately 38 inches long. 
The chlorate cells had an inlet for fresh brine liquor and outlet for the recycled liquor. 

3.1.2 Operating Conditions 

In chlorate cells, the chlorine concentration in the liquor was increased by 3 to 4 grams per Liter 
(g/L) for each pass through the cell. To achieve a chlorine concentration of 400 g/L, one liter had 
to pass through the cell 100 times. This required a large recycle rate. The chlorine and caustic 
produced by the cell were allowed to mix forming the chlorate product. Only a small amount of 
chlorine was released by the cell with the hydrogen produced by the cell. 

In early days of the process, the hydrogen gas was diluted with air in order to create a hydrogen 
concentration that was less than explosive limits. The operating pressure was a few inches of 
water. Later, the hydrogen was recovered for use as fuel. 

The internal environment of the chlorate cell is as follows: 

 pH = 5-6 buffered by HOCl and OCl- ions at concentration of 5-15 g/L 

1 The Pennsylvania Salt Manufacturing Company was formed in 1850.  In 1929, Pennsylvania Salt opened its caustic soda and liquid chlorine 
plant in Tacoma, WA. Later, in 1940, the company constructed a plant in Portland, OR. In 1957, Pennsylvania Salt Manufacturing Company 
changed its name to Pennsalt Chemicals Corporation. In 1969, Pennsalt Chemicals Corporation changed its name to Pennwalt Corporation. In 
1989, Elf Aquitaine initiates friendly tender offer for Pennwalt. Atochem North America, Inc. was formed in December 1989 as a result of the 
merger of M&T Chemicals, Inc. and Atochem, Inc. into the Pennwalt Corporation.  Effective December 31, 1991, the name of company changed 
from Atochem North America, Inc. to Elf Atochem North America, Inc. In 1999, TotalFina S.A. acquired 95% of the shares of Elf Aquitaine. 
TotalFina and Elf Aquitaine were reorganized to form TotalFinaElf, and Elf Atochem North America, Inc. became ATOFINA Chemicals, Inc. In 
2003, TotalFinaElf changed its name to Total, and in 2004, ATOFINA Chemicals, Inc. changed its name to Arkema Inc. 
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Section 3 	 Chlorate/Chloride Chemical Process Review 

 Dichromate concentration of 5 g/L. Buffering action at the operating pH between the 
dichromate ion (Cr2O7 

-2) and the chromate ion (CrO4 
-) 

 Sodium concentration of 400-500 g/L and 90-100 g/L of sodium chloride (NaCl). 

3.1.3 Diaphragms and Membranes 

In the chlorate cell no diaphragms or membranes were used. The chlorine produced was allowed 
to mix with hydroxide ions in solution to form sodium hypochlorite (NaOCl; commonly known 
as bleach). 

3.1.4 Anode Construction and Consumption 

The anodes were constructed from graphite. The cells contained 72 2x2 inch graphite anodes 
suspended from a top headboard. In order to minimize graphite anode consumption, the cells 
were used at low amperage (5 kilo amperes, kA) and low temperature (approximately 100oF). 
The temperature was maintained by internal cooling coils. Chlorate anodes were the same as 
chlorine anodes but were impregnated with linseed oil to minimize corrosion. Later, as the 
technology of the graphite anodes improved, the size of the graphite anodes was changed from 
2x2 inches to 2x7 inches. This allowed the cell amperage to be increased, which in turn increased 
chlorine production rates. The cell had a four-inch sludge space below the cathodes for the 
graphite fines and sludge to accumulate without shorting out the cathodes. 

In the chlorate technology, the slow deterioration of the anodes produced carbon fines which had 
to be filtered before the chlorate was further processed. This was done by a pre-coat and admix 
pressure leaf filter system which produced clear liquor, free of graphite; the graphite was 
retained on the filter. When the pressure on the filter was increased to a certain point, the filter 
was taken off-line and the filter cake removed. In addition, when the cell was rebuilt, the sludge 
and cell were washed out to remove any graphite fines or other contamination. 

In 1973, the chlorate technology was converted from graphite to metal anodes and operated at 
moderate temperature (150-170oF). Filtration of the cell liquor was minimized because the 
graphite fines were not produced from the metal anodes.  

3.1.5 Gaskets and Sealants 

The chlorate cell was constructed of carbon steel with a polyvinyl chloride (PVC) headboard. 
PVC's intrinsic properties make it suitable for a wide variety of applications. It is biologically 
and chemically resistant, making it the plastic of choice for most household sewerage pipes and 
other pipe applications where corrosion would limit the use of metal. In the chlorate cell, the 
PVC headboard protected the steel headboard from chemical attack by the chlorine.  

3.1.6 Key Aspects 

Aspects and/or components of this cell that may have impacted CDD/CDF formation are the 
following: 
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Section 3 Chlorate/Chloride Chemical Process Review 

 Graphite electrodes 

 Graphite (carbon) fines 

 Operating temperature 

 Dichromate buffer 

 Cell construction material - steel 

 Composition of seals and gaskets 

 PVC headboard. 

The potential impact of these items on the formation of CDDs/CDFs is discussed in the next 
section of this report. 

3.2 Gibbs Cells and Taylor Cells – Chlorine Production 

3.2.1 General Description 

A combination of Gibbs and Taylor cells were first used in 1946 at the Portland Arkema facility 
to produce chlorine. Both Gibbs and Taylor cells used graphite anodes and asbestos was used as 
the diaphragm material between the anode and cathode sections of the cell. Gibbs and Taylor 
cells differ from each other based on the shape and the size of the cells. Small quantities of 
molten lead were used to seal orifices in the Taylor head cells.  Gibbs cell concrete heads were 
soaked in coal tar to prevent fluid penetration. 

Gibbs and Taylor cells were both eliminated at the Portland Arkema facility in 1971. 

3.2.2 Operating Conditions 

The Gibbs and Taylor cells operated with internal temperature in the range of 160 to 190oF and 
were maintained under a slight vacuum.  

3.2.3 Diaphragms and Membranes 

A diaphragm was used to separate the anolyte and catholyte. In the diaphragm cell process, semi-
porous polymer (Teflon) modified asbestos separators “diaphragms” were used to physically 
separate the chlorine (Cl2) gas and its co-products sodium hydroxide and hydrogen. The 
diaphragm allows brine, water, and sodium ions to pass through while it blocks chlorine 
molecules from contacting the sodium hydroxide. 

3.2.4 Anode Construction and Consumption 

Anodes constructed of graphite were used in the Gibbs and Taylor cells.  
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Section 3 Chlorate/Chloride Chemical Process Review 

3.2.5 Gaskets and Sealants 

The Portland Arkema facility used the following recipe for the cell putty in the Gibbs cell: ½ 
bucket of fuel oil, 2 buckets of linseed oil, ¼ bucket of asbestos, and 3 sacks of China clay 
(kaolinite). The stud end of the electrodes (about six inches) was soaked in a hot linseed oil bath 
overnight, in order to slow corrosion of the stud which supplied power to the electrode. The 
linseed oil treatment was conducted to slow the penetration of chlorine into the electrode in order 
to extend the life of the stud and the cell operation. 

The Gibbs cell tops were treated with coal tar to make the cell tops last and resist corrosion. The 
Taylor cell heads were made of ebony transite and were not coated.  

3.2.6 Key Aspects 

Aspects and/or components of this cell that may have impacted CDD/CDF formation are the 
following: 

 Graphite electrodes 

 Graphite electrode coating (linseed oil)  

 Carbon (graphite) fines 

 Operating temperature 

 Cell construction material – steel  

 Coal tar was used for coating the concrete head of the Gibbs cell 

 Composition of seals and gaskets. 

The potential impact of these items on the formation of CDDs/CDFs is discussed in the next 
section of this report. 

3.3 Diamond Diaphragm Cells – Chlorine Production 

3.3.1 General Description 

In 1962, Arkema began using Diamond cells and started phasing out the Gibbs and Taylor cells. 
In the Diamond cells, carbon (graphite) anodes were used until they were replaced with metal 
(titanium) anodes in 1973. The anodes were attached to the cell bottom with a brass stud that was 
threaded into the anode. Using an ethylene propylene diene monomer (EPDM) sheet, which 
protected the copper conductor from the cell environment, the anode was sealed. The steel can 
was covered with asbestos during the operation to eliminate exposure to the cell environment.  

The inside steel surface of this type of cell was covered with asbestos in order to shield the steel 
from direct exposure to the cell contents. The bottom of the cell was also covered with a titanium 
plate so that no synthetic material was exposed to the chlorine.  
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Section 3 Chlorate/Chloride Chemical Process Review 

Diamond Cell Bays 1 and 2 established in 1963 and 1967, respectively, used graphite anodes 
from startup to 1972. These Diamond Cell Bays, like the Gibbs and Taylor cells, used graphite 
anodes manufactured primarily from Union Carbide with an occasional anode from Great Lakes 
Carbon. 

3.3.2 Operating Conditions 

The temperature in the diamond cells remained moderate due to the graphite use. The Diamond 
cells operated with internal temperature in the range of 160 to 190° F and were maintained under 
a slight vacuum, like the Gibbs and Taylor cells. The lower temperatures reduced anode 
consumption and allowed for the cell pressure to be measured as only a few pounds at most. 
When using metal anodes, the temperatures were increased but the pressure stayed the same.  

The cathodes in the Diamond diaphragm cells were constructed from carbon steel in order to 
allow the cells to be operated with concentrations of Sodium Hydroxide between 11 and 12 
percent.  

3.3.3 Diaphragms and Membranes 

In the Diamond diaphragm cell process, brine and direct current electric power are continuously 
added to the chlorine cells. Semi-porous polymer modified (Teflon) asbestos separators 
(diaphragms) are located inside the cells and are used to physically separate the chlorine and its 
co-products sodium hydroxide and hydrogen. The diaphragm allows brine, water, and sodium 
ions to pass through while it blocks chlorine atoms. Approximately 50% of the salt brine passing 
through the diaphragm is converted per pass through the cell. The products of chlorine, sodium 
hydroxide and hydrogen are separated and collected outside the cell. 

3.3.4 Anode Construction and Consumption 

Prior to 1973, the Diamond cells used graphite anodes. The bottom six inches of the graphite 
anodes, which contained the anode stud, were impregnated with linseed oil to slow penetration of 
the chlorine gas into the stud and thereby extend the life of the copper or brass stud. The purpose 
of the linseed oil was to prevent formation of chlorine in the pores of the electrode and thus 
increase the life of the anode. The linseed oil in combination with drying agents was used to 
block or fill the graphite pores.  

As of 1973, the Diamond cells used anodes that were constructed from titanium coated with a 
proprietary Ruthenium Oxide coating to provide long service life, low operating voltage and low 
oxygen in chlorine. 

3.3.5 Gaskets and Sealants 

Neoprene gaskets were originally used in the operation of the diamond cells. Due to corrosion 
problems that caused leaks at the cell bottoms and head, these gaskets were replaced with a 
tetrafluoroethylene (TFE) type gasket (EPDM or variations of the same) to extend the cell life. 
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Section 3 Chlorate/Chloride Chemical Process Review 

3.3.6 Key Aspects 

Aspects and/or components of this cell that may have impacted CDD/CDF formation are the 
following: 

 Graphite electrodes 

 Graphite electrode coating (linseed oil)  

 Carbon (graphite) fines 

 Titanium Electrodes 

 Operating temperature 

 Cell construction material - steel 

 Composition of seals and gaskets. 

The potential impact of these items on the formation of CDDs/CDFs is discussed in the next 
section of this report. 

3.4 ICI Membrane Cells – Chlorine Production 

3.4.1 General Description 

In 1990, the ICI membrane cells were put into production. In the ICI membrane cells, DC power 
and a semi-permeable membrane are utilized to separate chlorine from the sodium hydroxide and 
hydrogen. Two separate streams, one of strong brine and the other of sodium hydroxide, are 
circulated on each side of the membrane. The weak brine that passes from the cell is re-saturated 
and returned to the cell. The strong caustic that comes out of the cell is split into a product stream 
and a stream that is diluted with soft water and recycled to the cell. The hydrogen is collected 
from the cell and sent to the collection system. 

3.4.2 Operating Conditions 

Thirty five cells at the Portland facility were of the ICI membrane type. They had a current 
density of 2.0-3.8 kilo ampere per square meter (kA/m2). The capacity was rated at 110 short 
tons of Cl2 per day (ST CL2/d). In the membrane cells the cathodes were constructed of nickel 
and the concentration of sodium hydroxide in the cell ranged from 30-33%. 

Unlike in the diaphragm cells, only the sodium ions and some water migrate through the 
membrane. The un-reacted sodium chloride and other inert ions remain in the anolyte. About 30
32% caustic soda is fed to the cathode compartment, where sodium ions react with hydroxyl ions 
produced during the course of the hydrogen gas evolution from the water molecules. This forms 
caustic, which increases the concentration of caustic solution to approximately 35%. The 
hydrogen gas, saturated with water, exits from the catholyte compartment. Only part of the 
caustic soda product is withdrawn from the cathode compartment. The remaining caustic is 
diluted to approximately 32% and returned to the cathode compartment (Ref. 6. Bommaraju, T., 
et al., 2001). 
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Section 3 Chlorate/Chloride Chemical Process Review 

3.4.3 Diaphragms and Membranes 

These cells used a HPDF membrane supplied by DuPont. This material is extremely inert and 
designed to withstand and allow selective ion permeability under the strong oxidizing and highly 
alkaline conditions. The membrane is not porous in the same way as a diaphragm but it is ion 
selective and will allow sodium ions and water to pass through while holding back chlorine 
atoms. 

3.4.4 Anode Construction and Consumption 

Titanium anodes were used in the membrane cells. The anodes were also coated with a 
proprietary Ruthenium Oxide coating to provide long service life, low operating voltage and low 
oxygen in chlorine. 

3.4.5 Gaskets and Sealants 

EPDM rubber or variations of EPDM were used as the gaskets in the ICI Membrane cells. 

3.4.6 Key Aspects 

Aspects and/or components of this cell that may have impacted CDD/CDF formation are the 
following: 

 Operating temperature 

 Titanium Anode 

 Cell construction material - steel 

 Composition of seals and gaskets. 

The potential impact of these items on the formation of CDDs/CDFs is discussed in the next 
section of this report. 
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Section 4 

Evaluation of Key Components
 

The second step in Waterstone’s evaluation was to examine key components with the potential to 
impact CCD/CDF formation. Key components identified in the preceding section are analyzed 
below. 

4.1 Cell Operating Temperature Range 

During experiments designed to observe de novo synthesis of CDDs/CDFs in a carbon fly ash 
system under different temperatures and furnace retention times, CDD/CDF formation was 
optimized at 300oC (572oF) and at furnace retention times of 4-6 hours.  The lower temperature 
limit for the thermal inertization of de novo synthesis is 200oC (392oF). “Cold formation” 
mechanisms are always mediated by precursor molecules (Ref. 4, Pereira, 2004). 

Chemical processes employed in the chloralkali electrolytic cells at Arkema were relatively low 
being below the boiling point of water and usually within the 100-190oF range. Heat was 
generated in the reactors from the current passed through the anode and cathode. A small 
percentage of the power is converted into waste heat depending upon the efficiency of the cell. 
This heat increases the temperature of the solution; however, graphite electrodes were run at 
lower temperatures in order to minimize graphite erosion. Higher temperatures were used in the 
cells when titanium was used as an anode because the metal anodes ran more efficiently at a 
higher temperature. Water cooling lines were used to cool the reactors and bring the temperature 
within design specifications. 

The temperatures and pressures under which the chlorine and chlorate cells operated were not 
sufficient to cause pyrolysis and structural decomposition required to form CDDs/CDFs from 
more basic sources of carbon. The cells operated at temperatures of 150-190oF 

4.2 Graphite Anodes 

Basic chlorine compounds (chlorate/chlorine) can be produced by a variety of processes and 
methods. A number of key aspects of the chlorate/chlorine production process control the type 
and amount of CDDs/CDFs formed during the process. Many authors (Ref. 5, USEPA, 2006) 
have described typical CDD/CDF levels and congener patterns (fingerprints) associated with 
specific processes. And, as such, these patterns or fingerprints are well known and have been 
used by many investigators to determine the sources of CDD/CDF contamination in a variety of 
media including soil and sediments.  

For example, Rappe (Ref. 3, 1991) reports that CDD/CDF congener levels associated with 
graphite sludge generated in a chloralkali plant primarily contain CDFs with little or no CDDs 
present (see Figure 2 below). 
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Section 4 Evaluation  of Key Comp onents 

Figgure 2 - Rapppe’s CDD/CCDF Congenner Pattern foor Graphite SSludge fromm a 
Chloralkali Plant (Reportedly from Undissturbed Sammples collecteted at 
landfifill located inn Ornskoldsvvik, Sweden n; Copied froom Figure 11; Rappe; 
1991) 

Rappe reeports that otther samples  of graphite electrode sluudge and/or contaminateed soil/sedimments 
associateed with chlorralkali plantss have similaar CDD/CDFF congener ppatterns (Re f. 7, Rappe, 
1994). 

Rappe’s CDD/CDF ggraphite elecctrode sludgee “Chlorine”” pattern is ssupported byy observationns of 
other invvestigators, inncluding Cannadian and CChinese inveestigators (RRef. 8, Xu, 20000). In thee 
figure beelow, the conngener patterrn for CDD/CCDF is showwn for a grapphite electroode sludge 
generatedd in a chloraalkali plant inn China. 

DD/F 
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m 
Fs) 

d phite 
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Accordinng to Swansoon (an associate of Rapppe) (Ref. 9, SSwanson; 19988), direct cchlorination of 
dibenzofufurans in watter solution pproduces a CCDD/CDF coongener patttern similar tto the “chlorrine” 
pattern RRappe associ ates with graaphite sludge from a chl loralkali plannt. It is this oobservation tthat 
led Rapppe to suggestt that CDF foormation at tthe graphite electrode duuring chlorinne productionn is 
related too chlorination of dibenzoofurans in thhe graphite ellectrode.  
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Section 4 	 Evaluation of Key Components 

However, evidence regarding the innate stability of the graphite is provided through Steiglitz’s 
investigations. Steiglitz et al. (Refs. 10-11. 1989a, 1989b) performed experiments on a variety of 
carbon sources to determine which types of carbon could produce CDDs/CDFs. In his 
experiments, Steiglitz used a combination of fly ash (catalyst for CDD/CDF formation and 
chlorine source) and particulate carbon (charcoal, sugar coal, soot, and graphite). Steiglitz 
annealed each mixture at 300C for two hours and then analyzed the mixture for CDD/CDF 
content. Steiglitz found that CDDs/CDFs were formed to various degrees depending on the 
carbon type; however, in the case of graphite only, negligible concentrations of CDDs/CDFs 
were found. 

Steiglitz attributed this finding to the inherent stability of the graphite matrix. He reasoned that 
the crystal lattice of graphite is more resistant to the attack of chlorine/oxygen than the other 
carbon species which consisted of amorphous carbon and/or microcrystalline carbon with a 
degenerated graphite structure of disoriented layers. Here the different carbon layers with their 
weaker bonds are more exposed to chemical reactions yielding smaller chlorinated aromatic 
compounds.  

Graphite anodes were used as an anode at the facility from 1941-1973. These anodes were 
primarily purchased from Union Carbide; however, a few came from Great Lakes Carbon. 
Waterstone’s review of Union Carbide, Great Lakes Carbon, and other patents pertaining to 
electrode manufacture demonstrates that graphite electrodes in the 1941 through 1973 time 
period were manufactured using a graphite manufacturing process where graphite can be 
produced from petroleum coke after it has been mixed with petroleum pitch, extruded, shaped, 
baked (sintering), and then graphitized by heating to extremely elevated temperatures (>2
3,000C); thus eliminating all impurities and leaving only pure graphite (Refs. 12-15, U.S. Patent 
Nos. 2,267,673; 2,500,208; 2,563,285; and 2,582,764). A more detailed description is provided 
in the seven steps below. 

1.	 The procurement of a carbonaceous material, preferably petroleum coke, for use as the 
initial raw material in the production of the molded carbonized body; 

2.	 The coke must be milled (i.e. grinding and sieving). The ground coke (refined base 
material) is then mixed with a binder, which preferably is also carbonaceous (i.e. heavy 
oils, coal tar pitch, or drying oils such as linseed oil) and prepared in a similar manner as 
the coke (i.e. refined); 

3.	 The raw material mixture is then introduced into the extrusion press and subsequently 
passed through a heated die (baking die) where the elevated temperatures increase the 
material fluidity and ease the extrusion process; 

4.	 Inside the baking die, the temperature is increased in excess of 300C (preferably 700C 
to 1200C) where pyrolysis occurs accompanied by the formation and discharge of 
gaseous products of combustion including occluded air, hydrogen, and combustible and 
non-combustible volatile compounds; 

5.	 As the heated material leaves the baking die, gases are copiously discharged from around 
the baked carbon body at a relatively steady rate. In the baking step, essentially all of the 
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Section 4 	 Evaluation of Key Components 

carbonaceous materials in the ingredient mixture (petroleum coke, binder material, and 
lubricating oil) are reduced to an elemental form of carbon, which is called carbonization, 
thus producing a straight, non-sagging form of carbon rod, stick, or slab ready to be 
graphitized; 

6.	 The graphitization process is preferably conducted in an electric induction furnace where 
temperatures reach in excess of 1800C (preferably above 2200C) thus transforming the 
low temperature carbonized rod, stick, or slab into a pure graphite product containing all 
of the physical properties of graphite; and 

7.	 For use as an electrode, the porous graphite product is then impregnated with a sealing 
material (e.g. linseed oil) to increase the durability of the graphite electrode. 

This process transforms the carbonaceous materials (petroleum coke, coal tar, and lubricating 
oil) into graphite rod for use as an anode. In Step 5, the materials are chemically transformed 
into elemental carbon which is further processed by graphitization (Step 6) yielding the primary 
component of the graphite electrode.   

The elevated temperatures used to produce this electrode either volatilize any aromatic and 
polycyclic aromatic hydrocarbons from the mixture or convert them to “pure” graphite. After 
baking and graphitization, there is no trace of any of the starting materials; there is only “pure” 
graphite. 

In Step 7, the porosity of the graphite electrode is closed by coating with linseed oil. This 
extended the life of the electrode by minimizing the surface area (interior of the pores) of the 
graphite exposed to the harsh conditions in the reactor cell. The sealing material used to reduce 
the graphite anode porosity was linseed oil, a triglyceride consisting of several unsaturated fatty 
acids. Linseed oil does not contain aromatic components or other types of CDD/CDF precursors 
and therefore would not be expected to produce or accelerate the formation of CDDs/CDFs.   

In order to evaluate possible CDF formation at the graphite electrodes historically used in 
chlorate/chlorine electrochemical cells at the Arkema facility, we have researched how the 
graphite used at the Arkema Portland Plant was produced and concluded that there are no 
dibenzofurans in the graphite electrodes used at the facility. Specifically, we find that:  

 The graphite manufacturing process ensures the purity of the graphite electrodes 
insomuch that neither aromatic nor polycyclic aromatic hydrocarbons CDDs/CDFs are 
present in the finished graphite electrode; and 

 The linseed oil prolonged the life of the graphite anode and retarded the formation of 
graphite fines which in turned reduced the number of sites prone to attack by 
chlorine/oxygen. 

Based on Steiglitz’s studies and those of Rappe and Xu, it is likely that some CDFs were formed 
when graphite electrodes were used in the chloralkali processes at Arkema. It is likely that the 
penta and hexa-chlorine congeners were produced in greatest quantity and that the tetra-, hepta, 
and octa-chlorine congeners were produced in lower quantities. These same studies show that it 
is unlikely that CDD’s were also formed in any significant amount. 
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Section 4 	 Evaluation of Key Components 

4.3 Other Potential Reactive Carbon Sources 

4.3.1 Gibbs and Taylor Cell Gaskets, Sealant, & Cell Body Coatings 

A potential carbon source is the cell putty and gaskets used in the Gibbs and/or Taylor cells and 
the coal tar oil used on the Gibbs cell head from 1941-1973.  The cell putty was manufactured 
in-house using Bunker C fuel oil, linseed oil, asbestos and China clay (kaolinite) and the cell 
gaskets were manufactured utilizing asbestos, Bunker C fuel oil, and linseed oil.   

4.3.2 Cell Putty 

Cell putty was used to seal the cells during assembly and operation as well as to patch leaks. The 
cell putty consisted of the mixture of Bunker C Fuel Oil, Linseed Oil, asbestos, and China Clay 
which created a paste that could be used as a seal or patch. A description of each of the 
components is provided below. 

 Bunker C fuel oil was used in the cell putty. Fuel oil is classified into 6 classes (No. 1 
though No. 6) based on its boiling point, composition, and purpose. The fuel oils consist 
of distillate oils, residual fuel oils, or heavy fuel oils. Fuel oils No. 1 through No. 3 are 
distillate fuels; however, No. 3 is rarely used. Fuel oil No. 4 is a blend of distillate and 
residual fuel oils. Fuel oil No. 6 is residual fuel oil or heavy fuel oil and is what remains 
of crude oil after distillation. Fuel No. 5 is a mixture of 75 to 80% No. 6 and 20 to 25% 
No. 2 based on what is needed to meet specifications.  However, the term Bunker Fuel is 
used to describe the type of oil used aboard ships. Bunker A is Fuel oil No. 2, Bunker B 
is Fuel oil Nos. 4 or 5, and Bunker C is Fuel oil No. 6. Fuel oil is made of long 
hydrocarbon chains, particularly alkanes with limited cycloalkanes and aromatics. 
Bunker C fuel oil has a boiling point of greater than 400F, is a sticky, black liquid, 
similar in appearance and smell to asphalt sealing compounds and is a heavy fuel oil with 
a chain length that ranges from 20 to 70 carbon molecules.  Bunker C has a composition 
of 15% paraffins, 45% naphthenes (i.e. cycloalkanes), 25% aromatics, and 15% non-
hydrocarbon compounds. Bunker C (Fuel Oil No. 6) contains molecules between C20 
and C70; thus, Bunker C does not contain dibenzodioxin (C12) or dibenzofuran (C12) 
molecules which can be chlorinated to form CDD/CDF (Ref. 16, Wang, Z. PhD and 
Stout, S. A. PhD, 2007) 

 Linseed oil – Linseed oil, also known as flax seed oil, is a clear to yellowish oil obtained 
from the dried ripe seeds of the flax plant (Linum usitatissimum, Linaceae). Linseed oil is 
commonly used as a drying oil and a binder. Linseed oil is a triglyceride consisting of 
several fatty acids. Linseed oil does not contain dibenzodioxin or dibenzofuran molecules 
which can be chlorinated to form CDD/CDF (Ref. 17, Herchi, W. et al., 2012). 

 China clay (kaolinite) – Also referred to as kaolin is a clay mineral with a chemical 
composition of Al2Si2O5(OH)4. Kaolin is an aluminum silicate mineral which is mined in 
several places and used is the main component in porcelain. No carbon is contained 
within the clay. When mixed with water, kaolin becomes plastic and easy to mold. Kaolin 

Project No: 09-198 	 19 Waterstone Environmental, Inc. 



 

 

 

 

 

 

 
 

 
 

 

 
 
 
 

Section 4 	 Evaluation of Key Components 

does not contain dibenzodioxin or dibenzofuran molecules which can be chlorinated to 
form CDD/CDF (Ref. 18, Jepson, W. and Rowse, J., 1975). 

 Asbestos gaskets were manufactured in-house utilizing asbestos rope (described below) 
soaked in Bunker C fuel oil and linseed oil. The rope was then molded or formed into the 
needed shape to form a gasket. Asbestos is a set of six naturally occurring silicate 
minerals (chrysotile, amosite, crocidolite, tremolite, anthophyllite, and actinolite) 
exploited commercially for their desirable physical properties. They all have in common 
their asbestiform habit, long, thin fibrous crystals. Asbestos was used in some products 
for its heat resistance, and in the past was used on electric oven and hotplate wiring for its 
electrical insulation at elevated temperature, and in buildings for its flame-retardant and 
insulating properties, tensile strength, flexibility, and resistance to chemicals. Due to its 
fibrous form, asbestos can be woven into many useful materials including rope and can 
be further worked to make gaskets. The asbestiform minerals do not contain carbon 
atoms and therefore could not create CDDs/CDFs (Ref. 19, ATSDR, 2001). 

 In addition to the manufacturing of cell putty and gasket seals, mastic coating was as used 
to cover steel components associated with the chloralkali cells. The mastic coating 
consisted of the same material as the cell putty and was used to cover any exposed metal 
in the system. 

These materials used for putty, gasket and mastic applications do not contain dibenzodioxin or 
dibenzofuran type molecules which can be chlorinated to form CDD/CDF. 

4.3.3 Coal Tars 

Coal tars are complex and variable mixtures of about 90% phenols, polycyclic aromatic 
hydrocarbons (PAHs), and heterocyclic compounds (Ref. 20, ATSDR . 2002). Coal tars are a 
primary source of dibenzofurans. Dibenzofuran is recovered from a wash oil fraction of coal tar 
that boils between 275 °C and 290 °C. Dibenzofuran occurs at levels of 0.19-1.50 wt % of dry tar 
in commercial coal tars (Ref. 21, Technical Resources International, Inc., 2000). 

Based on the Rappe studies, we have concluded that CDFs were formed by the chlorination of 
dibenzofurans contained in the coal tar coating of the Gibbs cell head. Since there are no 1,4
dibenzodioxins in the coal tar, polychlorinated dibenzodioxins are not produced in the Gibbs 
cells. Rappe reported that the chlorine congener pattern produced by direct chlorination of 
dibenzofurans looked strongly similar to the “chlorine pattern” found in graphite sludge from a 
chloralkali plant. 

4.3.4 PVC Headboard 

PVC is a vinyl polymer constructed of repeating vinyl groups (ethylenes) having one of their 
hydrogen atoms replaced with a chloride group. It is made from the polymerization of vinyl 
chloride (see below). 
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Section 4 Evaluation of Key Components 

There are no aromatic groups within PVC polymer, which are potential precursors to CDD/CDF 
production in low temperature settings.  

Dioxins (CDD) are created when PVC plastic is burned in incinerators, household stoves, open 
trash burning, and accidental fires in buildings and vehicles. CDDs are created during the 
manufacture of PVC which means that PVC production wastes may contain dioxins and other 
highly toxic contaminants. Although dioxins are released when PVC is incinerated, dioxin 
concentrations within stable PVC are the same as occurs in the background environment 
according to the British Plastics Federation. Although PVC was used in the chlorate cells, PVC 
was not manufactured or incinerated at the Portland Arkema facility. Also, the PVC headboard 
was solely used in the chlorate cells, with an operating temperature of approximately 100°F, well 
less than the PVC incineration temperature of at least 750°F. The PVCs used in the chlorate cell 
headboard is not a source of CDDs/CDFs. 

4.4 Diaphragm and Membrane Materials 

4.4.1 Diaphragm Materials 

The Gibbs, Taylor and Diamond cells each used a similar type of asbestos diaphragm. The 
diaphragm consisted of semi-porous polymer (Teflon)-modified asbestos fibers which physically 
separate the chlorine, sodium hydroxide and hydrogen. They allow the brine, water and sodium 
ions to pass through but block the chlorine atoms.   

The polytetrafluoroethylene (PTFE)-modified diaphragm was an improvement over the 
conventional asbestos diaphragm because the early asbestos diaphragms would swell under load 
and could fill the anode diaphragm gap, increase the cell voltage, release gas at the diaphragm 
and shorten the life of the diaphragm. The PTFE diaphragms included a porous electrically 
conductive substrate coated with a random mixture of asbestos fibers and PTFE fibrids.  The 
mixture was heated to dehydrate the asbestos and shrink the PTFE component in the coating 
causing it to shrink and form an interlocking matrix.  This improved diaphragm was 
dimensionally stable and exhibited much less swelling. The use of these new diaphragms 
increased power efficiencies and extended the life of the cell but did not affect its inert nature. 

As mentioned above, the diaphragm materials of asbestos and PTFE are inert and do not contain 
any aromatics to form CDDS or CDFs. 

4.4.2 Membrane Materials 

Membrane cells were installed at the Arkema facility in 1990. These cells used HPDF semi
permeable membrane materials and inert (silicon based) gasket material between titanium alloy 
electrodes. They operated at a low temperature of 180oF under a slight vacuum. No other 
materials were present within the cells. The membrane is not porous like a diaphragm but is ion 
selective and allows sodium ions and water to pass through while retaining the chlorine atoms. 

The materials used to construct the membranes were perfluorosulfonate and/or 
perfluorocarboxylate polymers. These materials are chemically related to PTFE (Teflon) and are 

Project No: 09-198 21 Waterstone Environmental, Inc. 



 

 

 

 

 

 

 

 

 

 

Section 4 Evaluation of Key Components 

extremely inert. Their chemical structure does not contain benzene rings and, in general, would 
not provide for the formation of CDDs/CDFs, particularly at the low operating temperatures.  

4.5 Role of Metals 

During thermal processes such as waste incineration, it has been shown that certain metals can 
act as catalysts for CDD/CDF formation. In general, these metals provide a surface upon which 
CDDs/CDFs can readily form (Ref. 22, Olie et al., 1998). This generally occurs during and after 
combustion processes on the fly ash in boilers and incinerators, but can also occur in other 
environments, such as in metals processing industries.  

In testing the efficiency of metals to catalyze the formation of CDDs/CDFs, copper was found to 
be the most efficient compound.  Additionally, small hydrocarbons such as acetylene and 
ethylene are readily chlorinated in the presence of cupric chloride or cupric oxide and HCl (Refs. 
2, 23, Fiedler, 1998, 2003). In addition, iron has been found to have catalytic activity in these 
kinds of settings. Chromium and chromate types of compounds have not been reported as having 
catalytic activity. 

However, as mentioned above, reports of metal catalysis have been confined to investigations 
within thermal processes and not in cold formation processes, such as those within the 
chloralkali cell. Therefore, it is unlikely that metals such as copper or iron would act as catalysts 
for the formation of CDDs/CDFs in the chloralkali process. Additionally, we note that copper 
and/or copper containing compounds are not used within chloralkali cell reactors. And finally, 
iron containing materials such as steel used in the construction of the reactor cell bodies are 
either covered with mastic type compounds or asbestos sheets preventing iron contact with the 
environment and chemicals within the chloralkali cell.   

4.6 Diamond and ICI Cells Using Titanium Anodes 

The use of Diamond cells began in 1962 and the Gibbs and Taylor cells were phased out in 1971. 
The graphite anodes used at the Arkema Portland facility were replaced by titanium anodes in 
1972. 

In general, the Diamond and ICI cells equipped with titanium anodes eliminated the possible 
formation of CDDs/CDFs because no CDD/CDF precursor molecules (or no reactive carbon 
molecules that can form CDDs/CDFs) are available in the system. The Diamond cells equipped 
with titanium anodes addressed the CDF formation problems associated with the graphite anodes 
used in the Gibbs and Taylor cells in the following manner: 

4.6.1 Titanium Anodes 

The graphite anodes used in the Gibbs and Taylor cells were constructed of a mixture of graphite 
and coal tar (used as a binding agent from 1941-1962).  The stud ends of the electrodes were 
treated in hot linseed oil to slow corrosion of the stud.   
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Section 4 Evaluation  of Key Comp onents 

Sludge frrom cells with graphite eelectrodes wwas known too contain CDDFs. Accordding to 
Strandelll’s 1994 paper (Ref. 24, Strandell et al., 1994) thhe source of CDFs in graaphite sludgee is 
unclear, bbut he notedd one possiblle source as tthe coal tar wwhich is useed as a bindinng agent forr the 
graphite. Given how the Union CCarbine and GGreat Lakes s Carbon graaphite was prroduced, it iss 
unlikely that coal tar associated wwith the prodduction of grraphite is thee source; howwever, coal tar 
used as aa coating on specific partts of the cell  may be a viiable source.. 

In the Diiamond cell, the anode wwas constructted of titaniuum coated wwith proprietaary Rutheniuum 
Oxide. TThe bottom oof the cell was covered wwith a titaniuum plate withth no direct eexposure of aany 
syntheticc material to the chlorinee. This effecctively removved all carboon sources thhat were 
potentially associatedd with the grraphite anodde and therebby eliminatedd any formattion of CDDDs or 
CDFs asssociated withh these mateerials. 

4.6.2 GGaskets 

Waterstoone reviewedd the gasket mmaterials used in the Diaamond cells at Arkema tto determinee 
whether tthey containned PAHs or other similaar precursor molecules thhat may alloow for the 
formationn of CDDs/CCDFs. It wass reported thhat the gaske ets were madde of neoprenne and later 
Teflon. EEach of thesee materials iss discussed bbelow. 

4.6.2.1 NNeoprene (Poolychloropreene) Gaskets 

Neoprenee is a syntheetic rubber coomposed of polymerizedd chloroprenne (2-chlorobbuta-1,3-dienne, or 
CH2=CCCl-CH=CH2),, and is someetimes referrred to as pollychloroprenne. Polychlooroprene is 
primarilyy composed of carbon, hhydrogen, andd chlorine polymers, whhich are crosss-linked to ggive 
neoprenee certain desiirable properrties, such ass chemical innertness, andd thermal, o il, water, andd 
solvent reesistance (seee basic struccture).  

When crooss-linking ooccurs durinng vulcanizattion, sulfur bbridges are pproduced thaat unite indivvidual 
chains off chloroprenee to create a larger molecule (see bellow). The nuumber of sullfur links afffects 
the overaall neoprene properties.  

Therefore, dependingg on how chlloroprene is vulcanized and how maany sulfur boonds are 

producedd, neoprene ccan exhibit aa variety of ttraits in varyying degrees without chaanging its baasic
 
structure, and as a re sult is foundd in many diffferent appliications (Reff. 25, 

http://wwww.thomasneet.com/articlles/plastics-rrubber/traits--applicationns-neoprene) 


Compareed with naturral rubber, nneoprene is mmore gas permmeation resiistant and caan tolerate hiigher 

temperatuures: up to 2200oF. Evenn at such highh temperaturres, neoprenne will not phhysically 
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Section 4 Evaluation of Key Components 

degrade, making it better suited to long-term use in high temperature applications than natural 
rubber. When heat degradation does occur it does not manifest itself in the form of melting or 
stretching, as with many applications, but instead exhibits hardening. Additionally, it can 
withstand methyl and ethyl alcohols, mineral acids, and some salt solutions. Additives to 
neoprene might include things such as vulcanizing agents, antioxidants, fillers, and plasticizers. 

Neoprene provides moderate resistance to acids, bases and to elevated temperatures.  It resists 
degradation from the sun and ozone. It performs well in contact with oils and many chemicals 
and remains useful over a wide temperature range. It has outstanding physical toughness and has 
high resistance to damage caused by flexing and twisting.  Typically PAHs could be formed 
during the pyrolysis, but the temperature of the chloralkali process (190oF) is not high enough to 
trigger pyrolysis of neoprene. 

When Strandell identified a CDF congener profile similar to that of graphite electrode sludge in 
one of the samples he obtained from a titanium anode chloralkali cell, he suggested that 
chlorination of PAHs in the rubber linings of the electrolytic cell might explain the presence of 
the CDFs (Ref. 24, Strandell et al., 1994).  But this is not possible at the Arkema facility because 
the neoprene gaskets did not contain any PAHs. 

Because the neoprene gaskets suffered from early corrosion and caused leaks, they were replaced 
with Teflon gaskets. 

4.6.2.2 Teflon Gaskets 

Teflon or polytetrafluoroethylene (PTFE) is a synthetic fluoropolymer of tetrafluoroethylene 
used in numerous applications.  Its chemical formula is CnF2n+2 and its structure is shown below. 

Or 

Teflon gains its properties from the aggregate effect of carbon-fluorine bonds and is a solid at 
room temperature with a melting point is 327°C (621°F).  It does not contain any aromatic rings 
that would allow for the formation of CDFs. Its properties begin to degrade above 260°C 
(500°F), which is well above the temperatures at which the Arkema chloralkali process operated 
(160-190oF). Therefore, based on both its chemical structure and the low chlorine cell 
temperatures, it is not likely that the Teflon linings would degrade within the chloralkali process 
and contribute to the formation of any CDFs. 

4.6.3 Sealant/Treatment Material 

The Gibbs and Taylor cells were sealed and treated with a putty-like blend of Bunker-C fuel oil, 
China clay, asbestos and linseed oil. The tops of the Gibbs cells were coated with coal tar oil to 
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Section 4 Evaluation of Key Components 

resist corrosion and extend the life of the cell (see above discussion of sealant materials).  
However, this putty material was not used on Diamond cells. The Diamond cell steel can was 
completely covered with asbestos so there was no exposure to the cell environment. The bottom 
of the diamond cells were covered with a titanium plate with no direct exposure of any synthetic 
material to the chlorine. Therefore, the sealant and treatment materials used in the diamond cells 
with titanium anodes would not provide for the formation of CDFs. 

4.6.4 Diaphragm Materials 

The Gibbs, Taylor and Diamond cells each used a similar type of asbestos diaphragm. These 
materials were discussed above. The diaphragm materials of asbestos and PTFE are inert and do 
not contain any aromatics to form CDDs/CDFs. 

4.6.5 Membrane Cell Materials 

ICI Membrane cells were installed at the Arkema facility in 1990. These cells used a specialized 
HPDF semi-permeable membrane materials and inert (silicon based) gasket material between 
titanium alloy electrodes.  These materials have been discussed above. Waterstone has concluded 
that the materials of the membrane cells were inert and would not provide for the formation of 
CDDs/CDFs, particularly at the low operating temperatures.  
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Sectioon 5 
Suummary and Connclusions 

5.1 	 SSummary 

Copies of the referennced papers aand patents uused in this ppaper are proovided as Atttachments BB. 

For this rreport, an annalysis of thee potential mmechanisms oof CDD/CDFF formation in thermal ((e.g. 
waste inccineration) aand wet chemmistry settingg were preseented. Mechhanisms assoociated with 
thermal fformation prrocesses are nnot expectedd to be signifficant in the  chloralkali setting; howwever, 
they provvide some innsight into CDD/CDF forrmation chemmistry. 

We find tthat in orderr for CDDs/CCDFs to be pproduced, ceertain key coomponents mmust be preseent. 
These coomponents innclude: (i) a reactive arommatic carbonn source or ddibenzodioxxin/furan 
precursorr molecule, ((ii) activatedd Cl2 (reactivve chlorine rradicals), eneergy to overccome activa ation 
energy baarriers and fform reactivee complexes , and oxygenn (can be paart of the reacctive carbonn 
source). TThere is no oone mechaniism for CDDD/CDF formmation and it is generally thought to bbe 
source deependent. 

Factors favorable to CCDD/CDF fformation in wet-chemiccal processess are high temmperatures, 
alkaline mmedia, preseence of UV llight, and thee presence o of radicals inn the reactionn 
mixtures//chemical prrocesses. Rappe and Swaanson (Rapppe, 1991) havve suggestedd that CDF is 
formed bby chlorinatioon of dibenzzofuran in thhe carbon eleectrode of the chloralkalii cell. A 
generalizzed chemicall reaction forr this formattion process is provided below. 

Key commponents whiich might immpact the forrmation of CCDDs/CDFs in chloralkaali cells 
historicallly operated at the Arkemma Portland plant are su ummarized inn the bullets provided beelow. 

 CCell Operatinng Temperatuure Range 

 AAnode Compposition
 
 Powdered Graphitte Bound wiith Coal Tar Pitch 

 “Pure” Graphite
 
 Titaniium
 

 OOther Potentiial Reactive Carbon Sourrces
 
 Gaskeets and Sealaants 

 Coal ttar oil used tto coat Gibbss cell heads
 
 PVC HHeadboard
 
 Cell BBody Coatinggs 
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Section 5	 Summary and Conclusions 

 Diaphragm and Membrane Materials 
 Metals 


 Cell construction
 
 Dichromate Buffer 

 Titanium Anode 

 Steel Body 


In order to determine which key components may have been available, each chlorate or chlorine 
manufacturing process was carefully reviewed and dissected to isolate these key components.  
The analysis included a breakdown of the materials and operating conditions necessary for each 
of the chloralkali cells historically operated at the Arkema Portland plant. These elements were 
then compared to known indicators of CDD/CDF formation in an effort to determine how they 
may have impacted CDD/CDF formation. 

5.2 	Conclusions 

We have broken our conclusions regarding the factors effecting the formation of CDD/CDF into 
two groups: (i) those related to processes that used graphite electrodes, and (ii) those processes 
that used titanium electrodes. 

5.2.1 	 Graphite Electrode Processes 

Based on the information presented above, Waterstone concludes the following for chloralkali 
production processes historically using graphite electrodes at the Arkema Portland facility.  

5.2.1.1 Chlorate Cells 

 The Union Carbide and Great Lakes “pure” graphite electrodes used were very stable and 
produced very little CDD/CDF in graphite sludge; only small quantities of the CDF 
congeners formed. The linseed oil coating prolonged the life of the graphite anode and 
retarded the formation of graphite fines which in turned reduced the number of sites 
prone to attack by chlorine/oxygen. 

 Linseed oil does not contain dibenzodioxin or dibenzofuran molecules which can be 
chlorinated to form CDD/CDF. 

 Cell putty (also known as Mastic) was used to seal the cells during assembly and 
operation as well as to patch leaks. The cell putty consisted of the mixture of Bunker C 
Fuel Oil, Linseed Oil, and China Clay. None of these materials contain carbon atoms 
which could potentially react in the system to create CDDs/CDFs. 

 Gaskets used in the Gibbs and Taylor cells were constructed of asbestiform minerals, 
Bunker C, Linseed Oil, and Kaolin. None of these materials contain carbon atoms which 
could potentially react in the system to create CDDs/CDFs. 

 PVC Headboard - There are no aromatic groups within PVC polymer used to construct 
the headboard which are potential precursors to CDD/CDF production.  
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Section 5	 Summary and Conclusions 

 It is unlikely that the chlorate cells used at the Arkema Portland plant produced waste 
products with significant concentrations of CDDs. 

5.2.1.2 Gibbs/Taylor Cells 

 The Union Carbide and Great Lakes “pure” graphite electrodes used were very stable and 
produced very little CDD/CDF in graphite sludge; only small quantities of the CDF 
congeners formed. The linseed oil coating prolonged the life of the graphite anode and 
retarded the formation of graphite fines which in turned reduced the number of sites 
prone to attack by chlorine/oxygen. 

 Linseed oil does not contain dibenzodioxin or dibenzofuran molecules which can be 
chlorinated to form CDD/CDF. 

 The Gibbs and Taylor cell diaphragm (chlorine production cell type) was made of an 
asbestos weave. Asbestos does not contain carbon and therefore not a source of reactive 
carbon for CDD/CDF formation. The cell diaphragm material was not a source of 
reactive carbon for the formation of CDD/CDF.  

 Cell putty was used to seal the cells during assembly and operation as well as to patch 
leaks. The cell putty consisted of the mixture of Bunker C Fuel Oil, Linseed Oil, asbestos 
and China Clay. None of these materials contain carbon elements which could potentially 
react in the system to create CDDs/CDFs.  

 Coal tars are complex and variable mixtures which contain dibenzofuran at levels of 
0.19-1.50 wt % of dry tar in commercial coal tars. Based on the Rappe studies, we have 
concluded that CDFs were formed by the chlorination of dibenzofurans contained in the 
coal tar coating of the Gibbs cell head. Rappe reported that the chlorine congener pattern 
produced by direct chlorination of dibenzofurans looked strongly similar to the “chlorine 
pattern” found in graphite sludge from a chloralkali plant. 

 Asbestos containing gaskets used in the Gibbs and Taylor cells were constructed of 
asbestiform minerals, Bunker C, Linseed Oil, and Kaolin. None of these materials contain 
carbon elements which could potentially react in the system to create CDDs/CDFs. 

 It is unlikely that the Gibbs and Taylor cells used at the Arkema Portland plant produced 
waste products with significant concentrations of CDDs. 

5.2.1.3 Diamond and ICI Cells 

 Diamond Cell Bays 1 and 2 established in 1963 and 1967, respectively, used graphite 
electrodes from startup to1973. These Diamond Cell Bays used “pure” graphite 
electrodes manufactured by Union Carbide and Great Lakes Carbon. Our review of 
Union Carbide and Great Lakes Carbon patents for manufacturing “pure” graphite allows 
the following conclusions:  

	 The “pure” graphite electrodes were very stable and produced very little CDF in 
graphite sludge; no significant amount of CDD congeners was formed. 
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Section 5	 Summary and Conclusions 

	 Other conclusions are the same as those presented below for Titanium Electrode 
Processes. 

 Diamond and ICI Cells Bays 3-5, established in 1973, 1980, and 1990, respectively only 
used titanium electrodes. Conclusions for titanium electrode processes are presented 
below. 

5.2.2 Titanium Electrode Processes 

Based on the information presented above, Waterstone concludes the following for chloralkali 
production processes which historically did not use graphite electrodes but instead used titanium 
electrodes at the Arkema Portland facility: 

 Replacing graphite electrodes in the Diamond cells with titanium electrodes eliminated 
any potential formation of CDDs/CDFs. Any deleterious effects associated with the 
graphite electrodes were eliminated when replaced by titanium electrodes. 

 The modified rubber (neoprene) and Teflon gaskets used to seal the electrolytic cells did 
not contribute to the formation of CDDs/CDFs. The materials are ethylene based 
polymers which do not contain aromatic side chains. They are extremely stable at the 
temperatures that the Diamond Cells operated at and pyrolysis type reactions necessary to 
produce cyclic aromatic type precursors necessary for CDD/CDF formation is not 
possible. The gaskets used in the Diamond cell could not have produced CDDs/CDFs. 

 The Diamond cell body and head works was covered with asbestos preventing brine 
solution contact with the steel cell body. This prevented iron from impacting the 
chemistry with the cell. 

 The Diamond cell diaphragm (chlorine production cell type) was made of a weave 
composed of asbestos and Teflon materials. Both of these materials are extremely inert. 
Asbestos does not contain carbon and therefore not a source of reactive carbon for 
CDD/CDF formation. Teflon is extremely stable and un-reactive within the temperature 
range the Diamond cell was operated and is therefore not a source of reactive carbon for 
the formation of CDD/CDF formation. The Diamond cell diaphragm material was not a 
source of reactive carbon for the formation of CDD/CDF. 

 For ICI cells outfitted with the specialized HPDF membrane technology, we have 
concluded that the membrane material was not a source of reactive carbon for the 
formation of CDD/CDF. This material is extremely inert and designed to withstand and 
allow selective ion permeability under the strong oxidizing and highly alkaline conditions 
the Diamond cell is designed to operate.  

 The lack of reactive forms of carbon and the lower levels of oxygen in the cell prevented 
formation of CDDs/CDFs. Waste materials associated with the Diamond cell usage 
would not be expected to contain CDDs/CDFs. 
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1. Introduction 

The purpose of this report is to provide information that can be used by a 
chemist to evaluate the potential formation of chlorinated ring compounds as 
production by-products, and to evaluate the potential sources of such 
compounds—specifically dioxins or dioxin-like compounds—at the Arkema 
facility. An overview of the core plots of PCDD is attached at Figure 1. An 
aerial photograph of the Portland plant is attached at Figure 2. 

2. Historical Production Processes at Portland Facility 

A. Overview 

Sodium chlorate production began in 1941 at the Portland plant site. It was 
the first product produced at this plant site. Chlorine production lasted until 
1993.  During this period, three distinct processes were used to produce 
chlorine.  Initially, Gibbs/Taylor cells were used. They were phased out in 
the early 1970s, and replaced by Diamond diaphragm cells.  Finally, in the 
late 1980s, membrane cells from ICI were added to the cell room. 

The Portland facility’s chlorine production process began in 1946 using a 
combination of Gibbs and Taylor cells. These cells were similar in that they 
used graphite anodes and asbestos as membrane material between the anode 
and cathode sections of the cell. However, the cells differed in shape and in 
size. These cells operated with internal temperatures in the range of 160-190 
degrees Fahrenheit and were maintained under a slight vacuum. The cells 
were sealed using a putty-like material that consisted of a blend of coal tar in 
the form of Bunker-C fuel oil, China clay, and linseed oil. This putty was 
used to seal the cell head and body and patch leaks. 

A gasket-like seal was also created using asbestos rope soaked in Bunker C 
and linseed oil. The Gibbs cells used a head made of a concrete like material 
which was coated in coal tar oil to prevent fluid penetration. The Taylor cell 
heads were made of ebony transite and were not coated. Internal rings, used 
to separate and hold the graphite electrodes, were coated in Bunker C oil. To 
slow corrosion of the stud end of the electrode, the studs were soaked in hot 
linseed oil for a short period of time. 

Almost all of the anodes were from Union Carbide with a few purchased 
from Great Lakes Carbon. The use of graphite anodes ended in 1973 when 
titanium anodes were brought into service at the site. 
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The Gibbs and Taylor cells were eliminated in 1971 and replaced by 
Diamond cells. Diamond cells did not use the cell putty material. Instead, 
they used neoprene gaskets which were later replaced by a TFE type of 
gasket material. Nor did these cells use Bunker C or any other material as an 
internal sealant. Like the earlier technology, these cells operated with 
internal temperatures in the range of 169-190 degrees Fahrenheit under a 
slight vacuum. 

In 1990, the plant began the installation of membrane cells. These cells 
were manufactured by ICI and used HPDF membrane materials. They used 
inert (silicon based) gasket material between titanium alloy electrodes. There 
were no other materials present within the cells. They operated with internal 
temperatures in the range of 180 degrees Fahrenheit and under a slight 
vacuum. 

Table 1 summarizes the production history of the plant. Table 2 summarizes 
the history of the technology used at the plant. 

B. Chlorate Cells 

1. Cell Construction 

The Portland chlorate cell technology was an invention of the parent 
company Pennsylvania Salt Manufacturing of which, at the time, the 
Portland and Tacoma plants were subsidiaries. The first cell was considered 
a diaphragmless chlorine cell where the cathode is bare steel and the anodes 
were graphitized carbon. The original cells contained 72-2x2 graphite 
anodes suspended from a top headboard and were about 38 inches long. A 
copy of the carbon anode patent is attached at Appendix E.  The cells were 
low amperage (~5 KA) and low temperature (~100 deg, F) to minimize 
graphite anode consumption. The temperature was maintained by internal 
cooling coils (< 120 deg F) and, unlike chlorine cells which had outlets for 
caustic and depleted brine, chlorate cells had an inlet for fresh liquor and 
outlet for the recycled liquor. 

In chlorate cells, the liquor was increased in concentration about 3 to 4 
grams per liter (gpl) per pass. Since liquor processed into product generally 
had a concentration of about 400 gpl, a single liter of liquor had to pass 
through the cell about 100 times. This required a large recycle rate to the cell 
room and a moderate withdrawal to the product finishing system. The 
chlorine and caustic produced by the cell were allowed to mix forming the 
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chlorate product. Only a small amount of chlorine was released by the cell 
with the hydrogen produced by the cell. 

In early processes, the hydrogen gas was diluted by air to less than the 
explosive limits. The operating pressure of the cell was a few inches of 
water. Later the process was modified so that the hydrogen could be 
recovered and used as a fuel. 

Later improvements in the cell included changing the 2 x 2 inch graphite 
anodes for 2 x 7 inch graphite anodes and increasing the cell amperage. The 
cell still operated at low temperatures to minimize graphite consumption. 
The cell had a 4 inch sludge space below the cathodes for the graphite fines 
and sludge to accumulate without shorting the cathodes. 

The internal environment of the chlorate cell during operation can be 
described as follows: 

 Operating pH of 5 to 6 buffered by HOCL and OCL- ions at a 
concentration of 5 to 15 gpl. 

 A dichromate concentration of ~5 gpl. added as sodium bichromate 
crystal. There is also a buffering action at the operating pH between 
the dichromate ion (Cr2O7 

-2) and the chromate ion (CrO4 
-). 

 A sodium chlorate concentration of 400 to 450 gpl. containing 90 to 
100 gpl. of NaCl. 

2. Anode Construction and Consumption 

The chlorate anodes were of the same construction as chlorine anodes of that 
period. However, to minimize corrosion of the anodes in the oxidizing 
environment of the chlorate cell, the anodes were impregnated with linseed 
oil. (In the Diamond cells, only the bottom 6 inches of the graphite anodes, 
which contained the anode stud, were impregnated with linseed oil to slow 
penetration of the chlorine gas into the stud and thereby extend the life of the 
copper or brass stud). 

In the chlorate technology, the slow deterioration of the graphite anodes 
produced carbon fines which had to be filtered before the chlorate was 
further processed. This was done by a pre-coat and admix pressure leaf filter 
system which produced clear liquor, free of graphite (the graphite being 
retained on the filter). When the pressure on the filter increased to a certain 
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point, the filter was taken off-line and the filter cake removed. The majority 
of the graphite fines were captured within the filter cake; however, when the 
cell was rebuilt, any sludge in the cell was washed out and the overflow 
went to the plant outfall. 

In the 1970’s, all of Portland’s chlorate technology was converted to metal 
anodes and operated at moderate temperatures (~150 to 170 deg. F). At this 
time, although filtration of the cell liquor continued, there were no insolubles 
in the liquor so filtration was minimally necessary. 

The chlorate cell was constructed of carbon steel with a PVC headboard. 
Prior to PVC, the headboards were made of ebonite. 

C. Chlorine Cells 

The primary difference between a chlorine cell and a chlorate cell is the 
chlorine cell has a diaphragm which separates the anolyte and catholyte. 
This allows the separate collection of chlorine and caustic soda. If the 
diaphragm is removed from the chlorine cell, the anolyte and catholyte 
would be able to mix freely, and the technology would be that of a chlorate 
cell. A summary of the chlorine cell process is attached at Appendix B. 

1. Gibb and Taylor Cells 

In the Gibb and Taylor cells, the graphite anodes were only attached to the 
top (head) of the cell with free space between the end of the anode and the 
bottom of the cell. The anodes were mechanically attached to the cell head 
using (copper or brass) threaded rod which extended from the graphite anode 
through the cell head. A threaded nut secured the anode to the head and putty 
was used to seal the anode to the head assembly. In contrast to the Hooker 
cell, no lead was used to make the electrical connection from the anode 
electrical bus to the graphite electrode or secure the anode to the head 
assembly. Drawings of a Gibb cell are attached at Appendix C. Drawings of 
a Taylor cell are attached at Appendix D. 

Portland’s recipe for cell putty for the Gibbs cell included ½ bucket of fuel 
oil, 2 buckets of linseed oil, ¼ bucket of asbestos, and 3 sacks of China clay. 
A similar recipe was used to make cell putty for the Taylor cells. 

In order to slow corrosion of the stud which supplied power to the electrode, 
the stud end of the electrodes (about 6 inches) was treated in a hot linseed oil 
bath overnight. This treatment was necessary to slow the penetration of 
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chlorine into the electrode and thus extend the life of the stud and thereby 
the cell operation. No lubricants or other chemicals were placed on or within 
the anodes during cell construction. 

The carbon anodes were constructed from graphite using coal-tar as a binder. 
It should be noted that the electrodes were baked in furnaces at very high 
temperatures, under conditions that would mineralize the coal-tar binder into 
inorganic carbon. The “taffy-like” residue is generally believed to be 
inorganic carbon particles and low molecular weight chlorinated products 
(including halogenated methane and aliphatics) which resulted from the 
attack on the graphite surface by chlorine and carbon dioxide. These 
residues were also produced in the Diamond cells when they contained 
graphite anodes. 

The Gibbs and Taylor cell tops were treated with coal tar to make the cell 
tops last and resist corrosion. 

2. Diamond Cells 

Arkema began using Diamond cells at the site in 1962.  In a Diamond cell, 
the carbon electrodes (until they were replaced with metal in 1973) were 
attached to the cell bottom by a brass stud threaded into the anode. The 
anode was then sealed tight to an EPDM (ethylene propylene diene 
monomer) sheet which served to protect the copper conductor from the cell 
environment. The steel can was completely covered with asbestos during 
operation so there was no exposure to the cell environment. A Diamond Cell 
history and description with photographs is attached at Appendix A. 

During the graphite use era for both technologies, the cell temperature was 
dictated by different considerations. For graphite anodes in chlorate cells, a 
major cost variable was the consumption of the graphite anode which 
resulted in increased power consumption. This required a low cell 
temperature (less than 110 deg. F) to reduce the consumption of the anode. 
For the chlorine cells, the cell temperature (less than 205 deg. F) was 
dictated by process requirements and graphite consumption of the anode was 
less a factor so that the installation of metal anodes did not result in a change 
in cell temperature. With the installation of metal anodes in chlorate cells, 
the cell temperature could be increased (generally less than 175 deg. F) since 
anode consumption was no longer an economic factor and no longer 
impacted power consumption. 
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Early in the operation of the Diamond cells, the neoprene gaskets had issues 
with early corrosion which caused leaks at the cell bottoms and heads. Later, 
these gaskets were replaced with a TFE (tetrafluoroethylene) type gasket 
(EPDM or variations of EPDM) to extend the cell life. 

The inside steel surface of the Diamond cell is covered with asbestos and has 
no direct exposure to the cell contents. The bottom of the cell is covered 
with a titanium plate. In the Diamond cell, no synthetic organic materials 
have direct exposure to the chlorine produced in the cell. This is in direct 
contrast to mercury cells or “Hooker Cells” (used by Occidental Chemicals 
aka Hooker). In these cells, in order to protect the cell walls from corrosion 
by chlorine, the cell walls are lined with “rubber” type materials. The patent 
for the Hooker Cell is attached at Appendix F. 

Both membrane and diaphragm Diamond cells used anodes that were 
constructed from titanium and were coated with a proprietary Ruthenium 
Oxide coating to provide long service life, low operating voltage and stable 
but low oxygen content in chlorine gas.  Cathodes in the diaphragm cells 
were constructed from carbon steel since these cells operated in the range of 
11-12% NaOH. Cathodes in the membrane cells were constructed of nickel 
because they operated in the range of 30-33% NaOH. 

3. General Chemistry 

The production of chlorine involves an electrochemical process whereby a 
saturated sodium chloride brine solution is electrolyzed to produce chlorine 
and co-products of sodium hydroxide and hydrogen. The internal cell 
environment of the cell can be described as follows: 

 On the cathode side, a hydroxyl concentration of 10 to 13% for 
diaphragm cells. 

 On the anode side, a brine concentration of about 300 gpl. saturated 
with chlorine and hypochlorite. 

The two key concepts in the chemical reaction within the cells are 
oxidation/reduction and overvoltage. 

a. Oxidation/Reduction Reactions 

Oxidation/reduction involves the exchange of electrons from one chemical 
species to another. Normally, this occurs when the two chemicals contact 
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each other in the activated complex (i.e. when two chemical species bump 
into each other in solution). 

In an aqueous solution containing soluble halides (e.g., sodium chloride), the 
solution exists as a combination of water, sodium ions and chloride ions. In 
an electrochemical cell, the chloride ion gives up electrons to form chlorine 
gas at the anode, while simultaneously, at the cathode, the hydrogen 
component of the water gains electrons to form hydrogen gas. The sodium 
ions and hydroxyl ions remaining combine to form sodium hydroxide. Thus, 
the cell is completely balanced with respect to electron transfer. 

The reactions for this oxidation/reduction in the production of chlorine and 
caustic soda can be written as follows: 

Anode Reaction:      2Cl- → Cl2↑ + 2e

Cathode Reaction: 2H2O +  2e- → H2↑ +  2OH

Overall Reaction:    2NaCl + 2H2O → Cl2↑ + H2↑ + 2NaOH 

However, there is a competing reaction at the anode which produces oxygen 
(as a diatomic molecule): 

Competing Anode Reaction: 2H2O → O2 + 4H+ + 4e 

Because the solution is typically in the range of 75% water, the electrolysis 
of water should be the dominant reaction. However, because of the 
phenomenon of overvoltage (discussed below), the oxidation of the chloride 
ion is the dominant reaction, not the oxidation of water. Thus, the oxidation 
of water is a secondary, competing reaction which results in oxygen as a 
contaminant in the chlorine and a loss in chlorine efficiency. 

Therefore, at the anode, both the chlorine and oxygen appear as monoatomic 
species (0 valence state) and could be considered free radicals on the anode 
surface. However, very importantly, both Cl0 and O0 species instantly react 
with sister atoms thus forming Cl2 and O2 gases on the anode surface. 

b. Electrochemical Overvoltage 

The operating voltage (anode to cathode) of a chlorine or chlorate cell is 
determined by (1) the resistance of the brine and diaphragm (i.e., 
anode/cathode gap plus diaphragm); (2) the decomposition voltage of the 
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species in solution (i.e., chloride and hydroxyl ions); and (3) a component of 
voltage identified as overvoltage. This overvoltage component of the 
operating cell voltage is discussed in the following paragraphs. 

The cathode reaction (reduction) where water is converted to hydrogen and 
hydroxides is written as follows: 

2HOH  +  2e- → H2↑ +  2OH- E0
red = - 0.83V 

The anode reaction (oxidation) where chloride is converted to chlorine is 
written as follows: 

2Cl- → Cl2↑ +  2e- E0 
ox = -E0

red = - 1.36V 

Similarly, water can be oxidized according to the following reaction: 

2H2O → O2 + 4H+ + 4e - E0 
ox = -E0

red = - 1.23V 

Since water has a more positive oxidation potential than the chlorine 
reaction, it should be oxidized more readily. However, there is a 
complication, the water oxidation requires a considerable overvoltage (extra 
voltage) to make the reaction rate appreciable. Since the two possible 
reactions are quite close in potential, the extra voltage can quickly be 
sufficient to cause the chlorine oxidation to occur. Since the chloride to 
chlorine reaction is quite rapid in comparison to the water to oxygen 
reaction, it will dominate at only a slightly elevated voltage. 

The overvoltage on graphite anodes is lower than the overvoltage for metal 
anodes. This explains the efficiency difference between graphite and metal 
anodes.  Chlorine formation on graphite anodes is about 10% less than for 
metal anodes. This difference would result in the formation of more oxygen 
radicals in graphite cells. If cyclic compounds are available, they would be 
more easily oxidized on graphite anodes than metal anodes. 

4. Cell Processes 

The Portland plant utilized two similar but different technologies to produce 
chlorine and its co-products:  a diaphragm and a membrane. 
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a. Diaphragm Process 

In the diaphragm cell process, brine and electric power (direct current) are 
continuously added to the chlorine cells. Located inside the cells are semi-
porous polymer modified asbestos separators (diaphragms) that are used to 
physically separate the chlorine and its co-products sodium hydroxide and 
hydrogen. The diaphragm allows brine, water, and sodium ions to pass 
through while blocking chlorine atoms. Approximately 50% of the salt brine 
passing through the diaphragm is converted per pass through the cell. The 
products of chlorine, sodium hydroxide and hydrogen are separated and 
collected outside the cell. 

The following is a summary of the diaphragm cells on site: 

 200 Diamond cells (150 each MDC-28 & 50 each MDC-29) 
 Capacity rated at 410 tons/day Chlorine 
 Current Density @ 1.8 – 2.5 Ka/M2 

 Current Density Startup: 1962, 1967, 1973, 1980 (50 cells each). 

b. Membrane Process 

In the membrane electrolyzers, direct current (D.C.) power and a semi
permeable membrane are utilized to separate chlorine from the sodium 
hydroxide and hydrogen. Two separate streams, one of strong brine and the 
other of sodium hydroxide, are circulated on each side of the membrane. The 
membrane is not porous in the same way as a diaphragm but it is ion 
selective and will allow sodium ions and water to pass through while 
holding back chlorine atoms. The weak brine that passes from the cell is 
resaturated and returned to the cell. The strong caustic that comes out of the 
cell is split into a product stream and a stream that is diluted with soft water 
and recycled to the cell. The hydrogen is collected from the cell and sent to 
the collection system. 

The following is a summary of the membrane cells on the Portland site: 

 Thirty-six (36) total cells: ICI Type FM-21-SP-60 
 Capacity rated @ 110 tons/day Chlorine 
 Current Density @ 2.0 -3.8 Ka/M. 
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5. Brine 

The most important factor in the production of chlorine is good quality feed 
brine. Good quality brine was important for the diaphragm cells and of 
paramount importance for the membrane cells. 

The salt used to produce brine for the cell feed stocks came from Mexico 
and was essentially evaporated and purified sea salt. The salt at Tacoma was 
the same salt used at Portland and there were no issues concerning the purity 
of these compounds, unlike salt used on the east coast from underground 
sources that contained organics. 

At Tacoma, the only issue concerning the salt was the infiltration of brine 
into the ground water. This was eventually remedied by lining the salt pads. 
This issue did not exist at Portland because of the pad design and the 
elevation of the pad above the ground water table. At Tacoma, the design of 
the pad was different (it was a few inches below the surface) and this created 
problems in the membrane operation which recycled brine for re-saturation. 
The membrane operation at Portland did not have the same issues as 
Tacoma. 

The diaphragm process requires brine hardness levels that are <2-3 ppm as 
calcium. Typically Portland brine was 1-2 ppm as calcium. 

The membrane process requires calcium brine hardness levels that are in the 
<50ppb as calcium range. Portland membrane brine was typically <20ppb as 
calcium. 

At Portland, the brine was produced by dissolving solar salt with either 
condensate or soft water. Before the brine was used in the processes, it was 
treated to remove impurities. The impurities when left untreated caused 
inefficiencies in the chlorine processes. 

Treatment to remove hardness from the brine involved primary treatment 
and secondary treatment. Primary brine treatment was a chemical treatment 
of the brine where calibrated amounts of carbonate and hydroxide were 
added to form precipitates of calcium carbonate and magnesium hydroxide. 
Primary treatment of the brine lowered the hardness levels to 1-2 ppm as 
calcium. 

Secondary treatment of the brine involved the removal of the dissolved 
hardness and required the use of ion-exchange. A three stage ion-exchange 
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system that utilized a cation specific resin was used to remove hardness 
down to the 20 ppb level of calcium. 

6. Chlorine Gas Scrubbing System 

A chlorine purification system was installed in Portland’s chlorine process in 
1967/1968. The scrubbing of the cell gas from chlorine cells containing 
graphite electrodes was necessary to remove the volatile residues that were 
formed in the cell operation. These residues were analyzed and determined 
to consist of low molecular weight chlorinated substances (including 
halogenated methanes, aliphatics and inorganic carbon residues) resulting 
from an attack on the graphite electrode surface by chlorine and carbon 
dioxide byproduct.  These residues had to be removed because they created 
problems for customers, such as plugging the valves of water treatment 
systems. These waste residues were a by-product in chlorine production until 
the carbon electrodes were replaced by metal anodes. The gas scrubbing 
system (referred to as the Green Goddess) was operated as long as graphite 
electrodes were used in chlorine cell operations. At Portland, this would 
have been until the 1972-1973 time period. The pre-RCRA residues from the 
system were drummed and shipped off-site for recycling or disposal. 

3. Disposal Practices for Cell Components 

Old Gibbs and Taylor cells were dismantled in the vicinity of track 3 and the 
edge of the old cell room. Spent chlorine cell components from the Cell 
Repair area (southeast corner of the old chlorine cell room) were hauled to 
the river bank at the plant site. The materials were placed in metal pans that 
were picked up by a forklift and landfilled along the bank of the river. 

The cell tops—which were treated with coal tar—were placed in a sump 
(with cell washings) at Track #3 and ultimately disposed in the area of 
Dock 1. The disposal area was then covered with dirt. 
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Figure 1
 
OVERVIEW OF CORE PLOTS OF PCDD
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Figure 2
 
Photograph of Portland Plant
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Table 1
 
Portland Plant
 

Production History of Plant
 
(Start of Operations)1
 

Date Started   Operation 

1941 Sodium Chlorate 

1946 Chlorine/Caustic 

1947 DDT 

1950 Orthosilicates 

1955 Ammonia Plant 

1958 Ammonium Perchlorate 

1962 HCl Acid Plants 

1962 Bay 1 Diamond Cell Room 

1971 Eliminate Gibbs-Taylor Cells 

1973 Replace Graphite Anodes 
with Metal Anodes 

1990 Chlorine Membrane Expansion 

1991 Sodium Chlorate Expansion 

1 E-mail from Larry Patterson dated August 25, 2009 @ 2:28 PM 
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Table 2
 
Portland Operations
 

History of Technology
 

Line Year Technology Anode Years Comments 
Installed Installed Material Operated 

Old Cell 1946 Gibbs Graphite 1946 to Started 
Room 1971 phase out in 

1962 of old 
Taylor Graphite 1946 to cell room 

1971 

Bay 1 1963 Diamond 
MDC-28 

Graphite 1963 to 
1972 

Diaphragm 
Eltech 1972 to 
Titanium 1999 

DeNora 2000 thru 
Titanium 2002 

Bay 2 1967 Diamond 
MDC-28 

Graphite 1967 to 
1972 

Diaphragm 
Eltech 1972 to 
Titanium 1999 

DeNora 2000 thru 
Titanium 2002 

Bay 3 1973 Diamond 
MDC-28 

Eltech 
Titanium 

1973 to 
2000 

Diaphragm 
DeNora 2000 thru 
Titanium 2002 

Bay 4 1980 Diamond 
MDC-29 

Eltech 
Titanium 

1980 to 
2000 

Diaphragm 
DeNora 2000 thru 
Titanium 2002 

Bay 5 1990 ICI ICI 1990 to 
FM-21-SP Titanium 2002 
Membrane 

1. Electrode Corporation (a Diamond-Shamrock subsidiary) supplied the original titanium anodes 
for Bay 1 and Bay 2. Eltech succeeded Electrode in the 1980’s 

2. DeNora anodes replaced Eltech anodes in 2000. 
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Diamond Cell History & Description
 

Circuit cell current amperage ------------------- ~70 Kamps (68,000 to 73,000) 
Current Density -------------------------------------------------------- ~ 2.4 KA/M2 

Circuit number one ----------------------------------- Installed in 1963 (MDC-28) 
Circuit number two ----------------------------------- Installed in 1967 (MDC-28) 
Circuit number three --------------------------------- Installed in 1973 (MDC-28) 
Circuit number four ---------------------------------- Installed in 1980 (MDC-29) 
There were 50 cells in each circuit for a total of 200 cells. 

Raw materials used to produce chlorine, caustic soda and hydrogen from an electrolytic cell are 
water, sodium chloride and electricity. 

Most of the chlorine manufactured in the Portland, Oregon plant was produced electrolytically 
using the diaphragm cell process. In the years this process was installed, it was the predominant 
process in North America. 

Sodium chloride salt (table salt) and water or hot condensate are combined to make saturated 
sodium chloride (NaCl) brine. The brine solution, after heating and treating to remove impurities, 
is introduced into the diaphragm side (anode) of the cell. 

Direct electrical current is used to decompose (separate) the brine into chlorine gas, hydrogen gas 
and a weak caustic solution (12% NaOH called cell liquor). In this process, chlorine is produced 
at the positive electrode (anode) and sodium hydroxide (caustic soda) and hydrogen gas are 
produced at the negative electrode (cathode). 

In order to prevent the mixing (reaction) of caustic soda with the chlorine, the anode and cathode 
chambers are separated by a porous diaphragm. 

Chlorine is removed from the gas space while brine flows through the diaphragm from the anode 
chamber to the cathode chamber. The chlorine is further processed to yield a dry, liquefied 
product. In the cathode chamber, hydrogen is removed from the gas space and a dilute solution of 
caustic soda and salt is removed as a liquid. This cell liquor is concentrated to produce 
commercial caustic soda. 

In a diaphragm cell, multiple cells containing an anode and cathode pair are mounted vertically 
and parallel to each other. A cathode is usually a flat hollow steel mesh or perforated steel sheet 
covered with asbestos fibers and fibrous polytetrafluoroethylene (modifier) and functions as the 
diaphragm. Portland used 78 pounds of “longfiber” asbestos, ~ 26 pounds of short fiber asbestos 
and ~ 52 pounds of SM2 modifier. The cell life was approximately two years. 

The 46 anodes in one of the modern Portland cells are constructed of titanium plates covered with 
layers of oxides with metal conductivity such as ruthenium oxide and titanium dioxide. The 
Portland plant converted from carbon anodes to Dimensionally Stable Anodes (DSA) in 1972 and 
to metal expandable anodes in 1981. Portland began the conversion from Eltech anodes to 
DeNora Dubplex High Performance anodes in 1999. The conversion was completed in April, 
2000. 
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Appendix B 

Chlorine Cell Process Summary 
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Appendix C 

Gibb Cell Drawing 
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Appendix D 

Taylor Cell Drawings 
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Appendix E 

Carbon Anodes for Chlorine Production 
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CARBON ELECTRODES
 

Carbon has played a major role in the industrial electrochemical production 

of many chemical materials, such as chlorine and caustic soda. Carbon is 

formed into solid structures that serve as the electrode sites where 

electrochemical reactions occur and products are formed. These carbon 

electrodes are formed by molding mixtures of graphite powder and pitch into 

solid pieces and then heating to high temperatures. The pitch is converted to 

carbon that holds the structure together. The development of artificial 

graphite in 1899 by Acheson Graphite Company located near Niagara Falls 

spurred the use of large graphite electrodes in the electrochemical 

production of chlorine and other chemicals. These graphite electrodes were a 

big improvement in performance and life over the amorphous carbons that 

were used in the electrodes. The graphite electrodes were capable of 

sustaining higher currents to increase production rates, and they were more 

corrosion resistant, and thermal-shock resistant. However, the electrodes are 

consumed and must be replaced periodically. For instance, 2 to 4 kg of 

carbon is consumed per metric ton of chlorine that is produced and the life 

of the graphite electrode is only 6 to 24 months. The formation of carbon 

dioxide from graphite during chlorine production is responsible for the 

gradual consumption of the electrode. 

Manufacture 

Three common precursors of carbon are coke, petroleum coke, and coal-tar 

pitch. Coke is a solid high in carbon content that is produced by heating 

organic materials which have passed, at least in part, through a liquid or 

liquid-crystalline state during the carbonization process. Petroleum coke is a 
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carbonization product of high-boiling hydrocarbon fractions (heavy 

residues) obtained in petroleum processing. It is the general term for all 

special petroleum coke products such as green, calcined, and needle 

petroleum coke. Coal-tar pitch is the residue produced by distillation or heat 

treatment of coal tar. It is a solid at room temperature, consists of a complex 

mixture of numerous predominantly aromatic hydrocarbons and 

heterocyclics, and exhibits a broad softening range instead of a defined 

melting temperature. Mixtures of coke and coal-tar pitch are heated to high 

temperatures, usually above 2500 deg. C (4532 deg. F), to form solid carbon 

structures that are graphitic (that is, graphite-like). 
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Hooker Cell Patent 
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Attachment B 




  

Reference 1 


Kammerer, J.C., 1990 




This fact sheet shows the location and ranking of the 20 
largest rivers in the United States . It is common knowledge that 
the Mississippi is the largest U.S . river, but what is the rank 
of other major U.S . rivers? Rivers are considered large on the 
basis of one or more of three characteristics : total length from 
source to mouth, area ofbasin (watershed) drained by the stream, 
and average rate of flow (discharge) at the mouth. The 
alphabetical list on the back of this sheet shows these 
characteristics of32 rivers so as to include the 20 largest rivers 
in each of the three categories . Among the 32 rivers, 16 are 
tributary to other rivers on the list; the remaining rivers discharge 
directly into oceans, seas, gulfs, or bays . 

As dynamic parts of our environment, rivers and their 
characteristics vary in space and time in response to climatic 
changes and to man's activities . The causes include seasonal and 
annual changes in precipitation and temperature, cycles of 
erosion and deposition (especially during floods), diversions' of 
water (for irrigation, power, and other purposes), and the 
construction of public works-dams, levees, locks, and canals . 
For example, combinations of these effects, but principally 
diversions, have reduced the average flow of the Colorado River 
near its mouth from about 22,000 cubic feet per second (ftl/s) 
for the period 1903-34 to less than 4,000 ft'/s during the period 
1951-80. However, the annual flow in 1984 averaged 17,500 
ftl/s, a consequence ofrecord-breaking precipitation on the river 
basin. A flow of 1,000 ft l/s is equal to 646 million gallons per 
day, 724,000 acre-feet per year, or 28 .3 cubic meters per 
second . (One acre-foot is the volume ofwater that would cover 
I acre to a depth of I foot .) 

River lengths or river-length data are affected not only by 
some of the natural and artificial causes noted in the preceding 
paragraph, but also by the precision of various techniques of 
measurement, by the scale of available maps or aerial photo
graphs, and by somewhat arbitrary decisions . For example, the 
length may be considered to be the distance from the mouth to 
the most distant headwater source (irrespective of stream name) 
or from the mouth to the headwaters of the stream commonly 
identified as the source stream . The names of some rivers, such 
as the Mississippi River and the Rio Grande, are unchanged from 
source to mouth. In contrast, the name of the source of the 
Mobile River-Tickanetley Creek-changes five times before 
becoming Mobile River 45 miles north of Mobile Bay. The 
lengths ofmeandering rivers, such as the Mississippi River south 
of Cairo, Ill ., undergo significant changes in length from time 
to time because of a natural or excavated cutoff (a channel sever
ing a narrow strip of land, thus bypassing a large bend in a river) 
that reduces river length and therefore navigation time . For 
example, between 1766 and 1885, the length of the Mississippi 
River from Cairo, Ill ., to New Orleans, La., was reduced by 
218 miles because of 18 cutoffs (Elliott, 1932, page 59). 
Reference cited-Elliott, D.O . (U .S . Mississippi River Commission),

1932, The improvement of the lower Mississippi River for flood 
control and navigation : Vicksburg, Miss ., U.S . Waterways Experi
ment Station, U.S . Army Corps of Engineers, 345 pages . 

For additional information write to : 
U.S Geological Survey
Water Resources Division 
MS 419, National Center 
Reston, Virginia 22092 



of	 the 32 rivers listed here the 20 largest in three categories-discharge, drainage basin, and length---are ranked from 1 to 20 ; these ranks are shown in parentheses . 
Abbreviations : ft 3 /s=cubic feet per second ; mi l =square miles . All data have been rounded to n o more than three significant figures . Sources of data : Stream 
discharge and drainage area-mainly U .S . Geological Survey reports and files ; length-publications and files of U .S . Geological Survey, U .S . Army Corps of En
gineers, U .S . Environmental Protection Agency, and the Tennessee Valley Authority ; data for the St . Lawrence River from "Facts from Canadian Maps," Canada 
Department of Energy, Mines and Resources, 1972 . Period of record for most rivers is 1951-80 . Some data are provisional, and subject to revision . Compiled bY 
J .C . Kammerer, U .S . Geological Survey 

!VOTE : Rank from 1 to 20 in each category is shown in parentheses . 
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CHAPTER 6 

Dioxins and Furans (PCDD/PCDF) 

Heidelore Fiedler 

UNEP Chemicals, 11 –13, chemin des Anémones, 1219 Châtelaine (GE), Switzerland 
E-mail: hfiedler@unep.ch 

Polychlorinated dibenzo-p-dioxins (PCDD) and polychlorinated dibenzofurans (PCDF) are en
vironmental contaminants detectable in almost all compartments of the global ecosystem in 
trace amounts. In contrast to other chemicals of environmental concern such as polychlori
nated biphenyls (PCB), polychlorinated naphthalenes (PCN), and polychlorinated pesticides 
like DDT, pentachlorophenol (PCP) or others, PCDD/PCDF were never produced intentionally 
and do not serve any useful purpose. They are formed as by-products of numerous industrial 
activities and all combustion processes. Besides the anthropogenic sources of PCDD/PCDF, an 
enzyme-mediated formation of PCDD and PCDF from 2,4,5- and 3,4,5-trichlorophenol has 
been demonstrated to be responsible for their biogenic formation. 

The most toxic of the PCDD/PCDF congeners, 2,3,7,8-tetrachlorodibenzo-para-dioxin 
(2,3,7,8-Cl4DD or 2,3,7,8-TCDD) is classified to be carcinogenic to humans (= Group 1 car
cinogen) according to IARC. Excluding occupational or accidental exposures, most human ex
posure to PCDD/PCDF occurs as a result of dietary intake, mainly by eating meat, milk, eggs, 
fish, and related products. PCDD/PCDF are persistent in the environment and accumulate in 
animal fat. Occupational exposures to PCDD/PCDF at higher levels have occurred since the 
1940s as a result of production and use of chlorophenols and chlorophenoxy herbicides. Even 
higher exposures have occurred sporadically in relation to accidents in these industries. 

Many data are available for PCDD/PCDF concentrations in various compartments of the en
vironment such as soils, sediments and air but also in biota, e.g., vegetation, wildlife, domestic 
animals and animals for human consumption, and finally in humans. 

Generation of PCDD/PCDF occurs in chemical industrial and in combustion processes, re
sulting in dioxin contamination of exhaust gases, solid and liquid residues, of effluents, and 
products. The mechanisms which lead to the formation of PCDD/PCDF have been investigated 
and largely understood although open questions remain. The identification of PCDD/PCDF 
generating activities and the quantification of the releases of PCDD/PCDF from these activi
ties has resulted in national emission inventories. Some international conventions, such as the 
Stockholm Convention on Persistent Organic Pollutants (POPs) or the UN-ECE Aarhus Pro
tocol on POPs under the LRTAP Convention require countries to report their annual emissions 
of PCDD/PCDF. Attempts to cover all sources and accurately quantify the releases in report
ing are underway. 

Keywords : Polychlorinated dibenzo-p-dioxins, Polychlorinated dibenzofurans, Toxicity, En
vironmental concentrations, Inventory 

The Handbook of Environmental Chemistry Vol. 3, Part O 
Persistent Organic Pollutants 
(ed. by H. Fiedler) 
© Springer-Verlag Berlin Heidelberg 2003 

mailto:hfiedler@unep.ch
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Abbreviations 

2,4,5-T	 2,4,5-Trichloroacetic acid 
AhR	 Aryl hydrocarbon receptor 
BAT	 Best available techniques 
bgvv	 Bundesinstitut für gesundheitlichen Verbraucherschutz und Ve

terinärmedizin (Germany) [Federal Institute for Health Protec
tion and of Consumers and Veterinary Medicine] 

bw	 Body weight 
°C	 Degrees Celsius 
DG Dirección Générale 
d.m. Dry matter 
EC European Commission 
EPA Environmental Protection Agency 
EU European Union (Member States: Austria, Belgium, Denmark, Fin

land, France, Germany, Greece, Ireland, Italy, Luxembourg, The 
Netherlands, Portugal, Spain, Sweden, United Kingdom) 

FAO	 Food and Agricultural Organization 
h 	  Hour  
HCl	 Hydrochloric acid, hydrogen chloride 
I-TEQ	 International Toxic Equivalents 
IARC	 International Agency for Research on Cancer 
IPCS	 International Programme on Chemical Safety 
KOC	 Partition coefficient: octanol/carbon 
KOW	 Partition coefficient: octanol/water 
LOQ	 Limit of quantification 
LRTAP	 [Convention on] Long-range Transboundary Air Pollution 
M(S)WI	 Municipal (solid) waste incineration 
NATO/CCMS North Atlantic Treaty Organization/Challenges of Changes in 
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Nm3 Normal cubic meter at 11% O2, 101.3 kPa, 273 K, dry gas 
ND Not determined 
PCB Polychlorinated biphenyls 
PCDD Polychlorinated dibenzo-p-dioxins 
PCDF Polychlorinated dibenzofurans 
PCN Polychlorinated naphthalenes 
PCP Pentachlorophenol 
POPs Persistent Organic Pollutants 
ppt Parts per trillion 
PUF Polyurethane foam 
PVC Polyvinyl chloride 
t Ton (metric) 
TCDD Tetrachlorodibenzo-p-dioxin 
TDI Tolerable daily intake 
TEF Toxicity Equivalency Factor 
TEQ Toxicity Equivalent 
TMI Tolerable monthly intake 
TWI Tolerable weekly intake 
UN-ECE United Nations Economic Commission for Europe 
UNEP United Nations Environment Programme 
WHO World Health Organization 

mg Milligram 10—3 g 
µg Microgram 10—6 g 
ng Nanogram 10—9 g 
pg Picogram 10—12 g 
fg Femtogram 10—15 g 

1 
Introduction 

Polychlorinated dibenzo-p-dioxins (PCDD) and polychlorinated dibenzofurans 
(PCDF) are environmental contaminants detectable in almost all compartments 
of the global ecosystem in trace amounts. These compound classes in particular 
have caused major environmental concern. In contrast to other chemicals of en
vironmental concern such as polychlorinated biphenyls (PCB), polychlorinated 
naphthalenes (PCN), and polychlorinated pesticides like DDT, pentachlorophe
nol (PCP) or others, PCDD/PCDF were never produced intentionally. They are 
formed as by-products of numerous industrial activities and all combustion 
processes [1]. 

The term “dioxins” 1 is frequently used and refers to 75 congeners of poly
chlorinated dibenzo-p-dioxins (PCDD) and 135 congeners of polychlorinated 
dibenzofurans (PCDF). These are two groups of planar, tricyclic ethers, which 

1 In this paper, where the term “dioxin” or “dioxins and furans” is used alone, it should be in
terpreted as including all polychlorinated dibenzo-p-dioxins and polychlorinated dibenzo
furans, unless specifically stated otherwise. 
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PCDD PCDF 

Fig. 1. Structural formula of polychlorinated dibenzo-p-dioxins and polychlorinated diben
zofurans and numbering of carbon atoms 

have up to eight chlorine atoms attached at carbon atoms 1 to 4 and 6 to 9 (Fig. 1). 
Amongst these 210 compounds, 17 congeners can have chlorine atoms at least 
in the positions 2, 3, 7, and 8 of the parent molecule. These seventeen 2,3,7,8
substituted congeners are toxic to many laboratory animals, resistant towards 
chemical, biological, and physical attack, and thus many accumulate in the envi
ronment and in organisms, such as animals and humans. The 2,3,7,8-TCDD 
(2,3,7,8-Cl4DD) also named “Seveso dioxin” is considered to be the most toxic 
man-made compound. Besides the anthropogenic sources, an enzyme-mediated 
formation of PCDD and PCDF from 2,4,5- and 3,4,5-trichlorophenol has been 
demonstrated in vitro being responsible for biogenic formation to occur, e. g., in 
sewage sludge, compost, etc. [2, 3]. In recent years dioxins have been detected in 
natural formations of clay in different parts of the world. 

2 
Physical and Chemical Properties 

PCDD and PCDF each can have between one and eight chlorine atoms bound to 
the dibenzo-p-dioxin or dibenzofuran molecule, respectively. This substitution 
pattern results in eight homologues and 75 congeners for PCDD and 135 con
geners for PCDF. Table 1 summarizes the number of possible isomers within each 
group of homologue. 

Starting in the 1970s, PCDD and PCDF congeners have been characterized 
with most information available for 2,3,7,8-Cl4DD. Today, all 17 2,3,7,8-sub
stituted congeners are available commercially, either individually or as mix
tures. Knowledge of the numeric values of certain parameters characterizing 
the properties of individual PCDD/PCDF is necessary in order to predict 
the behavior of the mixtures found in the environment. However, measured 
values for PCDD/PCDF congeners are scarce. The physical and chemical 
properties, which are measures of, or control the behavior of dioxins and furans 
are: 

– their low vapor pressure (ranging from 4.0 ¥10 – 8  mm Hg for 2,3,7,8-Cl4DF to 
8.2 ¥10 –1 3 mm Hg for Cl8DD); 
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Table 1. Possible number of isomers within the homologue groups for PCDD and PCDF 

Number of Chlorine Possible number of isomers 
Atoms = Homologues 

Dibenzo-p-dioxins Acronym Dibenzofurans Acronym 
(PCDD) (PCDF) 

Monochloro- 2 Cl1DD 4 Cl1DF 
Dichloro- 10 Cl2DD 16 Cl2DF 
Trichloro- 14 Cl3DD 28 Cl3DF 
Tetrachloro- 22 Cl4DD 38 Cl4DF 
Pentachloro- 14 Cl5DD 28 Cl5DF 
Hexachloro- 10 Cl6DD 16 Cl6DF 
Heptachloro- 2 Cl7DD 4 Cl7DF 
Octachloro- 1 Cl8DD 1 Cl8DF 

Total 75	 135 

–	 their extremely low solubility in water (ranging from 419 ng L–1 for 2,3,7,8
Cl4DF, 7.9 and 19.3 ng L–1 for 2,3,7,8-Cl4DD to 0.074 ng L–1); 

–	 their solubility in organic/fatty matrices (log KOW range from 5.6 for Cl4DF and 
6.1/7.1 for Cl4DD to 8.2 for Cl8DD); 

–	 their preference to bind to organic matter in soil and sediments (log KOC val
ues for 2,3,7,8-Cl4DD are between 6.4 and 7.6). 

Detailed information on the physical and chemical characteristics of 
PCDD/PCDF can be found at Mackay et al. [4]. 

3 
Environmental Fate 

3.1 
General 

The environmental processes by which PCDD/PCDF move through the environ
ment are reasonably well known. PCDD/PCDF are multimedia pollutants and, 
once released to the environment, become distributed between environmental 
compartments [5]. 

Due to their high lipophilicity and low water solubility, PCDD/PCDF are pri
marily bound to particulate and organic matter in soil and sediment, and in 
biota, they are concentrated in fatty tissues. In air, as semi-volatile compounds 
PCDD/PCDF can exist in both the gaseous phase and bound to particles. The two 
key parameters, the congener’s vapor pressure, and the ambient air temperature 
govern the partitioning between gaseous phase and particle. Especially during 
the warmer (on the northern hemisphere summer) months the lower chlorinated 
PCDD/PCDF congeners tend to be found predominantly in the vapor phase. 
PCDD/PCDF in the vapor phase can undergo photochemical transformation 
with dechlorination process leading to more toxic congeners if octa- and hep
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tachlorinated congeners degrade to tetra- and pentachlorinated and finally to 
non-toxic compounds with only three or less chlorine atoms. PCDD/PCDF at
tached to particulate matter seem to be resistant to degradation. 

In the terrestrial foodchain (air Æ grass Æ cattle Æ milk/meat Æ man) 
PCDD/PCDF can be deposited on plant surfaces via wet deposition, via dry de
position of chemicals bound to atmospheric particles, or via diffusive transport 
of gaseous chemicals in the air to the plant surfaces. Each of these processes is 
governed by a different set of plant properties, environmental parameters, and at
mospheric concentrations. Investigations with native grassland cultures showed 
that dry gaseous deposition plays the dominant role for the accumulation of the 
lower chlorinated PCDD/PCDF, whereas dry particle-bound deposition played an 
important role in the uptake of the PCDD/PCDF with six and more chlorine 
atoms. There was also some evidence indicating an input of the higher chlori
nated PCDD/PCDF from wet deposition [6]. Levels in, e. g., grass, reflect recent ex
posure to PCDD/PCDF, as vegetation is only exposed for a relatively short time, 
with new growth replacing old and crops being harvested. For agricultural leaf 
crops the main source of contamination is direct deposition from the atmosphere 
and soil splash. Root uptake and translocation of dioxin contamination into the 
crop has been confirmed for zucchini and cucumber only. Grazing animals are 
exposed to dioxins by ingesting contaminated pasture crops and PCDD/PCDF are 
found to accumulate primarily in the fatty tissues and milk [7]. 

For agricultural soils an additional source of PCDD/PCDF can be the appli
cation of sewage sludge. Small amounts of PCDD/PCDF deposited onto soil can 
be returned to the atmosphere by the resuspension of previously deposited ma
terial, or revolatilization of the less chlorinated congeners. Because of their chem
ical characteristics and very low solubility PCDD/PCDF accumulate in most soil 
types, with very little water leaching and negligible degradation of the 2,3,7,8
substituted PCDD/PCDF congeners. 

PCDD/PCDF partition quickly to organic matter and so accumulate in sedi
ments. They accumulate in aquatic fauna as a result of the ingestion of contam
inated organic matter. The concentration of PCDD/PCDF in fish tissue is found 
to increase up the foodweb (biomagnification) as a result of the progressive in
gestion of contaminated prey [5]. 

3.2 
Carry-Over Rates: Environment-to-Food 

The transfer of PCDD/PCDF from grass into cattle has been studied and carry
over rates have been determined. In general, carry-over rates decrease with in
creasing degree of chlorination of the chemical, indicating that absorption 
through the gut also decreases. This decrease in absorption is attributed to the 
greater hydrophobicity of the higher chlorinated PCDD/PCDF, which inhibits 
their transport across aqueous films in the digestive tract of the cow. 

In studies at background concentrations, the highest transfer was determined 
for two lower chlorinated dibenzo-p-dioxins and one dibenzofuran, namely 
2,3,7,8-Cl4DD (2,3,7,8-tetrachlorodibenzo-p-dioxin), 1,2,3,7,8-Cl5DD (1,2,3,7,8
pentachlorodibenzo-p-dioxin), and 2,3,4,7,8-Cl5DF (2,3,4,7,8-pentachlorodiben
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zofuran). For these three congeners about 30 – 40% are transferred from feed to 
cow’s milk. About 20 % are transferred for the 2,3,7,8-substituted Cl6DD (hexa
chlordibenzo-p-dioxins) and Cl6DF (hexachlorodibenzofurans) homologues. For 
the hepta- and octachlorinated PCDD and PCDF not more than 4% of the in
gested congeners find their way into the milk. Although highly dependent on the 
characteristics of each congeners, the overall transfer on a TEQ basis is about 
30%; in other words: about 30 % of the most toxic PCDD/PCDF congeners, which 
are ingested by the cow are excreted via the milk [8]. The numeric values for the 
carry-over rates from feed to cow’s milk are summarized in Table 2. Generally, 
Table 2 shows that the carry-over rates decrease with increasing degree of chlo
rination, indicating that absorption through the gut also decreases. This decrease 
in absorption was attributed to the greater hydrophobicity of the higher chlori
nated PCDD/PCDF, which inhibits their transport across aqueous films in the di
gestive tract of the cow [8]. 

Comprehensive investigations have shown that the type of housing for the lay
ing hens results in differences in the PCDD/PCDF contamination of their eggs. 
As can be seen from Table 3 the majority of PCDD/PCDF concentrations in eggs 
from chickens housed in elevated wire cages is below 2 ng I-TEQ/kg fat; only a 
small number of samples ranged up to 2.3 ng I-TEQ/kg fat. In contrast, eggs from 
laying hens kept on ground and from foraging chickens raised on fields show a 
broader range of contamination; of these a considerable number of samples re
vealed PCDD/PCDF levels above 2 ng TEQ/kg fat. The highest contamination was 
found to be 23.4 ng I-TEQ/kg fat. Moreover, these studies revealed that the con
centrations and congener profiles of PCDD/PCDF in eggs of chickens appear to 
be related to the soil on which they are raised. As a consequence, chicken eggs, 

Table 2. Carry-over rates for PCDD/PCDF from feed into cow milk 

Welsch-Pausch and McLachlan and 
McLachlan [8] Richter [112] 

2,3,7,8-Cl4DD 0.34 0.38 
1,2,3,7,8-Cl5DD 0.31 0.39 
1,2,3,4,7,8-Cl6DD 0.127 0.33 
1,2,3,6,7,8-Cl6DD 0.21 0.33 
1,2,3,7,8,9-Cl6DD 0.11 0.16 
1,2,3,4,6,7,8-Cl7DD 0.028 0.034 
Cl8DD 0.0121 0.0068 

2,3,7,8-Cl4DF 0.0083 
1,2,3,7,8-Cl5DF 0.0107 
2,3,4,7,8-Cl5DF 0.26 0.40 
1,2,3,4,7,8-Cl6DF 0.094 0.24 
1,2,3,6,7,8-Cl6DF 0.098 0.187 
2,3,4,6,7,8-Cl6DF 0.089 0.189 
1,2,3,4,6,7,8-Cl7DF 0.0146 0.034 
1,2,3,4,7,8,9-Cl7DF 0.023 
Cl8DF 0.0053 
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Table 3. Germany: PCDD/PCDF concentrations in eggs [9]. Concentrations in pg I-TEQ/g lipid 

Method keeping n Min Max Mean 

Caged, housing in elevated wire cages 

Chicken kept on ground 

20 
69 
11 
32 

0.56 
0.23 
1.03 
0.19 

2.30 
6.04 

23.4 
5.57 

1.16 a 

1.36 
1.81 a 

1.63 
Free foraging 23 

31 
0.38 
0.49 

11.4 
22.8 

1.91 a 

4.58 

a Median. 

especially from laying hens kept on contaminated ground or from free foraging 
chickens may contribute considerably to human dioxin body burden. Conse
quently, egg samples very often are characterized by high concentrations of 
Cl8DD indicating that the soil contamination may be transferred into the animal. 
In cases of very high dioxin contamination, concentrations up to several hun
dred pg I-TEQ/g lipid (e. g., 300 pg I-TEQ/g lipid in Baden-Württemberg, Ger
many, and 219 pg I-TEQ/g in Hamburg) have been reported [8]. 

The transfer of PCDD/PCDF from soil into chicken eggs was investigated in an 
exposure study by Petreas et al. [10]. There was only little variation in 
PCDD/PCDF concentrations in eggs after 30, 60, and 80 days, respectively. Thus, 

Table 4. PCDD/PCDF transfer from soil to eggs 

Petreas et al. [10] 
[egg concentration (pg/g fat)/ 
soil concentration (pg/g)] 

Schuler et al. [12] 
[egg concentration (pg/g fat)/ 
soil concentration (pg/g)] 

2,3,7,8-Cl4DD 
1,2,3,7,8-Cl5DD 
1,2,3,4,7,8-Cl6DD 
1,2,3,6,7,8-Cl6DD 
1,2,3,7,8,9-Cl6DD 
1,2,3,4,6,7,8-Cl7DD 
Cl8DD 

n.c. 
0.41 
0.52 
0.53 
0.36 
0.30 
0.14 

1.2 
2.4 
1.5 
1.6 
0.8 
0.4 
0.1 

2,3,7,8-Cl4DF 
1,2,3,7,8-Cl5DF 
2,3,4,7,8-Cl5DF 
1,2,3,4,7,8-Cl6DF 
1,2,3,6,7,8-Cl6DF 
1,2,3,7,8,9-Cl6DF 
2,3,4,6,7,8-Cl6DF 
1,2,3,4,6,7,8-Cl7DF 
1,2,3,4,7,8,9-Cl7DF 
Cl8DF 

0.25 
1.37 
0.67 
0.61 
0.53 
n.c. 
0.26 
0.22 
0.16 
0.09 

3.3 
4.4 
0.8 
0.9 
1.0 
0.1 
0.6 
0.2 
0.1 
0.1 

n. c. not calculated. 
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it can be assumed that a relatively fast equilibrium between the concentration in 
the soil ingested with feed and the concentration in the eggs is reached. The re
sults were confirmed by a second study, which clearly showed that the accumu
lation factors were inversely correlated with the degree of chlorination [11]. 
Table 4 summarizes the egg/soil ratios (mean of samples collected on days 30, 60, 
and 80) reported by Petreas et al. [8], and compares them to the soil-to-egg trans
fer rates determined by Schuler et al. [12]. 

Although there is are several differences between these two studies (i. e., 
Petreas et al. performed laboratory experiments, whereas Schuler et al. con
ducted a field study), common trends can be recognized as follows: Table 4 shows 
that the quotients (egg/soil) decrease by more than one order of magnitude from 
the lower chlorinated to the higher chlorinated congeners. Similar observations 
were reported for the transfer of PCDD/PCDF from feed into dairy milk (see 
Sect. 3.2). 

4 
Concentrations in the Environment, in Foodstuffs and in Humans 

4.1 
Environment 

Many data are available for PCDD/PCDF concentrations in soils, sediments, and 
air. Biomonitors, such as vegetation or cows’ milk, have been successfully applied 
to identify or monitor ambient air concentrations in the neighborhood of po
tential point sources, although a linear correlation between PCDD/PCDF con
centrations in vegetation and air samples cannot be established. Due to public 
concern regarding dioxins and furans, many studies have been aimed at identi
fying potential ‘hotspots’ of contamination. As a result, the overall presentation 
of data is often biased towards contaminated samples and higher concentrations, 
rather than baseline information. 

When evaluating concentrations of PCDD/PCDF in the environment, it should 
be taken into account that some matrices are sensitive to short-term inputs, e. g., 
ambient air or short-lived vegetation, whereas other matrices, such as sediments 
and soils, are relatively insensitive to temporal variation. Further important fac
tors for the interpretation of results are season (e. g., in winter PCDD/PCDF con
centrations in air may be higher by a factor of ten on TEQ basis than in summer), 
length of the sampling or exposure (e. g., few hours vs. weeks), location (e. g., ur
ban vs. rural), the sampling method (e. g., high-volume sampling vs. particulate 
deposition), sampling depth (e. g., surface vs. core), etc. [5]. 

Soils are natural sinks for persistent and lipophilic compounds such as 
PCDD/PCDF, which adsorb to the organic carbon of the soil and, once adsorbed, 
remain relatively immobile. Soil is a typical accumulating matrix with a long 
memory; in other words, dioxin inputs received in the past will remain and, 
due to the very long half-lives of PCDD/PCDF in soils, there is hardly any clear
ance. Soils can receive inputs of environmental pollutants via different path
ways of which the most important are: atmospheric deposition, application of 
sewage sludge or composts, spills, erosion from nearby contaminated areas. Sed
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iments are the ultimate sink for PCDD/PCDF (and other persistent and lipophilic 
organic substances). As with soils, sediment samples are accumulating matrices 
for lipophilic substances and can receive inputs via different pathways: atmos
pheric deposition, industrial and domestic effluents, stormwater, spills, etc. 
Today, PCDD/PCDF can be detected ubiquitously and have been measured in 
the Arctic, where almost no dioxin sources are present. It became clear that the 
lipophilic pollutants, such as PCDD/PCDF, at the North and the South Pole orig
inated from lower (warmer) latitudes. Emission of most PCDD/PCDF from com
bustion sources into the atmosphere occurs in the moderate climate zones; 
PCDD/PCDF then undergo long-range transport towards the North Pole, 
condensing in the cooler zones when the temperatures drop. This process of 
alternating re-volatilization and condensing, also named the “grasshopper 
effect”, can carry pollutants thousands of kilometers in a few days. Thus, the air 
is an important transport medium for PCDD/PCDF. An indirect method of 
determining ambient air concentrations is the use of biomonitors, such as 
vegetation. The outer waxy surfaces of pine needles, kale or grass absorb atmos
pheric lipophilic pollutants and serve as an excellent monitoring system for 
PCDD/PCDF [5]. 

The European Commission has commissioned a project to collect and evalu
ate PCDD/PCDF results from the fifteen Member States in order to have a better 
overview of existing data and to provide a basis for a common policy for these 
substances (EC 1999). In most countries a broad range of PCDD/PCDF concen
trations has been detected in all media. As illustrated in the subsequent Tables for 
all matrices (Table 5 to Table 14) lowest concentrations are always close to the 
limit of determination whereas highest concentrations are more than 1,000-fold 
higher [5]. 

4.1.1 
Soil 

Sampling depth and use patterns play an important role when reporting soil con
centrations. In many sampling programs, agricultural soils are sampled to a 
depth of 30 cm in cases of arable land and 2 –10 cm in cases of pastureland. Con
tained soils are sampled according to their composition in layers (on optical in
spection). Forest soils are usually separated into litter and the various horizons 
of the mineral soil. 

Within the EU Member States, the largest databases existed for PCDD/PCDF 
concentrations in soil. As shown in Table 5 at contaminated locations measured 
concentrations range from several hundred to around 100,000 ng I-TEQ/kg d.m. 
The highest concentrations were found in Finland at sites contaminated with 
wood preservatives and the Netherlands close to a scrap car and scrap wire in
cinerator [5, 13]. 

The EPA Dioxin Reassessment document estimate mean TEQ values for back
ground urban and rural soils to be 13.4 and 4.1 ng I-TEQ/kg of soil, respectively 
[14]. 
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Table 5. Summary of PCDD/PCDF concentrations in soil from EU Member States. Concentra
tions in ng TEQ/kg d.m. [13] 

Any type Forest Pasture Arable Rural Contamin. 

Austria  0.01–64 1.6–14 332 
Belgium 2.7–8.9  2.1–2.7  
Finland 85,000 
Germany 0.1 –42 10 –30 0.004 –30 0.03–25 1 30,000 
Greece 2–45 1,144 
Ireland 0.15 –8.6 4.8 0.8–13 
Italy 0.057–0.12 0.1–43 1.9 –3.1 
Luxembourg 1.8 – 20 6.0 1.4 
The Netherlands 2– 55 2.2 – 17 98,000 
Spain 0.63 –8.4 0.1–8.4 
Sweden 0.11 11,446 
United Kingdom 0.78– 87 0.78 – 20 1,585 

4.1.2 
Sediment 

PCDD/PCDF concentrations in sediments from EU Member States are summa
rized in Table 6. Normally, the ranges are from a few ng TEQ/kg d.m. to ca. 50 ng 
TEQ/kg d.m. However, hotspots were identified in many countries where con
centrations exceed 1,000 ng TEQ/kg d.m.: up to 80,000 ng I-TEQ/kg d.m. were re
ported from Finland, downstream from a wood preservative producing site 
(Table 6) [13]. 

US-EPA conducted a study on sediment cores from 11 U.S. lakes/reservoirs 
[15]. The lakes were located in various geographic locations throughout the 
United States and were selected to represent background conditions (i. e., no 
known PCDD/PCDF sources nearby). Based on the most recently deposited sed
iments, the I-TEQ concentrations ranged from 0.11 ng I-TEQ/kg to 15.6 ng 
I-TEQ/kg with a mean of 5.3 ng I-TEQ/kg (when concentrations below the limit 
of quantification were set to one-half the quantification limit) (Table 7). Chandler 
Lake, an Arctic lake located in North Slope, Alaska, had the lowest concentration, 
and Canandaigua Lake in New York and Santeetlah Reservoir in North Carolina, 
both eastern lakes, had the highest concentrations. 

Table 6. Summary of PCDD/PCDF concentrations in sediments from EU Member States. Con
centrations in ng TEQ/kg d.m. [13] 

Finland Germany Italy Lux. Netherl. Spain Sweden UK 

Background 
Urban 
Contaminated 

0.7 –100 

80,000 

1.2– 19 
12–73 
> 1500 

0.07 –10 
0.5–23 
570 

2.4–16 
1– 10 

4000 
0.2  –57 

0.8 – 207 

1692 
2–123 
7,410 
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Table 7. PCDD/PCDF concentrations in the most recent layer of sediment cores from 11 U.S. 
lakes [15]; ND = 1/2 LOQ 

Lake Conc. (ng I-TEQ/kg d.m.) Range of Dates 

Chandler Lake, AK 0.11 1956– 1993 
Canandaigua Lake, NY 15.0 1981–1991 
Skaneateles Lake, NY 10.1 1984–1991 
Great Sacanaga Reservoir, NY 6.4 1974–1983 
Santeetlah Reservoir, NC 15.6 1974–1983 
Blue Ridge Reservoir, GA 5.6 1973–1983 
Deer Creek Reservoir, UT 1.2 1973–1982 
Echo Lake, UT 0.82 1973–1982 
Panguitch Lake, UT 0.91 1976–1985 
Ozette Lake, WA 1.2 1977–1985 
Beaver Lake, WA 0.98 1974–1985 
Mean 5.3 

4.1.3 
Ambient Air 

Results for air samples were available for only eight countries (Table 8). There are 
three basic approaches to determine the PCDD/PCDF concentrations in air: high-
volume samplers which will collect particle-bound and gas-phase PCDD/PCDF, 
Bergerhoff or similar samplers which will collect dry and wet deposition and bio
monitors such as kale, spruce needles or grass which preferentially absorb the 
gas-phase dioxins and furans. 

Table 8 shows that, once again, the concentrations in ambient air range from 
1 to several hundred fg I-TEQ/m3 and in deposition, a similar range was found 
for the concentrations in pg TEQ/m2 · d. The extremely high concentration of 
14,800 fg I-TEQ/m3 in ambient air was measured in 1992/93 at the Pontyfelin 
House site, in the Panteg area of Pontypool in South Wales, which is very close 
(~150 m) to an industrial waste incinerator [5, 13]. 

Table 8. Summary of air concentrations from EU Member States. Concentrations of ambient 
air samples in fg TEQ/m3 and deposition in pg TEQ/m2 · d [13] 

Ambient Air Deposition 

Unspecified Urban Rural Urban Rural Contaminated 

Austria 
Belgium 
Germany 
Italy 
Luxembourg 
The Netherlands 
Sweden 
United Kingdom 

1.3–587 

1–705 
85 

4–99 

86 –129 

47 –277 
54 – 77 

0.2–54 
17 –103 

70–125 

30 – 64 
9– 63 

6 –12 

0.9– 12 
0.5–464 

0.4–312 

0.7–3.1 

0–517 

6–140 

14,800 
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A one-year sampling of ambient air in Leoben, Austria, was performed from 
November 1999 until October 2000. The results (Fig. 2) show a pronounced sea
sonal trend with the highest PCDD/PCDF concentrations in winter and lower 
concentrations in summer. It can also be seen that the PCB concentrations – ex
pressed as the sum of the six Ballschmiter congeners – show have the maximum 
during summer (7,066 fg/m3 in May 2000; minimum =1,490 fg/m3 in February 
2000). The concentrations of dioxin-like PCB were low and ranged from 3 fg 
WHO-TEQ/m3 in September 2000 to 25.3 fg WHO-TEQ/m3 in January 2000; a 
seasonal trend could not be recognized for these PCB. The annual average was 
194 fg I-TEQ/m3 (minimum =82 fg I-TEQ/m3 in June 2000 and September 2000; 
maximum =490 fg I-TEQ/m3 in January 2000). This mean value is higher than the 
concentrations in other urban areas in Austria, e. g., 80 fg I-TEQ/m3 in Vienna or 
120 fg I-TEQ/m3 in Graz [16]. 

The strong seasonal trends in ambient air were demonstrated in an evaluation 
of the data of the German Dioxin Database, jointly maintained by the Federal En
vironment Agency (Umweltbundesamt = UBA) and the Federal Institute for Con
sumer Protection (Bundesinstitut für gesundheitlichen Verbraucherschutz und 
Veterinärmedizin =bgvv). The monthly averages from 847 samples collected be
tween April 1989 and March 1999 at sites without special impact from nearby 
point sources are shown in Fig. 3 (seven outliers, which had concentrations above 
250 fg I-TEQ/m3 were not included). As can be seen, strong seasonal trends have 
been observed with a variation of the monthly means by a factor of 7 – 30 and 
semi-annual means by a factor of 2 –5. Further, a downward trend was observed: 
the winter maxima of 1998/99 were about half of the winter maxima of the year 
1989/90 [17]. 

The median, minimum, maximum and 90th percentiles of these 847 samples 
show that highest concentrations were found in urban and agglomeration areas 

Fig. 2. PCDD/PCDF (in fg I-TEQ/m3 and WHO-TEQ/m3) and PCB (in fg WHO-TEQ/m3 and for 
the sum of the 6 Ballschmiter PCB) in ambient air around a sinter plant in Austria [16] 
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Fig. 3. PCDD/PCDF (fg I-TEQ/m3) in ambient air – monthly means from 847 samples collected 
in Germany between April 1989 and March 1999 [17] 

Fig. 4. PCDD/PCDF (fg I-TEQ/m3) in ambient air – median, minimum, maximum and 90th per
centiles from 847 samples collected in Germany between April 1989 and March 1999 [17] 
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in winter (90th p =130 – 160 fg I-TEQ/m3, median = 50 fg I-TEQ/m3), whereas the 
concentrations in rural areas in winter and at all locations in summer were very 
similar (90th p = 50 fg I-TEQ/m3; median =20 fg I-TEQ/m3) (Fig. 4). 

Many countries have utilized vegetation to monitor ambient air concentra
tions. The use of these biomonitors was found useful for both routine programs 
on a long-term basis or to identify potential hotspots around potential point 
sources. The use of kale was successfully implemented around a steel producing 
plant in Luxembourg where mean concentrations up to 10 ng I-TEQ/kg d.m. were 
detected; in Germany 12.6 ng I-TEQ/kg d.m. were determined close to combus
tion sources. In Austria, spruce needles are utilized as biomonitors: the back
ground concentrations were in a very narrow range between 0.3 and 1.9 ng 
I-TEQ/kg d.m. Normally, baseline concentrations were around 0.5 ng I-TEQ/kg 
d.m. in rural areas and around 1 – 1.7 ng I-TEQ/kg d.m. in urban areas. Studies 
from Bavaria and Hesse in Germany reported that mean PCDD/PCDF concen
trations in pine needle ranged from 0.53 to 1.64 pg I-TEQ/g d.m. However, in the 
neighborhood of the Brixlegg copper reclamation plant between 51 and 86 ng 
I-TEQ/kg were determined. In Welsh Rye grass, which is typically exposed for 
four weeks during the summer, concentrations normally are between 0.5 and 1 ng 
I-TEQ/kg d.m. [5]. 

Atmospheric concentrations have been determined by parallel sampling in 
Mississippi when in winter 1995/96 (December 95/January 96) and in summer 
1996 (June/July 1996) ambient air samples were taken with the a high-volume 
sampler (glass-fiber filter + PUF), deposition samples were taken according to 
the Bergerhoff method, and pine needles were collected and analyzed (Fiedler 
et al. 1997). The sampling sites represented rural areas in the southern United 
States; the concentrations at both sampling sites were comparable. The concen
trations of PCDD/PCDF, expressed as I-TEQ and as SPCDD/PCDF (not shown 
in Table 9) were by a factor of approximately 3 higher in winter than in summer. 
In the deposition samples (Table 10), the winter exposure was approximately 
4-times higher than in summer in both counties. The results for the pine need-

Table 9. PCDD/PCDF in ambient air and in deposition samples from Mississippi [18] 

Location – Week I-TEQ (fg/m3) I-TEQ (pg/m2) 

Winter Summer Winter Summer 

Lamar Co. – 1 17 6.1 3.1 0.42 
Lamar Co. – 2 12 5.1 
Lamar Co. – 3 13 2.6 
Lamar Co. – 4 6.0 a 

George Co. – 1 5.6 2.6 2.0 0.73 
George Co. – 2 13 a 

George Co. – 3 15 2.3 
George Co. – 4 7.0 a 

Mean 10.4 3.7 2.6 0.58 

a 1/2 the LOQ for non-quantifiable congeners was used to calculate the I-TEQ. 
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Table 10. PCDD/PCDF in pine needle samples from Mississippi [18] 

Location Shoot Exposure Time (months) I-TEQ (ng/kg d.m.) 

Lamar Co. 1995 9 0.29 
George Co. 1995 9 0.23 
Mean 9 0.26 

Lamar Co. 1994 21 0.56 
George Co. 1994 21 0.40 
Mean 21 0.48 

Lamar Co. 1995 15 0.55 
George Co. 1995 15 0.79 
Mean 15 0.67 

Lamar Co. 1996 3 0.30 
George Co. 1996 3 0.16 
Mean 3 0.23 

a 1/2 the LOQ for non-quantifiable congeners was used to calculate the I-TEQ. 

Table 11. PCDD/PCDF concentrations in spruce needles from Bavaria (ng I-TEQ/kg d.m.) [19] 

n Fall 92 Spring 93 Fall 93 Spring 94 Fall 95 Spring 96 Fall 97 Spring 98 
26 26 15 15 20 20 21 20 

Min 0.18 0.27 0.14 0.18 0.14 0.52 0.12 0.24 
Max 1.2 3.45 1.1 1.33 1.53 1.91 0.52 0.65 
Median 0.53 1.12 0.5 0.74 0.56 1.01 0.31 0.46 

les (Table 10) showed the trend towards higher concentrations with in
creasing exposure times; however, a linear correlation could not be establish
ed [18]. 

The German dioxin database also contains 163 results from spruce needle 
monitoring performed in the State of Bavaria between 1992 and 1998. Samples 
have been taken in the fall and in the spring of the following year. This means that 
the needles collected in spring had a month longer exposure time compared to 
the needles collected in fall. Table 11 shows the minimum, maximum and median 
concentrations of for the various seasons. The concentrations range from 0.12 ng 
I-TEQ/kg d.m. to 3.45 ng I-TEQ/kg d.m. with a mean concentration of 0.67 ng 
I-TEQ/kg d.m. for all samples. It can be seen that the concentrations in spring are 
always higher than in the preceding fall [17]. 

In an extensive biomonitoring program in Hesse (Germany) in the year 
1992/93, spruce trees and kale have been exposed in standardized soil at 24 mon
itoring stations; in addition, a special program was performed at Frankfurt 
Rhein-Main airport. At four of these stations, the local soil has been used to grow 
the plants. PCDD/PCDF concentrations in these soils were between 1.4 and 
23.9 ng I-TEQ/kg d.m. For each matrix, two “clean” exposures have been included 
in the program for comparison: an open-top chamber and a background station 
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Table 12. PCDD/PCDF concentrations in spruce needles and kale in Hesse (ng I-TEQ/kg d.m.) 
[13] 

Station Min Max Mean Median Background Open-top 
station chamber 

Stations 1 – 24 (standardized soil) (n =24) 

Spruce 1.02 2.5 1.72 1.71 2.14 1.25 
Kale 0.59 1.51 0.91 0.91 2.44 0.89 

Stations 2 a,9 a, 15 a, 17 a using local soil (n =4) 

Spruce 1.45 2.67 2.09 1.83 
Kale 0.67 0.96 0.85 0.88 

Table 13. PCDD/PCDF concentrations in kale at Frankfurt Rhein-Main airport (n = 10)  [13] 

Minimum Maximum Mean Median 

PCDD/PCDF (ng I-TEQ/kg) 0.64 1.47 0.95 0.92 
PCB (#52, 101, 105, 138, 153,180) (mg/kg) 3.04 43.99 4.57 a 4.61 a 

PCB (3– 10 Cl) (mg/kg) 8.07 120.28 11.90 a 11.99 a 

a Without maximum concentration at sampling station FAG 7. 

with no known dioxin source nearby. The results are shown in Table 12 and 
Table 13. 

The concentrations in spruce needles and kale in Hesse are comparable with 
concentrations typically found in industrially impacted areas in Germany in the 
early 1990s. The program at the Frankfurt airport did not give higher concen
trations of PCDD/PCDF indicating that the air traffic did not have an impact on 
the PCDD/PCDF concentrations. But extremely high concentrations of PCB were 
found in one sample at a station close to the terminal. This result is an indicator 
that PCB-containing equipment was still in use at the end of 1992 [20]. 

4.1.4 
Biomonitors 

Fish and shellfish were frequently used as biomonitors for the aquatic environ
ment. As can be seen from Table 14, fish are highly bioaccumulative for PCDD/ 
PCDF so that several hundred pg TEQ/g fat were detected in these animals. These 
concentrations are much higher than those found in terrestrial animals, such as 
cattle, pig, or chicken. 

Top-predators like sea eagles or guillemots also showed high concentrations 
of PCDD/PCDF: as an example in Finland, 830 to 66,000 pg TEQ/g fat were found 
in white-tailed sea eagles. The Swedish Dioxin Database reported a wide range of 
dioxin concentrations in the blubber of ringed seal: 6.3 to 217 pg TEQ/g fresh 
weight [5]. 
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Table 14. Summary of fish concentrations from EU Member States. Concentrations in pg TEQ/g 
fat [13] 

Finland Germany Sweden United Kingdom 

Concentration 75 – 200 40– 51 9.1 –420 16– 700 

Table 15. Summary of sewage sludge concentrations from EU Member States (ng TEQ/kg d.m.) 
[13] 

Country Austria Denmark Germany Spain Sweden UK 

Range 8.1–38 0.7– 55 0.7– 1,207 64 0.02 –115 9–192 
Average 13.1 9.1 20– 40 20 

4.1.5 
Sewage Sludge 

In Austria and Germany, sewage sludge for application in agriculture has to be 
analyzed for PCDD/PCDF and comply with legal limit values. Both countries have 
established a maximum permissible concentration of 100 ng I-TEQ per kg dry 
matter for sewage sludge applied to agricultural land. Additional data were avail
able from Denmark, Spain, and the UK. As can be seen from Table 15, in general, 
the concentrations ranged from below 1 ng I-TEQ/kg d.m. to around 200 ng 
I-TEQ/kg d.m, with levels in Germany reaching over 1,000 ng TEQ/kg d.m. 
Average concentrations of PCDD/PCDF in sewage sludge are quite similar for 
each country, lying between 10 and 40 ng I-TEQ/ kg d.m. These findings indicate 
that similar sources are responsible for the contamination in sludges from 
industrialized countries. Results, mainly from Germany and Sweden, revealed 
that “normal” effluents from households, especially from washing machines, 
could explain these results. Additional inputs can originate from dishwashers 
but also run-off from streets and from roofs. Industrial inputs, where untreated 
effluents enter the municipal sewer systems, can cause very high contamination 
in sewage sludges and, in such cases, more than 1,000 ng I-TEQ/kg d.m. have been 
detected [5]. 

4.2 
Human Exposure and Levels in Humans 

4.2.1 
Feedstuffs and Foods 

Human exposure to background contamination with PCDD/PCDF is possible via 
several routes: 

– Inhalation of air and intake of particles from air, 
– Ingestion of contaminated soil, 
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– Dermal absorption, 
– Food consumption. 

In 1990, a WHO working group concluded that 90% of the daily dioxin intake 
(from background contamination) results from ingestion. Especially, foodstuffs 
of animal origin are responsible for the daily intake of approximately 2 pg 
TEQ/(kg bw · d). All other foodstuffs, especially the “non-fatty” ones, are of minor 
importance in terms of PCDD/PCDF intake. They are either of plant origin or do 
not have a high potential for bioaccumulation of lipophilic compounds. Due to 
many measures to reduce emissions of PCDD/PCDF into the environment, re
duction of PCDD/PCDF contamination in food was observed. As a consequence, 
the daily intake via food decreased. Whereas in Germany in 1991, the average 
daily intake was 127.3 pg TEQ/d, the present daily intake for an average German 
adult is estimated to 69.6 pg TEQ/d. The strongest decline was observed for fish. 
In 1991, fish contributed for ca. 30 % of the daily intake (same percentage as for 
dairy and meat products): today only 10% of the daily intake is due to fish. 

In 2001, the EU conducted a scientific assessment of PCDD/PCDF in food. A 
summary of the evaluation is presented in Table 16 [21]. 

4.2.2 
Results from Individual Studies 

The UK Total Diet Study (TDS) provides information on dietary exposures of the 
general UK population to PCDD/PCDF. It covers a total of 121 categories of food 
and drink, which are assigned to one of twenty broad food groups. Besides pro
viding concentrations of PCDD/PCDF in food, it also allows one to determine 

Table 16. Summary of EU food data – means and 99% Confidence Intervals (CI). Concentra
tions in I-TEQ. Animal food data are on fat basis; others are on fresh weight basis [21] 

Food group Mean CI (99%) Range 

Cereals and cereal products 0.019 0.004–0.081 0.010–0.020 
Eggs 1.19 0.895–1.57 0.460– 7.32 
Fish and fish products 9.80 6.57 – 14.6 0.125–225 
Wild fish (marine, freshwater; 9.92 6.34 – 16.2 0.125–225 
and some farmed salmon) 
Freshwater fish (culture) 8.84 5.54 –14.1 2.33 –27.9 
Fruit and vegetables 0.029 0.014 –0.063 0.004–0.090 
Meat and meat products 0.525 0.387–0.712 0.130– 3.80 
Poultry 0.524 0.355–0.774 0.370– 1.40 
Beef and veal 0.681 0.499–0.929 0.380– 1.10 
Pork 0.258 0.174–0.381 0.130– 3.80 
Game 1.81 0.403–8.15 0.970–1.97 
Others: liver 2.27 1.12 –4.59 0.950– 3.29 
Mixed meat 0.540 0.043–6.76 0.270–0.760 
Milk and milk products 0.882 0.720–1.08 0.260–3.57 
Milk as such 0.972 0.749–1.26 0.260– 3.57 
Others 0.612 0.555– 0.675 0.300–1.50 
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Table 17. Summary of estimated upper bound mean dietary exposures of all age groups to diox
ins and dioxin-like PCBs in 1982, 1992 and 1997 (pg WHO-TEQ/kg bw · d) [22] 

Age Group Estimated mean dietary exposure (pg WHO-TEQ/kg bw · day) 
1982 1992 1997 

PCDD/ PCB PCDD/ PCDD/ PCB PCDD/ PCDD/ PCB PCDD/ 
PCDF PCDF+ PCDF PCDF+ PCDF PCDF+ 

PCB PCB PCB 

Toddlers (age): 
1.5–2.5 15 7.9 23 5.0 2.6 7.5 2.6 2.6 5.1 
2.5–3.5 12 6.6 19 4.2 2.1 6.3 2.3 2.2 4.4 
3.5–4.5 (boys) 11 5.9 17 3.7 1.9 5.6 2.1 1.9 4.0 
3.5–4.5 (girls) 11 5.8 17 3.7 1.9 5.6 2.1 1.9 4.0 

Schoolchildren 5.6 3.0 8.6 2.0 1.0 3.0 1.2 1.0 2.2 

Adults 4.6 2.6 7.2 1.6 0.9 2.5 0.9 0.9 1.8 

Population average 4.7 2.7 7.5 1.5 0.9 2.4 1.0 0.8 1.7 

Table 18. Summary of estimated upper bound high level dietary exposure of all age groups to 
dioxins and dioxin-like PCBs in 1982, 1992 and 1997 (pg WHO-TEQ/kg bw · d) [22] 

Age group Estimated high level dietary exposure (pg WHO-TEQ/kg bw · d) 
1982 1992 1997 

PCDD/ PCB PCDD/ PCDD/ PCB PCDD/ PCDD/ PCB PCDD/ 
PCDF PCDF+ PCDF PCDF+ PCDF PCDF+ 

PCB PCB PCB 

Toddlers (age): 
1.5–2.5 34 16 49 8.9 5.0 14 5.2 4.9 10 
2.5–3.5 27 14 41 7.5 4.0 11 4.3 4.1 8.4 
3.5–4.5 (boys) 22 11 33 6.0 3.3 9.2 3.6 3.4 6.9 
3.5–4.5 (girls) 24 11 34 6.6 3.2 9.6 3.8 3.4 7.2 

Schoolchildren 10 5.2 15 3.2 1.6 4.7 1.9 1.7 3.5 

Adults 8.3 4.6 13 2.8 1.6 4.3 1.6 1.6 3.1 

age-dependent exposures. The most recent study showed that, for the reference 
year 1997, the estimated average and high level dietary exposures of adults and 
schoolchildren via the total diet in 1997 were within the recommended WHO TDI 
of 1 – 4 pg TEQ/kg bw/day, but that toddlers are all at or above the upper end of 
the range (28% above for the average toddler and 2-fold exceedance for high-
level toddlers). The TDI also showed that exposures for all age groups have de
clined substantially since 1982 (Table 17 and Table 18) [22]. 

Santillo et al. analyzed butter samples randomly collected from 24 countries; 
results are given for WHO- and I-TEQ including the data for mono-ortho-sub
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Table 19. PCDD/PCDF and dioxin-like PCB in butter from countries [23] 

Country WHO-TEQ I-TEQ 
PCDD/PCDF 

PCDD/PCDF Mono-o-PCB co-PCB S TEQ 

Philippines 0.11 0.01 0.06 0.18 0.11 
New Zealand 0.06 0.07 0.06 0.19 0.05 
South Africa 0.21 0.17 0.08 0.46 0.17 
USA (G. Lakes) 0.27 0.13 0.08 0.48 0.22 
Thailand 0.22 0.21 0.11 0.54 0.19 
Japan 0.40 0.20 0.09 0.69 0.34 
Canada 0.35 0.21 0.14 0.70 0.28 
Brazil 0.28 0.39 0.10 0.77 0.23 
Mexico 0.50 0.21 0.09 0.80 0.43 
Australia 0.56 0.19 0.09 0.84 0.44 
USA (East Coast) 0.54 0.23 0.11 0.88 0.45 
Sweden 0.20 0.51 0.22 0.93 0.18 
Denmark 0.52 0.37 0.16 1.05 0.44 
UK 0.75 0.35 0.15 1.25 0.57 
Israel 0.50 0.49 0.26 1.25 0.43 
Argentina 0.36 0.92 0.21 1.49 0.31 
Austria 0.55 0.99 0.22 1.76 0.45 
China 1.01 0.65 0.13 1.79 0.90 
India 0.79 1.01 0.25 2.05 0.69 
Germany 0.58 1.51 0.28 2.37 0.51 
Italy 1.03 1.14 0.26 2.43 0.87 
Netherlands 1.46 0.85 0.39 2.70 1.25 
Czech Republic 0.66 1.80 0.46 2.92 0.59 
Tunisia 0.91 2.58 0.28 3.77 0.75 
Spain 4.80 0.74 0.17 5.71 4.61 

Mean – this study 0.70 0.64 0.18 1.52 0.62 
Median – this study 0.52 0.39 0.15 1.05 0.44 

5 Germany 1998: 1.18– 1.67 1.00 –1.41 
range, 4 samples 

Netherlands 1998 – 2.29 1.97 
single sample 

Spain 1998: 1.09 
mean of 8 brands 

Germany 1993 –1996, 0.74 0.64 
mean, 222 samples 

stituted and coplanar PCB (Table 19) [23]. The median of this survey was 0.51 pg 
WHO-TEQ for PCDD/PCDF only and 1.02 pg WHO-TEQ for the 28 dioxin-like 
PCDD/PCDF/PCB. Whereas the share from the coplanar and mono-ortho
substituted PCB in median was approximately 50%, the share varies from coun
try to country; e. g., whereas in Sweden and the Czech Republic the share of 
PCDD/PCDF to the WHO-TEQ is “only” 22 % or 23 %, respectively, the 
PCDD/PCDF play a major role in countries such as Mexico (63%), Australia 
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Fig. 5. Concentrations of PCDD/PCDF (pg I-TEQ/g fat) in breast milk from mothers in Ger
many, years 1985 –1998 (n=2438) [25] 

(67%), USA-East coast (61 %), and United Kingdom (60%). The unusually high 
concentration for the Spanish samples would give a share of 84% for the 
PCDD/PCDF. 

4.2.3 
Humans 

The PCDD/PCDF pattern in humans may yield information as to different 
sources. Also, people from certain geographic regions may have specific patterns 
because of predominant exposures from different sources, e. g., Europeans have 
higher 2,3,4,7,8-Cl5DF concentrations compared to U.S. residents [24]. 

Breast milk is a frequently used monitor for human exposure and trends of 
PCDD/PCDF concentrations have been established in several countries (see 
chapters by Päpke and Fürst, this volume). In cooperation with the German Län
der, the Federal Institute for Health Protection and of Consumers and Veterinary 
Medicine (bgvv) has established a database to compile results for organochlorine 
pesticides, PCB, and PCDD/PCDF. The annual means obtained from a total of 
2,438 samples during the year 1985 – 1998 are shown in Fig. 5. It can be seen that 
the mean concentrations dropped by approximately 60% during ten years from 
ca. 30 pg I-TEQ/g fat to 12.9 pg I-TEQ/g fat [25]. 

5 
Toxicity of PCDD/PCDF 

First risk assessments only focused on the most toxic congener, the 2,3,7,8-tetra
chlorodibenzo-p-dioxin (2,3,7,8-Cl4DD=2,3,7,8-TCDD). Soon it was recog
nized, though, that all PCDD/PCDF substituted at least in position 2, 3, 7, or 8 are 
highly toxic and thus, major contributors to the overall toxicity of the dioxin mix
ture. In addition, despite the complex composition of many PCDD/PCDF con
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taining “sources”, only congeners with substitutions in the lateral positions of the 
aromatic ring, namely the carbon atoms 2, 3, 7, and 8, persist in the environment 
and accumulate in food-chains. 

5.1 
Toxicity 

PCDD and PCDF produce a spectrum of toxic effects in animals; however, most 
information is available on 2,3,7,8-Cl4DD only. Most toxicity data on 2,3,7,8
Cl4DD result from high-dose oral exposures to animals. There is a wide range of 
difference in sensitivity to PCDD lethality in animals. The signs and symptoms 
of poisoning with chemicals contaminated with Cl4DD in humans are similar to 
those observed in animals. Dioxin exposures to humans are associated with an 
increased risk of severe skin lesions (chloracne and hyperpigmentation), altered 
liver function and lipid metabolism, general weakness associated with drastic 
weight loss, changes in activity of various liver enzymes, depression of the im
mune system, and endocrine and nervous system abnormalities. 2,3,7,8-Cl4DD is 
a potent teratogenic and fetotoxic chemical in animals and a potent promoter in 
rat liver carcinogenesis. 2,3,7,8-Cl4DD also causes cancers of the liver and other 
organs in animals (see below). 

5.1.1 
Mode of Action 

The toxicity of 2,3,7,8-Cl4DD segregates with the cytosolic aryl (aromatic) hy
drocarbon receptor (AhR), and the relative toxicities of other PCDD and PCDF 
congeners are associated with their ability to bind to the receptor, which oc
curs in all rodent and human tissues. The AhR binding affinities of 2,3,7,8
Cl4DF, 1,2,3,7,8- and 2,3,4,7,8-Cl5DF are in the same order of magnitude as 
that observed for 2,3,7,8-Cl4DD. PCDDs with at least three lateral chlorine atoms 
bind with some affinity to the AhR. Current evidence is that most, if not all, 
biological effects of 2,3,7,8-Cl4DD and other PCDDs arise from an initial high 
affinity interaction with the AhR and it appears that the biochemical and toxi
cological consequences of PCDF exposure are the result of a similar mode of 
action. 

It is generally believed that the toxic effects of 2,3,7,8-substituted PCDD and 
2,3,7,8-substituted PCDF exhibit the same pattern of toxicity. The toxic responses 
are initiated at the cellular level, by the binding of PCDD/PCDF to a specific pro
tein in the cytoplasm of the body cells, the aryl hydrocarbon receptor (AhR). 
2,3,7,8-substituted PCDD/PCDF bind to the Ah receptor and induce CYP1A1 
(cytochrome P450 1A1) and CYP1A2 (cytochrome P450 1A1) gene expression. 
The binding to the Ah receptor constitutes a first and necessary step to initiate 
the toxic and biochemical effects dioxins, although it is not sufficient alone to 
explain the full toxic effects. This mechanism of action of 2,3,7,8-Cl4DD parallels 
in many ways that of the steroid hormones, which have a broad spectrum of ef
fects throughout the body and where the effects are caused primarily by the 
parent compound. However, TCDD and steroid hormone receptors (e. g., estro
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gen, androgen, glucocorticoid, thyroid hormone, vitamin D3, and retinoic acid re
ceptors) do not belong to the same family. Ah-receptor-binding affinities of 
2,3,7,8-Cl4DF, 1,2,3,7,8- and 2,3,4,7,8-Cl5DF are of the same order of magnitude 
as that observed for 2,3,7,8-TCDD. With increasing chlorination, receptor-bind
ing affinity decreases. The induction of the cytochrome P450 1A1 enzyme is fre
quently used as a convenient biomarker for PCDD/PCDF and other dioxin-like 
compounds. 

Carcinogenicity 

A Working Group for IARC (International Agency for Research on Cancer, Lyon, 
France) classified 2,3,7,8-tetrachlorodibenzo-p-dioxin (2,3,7,8-Cl4DD or 2,3,7,8
TCDD) as a multi-site carcinogen in animals as well as in humans [26]. 

For the classification of carcinogenicity in humans, the most important epi
demiological studies for the evaluation of 2,3,7,8-Cl4DD are four cohort studies 
of herbicide manufacturers (one each in the United States and the Netherlands, 
two in Germany) and for the cohort of residents from Seveso, Italy. 

The relative risk for all cancers combined in the most highly exposed and 
longer-latency sub-cohorts is 1.4. In these cohorts, the blood lipid 2,3,7,8-Cl4DD 
levels estimated to the last time of exposure were 2,000 ng/kg (mean) (up to 
32,000 ng/kg) in the United States cohort, of-the-art 434 ng/kg geometric mean 
(range, 301 – 3,683 ng/kg) among accident workers in the Dutch cohort, of-the-art 
008 ng/kg geometric mean in the group of workers with severe chloracne in the 
BASF accident cohort in Germany and measurements up to 2,252 ng/kg in the 
Boehringer cohort in Germany. These calculated blood 2,3,7,8-Cl4DD levels in 
workers at time of exposure were in the same range as the estimated blood lev
els in a two-year rat carcinogenicity study. 

These studies involve the highest exposures to 2,3,7,8-Cl4DD. Although better 
known, the exposures at Seveso were lower and the follow-up shorter than those 
in the industrial settings. Most of the four industrial cohorts include analyses of 
sub-cohorts considered to have the highest exposure and/or longest latency. 
Overall, the strongest evidence for the carcinogenicity of 2,3,7,8-Cl4DD was for 
all cancers combined, rather than for any specific site and for more than one year 
exposure and with a 20 year latency period. On the basis of these studies, IARC 
concluded that there is limited evidence in humans for the carcinogenicity of 
2,3,7,8-Cl4DD. There was inadequate evidence in humans for the carcinogenicity 
of PCDD other than 2,3,7,8-Cl4DD. 

For PCDF, two incidents, each involving about 2,000 cases occurred in which 
people were exposed to sufficient PCB and PCDF to produce symptoms (Yucheng 
and Yusho accidents). Fatal liver disease was 2 – 3 times more frequent than na
tional rates in both cohorts. In the Yusho cohort from Japan, after 22 years, there 
was a three-fold excess of liver cancer mortality in men, which was already de
tectable and even higher at 15 years of follow-up. In the Yucheng cohort, Taiwan, 
after 12 years of follow-up, there was no excess of liver cancer mortality. Based 
upon these data, IARC concluded that there was inadequate evidence in humans 
for the carcinogenicity of PCDF. 
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2,3,7,8-Cl4DD causes liver tumors in animals at lower concentrations than any 
other man-made chemical. Dioxins and furans are not genotoxic (i. e., do not ini
tiate cancer development), but 2,3,7,8-Cl4DD and other PCDD and PCDF are 
strong promoters of tumor development. 2,3,7,8-Cl4DD interferes with several 
functions that probably influence the tumor promotion process, such as growth 
factors, hormone systems, oxidative damage, intercellular communication, cell 
proliferation (division and growth), apoptosis (cell death), immune surveillance, 
and cytotoxicity (cellular toxicity). 

In laboratory animals, male and female rats and mice constantly showed an in
crease in the incidence of liver tumors after administration of 2,3,7,8-Cl4DD. In 
rats exposed to 100 ng/kg bw 2,3,7,8-Cl4DD per day, hepatocellular carcinomas 
and squamous-cell carcinomas of the lung were observed. Estimated blood lev
els were 5,000 – 10,000 ng/kg 2,3,7,8-Cl4DD. In addition, tumors were increased at 
several other sites in rats, mice and Syrian hamsters, but these effects were de
pendent upon the species, sex, and route of administration of 2,3,7,8-Cl4DD. Al
though the doses resulting in increased tumor incidence in rodents are extremely 
low, they are very close to doses that are toxic in the same species. These data led 
to the conclusion that there is sufficient evidence in experimental animals for the 
carcinogenicity of 2,3,7,8-Cl4DD. Further, evaluation of much smaller databases 
led to the conclusion that there is limited evidence in experimental animals for 
the carcinogenicity of a mixture of 1,2,3,6,7,8- and 1,2,3,7,8,9-Cl6DD and that 
there was inadequate evidence for the carcinogenicity in experimental animals 
of 2,7-Cl2DD, 1,2,3,7,8-Cl5DD and 1,2,3,4,6,7,8-Cl6DD [26]. 

There are no long-term carcinogenicity studies on PCDF, but some tumor pro
motion studies were evaluated in which rats and mice were exposed to some of 
the congeners following short duration exposure to known carcinogens. IARC 
concluded that there is inadequate evidence in experimental animals for the car
cinogenicity of 2,3,7,8-Cl4DF, but there is limited evidence in experimental ani
mals for the carcinogenicity of 2,3,4,7,8-Cl5DF and 1,2,3,4,7,8-Cl6DD. 

The limited carcinogenicity data available for congeners other than 2,3,7,8
Cl4DD indicate that carcinogenic potency is also proportional to AhR affinity. 
Based on this evidence, all PCDD and PCDF are concluded to act through a sim
ilar mechanism and require an initial binding to the AhR. Binding of 2,3,7,8
Cl4DD to the AhR results in transcriptional activation of a battery of 2,3,7,8
Cl4DD-responsive genes, but currently no responsive gene has been proven to 
have a definitive role in its mechanism of carcinogenesis. 

Taking all of the evidence into consideration, the following evaluations were 
made by IARC in 1997 [26]: 

–	 2,3,7,8-Tetrachlorodibenzo-p-dioxin (2,3,7,8-Cl4DD) is carcinogenic to hu
mans (Group 1). 

– Other  polychlorinated  dibenzo-p-dioxins are not classifiable as to their car
cinogenicity to humans (Group 3). 

– Dibenzo-p-dioxin is not classifiable as to its carcinogenicity to humans 
(Group 3). 

–	 Polychlorinated dibenzofurans are not classifiable as to their carcinogenicity 
to humans (Group 3). 



   

  
 

   
 

   

   
 

    

  
 

     

 
  

 
 

  
 

  
 

  
  

   

  
   

  

 

  
  

149 Dioxins and Furans (PCDD/PCDF) 

In its recent Dioxin Reassessment, US-EPA basically follows the IARC classi
fications and concludes that “under EPA’s current approach, TCDD is best char
acterized as a “human carcinogen.” [27]. 

In view of the results mentioned above, it should be noted that the present 
background levels of 2,3,7,8-Cl4DD in human populations (2 – 3 ng/kg) are 100
to 1,000-times lower than those observed in this rat carcinogenicity study. Eval
uation of the relationship between the magnitude of the exposure in experi
mental systems and the magnitude of the response (i. e., dose-response relation
ships) does not permit conclusions to be drawn on the human health risks from 
background exposures to 2,3,7,8-Cl4DD [26]. 

5.1.3 
Toxic Effects in Humans Other than Carcinogenicity 

In humans, effects associated with exposure to dioxins are mainly observed in ac
cidental and occupational exposure situations. There is a number of cohorts with 
high exposure to PCDD/PCDF (and PCB), e. g., NIOSH (National Institute of Oc
cupational Health and Safety, USA) and Boehringer occupational studies, veter
ans of Operation Ranch Hand in Vietnam, residents of Seveso, etc. Seveso resi
dents had high levels of 2,3,7,8-Cl4DD and one effect that has been observed 
recently were that significantly more girls were born than boys (change in nor
mal sex ratio). Although the number of births was relatively few for seven years 
post-exposure, the sex ratio is altered; other sites, e. g., Ufa in Russia, have been 
examined for the effect of 2,3,7,8-Cl4DD exposures on sex ratio with mixed re
sults, but with smaller numbers of offspring [27]. 

Other toxic effects include an increased prevalence of diabetes (Ranch Hands 
cohort) and increased mortality due to diabetes and cardiovascular diseases have 
been reported. In children exposed to PCDD/PCDF and/or PCB in the womb, ef
fects on neurodevelopment and neurobehavior (object learning) and effects on 
thyroid hormone status have been observed at exposures at or near background 
levels. At higher exposures, children exposed transplacentally to PCDD/PCDF 
and PCB show skin defects, developmental delays, low birth-weight, behavior dis
orders, decrease in penile length at puberty, reduced height among girls at pu
berty and hearing loss. It is not totally clear to what extent dioxin-like compounds 
are responsible for these effects, when considering the complex chemical mix
tures to which human individuals are exposed. However, it has been recognized 
that subtle effects might already be occurring in the general population in de
veloped countries, at current background levels of exposure to dioxins and 
dioxin-like compounds and, due to the high persistence of the dioxin-like com
pounds, the concentrations in the environment, as well as in food, will only de
crease slowly. 

For humans, chronic effects are of greater concern than acute toxicity. 
Amongst the most sensitive endpoints are reproductive, developmental, im
munotoxic and neurotoxic effects. 

From these results obtained in high-exposure groups, it seems unlikely that 
clinically observable health effects will be found in the general adult population 
[24]. 
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Toxic Effects in Laboratory Animals Other than Carcinogenicity 

The extraordinary potency of 2,3,7,8-Cl4DD (tetrachlorodibenzo-p-dioxin) and 
related 2,3,7,8-substituted PCDD and PCDF has been demonstrated in many an
imal species. They elicit a broad spectrum of responses in experimental animals 
such as: liver damage (hepatoxicity); suppression of the immune system (im
munotoxicity); formation and development of cancers (carcinogenesis); abnor
malities in fetal development (teratogenicity); developmental and reproductive 
toxicity; skin defects (dermal toxicity); diverse effects on hormones and growth 
factors; and induction of metabolizing enzyme activities (which increases the 
risk of metabolizing precursor chemicals to produce others which are more bi
ologically active). 

In all mammalian species tested so far, lethal doses of 2,3,7,8-Cl4DD result in 
delayed death preceded by excessive body weight loss (“wasting”). Other signs of 
2,3,7,8-Cl4DD intoxication include thymic atrophy, hypertrophy/hyperplasia of 
hepatic, gastrointestinal, urogenital and cutaneous epithelia, atrophy of the go
nads, subcutaneous oedema and systemic hemorrhage. The lethal dose of 2,3,7,8
Cl4DD varies more than 5,000-fold between the guinea-pig (LD50 =1 mg/kg bw), 
the most sensitive, and the hamster, the least sensitive species. 

In tissue culture, 2,3,7,8-Cl4DD affects growth and differentiation of ker
atinocytes, hepatocytes and cells derived from other target organs. Toxicity of 
2,3,7,8-Cl4DD segregates with the Ah receptor, and relative toxicity of other 
PCDD congeners is associated with their ability to bind to this receptor. PCDD 
cause suppression of both cell-mediated and humoral immunity in several 
species at low doses. PCDD have the potential to suppress resistance to bacterial, 
viral and parasitic challenges in mice. 

Kinetics: In most vertebrate species, the 2,3,7,8-substituted PCDD and PCDF 
congeners are predominantly retained, in other words, if chlorine atoms are pre
sent on all 2, 3, 7, and 8 positions; the biotransformation rate of PCDD/PCDF is 
strongly reduced, resulting in significant bioaccumulation. In most species the 
liver and adipose tissue are the major storage sites. Although the parent 
PCDD/PCDF congeners cause the biological effects, biotransformation to more 
polar metabolites should be considered to be a detoxification process. Oxidation 
by cytochrome P450 primarily occurs at the 4 and 6 positions in the molecule and 
the presence of chlorine atoms at these positions reduces metabolism more than 
substitution at the 1 and 9 positions. The half-lives of especially the PCDF in hu
mans are much longer than those in experimental animals. 

2,3,7,8-Cl4DD is both a developmental and reproductive toxicant in experi
mental animals. The developing embryo/fetus appears to display enhanced sen
sitivity to the adverse effects. Whereas perturbations of the reproductive system 
in adult animals require high toxic doses, effects on the developing organism oc
cur at doses >100-times lower that those required in the mother. Sensitive targets 
include the developing reproductive, nervous and immune systems. Perturbation 
of multiple hormonal systems and their metabolism due to PCDD exposure may 
play a role in these events. 
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6 
Risk Assessment and Risk Management 

6.1 
Risk Assessment and the TEF Approach 

First risk assessments only focused on the most toxic congener, the 2,3,7,8-Cl4DD. 
Soon it was recognized, though, that all PCDD/PCDF substituted at least in po
sition 2, 3, 7, or 8 are highly toxic and thus, major contributors to the overall tox
icity of the dioxin mixture. In addition, despite the complex composition of many 
PCDD/PCDF containing “sources”, only congeners with substitutions in the lat
eral positions of the aromatic ring, namely the carbon atoms 2, 3, 7, and 8, per
sist in the environment and accumulate in food-chains. 

For regulatory purposes so-called Toxicity Equivalency Factors (TEF) have 
been developed for risk assessment of complex mixtures of PCDD/PCDF [28]. 
The TEF are based on acute toxicity values from in vivo and in vitro studies. This 
approach is based on the evidence that there is a common, receptor-mediated 
mechanism of action for these compounds. Although the scientific basis cannot 
be considered as solid, the TEF approach has been adopted as an administrative 
tool by many agencies and allows converting quantitative analytical data for in
dividual PCDD/PCDF congeners into a single Toxic Equivalent (TEQ). As TEFs 
are interim values and administrative tools, they are based on present state of 
knowledge and should be revised, as new data becomes available. Today’s most 
commonly applied TEFs were established by a NATO/CCMS Working Group on 

Table 20. International Toxicity Equivalency Factors (I-TEFs) for PCDD/PCDF (NATO/CCMS 
1988) and WHO-TEFs for PCDD/PCDF [29, 31] 

Congener I-TEF WHO-TEF 

Humans/Mammals Fish Birds 

2,3,7,8-Cl4DD 1 1 1 1 
1,2,3,7,8-Cl5DD 0.5 1 1 1 
1,2,3,4,7,8-Cl6DD 0.1 0.1 0.5 0.05 
1,2,3,7,8,9-Cl6DD 0.1 0.1 0.01 0.01 
1,2,3,6,7,8-Cl6DD 0.1 0.1 0.01 0.1 
1,2,3,4,6,7,8-Cl7DD 0.01 0.01 0.001 < 0.001 
Cl8DD 0.001 0.0001 – – 
2,3,7,8-Cl4DF 0.1 0.1 0.05 1 
1,2,3,7,8-Cl5DF 0.05 0.05 0.05 0.1 
2,3,4,7,8-Cl5DF 0.5 0.5 0.5 1 
1,2,3,4,7,8-Cl6DF 0.1 0.1 0.1 0.1 
1,2,3,7,8,9-Cl6DF 0.1 0.1 0.1 0.1 
1,2,3,6,7,8-Cl6DF 0.1 0.1 0.1 0.1 
2,3,4,6,7,8-Cl6DF 0.1 0.1 0.1 0.1 
1,2,3,4,6,7,8-Cl7DF 0.01 0.01 0.01 0.01 
1,2,3,4,7,8,9-Cl7DF 0.01 0.01 0.01 0.01 
Cl8DF 0.001 0.0001 0.0001 0.0001 

For all non-2,3,7,8-substituted congeners, no TEF has been assigned. 
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Table 21. TEFs for PCB [29, 31] 

Congener Humans/mammals Fish Birds 

3,4,4¢,5-TCB (81) 
3,3¢,4,4¢-TCB (77) 
3,3¢,4,4¢,5-PeCB (126) 
3,3¢,4,4¢,5,5¢-HxCB (169) 
2,3,3¢,4,4¢-PeCB (105) 
2,3,4,4¢,5-PeCB (114) 
2,3¢,4,4¢,5-PeCB (118) 
2¢,3,4,4¢,5-PeCB (123) 
2,3,3¢,4,4¢,5-HxCB (156) 
2,3,3¢,4,4¢,5¢-HxCB (157) 
2,3¢,4,4¢,5,5¢-HxCB (167) 
2,3,3¢,4,4¢,5,5¢-HpCB (189) 

0.0001 
0.0001 
0.1 
0.01 
0.0001 
0.0005 
0.0001 
0.0001 
0.0005 
0.0005 
0.00001 
0.0001 

0.0005 
0.0001 
0.005 
0.00005 

< 0.000005 
< 0.000005 
< 0.000005 
< 0.000005 
< 0.000005 
< 0.000005 
< 0.000005 
< 0.000005 

0.1 
0.05 
0.1 
0.001 
0.0001 
0.0001 
0.00001 
0.00001 
0.0001 
0.0001 
0.00001 
0.00001 

Dioxins and Related Compounds as International Toxicity Equivalency Factors 
(I-TEF) [28]. However, in 1997, a WHO/IPCS (World Health Organization/Inter
governmental Programme on Chemical Safety) working group re-evaluated the 
I-TEFs and established a scheme, which besides human mammalian TEFs also 
established TEFs for birds and fish (Table 20). The same expert group also as
sessed the dioxin-like toxicity of PCB and assigned TEF values for 12 coplanar 
and mono-ortho-substituted PCB congeners (Table 21) [29]. 

It should be noted that most existing legislation and most assessments still use 
the I-TEF scheme. However, the recently agreed Stockholm Convention on POPs 
(persistent organic pollutants, see reference [30]) refers to the combined WHO-
TEFs as the starting point as a reference. 

6.2 
Risk Assessment by US-EPA 

The final assessment of risks posed by dioxins – release date supposed to be early 
2002 – may include the following (BNA 2001): 

–	 2,3,7,8-tetrachlorodibenzo-p-dioxin is a human carcinogen; 
–	 mixtures of dioxin-like compounds are likely human carcinogens; 
–	 the general public’s exposure to ambient levels of dioxins may cause up to one 

case of cancer for 1000 people exposed; however, the true risks are likely less 
than that and may be zero; 

–	 there does not appear to be a “threshold” or safe dose, of dioxins that does not 
cause toxic (non-cancer) effects; 

–	 U.S. residents are exposed daily to about one picogram dioxins per kilogram 
body weight, meaning their exposure is close to the level that caused biologi
cal changes in animals; 

–	 emissions of dioxins have declined more than 80 percent since 1987; and 
–	 open burning of household waste is one of the largest known, non-regulated 

sources of dioxins. 
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6.3 
Risk Management 

As PCDD and PCDF have never been produced intentionally, their production 
and use cannot be regulated by chemical legislation and a prohibition of pro
duction. Indirect measures have to be taken by, e. g., ban of production and use 
of chemicals that are known to be contaminated with PCDD/PCDF and measures 
to reduce emissions into the environment from known sources of dioxins and fu
rans. All efforts aim to minimize exposures of the environment and humans to 
PCDD/PCDF. There are several options for such action and most of them have 
been used in the past: legally binding instruments, guidelines, and recommen
dations. In addition, industries have committed to changes in processes, to use 
cleaner input materials or to set maximum concentrations of PCDD/PCDF for 
their materials. International organizations such as WHO to establish a TDI (Tol
erable Daily Intake) or intergovernmental institutions such as the EC (European 
Community) hold expert consultations and came out with recommendations or 
legislation (e. g., on food and feedstuffs). 

For sensitive uses such as soil and important foodstuffs, such as dairy prod
ucts, guidelines and recommendations have been established by various author
ities. The proposed measures and guidelines are recommendations for action and 
in most cases are not legally binding. Nevertheless, they are a basis for political 
decisions to protect human health and the environment. In some cases, e. g., ac
cidents such as a fire at a plastic store, or for marketing purposes, these recom
mendations for actions were used for decision making. 

A different situation exists in cases of emergency responses, e. g., some of the 
feed and food contaminations, which occurred during the last years especially in 
Europe. 

6.3.1 
Tolerable Intakes 

Scientists today agree that the major pathway of human exposure to PCDD/PCDF 
accounting for > 95% of the human intake is via ingestion of food. Uptake of wa
ter and soil (toddlers!), inhalation, and dermal contact are of minor concern. 

Different international expert groups have performed health risk assessments 
of dioxins and related compounds. A Nordic expert group (for five Scandinavian 
countries) proposed a tolerable daily intake (TDI) for 2,3,7,8-Cl4DD and struc
turally similar chlorinated PCDD and PCDF of 5 pg/kg body weight (bw), based 
on experimental studies on cancer, reproduction and immunotoxicity. Germany 
used a tried approach and recommended 1 pg I-TEQ/kg bw·d as a desirable tar
get to be achieved in the long-term and that actions should be taken if the daily 
exposure exceeds 10 pg I-TEQ/kg bw and day. 

In the USA, ATSDR (Agency for Toxic Substances and Disease Register) has set 
a minimal risk level (MRL2) for dioxins pf 1 picogram per kilogram body weight 

2	 An MRL is an estimate of the daily human exposure to a hazardous substance that ATSDR 
thinks would not cause harm. 



 

 

  

 
   

 
 

 
   

 

 
 

   
  

  

   
  

   
 

    
   

  
   

    

 
 

 

  

154	 H. Fiedler 

[33]. The U.S. federal government has made the following recommendations to 
protect human health [34]: 

–	 The EPA has set a limit of 0.00003 micrograms of 2,3,7,8 Cl4DD per liter of 
drinking water (0.00003 mg/L). 

–	 Discharges, spills, or accidental releases of 1 pound or more of 2,3,7,8-Cl4DD 
must be reported to EPA. 

–	 The Food and Drug Administration (FDA) recommends against eating fish 
and shellfish with levels of 2,3,7,8-Cl4DD greater than 50 parts per trillion 
(50 ppt). 

A first World Health Organization (WHO) meeting, in 1990, established a TDI of 
10 pg/kg bw for 2,3,7,8-Cl4DD, based on liver toxicity, reproductive effects and im
munotoxicity, and making use of kinetic data in humans and experimental ani
mals. Since then new epidemiological and toxicological data have emerged, in 
particular with respect to neuro-developmental and endocrinological effects. In 
May 1998, a joint WHO-ECEH (World Health Organization-European Centre for 
Environmental Health) and International Programme on Chemical Safety 
(IPCS) expert group re-evaluated the old TDI and came out with a new TDI 
(which is a range) of 1 –4 pg TEQ/kg bw, which includes all 2,3,7,8-substituted 
PCDD and PCDF as well as dioxin-like PCB (for reference see the twelve PCB in 
Table 21). The TDI is based on the most sensitive adverse effects, especially hor
monal, reproductive and developmental effects, which occur at low doses in an
imal studies; e. g., in rats and monkeys at body burdens in the range of 
10–50 ng/kg bw. Human daily intakes corresponding with body burdens similar 
to those associated with adverse effects in animals were estimated to be in the 
range of 10 –40 pg/kg bw·d. The 1998 WHO-TDI does not apply an uncertainty 
factor to account for interspecies differences in toxicokinetics since body burdens 
have been used to scale doses across species. However, the estimated human in
take was based on Lowest Observed Adverse Effect Levels (LOAELs) and not on 
No Observed Adverse Effect Levels (NOAELs). For many endpoints humans 
might be less sensitive than animals, uncertainty still remains regarding animal 
to human extrapolations. Further, differences between animals and humans ex
ist in the half-lives for the different PCDD/PCDF congeners. To account for all 
these uncertainties, a composite uncertainty factor of 10 was recommended. As 
subtle effects might already be occurring in the general population in developed 
countries at current background levels of exposure to dioxins and related com
pounds, the WHO expert group recommended that every effort should be made 
to reduce exposure to below 1 pg TEQ/kg bw · d [35, 36]. 

Since the WHO expert consultation has established the new TDI of 1 – 4 pg 
WHO-TEQ 3/kg bw · d, countries started to move towards this recommendation; 
for example, Japan established a TDI of 4 pg WHO-TEQ/kg bw · d as its envi
ronmental standard. 

In November 2000, the Scientific Committee on Food (SCF) of the European 
Commission established a target taking into account the current exposure situ

3	 Note: This TEQ includes seven 2,3,7,8-substituted PCDD, ten 2,3,7,8-substituted PCDF, four 
coplanar PCB and twelve mono-ortho-substituted PCB. 
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ation and a recommended temporary tolerable weekly intake (t-TWI) of 7 pg 
2,3,7,8-Cl4DD/kg body weight using the body weight approach was established. 
It was also concluded that the TEQ approach should be applied to include all 
2,3,7,8-substituted PCDD/PCDF and dioxin-like PCB. Thus, the t-TWI of 7 pg 
TEQ/kg bw wk is applicable for these compounds (seven PCDD, ten PCDF and 
twelve dioxin-like PCB). The t-TWI is based on the most sensitive endpoints from 
animal studies, e. g., developmental and reproductive effects in rats and monkeys 
and endometriosis in monkeys [37]. It can reasonably be assumed that the ex
posure of the majority of the European population will be within the temporary 
tolerable weekly intake (t-TWI) for dioxins, furans and dioxin-like PCB. In order 
to achieve this target, the Council of the European Commission adopted legally 
binding limits for the presence of PCDD/PCDF in animal feed. Any feed or feed 
material exceeding these limits is excluded from the feed and food-chain. The Di
rective and the limits as displayed in Table 22 will enter into force on 1 July 2002. 

Table 22. Action and target concentrations for food and feedstuffs [38] (All concentrations are 
for the sum of polychlorinated dibenzo-para-dioxins (PCDD) and polychlorinated dibenzo
furans (PCDF) expressed in World Health Organisation (WHO) toxic equivalents, using the 
WHO-TEFs 1997) 

Feedings stuffs Maximum content relative to a feeding 
stuff with a moisture content of 12 % 

All feed materials of plant origin including 0.75 ng WHOPCDD/PCDF-TEQ/kg a, b 

vegetable oils and by-products 

Minerals 1.0 ng WHOPCDD/PCDF-TEQ/kg a, b 

Animal fat, including milk fat and egg fat 2.0 ng WHOPCDD/PCDF-TEQ/kg a, b 

Other land animal products including milk and 0.75 ng WHOPCDD/PCDF-TEQ/kg a, b 

milk products and eggs and egg products 

Fish oil 	 6 –0 ng WHOPCDD/PCDF-TEQ/kg a, b 

Fish, other aquatic animals, their products and 1.25 ng WHOPCDD/PCDF-TEQ/kg a, b 

by-products with the exception of fish oil c 

Compound feeding stuffs, with the exception of 0.75 ng WHOPCDD/PCDF-TEQ/kg a, b 

feeding stuffs for fur animals, of feeding stuffs for 
fish and of feeding stuffs for pet animals 

Feeding stuffs for fish, feeding stuffs for pet animals 2.25 ng WHOPCDD/PCDF-TEQ/kg a, b 

a	 Upper-bound concentrations; upper-bound concentrations are calculated assuming that all 
values of the different congeners less than the limit of detection are equal to the limit of de
termination. 

b	 These maximum limits shall be reviewed for the first time before 31 December 2004 in the 
light of new data on the presence of dioxins and dioxin-like PCB, in particular with a view 
to the inclusion of dioxin-like PCB in the levels to be set and will be further reviewed before 
31 December 2006 with the aim of significantly reducing of the maximum levels. 

c	 Fresh fish directly delivered and used without intermediate processing for the production of 
feeding stuffs for fur animals is exempted from the maximum limit. The products, processed 
animals proteins produced from these fur animals cannot enter the food chain and the feed
ing thereof is prohibited to farmed animals which are kept, fattened or bred for the produc
tion of food. 
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In May 2001, the Scientific Committee on Food (SCF) of the European Com
mission revised their earlier recommendation based on new scientific informa
tion and instead recommended a tolerable weekly intake (TWI) of 14 pg WHO
TEQ/kg · bw for PCDD, PCDF and dioxin-like PCB [39]. The earlier designation 
“temporal” was removed. The SCF stressed that, given the average dietary intakes 
of dioxins and dioxin-like PCBs in the European countries of 1.2 – 4.0 pg/kg · bw · d, 
a considerable proportion of the European population would still exceed the TWI 
derived by the Committee. Therefore, it was concluded that the considerations on 
risk characterization, risk management strategies and recommendations of the 
previous assessment of November 2000 were still valid (SCF 2000). 

Most recently, on 4 –14 June 2001, the Joint FAO/WHO Expert Committee on 
Food Additives (JECFA) held its 57th meeting in Rome [40]. The Committee de
cided to express tolerable intakes as monthly values due to the long half-lives of 
PCDD, PCDF, and dioxin-like PCB. Thus, a monthly-based period would be a 
much more appropriate period to better reflect the average intakes as daily in
gestion has a small or even negligible effect on overall exposure. A provisional 
tolerable monthly intake (PTMI ) of 70 pg/kg · bw · month was finally chosen as 
midpoint of two studies: data by Ohsako et al. [41] would results in a TMI of 
100 pg/kg · bw · month, whereas the data by Faqi et al. [42] would result in a TMI 
of 40 pg/kg · bw · month. Similar to the other evaluation, the TEQ includes PCDD, 
PCDF, and dioxin-like PCB [40]. 

When compared to adults, breast-fed infants are exposed to higher intakes of 
PCDD, PCDF and PCB on a body weight basis, although for a limited time only. 
Although no adverse health effects could be causally linked so far with back
ground exposures of PCDD/PCDF in human milk, for reasons of preventive 
health care, the relatively high exposure of breast-fed infants must still be con
sidered a matter of concern. Analyses of more than 1000 individual human milk 
samples from nursing mothers in North-Rhine Westphalia (Germany) revealed 
that the mean PCDD/PCDF concentration decreased from 34 pg I-TEQ/g milk-
fat in 1989 to 14.2 pg I-TEQ/g milkfat in 1996. Despite this decline of 60%, the 
PCDD/PCDF daily intake for babies is 68 pg I-TEQ/kg bw · d, which is almost 
70-fold above the TDI of 1 pg TEQ/(kg bw · d) for an adult. 

Despite the higher exposure to contaminants, WHO as well as many other 
agencies noted the beneficial effects associated with breast-feeding and there
fore promote and support breast-feeding. Further, the subtle effects detected in 
infants were associated with transplacental rather than lactational exposure [35]. 

6.3.2 
Regulation of Chemicals 

As polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans have 
never been produced intentionally on an industrial scale or for any commercial 
application, the production of PCDD/PCDF cannot be prohibited or phased out 
by law. Therefore,  indirect measures have been taken to reduce new inputs of  
PCDD/PCDF into the environment. The first laws addressed the ban of chemicals 
known to be contaminated with PCDD/PCDF (ppb to ppm-range I-TEQ): as a 
consequence most industrialized countries banned the production and use of 



 

  
   

   

 
     

 

 

 

  

  
   

 

 

 

157 Dioxins and Furans (PCDD/PCDF) 

Table 23. Limit values of PCDD/PCDF as given by the German Chemicals Law [43] Note: the 
concentrations given in Table 23 are absolute values, not I-TEQ! 

Congeners	 Maximum concentrations 

No. 1	 2,3,7,8-Cl4DD, 1,2,3,7,8-Cl5DD, Sum of congeners under No. 1: 
2,3,7,8-Cl4DF, 2,3,4,7,8-Cl5DF 1 mg/kg 

No. 2	 1,2,3,4,7,8-Cl6DD, 1,2,3,7,8,9-Cl6DD, Sum of congeners under Nos. 1 and 2: 
1,2,3,6,7,8-Cl6DD, 1,2,3,7,8-Cl5DF, 5 mg/kg 
1,2,3,4,7,8-Cl6DF, 1,2,3,7,8,9-Cl6DF, 
1,2,3,6,7,8-Cl6DF, 2,3,4,6,7,8-Cl6DF 

No. 3	 1,2,3,4,6,7,8-Cl7DD, 1,2,3,4,6,7,8,9-Cl8DD, Sum of congeners under Nos. 1, 2 and 3: 
1,2,3,4,6,7,8-Cl7DF, 1,2,3,4,7,8,9-Cl7DF, < 100 mg/kg 
1,2,3,4,6,7,8,9-Cl8DF 

polychlorinated biphenyls (PCB) and pentachlorophenol (PCP). Whereas PCB is 
banned in most industrialized countries, PCP is still being produced and used in 
several countries worldwide. 

In Germany, the First Ordinance on the Prohibition of Certain Chemicals has 
set stringent limit values for eight PCDD/PCDF in substances, preparations and 
articles placed on the market. This regulation was amended in 1994 and 1996 and 
the present ordinance sets limit values for all seventeen 2,3,7,8-chlorine substi
tuted congeners as well as for eight of the lower brominated 2,3,7,8-bromine sub
stituted dibenzo-p-dioxins and dibenzofurans (PBDD/PBDF). According to the 
law, substances, preparations, and/or articles are not allowed to be placed on the 
market [43]: 

–	 if the sum of the concentrations of the congeners listed under No. 1 of col
umn 1 (Table 23) exceeds a value of 1 mg/kg, or 

–	 if the sum of the concentrations of the congeners listed in column 1 under 
Nos. 1 and 2 exceeds a value of 5 mg/kg, or 

–	 if the sum of the concentrations of the congeners listed in column 1 under 
Nos. 1, 2 and 3 (= all congeners substituted in 2,3,7,8-position), exceeds a value 
of 100 mg/kg. 

Similar regulations exist in the United States where in the Toxic Substances Con
trol Act; maximum permissible concentrations for 2,3,7,8-Cl4DD were set. 

To stop the entry of dioxins and furans into the environment from use of so-
called scavengers (e. g., dichloroethane or dibromoethane) as additives in leaded 
gasoline, a ban of the use of such scavengers was implemented in 1992 in Ger
many [44]. 

Incineration and Combustion 

As incineration of wastes was considered to be a major source of PCDD/PCDF 
emissions into the environment, legally binding concentrations for stack emis
sions have been established in several countries. Whereas first regulations only 

6.3.3 
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included a requirement to minimize PCDD/PCDF emissions by applying Best 
Available Techniques (BAT), countries have moved towards defined limit values. 
Very often, these laws also include requirements on sampling, analysis, and re
porting methods. In general, new incinerators have to comply immediately with 
these limits. For existing incinerators there are transient times between three and 
six years to comply with regulations. 

The Protocol on Persistent Organic Pollutants (= Aarhus Protocol) within the 
framework of the United Nations Economic Commission for Europe (UN-ECE) 
Convention on Long-range Transboundary Air Pollution (LRTAP) sets legally 
binding limit values for the emission of dioxins and furans of 0.1 ng I-TEQ/m3 

for installations burning more than three tons per hour of municipal solid waste, 
0.5 ng I-TEQ/m3 for installations burning more than 1 ton per hour of medical 
waste, and 0.2 ng I-TEQ/m3 for installations burning more than 1 ton per hour 
of hazardous waste [45]. 

For the 15 Member States of the European Union 4, a legally binding limit value 
of 0.1 ng I-TEQ/m3 for PCDD/PCDF was first set in 1994 for hazardous waste in
cinerators by Directive 94/67/EC [46]. At that time, countries like Austria, Bel
gium, Germany [47], Finland, France, Italy, the Netherlands, and Sweden went be
yond this requirement and included municipal waste incinerators, sewage sludge, 
and hospital waste incinerators into their national laws. The remaining countries 
have the 0.1 ng I-TEQ/m3 limit as a guideline concentration. In December 2000, 
the European Commission adopted Directive EU Directive 2000/76/EC on the in
cineration on waste, which replaced the earlier Directive 94/67/EC and now es
tablished stringent operational conditions, technical requirements, and emission 
limit values for plants incinerating or co-incinerating waste within the Commu
nity [48]. The limit values set should prevent or limit as far as practicable nega
tive effects on the environment and the resulting risks to human health; for 
PCDD/PCDF a legally binding limit value of 0.1 ng I-TEQ/Nm3 for PCDD/PCDF 
emissions to air was established. In addition, emission limit values for the dis
charge of wastewater from the cleaning of exhaust gases from incineration and 
co-incineration plants were established to limit a transfer of pollutants from the 
air into water. For PCDD/PCDF, the limit value is 0.3 ng I-TEQ/L. Pilot plants that 
treat less than 50 tons of waste per year are exempted from this regulation. Un
der the Directive, the term “incineration plant” means any stationary or mobile 
technical unit and equipment dedicated to the thermal treatment of wastes with 
or without recovery of the combustion heat generated. This includes the incin
eration by oxidation of waste as well as other thermal treatment processes such 
as pyrolysis, gasification or plasma processes in so far as the substances result
ing from the treatment are subsequently incinerated. For municipal solid wastes, 
a minimum combustion temperature of 850 °C measured near the inner wall and 
for hazardous waste, which are all wastes than contain more than 1% of halo
genated organics, a minimum combustion temperature of of-the-art 100 °C 
should be maintained for at least 2 seconds. The air limit values for PCDD/PCDF 
have to be controlled at least twice a year and every 3 months after start-up of a 

4	 Austria, Belgium, Denmark, Finland, France, Germany, Greece, Ireland, Italy, Luxembourg, the 
Netherlands, Portugal, Spain, Sweden, United Kingdom. 
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new plant. Within two years, the member states of the European Union have 
to translate the requirements of this directive into national law. For new plants, 
the provisions of Directive 2000/76/EC shall enter into force on December 28, 
2002; for existing plants the provisions shall apply as from December 28, 
2005 [48]. 

In the USA, there is a limit value of 0.2 ng TEQ/m3 for new municipal and of 
0.15 ng I-TEQ/m3 for new hazardous waste incinerators. 

In its “Law Concerning Special Measures against Dioxins”, which was ap
proved and promulgated in July 1999 and went into effect in January 2000, Japan 
took a tiered approach (Table 24): new incinerators with a capacity greater than 
4 t/h have to comply with a limit concentration of 0.1 ng I-TEQ/m3 (12% O2) 
whereas the limits for MSWI <2 t/h and MSWIs with a capacity between 2 –4 t/h 
are 5 ng I-TEQ/m3 and 1 ng I-TEQ/m3, respectively [49]. 

In addition, measures to reduce PCDD/PCDF concentrations in incinerator 
residues, like fly ash and bottom ash, are addressed in the guideline as well. 

Some countries have issued additional laws: 
Austria: a limit value of 0.4 ng I-TEQ/m3 was set for sinter plants built after 1 

January 2001 [50]. For iron and steel plants, there is a limit value of 0.25 ng I
TEQ/m3 until 31 December 2005. Limit value of 0.1 ng I-TEQ/m3 from 1 January 
2006. For electric arc furnaces and induction ovens the limit is at 0.4 ng I
TEQ/m3. For existing plants, the latest date to comply with is five years after pub
lication of the law [51]. 

Table 24. Japan – Emission standards for waste incinerators for emissions to air in ng WHO
TEQ/m3 [49] 

Waste incinerators New facilities Existing facilities 
(> 50 kg/h) Incineration capacity 

Jan. 15, 2001 – Dec. 1, 2002 
Nov. 30, 2002 

More than 4 t/h 0.1 1 
2 t/h – 4 t/h 1 80 5 
Less than 2 t/h 5 10 

Table 25. Japan – PCDD/PCDF limit values for installations other than municipal solid waste 
[49] 

Kind of specified facility New facilities Existing facilities 

Jan. 15, 2001 – Dec. 1, 2002 
Nov. 30, 2002 

Electric steel-making furnaces 0.5 20 5 
Steel industry: sintering processes 0.1 2 1 
Zinc recovery industries 1 40 10 
Aluminum production 1 20 5 
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Germany: in 1997, a dioxin limit value of 0.1 ng I-TEQ/m3 and a minimum 
temperature of 850 °C for crematories were set by law [52]. 

In Japan, emissions from the metal sector are regulated through the Air Pol
lution Control Law (Table 25) [49]. 

Water Discharges and Solid Residues 

Water discharges are regulated in Japan for various sectors (Table 26) and in the 
European Union [48]. Whereas in Japan the limit value in water discharges is set 
at 10 pg WHO-TEQ/L [49], the EU limit for water discharges from waste incin
eration plants is 0.3 ng I-TEQ/L 5 [48]. 

Table 26. Japan – Emission Standards for effluent (in pg WHO-TEQ/L) [49] 

Specified Facilities a New Existing 
facilities facilities b 

–	 Facilities for bleaching using chlorine or chlorinated compounds 10 10 
for use in the manufacture of sulfate pulp (Kraft pulp) or sulfite 
pulp 

– Decomposition facilities for spent PCB or treated PCB 
– Washing facilities for PCB polluted materials or treated PCB 

–	 Waste gas washing facilities or wet dust collectors of aluminum 10 
and aluminum alloy roasting furnaces, dissolving furnaces or (20) c 

drying furnaces 
–	 Washing facilities for ethylene dichloride used in the vinyl 

chloride monomer manufacturing 

– Waste gas washing facilities, wet dust collectors or ash landfill faci 10 
lities for discharging polluted effluent of municipal solid waste in- (50) c 

cinerators (only those with capacity equal or higher than 50 kg/h) 
–	 Waste gas washing facilities, wet dust collectors or ash landfill 

facilities for discharging polluted effluent of industrial waste in
cinerators (only those with capacity equal or higher than 50 kg/h) 

– Sewage treatment plants that treat effluents from the facilities above 10 
–	 Facilities for treating effluents from the business establishments 

that set up the facilities above 

a The standard for effluent spillage from final waste disposal sites is 10 pg TEQ/L as provided 
in the order setting standards for maintenance and management of final waste disposal sites. 

b Existing facilities will become subject to regulation from January 15, 2001. 
c Standards in parentheses indicate a provisional effluent standard in use for 3 years after the 

enforcement of the Law. 

5 Note: the Directive says “0.3 mg TEQ/L”, which has been corrected to “0.3 ng TEQ/L! 
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Environmental Media 

6.3.5.1 
Soil and Soil Amendments 

It is known that sewage sludge is contaminated with PCDD/PCDF. To reduce in
put of PCDD/PCDF through application of sewage sludge, Germany established 
a limit value of 100 ng I-TEQ/kg dry matter for sewage sludges used as fertilizer 
in agriculture, horticulture or forestry [53]. In addition, the law sets a freight limit 
for 5 tons of dry matter of sewage sludge per hectare once within three years. Law 
forbids application of sewage sludge on pasture. Similarly, Austria established 
maximum concentration of 50 ng I-TEQ/kg in fertilizers, soil additives, culture 
substrates, and plant additives. In addition, products containing 20 – 50 ng 
TEQ/kg have to be labeled with a warning sign “Attention contains dioxins/ 
furans” (forbidden for use on children’s playgrounds). Culture substrates are not 
allowed to contain more than 20 ng TEQ/kg [54]. In addition, the States of 
Oberösterreich (o.Ö.) and Niederösterreich (N.Ö.) published ordinances with a 
limit value of 100 ng I-TEQ/kg d.m. for sewage sludge. 

The guideline concentrations established by Germany, the Netherlands, and 
Sweden are compiled in Table 27 [5]. 

In Germany in 1992, reference values and recommended action for agricul
tural and horticultural land uses have been issued, which have been translated 
into governmental decrees in a number of Länder (Federal States in Germany) 
(Table 27 – upper part [55]): 

–	 For preventive reasons and as a long-term objective, the dioxin concentrations 
of soil used for agricultural purposes should be reduced to below 5 ng TEQ 
per kg; 

Table 27. Soil guideline concentrations (concentrations in ng I-TEQ/kg d.m.) 

Germany 
< 5 Target concentration 

5 –40 Control of products if dioxin transfer 
> 100 Soil exchange on children playgrounds 

>1000 Soil exchange in residential areas 
> 10,000 Soil exchange independent of the location 

The Netherlands 
1 Agricultural farming 

10 Dairy farming 

Sweden 
10 Sensitive uses 

250 Non-sensitive uses 

Japan 
1000 
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–	 Cultivation of foodstuffs is not restricted in the case where the soil contains 
5 –40 ng per kg. However, critical land uses, e. g., grazing management, should 
be avoided if increased dioxin levels were found in foodstuffs grown on such 
soils; 

–	 Limitations on the cultivation of certain feedstuffs and foodstuffs might be 
necessary if the dioxin contamination were above 40 ng TEQ per kg soil. How
ever, unlimited cultivation is allowed for plants with minimum dioxin trans
fer, e. g., corn. 

Guideline values were established for measures to be taken on children’s play
grounds and in residential areas [55]: 

–	 Remediation of contaminated soil is required in playgrounds if the soil con
tains more than 100 ng TEQ per kg. Remediation means sealing, decontami
nation or exchange of soil; 

–	 In residential areas, such action should be taken if the soil is contaminated 
with more than 1,000 ng TEQ per kg; 

–	 In industrial areas, the limit value was set to 10,000 ng TEQ per kg. 

In 1988, the Netherlands published a guideline for classification and remediation 
of soil [56]. Since its revision in 1994, there is a guideline level for PCDD/PCDF 
of 1 ng I-TEQ/kg d.m. for agricultural use and of 10 ng I-TEQ/kg d.m. for dairy 
farming (Table 27). 

In Sweden, there is a guideline concentration of 10 ng I-TEQ/kg d.m. for sen
sitive uses and of 250 ng I-TEQ/kg d.m. for less sensitive uses (Table 27) [5]. 

In Japan the Law Concerning Special Measures against Dioxins sets an envi
ronmental standard of 1,000 pg WHO-TEQ/g [49]. 

ATSDR has established a decision framework for sites contaminated with 
dioxins and dioxin-like substances. A screening level of 50 ppt TEQ is used to 
determine whether further site-specific evaluation is needed. A concentration 
of 1 ppb TEQ (=1,000 ng TEQ/kg soil) is used to determine the potential need 
for public health actions on a site-specific basis. Exceeding this concentra
tion may result to interdict/prevent occurrence of exposure, such as surveillance, 
research, health studies, community education, physician education, or ex
posure investigations. Alternatively, based on the evaluation by the health asses
sor, none of these actions may be necessary. The concentration range greater than 
50 ppt and smaller than 1,000 ppt includes the evaluation levels, where site-spe
cific factors such as bioavailability, ingestion rates, pathway analysis, soil cover, 
climate, other contaminants, background exposure, etc. are being taken into 
account [34]. 

6.3.5.2 
Air and Water 

Japan set an environmental air quality standard of < 0.6 pg WHO-TEQ/m3 for 
ambient air and of < 1 pg WHO-TEQ/L for water. Both standards represent an
nual averages [49]. 
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Food and Feedstuff Regulations 

The Scientific Committee on Food concluded that although dioxin source re
duction has been successfully accomplished in many European countries, a con
siderable proportion of the European population still exceeds the t-TWI. There
fore, further measures are needed to limit environmental releases of PCDD/PCDF 
and dioxin-like compounds [37]. 

The recent incidents of food and feed contamination have shown that present 
regulation is not existing or inadequate and a root cause analysis is required to 
develop appropriate monitoring, prevention and management. Setting feed and 
food limits alone will not prevent further accidents and there is no way to exclude 
the possibility of similar incidents to occur in the future unless specific measures 
are taken. However, regulatory levels would build the legal basis at least to elim
inate products with extraordinary contamination levels from the market. 

Monitoring of the animal feed production chain could mitigate impacts and 
identify causes. In contrast to former dioxin cases, which mainly originated from 
high emissions of individual sources, the recent incidents have been caused by 
entry of contaminants more directly into the human food chain. Dealing with 
these accidents, there are mainly three distinct objectives to address. These re
quire different approaches for assessment, prevention, monitoring and regulatory 
response [24]: 

–	 Identification and response to an emergency situation of an acute contami
nation (e. g., Belgian case); 

–	 Identification and seizure of products with exceptionally high levels (e. g., cit
rus pellets, choline chloride and Brandenburg cases), which can even effect the 
general population if used to a large extent in the feed and food chains. 

–	 Measures aiming to reduce exposure of the general population by ceasing feed 
ingredients, which are higher contaminated than comparable components 
(e.g., fish meal and fish oil from the Northern hemisphere). 

Each case should be carefully addressed and it should be recognized that solu
tions for one case will not necessarily provide an effective means for the others. 

6.3.6.1 
Guidelines for Milk and Milk Products 

Germany, Ireland, The Netherlands, and the United Kingdom established guide
lines for PCDD/PCDF concentrations and recommendations in milk. The guide
line concentrations are summarized in Table 28. 

For Germany, the second report of the Joint Working Group contained guide
lines and maximum values for milk and dairy products together with recom
mendations for action [57]. 

The limit values as given in Table 28 were derived as follows: 

–	 based on a TDI (total daily intake) value of 10 pg 2,3,7,8-Cl4DD/kg body weight 
and day, the maximum dioxin concentration in milk should not exceed 5.0 pg 
TEQ/g milkfat. Thus, milk and dairy products should not be out on the mar



  
 

   
   

  
   

     

 
   

  

  

 

   

164	 H. Fiedler 

Table 28. Recommendation values and action levels for PCDD/PCDF in milk and milk products. 
(Concentrations in ng I-TEQ/kg milk fat) [5, 57] 

Germany 
<0.9 Target concentration (minimum of dioxin input) 
> 3.0	 1. Identification and reduction of sources. 

If not possible within a short time Æ stop dairy farming 
2. Recommendation not to market milk to end-user 

> 5.0 Milk and milk products are not allowed to be marketed 

Ireland 
5.0 Maximum level 

The Netherlands 
6.0 Maximum level 

United Kingdom 
0.7 Milk and milk products with less than 2% fat 

16.6 Maximum concentration for milk and milk products 

ket if the dioxin contamination exceeds this value. However, from the existing 
data it is obvious, that a limit value of 5 pg TEQ/g milkfat would cut off only 
a few cases of extreme contamination, this limit value was considered not to 
have any consequences at all and would not improve the consumer’s situation; 

–	 to reduce the human impact via consumption of dairy products, a limit value 
of 3 pg TEQ/g fat was set. If such concentration were exceeded, the dioxin 
source should be identified and emission reducing measures taken. Moreover, 
it was recommended that direct supply to the consumer be stopped for milk 
and dairy products containing more than 3 pg TEQ/g fat; and 

–	 finally, an orientation value of 0.9 pg TEQ/g milkfat, based on the principle of 
precaution, was set. This concentration was derived from a TDI of 1 pg TEQ/kg 
body weight and day. The value of 0.9 pg TEQ/g milkfat can only be regarded 
as target value to be achieved as the data from Germany and other European 
countries showed that more than 50% of all dioxin concentrations in milk 
would exceed this value. To reach this target, it is necessary to further reduce 
the dioxin release into the environment. 

7 
Sources of PCDD/PCDF 

7.1 
Overview 

Since the first overview on formation and sources of PCDD/PCDF was published 
in 1980 [58], several updates are available in the international literature. The find
ings can be summarized as follows [59]: 

–	 PCDD/PCDF were never produced intentionally but occur as trace contami
nants in a variety of industrial and thermal processes; 
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–	 Due to their chemical, physical and biological stability PCDD/PCDF are able 
to remain in the environment for long times. As a consequence dioxins from 
so-called “primary sources” (once formed in industrial or combustion 
processes) can be transferred to other matrices and enter the environment. 
Such “secondary” sources are sewage sludge/biosludge, compost, or contami
nated soils and sediments; 

–	 Enzymatic reactions can dimerize chlorophenols to PCDD/PCDF. However, 
compared to chemical-industrial and combustion sources, biological forma
tion seems to be negligible. 

7.2 
Primary Sources of PCDD/PCDF 

7.2.1 
Industrial-Chemical Processes 

Primary sources of environmental contamination with PCDD/PCDF in the past 
were due to production and use of chloroorganic chemicals, including the pulp 
and paper industry. In wet-chemical processes the propensity to generate 
PCDD/PCDF during synthesis of chemical compounds decreases in the follow
ing order [1, 59]: chlorophenols > chlorobenzenes > aliphatic chlorinated com
pounds > inorganic chlorinated compounds. 

Factors favorable for the formation of PCDD/PCDF are high temperatures, al
kaline media, presence of UV-light, and presence of radicals in the reaction mix
ture/chemical process [59, 60]. An overview on dioxin concentrations in chemi
cals is given in Table 29. As can be seen the concentrations can vary by several 
orders of magnitude. 

Changes in the industrial processes have resulted in reduction of PCDD/PCDF 
concentrations in the products: e. g. an estimate for Germany says that until 1990 
about 105 g I-TEQ have been introduced through use of the dye pigment Violet 23 

Table 29. PCDD/PCDF concentrations in chemical products 

Substance Concentration 
mg I-TEQ/kg 

PCP up to 2,320 
PCP-Na up to 450 
PCB – Clophen A30 11 
PCB – Clophen A60 2,179 
2,4,6-Trichlorophenol 680 
Trichlorobenzene 0.023 
p-Chloranil (old process via chlorination of phenol) 376 
o-Chloranil (old process via chlorination of phenol) 63 
Hostaperm Violet RL 1.2 
Violet 23 19 
Blue 106 56 
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(chloranil produced by old process as intermediate). Application of a new process 
via hydroquinone will reduce the annual input to about 3 g I-TEQ [61]. 

Emissions of PCDD/PCDF into the environment via water and to soils occur 
from kraft pulp and paper mills. The US-EPA inventory estimates annual emis
sions from kraft pulp and paper mills in the range of 20 g I-TEQ. In addition, 
PCDD/PCDF were detected in the final product (pulp, paper) as well as in the 
pulp and paper sludges. With advanced bleaching technology, the PCDD/PCDF 
contamination in effluents, products, and sludges was reduced [61]. 

In Germany there exist exclusively sulfite mills, which presently do not use 
molecular chlorine. Dioxin levels detected in German pulp were below 0.1 ng 
TEQ/kg d.m. The analysis of imported sulfate (Kraft) pulps gave concentrations 
in the range between 0.2 and 1.3 ng TEQ/kg d.m. Presently the import of Kraft 
pulps to Germany stands at three million tons, so that the total import of diox
ins via kraft pulp is between 0.6 and 3.9 g I-TEQ. Dioxin levels in paper products 
from fresh fibers generally are less than 1 ng TEQ/kg d.m. In recycling paper, 
however, average dioxin concentrations are between 5 to 10 ng TEQ/kg [61]. 

As a consequence, products containing any of the above-mentioned chemicals 
are contaminated with PCDD/PCDF as well. Amongst these, wood treated with 
pentachlorophenol (PCP) or other chlorinated preservatives as well as PCB-based 
electric fluids are amongst those with the highest contaminations. Other PCP-
treated materials include textiles, leather goods, and cork products. 

7.2.2 
Thermal Processes 

Whereas in the past, the chemical industry and to a lesser extent the pulp and pa
per industry were considered to be the main source of dioxins and also the cause 
of today’s contaminated sites in many industrialized countries, today’s dioxin in
put is mainly due to thermal processes. The presence of PCDD/PCDF in the emis
sions and residues from municipal solid waste incinerators were detected first in 
1997 in the MSWI in Amsterdam [62]. There is still a considerable focus on waste 
incineration but based on the requirements for dioxin reduction in stack gases 
set by several national authorities, the importance of this source category has de
clined during the last years. Examples can be seen especially in the European 
emission inventories (Table 30). For example, in Germany the annual input from 
municipal solid waste incineration (MSWI) via exhaust gases of about 400 g TEQ 
per year in 1988/89 was reduced to less than 4 g TEQ since 1997 [63]. 

Table 30. PCDD/PCDF trends in emissions from municipal solid waste incineration (MSWI) 

Concentration 
(ng I-TEQ/m3) 

Emission factor 
(mg I-TEQ/t of waste burned) 

Flux 
(mg I-TEQ/h) 

MSWI of the 1970s 
MSWI around 1990 
Modern MSWI 

50 
5 
0.1 

2500 
250 

0.5 

5 
0.5 
0.01 
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The process by which PCDD/PCDF are formed during incineration are not 
completely understood nor agreed upon. Three possibilities have been proposed 
to explain the presence of dioxins and furans in incinerator emissions [64, 65]: 

–	 PCDD/PCDF are already present in the incoming waste – in Germany repre
sentative measurements gave about 50 ng I-TEQ/kg waste – and are incom
pletely destroyed or transformed during combustion. Not relevant for modern 
MSWIs. 

–	 PCDD/PCDF furans are produced from related chlorinated precursors (= pre-
dioxins) such as PCB, chlorinated phenols and chlorinated benzenes. 

–	 PCDD/PCDF are formed via de novo synthesis. That is, they are formed from 
the pyrolysis of chemically unrelated compounds such as polyvinyl chloride 
(PVC) or other chlorocarbons, and/or the burning of non-chlorinated organic 
matter such as polystyrene, cellulose, lignin, coal, and particulate carbon in the 
presence of chlorine donors. 

From the knowledge gained from MSWIs it can be concluded that PCDD/PCDF 
can be formed in other thermal processes in which chlorine-containing sub
stances are burnt together with carbon and a suitable catalyst (preferably copper) 
at temperatures above 300 °C in the presence of excess air or oxygen. Preferen
tially PCDD/PCDF formation takes place in the zone when combustion gases cool 
down from about 450 °C to 250 °C (de novo synthesis) and not in the combustion 
chamber.  Possible sources of  the  chlorine input are PVC residues as well as  
chloroparaffins in waste oils or even inorganic chloride [65]. 

These basic findings led to the establishment of the “Trace Chemistries of 
Fires” and later on it was verified in a variety of thermal processes that 
PCDD/PCDF were present in all emissions – (1) flue gases, (2) bottom ashes, fly 
ashes, (3) scrubber water [66]. Although all three of the above-mentioned possi
bilities can occur in large-scale operations, results showed that options (2) and 
(3) dominate over option (1). The smaller probability as indicated in option (1) 
is due to the fact that with modern combustion and flue gas cleaning technolo
gies and due to thermodynamic reasons, PCDD/PCDF are destroyed when in
cinerated at temperatures above 800 °C and sufficient residence times (e. g., 2 s as 
legally required by some countries for MSW combustion). Today there is agree
ment that the most important pathway for formation of PCDD/PCDF is when the 
flue gases are transported down the cooling zone at temperatures between 250 
and 450 °C [61, 66, 67]. Both, fly ash with its constituents – organic carbon, chlo
rides of alkali and earth alkali metals, metal activators, and catalysts – and 
dioxin/furan precursors in the gas phase play a role in the formation mechanism 
of PCDD/PCDF [68]. In addition, parameters such as oxygen, water vapor, and 
temperature have to be taken into account. In MSW incinerators the preferred lo
cation to generate PCDD/PCDF are economizer and equipment for dedusting, es
pecially electrostatic precipitators [69 –71]. 

Although much research was performed to study the formation of 
PCDD/PCDF in combustion processes, there is still no clear evidence, which 
mechanism is dominating and which parameters are important. There is some 
evidence that both, homogeneous reactions in the gas phase and heterogeneous 
reactions on surfaces of particles, play a role to form these thermodynamically 
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stable compounds [60, 64]. In addition, there are several indications that the 
mechanisms to generate PCDD/PCDF in the gas phase and in the particle phase 
are different. Within the following paragraphs, some key-parameters are briefly 
summarized, which have been identified to influence the formation of 
PCDD/PCDF in combustion processes [65]. 

Role of Temperature: Some early experiments were performed at high tem
peratures, when, e. g., Rubey et al. studied the thermal stability of PCB and the for
mation of PCDF. The experiments clearly showed that PCB (here: 2,3,4,4,5-pen
tachlorobiphenyl = 2,3,4,4´,5-CB) are stable up to temperatures around 700 °C. 
With increasing temperatures, there is a decrease in the PCB concentration and 
an increase in PCDF formation. Preferentially, lower chlorinated PCDF (Cl4DF) 
were formed with a maximum at about 750 °C. Further increase of the tempera
tures results in destruction of the newly formed PCDF [72]. 

Experiments to study the temperature dependence typically range from 
180 –550 °C and the formation of PCDD/PCDF in the heterogeneous phase at 
long residence times. Using heated fly ash in a stream of air, Vogg and Stieglitz 
determined an optimum window for the de novo formation of PCDD/PCDF at 
temperatures 280 – 320 °C (Fig. 6) [68, 69, 73]. In subsequent experiments, 
Schwarz et al. found a second maximum around 400 °C for especially PCDF; for 
the PCDD the maximum was less pronounced (Fig. 7) [74]. As can be seen from 
Fig. 7, PCDD were less stable than PCDF at higher temperatures. Such results are 
confirmed from large scale operations, e. g., municipal waste incinerators, where 
more PCDF are present than PCDD [65]. 

Role of Temperature and Residence T ime: For gas-phase reactions, tempera
ture is not the single limiting factor and the combination of two, e. g., tempera-

Fig. 6. Temperature dependence of formation of Cl8DD, Cl4DD, Cl5DF, and Cl4DF on fly ash (2 h 
annealing time) [68, 73] 
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Fig. 7. Temperature dependence of PCDD/PCDF formation (2 h annealing time) [74] 

ture and residence, is an important parameter for determining the efficiency of 
how organic substances are being destroyed. As a general rule: higher tempera
tures need shorter residence times of the gaseous molecules. Thus, it is an engi
neering question how to build and operate a plant. 

Role of Precursors: From experiments to condense pentachlorophenol (PCP) 
over fly ash by Karasek and Dickson (1987) in a temperature range from 250 to 
350 °C the precursor theory was established. The authors concluded that metal
lic constituents in the fly ash act as catalysts for the formation of PCDD. In more 
recent works, Milligan and Altwicker found that gas-phase 2,3,4,6-tetra
chlorophenol was the most efficient precursor in PCDD formation [75, 76]. In ad
dition, the newly formed PCDD were found desorbed in the gas phase and not 
adsorbed on fly ash. The measured conversions of chlorophenols to PCDD were 
in agreement with a model suggesting that two adjacent adsorbed precursor mol
ecules dimerize to the product. 

Role of Sulfur/Chlorine Ratio: In 1986, Griffin established a hypothesis to ex
plain the formation of PCDD/PCDF as a result of the sulfur-to-chlorine ratio in 
the feed [77]. It is well known that combustion of fossil fuels like coal generates 
much less PCDD/PCDF than combustion of municipal solid waste. The hypoth
esis states that in coal there is a sulfur-to-chlorine ratio of 5/1 whereas in mu
nicipal waste the ratio S/Cl is 1/3. The latter ratio allows formation of molecular 
chlorine according to the Deacon process catalytically driven by metals, e. g., cop
per. The molecular chlorine is considered to be responsible for the de novo dioxin 
formation according to the following Eq. (1) [77]: 

CuCl2 + 1/2 O2 Æ CuO + Cl2
 
CuO + 2 HCl Æ CuCl2 +H2O (1)
 
969979
2 HCl + 1/2 O2 Æ H2O +  Cl2 
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However, in fossil fuel with a surplus of sulfur over chlorine, molecular chlorine 
(Cl2) will be “captured” according to Eq. (2) and formation of chlorinated aro
matics does occur. In cases of fossil fuels, such as coal, crude oil, and gas, reac
tion (2) dominates over reaction (1). 

Cl2 +SO2 +H2O Æ SO3 + 2 HCl (2) 

Similar S-to-Cl ratios as in coal are found in wood and sewage sludge. 
In addition to the above-mentioned theoretical considerations and observa

tions from large-scale operations, Lindbauer et al. found lower PCDD/PCDF con
centrations when high-sulfur coal was added to the fuel [78]. Later, results from 
Raghunathan and Gullett showed that in the presence of HCl relatively more 
PCDD/PCDF were formed; however, upon addition of SO2, the formation rate of 
PCDD/PCDF decreased. The authors determined a critical S/Cl ratio of 0.64. Fur
ther increase of S did not result in less dioxins and furans [79]. As no congener-
or homologue-specific correlation for the inhibition of dioxin formation could 
be established, the authors concluded that the depletion of molecular chlorine 
Cl2, the active chlorinating agent, by SO2 through a gas-phase reaction appears to 
dominate over the deactivation of the copper catalysts in fly ash (= inhibition 
mechanism) as previously reported [77]. 

Role of Chlorine Species: The influence of the chlorine species can be sum
marized in that chlorination of aromatic compounds readily occurs in the pres
ence of Cl2. Such substitution reactions do occur in the presence of fly ash (het
erogeneous phase, probably surface-catalyzed) as well as in the gas phase 
(homogeneous phase). At temperatures up to 250 °C, HCl does chlorinate chlo
rine-free dibenzodioxin, 1,2,3,4-Cl4DD or toluene when adsorbed to fly ash. With
out fly ash, Cl2 was 4-times more efficient than HCl in chlorinating these com
pounds [80]. Gaseous chlorine (Cl2) was found to be the most efficient 
chlorinating agent [81]. 

Role of Oxygen: From laboratory, pilot-scale, and large-scale experiments it 
was concluded that increasing oxygen concentrations from 0 to 10 % resulted in 
increasing formation of PCDD/PCDF. The O2 content pushes the Deacon reaction 
towards Cl2-production and subsequently to formation of organochlorine com
pounds [82]. Under pyrolytic conditions (oxygen deficiency), dechlorination of 
PCDD/PCDF occurs at temperatures above 300 °C. 

Role of Metals: When testing the efficiency of metals to catalyze formation of 
PCDD/PCDF, copper was found to be the most efficient compound [68]. Further 
studies have shown that small hydrocarbons such as acetylene and ethylene are 
readily chlorinated in the presence of cupric chloride or cupric oxide and HCl 
[83, 84]. The mechanism to reduce Cu(II) to Cu(I) and the oxychlorination of the 
newly formed Cu(I)Cl to reconvert to Cu(II)Cl2 completes the catalytic cycle. The 
mechanism is very similar to the copper catalyzed Deacon reaction that converts 
HCl into Cl2. With acetylene, however, the reaction is accelerated as the activation 
energy for the formation of Cu(I)Cl is reduced. 

Role of Deposits and Other Parameters: Results from Kanters and Louw 
showed that in the absence of fly ash, deposits in the cooler ends of a municipal 
solid waste incinerator favor the formation of PCDD/PCDF and other PICs 
(products of incomplete combustion). The authors showed that catalytic pro
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cesses caused by conditioned walls played an important role in the formation of 
PCDD/PCDF via oxychlorination at temperatures above 600 °C [85]. 

To complete this survey, some additional parameters should be mentioned that 
were reported to favor the formation of PCDD/PCDF in combustion processes. 
However, quantitative information is not available. From MSWI incineration it 
is known that humidity in the feed leads to poorer combustion conditions 
resulting in a poorer burn-out and higher concentrations of organic carbon in 
the fly ashes, thus favoring PCDD/PCDF formation. High copper concentra
tions in fly ashes generate higher PCDD/PCDF levels. An interesting finding 
is that the HCl concentration in the raw gases seems to be less important for 
the formation of dioxins and furans than the content of inorganic chloride in 
the fly ashes [68 –71]. Whereas the chlorine concentration in the gas phase is 
a result of the chlorine in the input, a saturation of the fly ashes seems to occur 
at relatively low chlorine concentrations; in other words: once a saturation 
with Cl is reached in the fly ashes (occurring at relatively low chlorine input), 
formation of PCDD/PCDF occurs. As a result, high chlorine levels in the input 
do not increase the PCDD/PCDF concentrations in the emissions as the Cl con
centrations on the fly ashes are independent of the chlorine in the feed. Most 
findings obtained in MSWI combustion can be transferred to other thermal 
processes. 

Combustion processes generate solid residues as bottom and fly ashes. The 
quality of the combustion process and especially the burn-out will determine the 
concentration in the ashes. Typically, higher concentrations are found in the fly 
ash whereas bottom ash has lower concentrations. If both ashes are mixed, the 
combined residues will be more contaminated as the bottom ashes alone (which 
constitute the larger mass) [86]. “Typical” ranges of PCDD/PCDF concentrations 
are shown in Table 31. 

Table 31. PCDD/PCDF in residues from waste incineration and other combustion processes 
[86] 

Matrix Concentration Remarks 
ng I-TEQ/kg 

Municipal solid waste incineration 
Fly ash 13,000 Mean, Germany, late 1980s 

<1,000 New technology, Germany 
Bottom ash 50 Mean Germany, late 1980s 

5–20 New technology, Germany 

Wood combustion 
Fly ash 5,800 Mean waste wood, Switzerland 

2.5 Mean natural wood, Switzerland 
Bottom ash 820 Mean waste wood, Switzerland 

5.3 Mean natural wood, Switzerland 

Home heating systems 
Soot 4–42,048 Range, wood and coal, Germany 
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Secondary Sources of PCDD/PCDF 

Dioxin reservoirs are those matrices where PCDD/PCDF are already present, ei
ther in the environment or as products. The PCDD/PCDF found in these reser
voirs are not newly generated but concentrated from other sources. A character
istic of the reservoir sources is that they have the potential to allow 
re-entrainment of PCDD/PCDF into the environment. Product reservoirs include 
PCP-treated wood, PCB-containing transformers and sewage sludge, compost, 
and liquid manure, which can be used as fertilizers in agriculture and gardens. 
Reservoirs in the environment are, for example, landfills and waste dumps, con
taminated soils (mainly from former chemical production or handling sites), and 
contaminated sediments (especially in harbors and rivers with industries dis
charging directly to the waterways). 

A compilation of German sewage sludge and compost data is given in Table 32. 
A first survey of German sewage sludges where potentially contaminated sludges 
should be targeted gave a mean concentration of 202 ng TEQ/kg d.m.: in 1990, 
most sludges were in the range 50 – 60 ng TEQ/kg d.m. The legal limit concen
tration for application on agricultural land is 100 ng I-TEQ/kg d.m. Composting 
of the total organic fraction from municipal waste collection results in a highly 
contaminated compost, not suitable for application in house gardens or in agri
culture (mean concentration: 38 ng TEQ/kg d.m.). Compost from biowaste, 
kitchen wastes, or green wastes gives better qualities of approximately 14 ng 
I-TEQ/kg d.m. Such a mean value, however, is close to the guideline concentra
tion of 17 ng I-TEQ/kg d.m. [5] 

So far, hardly any country has done a reservoir inventory for PCDD/PCDF. 
First attempts were made by the city of Hamburg where stationary reservoirs 
were calculated (see Table 33) [87]. In other words, there is almost no knowledge 
about the total amounts of PCDD/PCDF present in sinks such as sediments of 
harbors, rivers, lakes, and oceans, landfills or contaminated soils from (chemical) 
production sites. Reference is given within the country reports when data are 
available. 

It should be noted that similar contaminations were found or can be expected 
in many other locations. As an example, She and Hagenmaier found almost 
4000 ng I-TEQ/kg in the sludges from a former chloralkali plant using graphite 
electrodes. However, so far, no quantification is available [88]. 

Although these reservoirs may be highly contaminated with PCDD/PCDF, 
the chemical-physical properties of these compounds imply that dioxins and 

Table 32. PCDD/PCDF in sewage sludge and compost from Germany 

Sewage Sludge : Limit value : 100 ng I-TEQ/kg d.m. 
1986/87: 202 ng I-TEQ/kg d.m. 
1990: 50 –60 ng I-TEQ/kg d.m. 

Compost : Guideline value 17 ng I-TEQ/kg d.m. 
All Wastes: 38 ± 22 ng I-TEQ/kg d.m. 
Biowaste 14 ± 9 ng I-TEQ/kg d.m. 
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Table 33. PCDD/PCDF reservoirs in Hamburg; reference year 1992 [87] 

Compartment Reservoir (g I-TEQ) Percentage of Total 

Soil (without landfills and contaminated areas) 4340 68.7% 
Sediments of the river Elbe and the harbor 1980 31.3% 
Water of the river Elbe and the harbor 1.1 < 0.01% 
Air 0.04 �0.01 % 
Vegetation 1 < 0.01% 

Total 6322 100% 

furans will stay absorbed to organic carbon of soils or other particles. On the 
other hand, mobilization can occur in the presence of lipophilic solvents 
(fi leaching into deeper layers of soils and/or groundwater) or in cases of erosion 
or run-off by rain from topsoil (fi translocation into the neighborhood). Ex
perience has shown that PCDD/PCDF transport due to soil erosion and run-off 
does not play a major role for environmental contamination and human expo
sure [89]. 

7.4 
Natural Sources 

Biological formation of PCDD/PCDF from chlorinated precursors was discussed 
for compost and sewage sludge and questions on the possibility of a biogenic for
mation did arise for sediments and soils (especially forest soils). Based on the re
sults of Öberg and Rappe the turnover to convert pentachlorophenol (PCP, the 
most suitable precursor) to PCDD is in the low ppm-range [2, 3, 90, 91]. Conse
quently, a chlorinated precursor present in an environmental matrix, such as soil 
or sediment, at ppm-concentrations should be converted to not more than ppt
levels of high-chlorinated PCDD (Cl7DD and Cl8DD). In other words, ppm-con
centrations of chlorophenols would generate ppt-levels of Cl7DD and Cl8DD or 
ppq-concentrations in TEQ. Thus, based on present knowledge, biological for
mation of PCDD from chlorinated phenols under environmental conditions is 
negligible [89]. 

High concentrations of mainly PCDD were found in mined ball clay from the 
United States of America, kaolinitic clay from Germany, deep soil samples from 
Great Britain, in dated marine sediment cores from Queensland, Australia, and 
in man-made lake sediment cores from Mississippi, USA. Typical for all samples 
is the almost total absence of PCDF and the nearly identical congener and isomer 
distribution throughout all geographies. All studies provide a strong indication 
that PCDD/PCDF were formed by natural processes [92 –94]. 
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8 
PCDD/PCDF Inventories 

8.1 
Methods to Establish Dioxin Inventories 

8.1.1 
General 

Since the 1980s, countries made attempts to estimate the emissions of 
PCDD/PCDF from all sources in their territories. Early inventories were made for 
Canada [95] and later for Germany [96, 97], and Sweden [98] or the USA [99]. 
Since the mid-1990s, national agencies or ministries established emission in
ventories also due to reporting requirements under international conventions 
such as the POPs (or Aarhus) Protocol under the UN-ECE Convention on Long-
Range Transport of Air Pollution (LRTAP) [45] or under the Stockholm Con
vention on Persistent Organic Pollutants (POPs) [30]. 

National inventories, so far, report emissions of PCDD/PCDF in Toxi
city Equivalents (TEQ) most of them using the International Toxicity Equi
valency Factors (I-TEF) as established by the NATO/CCMS Working Group 
on Dioxins and Related Compounds in 1988 (the list of the I-TEFs can be 
found in Table 20) [28]. The annual emission of a given source can be cal
culated as [94]: 

Emission of source = Emission factor x “Active rate” (1) 
or 

Emission of source = Concentration in emission x. 
Operational hours x flue gas volume per hour (2) 

Usually, the annual PCDD/PCDF emission is given in grams TEQ per year. Ac
cording to Eq. (3), the annual flux is calculated by multiplying the release of 
PCDD/PCDF (e. g., in µg I-TEQ) per unit of feed material processed or produced 
(e. g., ton or liter) with the amount of feed material processed or produced (in 
tons per year). A second method – Eq. (4) – calculates the annual emission of a 
source by multiplying the measured emissions (e. g., in ng I-TEQ/m3) with the op
erational hours per year and the flue gas volume per hour [94]. 

8.2 
Existing Inventories until 1999 

In 1999, UNEP Chemicals published a report summarizing existing dioxin and 
furan inventories worldwide. At this time, 15 countries had performed 
PCDD/PCDF inventories and estimated releases from known sources. The data 
on emissions of dioxins and furans compiled in this report were based on a mul
titude of sources. This variety is also reflected in the depth of the information 
available. For some countries (e. g., Canada, Denmark, the Netherlands, Belgium, 
Australia, and Germany) full reports were available given in-depth information 
on generation of data and aggregation. Unfortunately, some reports were only 
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available in the original language (e. g., Belgium, the Netherlands). Sometimes, 
the emission inventories (or the most recent updates) were taken from references 
found in the scientific literature (e. g., Korea and the United Kingdom). In such 
cases, less background information was available on how data were generated and 
how extrapolation to a nationwide basis was performed. The information for 
Austria and France was found in the Internet on the homepage of the respective 
ministries or agencies. Extracts of national emission inventories were provided 
by the Czech Republic (data together with the Slovak Republic), Hungary, and the 
Slovak Republic. Very often not more than the “pure” data were available. For two 
countries, USA and Sweden, the national emission inventories were in a draft 
stage. Nevertheless, the USA has distributed several hundred pages of back
ground information (including an electronic database) of the draft report. In ad
dition, data were based on personal communications as some reports are not yet 
finished, e. g., Sweden) [100]. 

This UNEP report concluded that today’s major emissions of PCDD/PCDF 
into the environment came from combustion processes. Based on the available 
data and a reference year around 1995, the central estimate of total annual 
PCDD/PCDF emissions was approximately 10,500 g I-TEQ with a lower estimate 
around 8,300 g I-TEQ/a and an upper estimate of approximately 36,000 g I-TEQ/a. 
The high PCDD/PCDF emissions reported by a few countries for the early 1990s 
mainly drive these numbers. It should be noted that Japan has updated its dioxin 
inventory; for the year 1998, a total emission of 5,300 g I-TEQ was estimated. This 
new number will add another 1,300 g I-TEQ to the “global” inventory. The esti
mate for a year around 1995 is shown in Table 34. For France, the estimate for 
1998 was included [100]. 

Table 34. National dioxin and furan inventories: PCDD/PCDF 
emissions to air for a reference year around 1995 [100] 

Country Annual emission (g TEQ/a) 

Austria 29 
Australia 150 
Belgium 861 
Switzerland 181 
Canada 290 
Germany 334 
Denmark 39 
France 873 
Hungary 112 
Japan 3,981 
The Netherlands 486 
Sweden 22 
Slovak Republic 42 
United Kingdom 569 
United States 2,744 

Total 10,713 
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The 1999 situation of PCDD/PCDF inventories in terms of geographic cover
age and methods used was summarized as follows [100]: 

–	 The present number of national PCDD/PCDF emission inventories is very 
small (15 based on national data). 

–	 Most data is available for countries from Western Europe and Northern Am 
erica. However, the inventory from the United States is still in a draft stage. 
From Asia, there is only one inventory for Japan covering a few sectors and the 
estimate for MSWIs for South Korea. From the Southern Hemisphere, so far, 
only Australia has estimated annual emissions based on emission factors from 
the literature. From Africa, Central and Southern America, there are no data 
at all. 

–	 Some countries have based their inventories on emission factors generated 
outside the own country. For some sources, there are no emission factors de
termined, e. g., open garbage burning, landfill fires, etc. 

–	 Most inventories cover emissions to air only; there are few estimates on emis
sions to water and land or with products. If existing, the estimates have a high 
degree of uncertainty. 

From the existing inventories the following conclusions can be drawn: 

–	 Amongst the source sectors, the best coverage exists for municipal solid waste 
incineration for both stack emission measurements and activity rates. This 
sector also undergoes the most dramatic changes in technology and thus, 
emission factors and PCDD/PCDF emissions change rapidly. As a conse
quence, strong downward trends are recognized in countries with modern 
technology or stringent legislation. 

–	 The sector of hazardous waste incineration is relatively homogeneous and 
does not present a major source in any country. However, it should be taken 
into account that the such evaluation is based on data from industrialized 
countries and such results do not necessarily apply for less developed countries. 

–	 There is only limited information available from the iron and steel-producing 
sector. Some European countries have identified this sector as the most ma
jor contributor to national dioxin inventories. The United States and Canada 
are aware of these sources, but so far, no measurements have been performed. 
Here, generation of reliable data is urgently required. 

–	 From the few examples on dioxin and furan emissions to water, land and with 
products, it can be concluded that emissions to water only cover wastewaters 
from the pulp and paper industry. Contamination in products largely is lim
ited to pentachlorophenol (PCP) and the PCDF in polychlorinated biphenyls 
(PCB) are being ignored. 

–	 For some countries, the inventory should be updated to improve estimates of 
the present situation, especially where more stringent regulation has been es
tablished since the current inventory. 

–	 Presently there exist no harmonized methods for generating and evaluating 
data for national PCDD/PCDF inventories. In addition, the coverage of sources 
varies from country to country. Some countries such as the United Kingdom 
and the United States to a certain extent include releases of PCDD/PCDF to 
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landfills and land. Some countries give ranges of lower and upper estimates 
whereas other countries use mean/median values to calculate the annual 
dioxin emissions for a given source. Harmonization of data acquisition and 
evaluation is an obvious need and will help to better compare national dioxin 
inventories. 

–	 Finally, harmonization of protocols for sampling stack emissions, water, soil, 
etc. and for analyzing these samples is highly recommended. 

The present report should only be seen as a snapshot on PCDD/PCDF emissions 
and estimates of total releases of these compounds into the environment. Only 
major sectors of PCDD/PCDF releases into the air were identified. Further, 
PCDD/PCDF sources may exist which have not yet been identified nor quantified, 
especially in geographic areas with no existing data. 

Presently, the coverage is not sufficient to estimate accurately global emissions 
of PCDD/PCDF. Nevertheless, there are several efforts underway to identify 
dioxin sources better in parts of the world where so far, there is no information 
available. In addition, existing inventories will be updated, as it is obvious that 
measures were taken by many countries to reduce emissions of PCDD/PCDF into 
the environment. For some industrialized countries in Europe and North Amer
ica, strong downward trends were observed during the last years. Implementa
tion of dioxin abatement technologies in industrial sectors and advanced com
bustion technology will help to reinforce such trends. 

8.3 
PCDD/PCDF Inventories after 1999 

Since the UNEP report of 1999, some more information has become available, 
e.g., for Hong Kong SAR, New Zealand, or existing information has been updated, 
e. g., for Canada, Denmark, Slovak Republic, and the United States (Table 35). 
Some of the new information will be detailed in the following section: 

8.3.1 
Canada 

The 2001 report is an up-date of the “Inventory of Releases of PCDDs/PCDFs” re
port published in January 1999 [101]. The total emissions to air were 164 g I-TEQ 
per year (Table 36). In addition to jurisdictions, the report is intended to en
courage all facilities generating PCDD/PCDF to review this draft and to submit 
relevant comments and corrections where appropriate, especially as it relates to 
missing information on concentration where testing has been carried out. In 
Canada, PCDD/PCDF have been added to the National Pollutants Release In
ventory (NPRI) for the year 2000. A number of sectors have been identified as pri
ority sectors for which Canada-Wide Standards are being developed. These sec
tors are: conical burners, medical, municipal, hazardous waste, and sewage sludge 
incinerators, electric arc furnaces of the steel manufacturing industry, sinter 
plants, and pulp and paper industries burning salt-laden wood. 

The largest individual sources to air in 1999 were identified and listed as 
shown in Table 37. 
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Table 35. National dioxin and furan inventories: PCDD/PCDF emissions to air (UNEP 1999 up
dated) 

g TEQ/a	 Reference Reference 
Year 

Best Max 

Austria (A) 29 1994 100 
Australia (AUS) 150 2,300 1998 100 
Belgium (B) 661 1995 100 
Switzerland (CH) 181 1995 100 
Canada (CDN) 290 1999 101 
Croatia (HRO) 95.5 ca. 1997 100 
Czech Republic 650 1998 113 
Germany (D) 323 1994 100 
Denmark (DK) 19 170 1998/99 102 
Finland (FIN) 98.3 198 ca. 1997 100 
France (F) 873 2,737 1998 100 
Hong Kong SAR (HGK) 23 33 1997 105 
Hungary (HUN) 103 1998 113 
Japan (JPN) 2,260 6,370 1999/1996 104 
The Netherlands (NL) 486 1991 100 
New Zealand (NZ) 14 51 1998 106, 107 
Norway (N) 9.15 ca. 1997 100 
Sweden (S) 22 88 1993 100 
Slovak Republic (SR) 616 1996 113 
United Kingdom (UK) 560 1,099 1993 100 
United States of America (USA) 2,501 4,901 1995 14 
Global Flux 9,964 21,391 

8.3.2 
Denmark 

In the year 2000, an updated picture of the dioxin circulation in the Danish so
ciety was published on behalf of the Danish Environmental Protection Agency 
[102]. The formation of PCDD/PCDF in Denmark in the years 1998 –99 has been 
estimated at 90 –830 g I-TEQ per year with emissions to the various compart
ments of the environment as follows: 

Air: 19 –170 g I-TEQ/a 
Water: 0.3– 1.4 g I-TEQ/a 
Soil: 1.3 –54 g I-TEQ/a 
Depots: 38 –420 g I-TEQ/a 

The formation of PCDD/PCDF in Denmark is almost entirely related to com
bustion processes (Table 38). The main conclusions of the study are [102]: 

–	 The total Danish formation of PCDD/PCDF in 1998 – 99 is estimated at 
90 – 830 g I-TEQ/a. The dominant source is municipal waste incineration. 
Other sources to mention include coal and biomass combustion and fires, both 
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Table 36. Canada: PCDD/PCDF releases to air. Fluxes in g I-TEQ/a [101] 

Source Facilities I-TEQ/a Comments 
tested 

1990 1997 1999 

Conical burners factors 44 44 44 CWS 2001; range: 10 –75 g I-TEQ/a 
Waste incineration (total) 282 127 41 total for incineration 

Medical 130 36 25 CWS 2000 numbers increased due 
to use of revised factors 

Municipal 143 83 9 CWS 2000 
Hazardous 4/4 9 8 7 CWS 2000 numbers increased due 

to new test results included 
Sewage sludge 4/9 0 0 0 CWS 2000 

Barrel burn factors 20 20 20 not included previously, 
range 15–25 g I-TEQ/a 

Steel manufacturing: 6/13 9 10 11 CWS & SOP CWS expected ¢01; 
electric arc furnaces 6 plants tested/reported 

Fuel combustion – 9 9 9 
diesel (traffic) 

Fuel combustion 7 7 7 numbers may be revised 
(agriculture/residential) 

Iron manufacturing: 2/2 25 25 6 CWS & SOP CWS expected 
sintering plants for 2001 

Pulp & paper: burning 8/10 10 10 5 CWS 2000 range (2.7 – 7.6) with 
salt laden wood average 5.1 g I-TEQ/a; 

reductions achieved 
Electric power generation 6/29 3 5 5 89 multi-pollutant initiative 

underway 
Residential wood combustion 3 3 3 CWS 2001 decreased from 36 

[revised fuel consumption and 
factor based on test] 

Base metals smelting 2/29 3 3 3 SOP release info to be developed: 
lead, zinc, copper, nickel smelters 

Cement kilns 13/23 3 3 2 96 new data was provided by the 
association, more results will 
follow 

In service – utility poles n.a. 2 2 2 SOP 
Wood preserving plants 0/12 2 2 2 SOP 
Wood waste comb. 1 1 1 

(saw mills/P & P mills) 
Steel Foundries EAFs 0 1 1 Release info to be developed 
Pulp & paper: 42 1 1 

kraft liquor boilers 
Magnesium production 1/1 0 0 0 new listing; + Magnola to start 

production in 2000 
Chemical Production 2/6 2 2 0 
Aluminum – 

secondary smelting 
Petroleum refineries 

Sub-total 427 274 164 
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Table 37. Largest sources of PCDD/PCDF emissions into the air (> 0.5 g I-TEQ/a) – Canada 
1999 [101] 

Category	 Facility name City, province I-teq/a 

Hazardous waste incinerators Ontario Hydro Tiverton Ontario 6.80 

Iron-sintering Stelco Hamilton Ontario 6.00 

Steel-electric arc furnace Sidbec-Dosco Contrecoeur Québec 3.69 

Base metals smelting Falconbridge Sudbury Ontario 2.90 

Municipal incinerator Hamilton-Wentworth Hamilton Ontario 1.93 
Solid Waste 

Steel-electric arc furnace IPSCO Inc. Regina Saskatchewan 1.40 

Steel-electric arc furnace Stelco-Master Ltee Contrecoeur Québec 1.13 

Steel-electric arc furnace Vaco Inc L’Orignal Ontario 0.92 

Steel-electric arc furnace Slater Steel Hamilton Hamilton Ontario 0.82 
Specialty Bar 

Steel-electric arc furnace Co-Steel Inc. (LASCO) Whitby Ontario 0.79 

P & p: salt laden wood Howe Sound P & P Pt. Mellon 0.66 
British Columbia 

Steel-electric arc furnace Gerdau MRM Selkirk Manitoba 0.63 

Hazardous waste incinerators Safety-kleen (prev. Laidlaw) Corruna Ontario 0.59 

Total of above	 28.26 

accidental fires and others. Most PCDD/PCDF formed in these processes are 
released to the environment, i. e., air, water, in deposits or products. A minor 
part is exported with residues like coal fly ash and filter dust out of the coun
try. 

–	 Denmark also receives PCDD/PCDF through imported products Denmark 
and by raw materials extracted from nature. The import by products is esti
mated at 3.4 – 106 g I-TEQ/a and is partly related to import of products like 
wood, leather, and textiles treated with pentachlorophenol (PCP). Other im
ports include clay, paper/cardboard, and feedstuff. Raw materials extracted 
from nature in Denmark account for 5 –1010 g I-TEQ/a predominantly via clay 
but also via fish, grass, and animals used for food and feedstuff. 

–	 The total Danish emission of PCDD/PCDF to air in 1998 –99 is estimated at 
19 – 170 g I-TEQ/a. The dominant sources include municipal waste incinera
tion, biomass combustion in small units without flue gas cleaning like wood 
stoves and farm boilers, evaporation from PCP-treated wood in use in Den
mark, fires, steel and aluminum reclamation. Other sources of air emission are 
cable scrap reclamation, lime and cement manufacturing, traffic and landfills. 
In 1999, incineration of chemical waste was a significant source as well, but the 
contribution from this source is likely to be heavily reduced in 2000 due to re
design of kilns and installation of dioxin filters. 
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Table 38. Sources of PCDD/PCDF in Denmark; reference year 1998/99 [102] 

Activity Emissions (g I-TEQ/a) 

Miscellaneous 
Cement and lime 0.045–3.5 
Other high temperature materials 0.006 –0.46 
Steel and aluminum reclamation 1.3– 5.6 
Other metal manufacture 0.06 –0.5 
Other manufacturing processes 0.004– 0.08 

Energy generation 
Coal combustion 0.4 –2.3 
Other fossil fuels 0.14 –0.4 
Biomass combustion 0.73 – 41 

Use of products 
PCP-treated wood 0.5–26 
Other PCP-treated materials < 0.05 
Bleached processes and bleaching agents < 0.5 

Miscellaneous other human and natural activities 
Fires – accidental 0.5–20 
Fires – others 0.03 – 6.5 
Traffic 1.3–1.7 
Cremation 0.01 
Other activities 0.09 –0.22 

Waste treatment and disposal 
Cable scrap reclamation 0.005–5 
Chemical waste incineration 2.2 –2.7 
Municipal waste incineration 11–42 
Landfills 0.25 – 10 
Waste and storm water 0.3–1.4 
Sewage sludge disposal 0.07– 0.15 

Other activities 0.08 –0.2 

Total (rounded) 19–170 

8.3.3 
Japan 

The Law concerning Special Measures against Dioxins in Japan was legislated by 
House members as a special law of Air Pollution Control Law and Water Pollu
tion Control Law. It is a basic framework and includes environmental quality 
standards and emission standards. It should be noted that the term “dioxins” in 
the Law includes the seven 2,3,7,8-substituted PCDD, ten 2,3,7,8-substituted 
PCDF, four non-ortho- (or coplanar) PCB and eight mono-ortho-substituted PCB. 
In total there TEQ includes 29 dioxin-like PCDD, PCDF and PCB; in other words, 
all compounds, which have a WHO-TEF assigned. 

For Japan, the emission inventory is prepared annually. The first inventories 
were for the years 1997 and 1998 (both published in June 1999), the I-TEF from 
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Table 39. Japan – Dioxin inventories to air, 1997 –1999 (annual releases in g WHO-TEQ/a) [104] 

Source Annual Emissions 

1997 1998 1999 

Municipal waste incinerators 5,000/0.037 a 1,550/0.037 a 1,350/0.028 a 

Industrial waste incinerators 1,500/0.51 a 1,100/0.51 a 690/0.50 a 

Small-scale waste incinerators 340– 591 340 –591 279–481 
Crematoriums 2.1 –4.6 2.2 –4.8 2.2– 4.8 
Industrial sources 228 139.9 141.5 
Electric steel-making furnaces 135 113.8 101.3 
Steel industry: sintering facilities 42.3 20.4 18.4 
Zinc recovery facilities 21.3 19.4 13.6 
Aluminum production facilities 26.3 25.7 17.6 
Others  –0.2  –0.2  –0.2  
Cigarette smoke 1.12 1.12 1.12 

Total 7,300– 7,550 3,310 –3,570 2,620–2,820 

Automobile exhaust 0.093 a 0.093 a 0.093 a 

Final waste disposal sites 

a Indicates emission to aquatic environment. 

1988 was utilized to estimate the emissions of PCDD+PCDF. With the new law in 
2000, all inventories now report the total PCDD/PCDF/PCDF releases utilizing the 
WHO-TEFs. The results for the three past years are shown in Table 39. As can be 
seen from Table 39, reductions of about 60% have been achieved between 1997 
and 1999 [103, 104]. 

8.3.4 
Hong Kong SAR 

In March 2000, the Environmental Protection Department of the Hong Kong Spe
cial Administrative Region published a report “An Assessment of Dioxin Emis
sions in Hong Kong” [105]. For the first time, PCDD/PCDF emissions to air have 
been estimated for Hong Kong. Almost all estimates are based on U.K. emission 
factors. The estimates for the year 1997 and the predicted emissions for the year 
2007 are summarized in Table 40. According to these estimates, the PCDD/PCDF 
emissions into air were between 23 and 33 g I-TEQ in the year 1997 and only 
2 – 4 g I-TEQ in the year 2007. 

According to Table 40, the 1997 inventory is dominated by the emissions from 
the incineration of municipal solid waste. Coal combustion for power generation 
was the second largest source. Other known emitters of PCDD/PCDF such as sin
ter plants do not exist in Hong Kong. Within ten years, a drastic decrease has been 
predicted mainly due to the fact that the old small MSWIs will be replaced by 
state-of-the-art plants within the next ten years. Natural and accidental fires have 
not been quantified. 

http:690/0.50
http:1,100/0.51
http:1,500/0.51
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Table 40. Hong Kong SAR – PCDD/PCDF emissions to air; reference years 1997 and 2007 [105] 

Sources Activity Inventory Activity Inventory 
1997 1997 2007 2007 

(g I-TEQ) (g I-TEQ) 

Industrial Sources 
Coal combust. (power) 6.1 MT 0.4–2.0 5.6 MT 0.3 –1.8 
Landfill gas combustion 

migrating gas 254,773 t CH4 0.2–0.3 145,000 t CH4 0.13–0.15 
flared gas 17,662 t CH4 0.001 10,052 t CH4 0.001 
combustion gas NA NA NA NA 

Non-ferrous metal 27,450 0.1 –1.0 27,450 0.1– 1.0 
Cement manufacture a 1,514,838 t clinker 0.32 1,514,838 t clinker 0.32 
MSW combustion 116,508 t (old) 21 –27 1000,000 t (new) 0.5 
Chem waste combust. 10,198 t (CWTC) 0.004 b 10,198 t (CWTC) 0.024c 

Clinical waste combustion 3,650 t (old plant) 0.4– 1.8 5,290 t (CWTC) c c 

Sewage sludge comb – 259,000 dry t 0.2 
Asphalt mixing 84,050 t 0.004 84,050 t 0.004 

Non-Industrial Sources 
Crematoria 

humans 16,250 bodies 0.024 20,750 bodies 0.031 
animals – 7,300 t d 0.015 

Cars 
leaded 2049 M km 0.002 –0.45 – 
unleaded (with cat) 2237 M km 0.001– 0.03 7250 M km 0.003– 0.09 
diesel 2515 M km 0.002– 0.03 2515 M km 0.002– 0.03 
LPG – 2600 M km – 

Light GVs (diesel) 2000 M km 0.001– 0.02 2400 M km 0.002– 0.04 
Heavy GVs (diesel) 2288 M km 0.06 –0.09 2557 M km 0.07 –0.1 
Buses (diesel) 612 M km 0.016– 0.023 620 M km 0.016– 0.023 
Motorcycles 287 M km 0.0001 – 0.006 469 M km 0.0002 –0.01 

Total 23– 33 2 –4 

a Assuming maximum operational conditions at 0.1 ng I-TEQ/m3 limit, 7680 h/year operation, 
7000 m3/min flow rate and is not based on activity data. 

b According to CWTC monitoring data, 4.3 mg I-TEQ of PCDD/F was released in 1997. 
c Assuming maximum operational conditions at CWTC at 0.1 ng I-TEQ/m3 limit, 8000 h/year 

operation, 30,000 m3/h flow rate (SEIA for CWTC, 29/3/99) and includes BOTH chemical and 
clinical waste incineration at the CWTC. 

d Assuming average body weight of 70 kg, 7,300 t ª100,000 bodies. For new plant, an emission 
factor of 0.15 fg I-TEQ body –1, corresponding to an emission of 0.1 ng I-TEQ m–3, is used. 

e GV stands for goods vehicles. 

8.3.5 
New Zealand 

In 1995, New Zealand’s Ministry for the Environment initiated the Organochlo
rines Programme to assess the level of risk posed by POPs. Part of the project was 
an inventory of dioxin and furan releases. In this section, the findings concern
ing releases to air are briefly summarized [106, 107]. The reference year for the 
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inventory is 1998 and the total releases to air, water and land were estimated in 
the range 41 –109 g I-TEQ/a. Of these, 14 – 51 g I-TEQ/a were released to air (see 
Table 41). The emissions to air from waste burning, either in hospital waste in
cinerators or from uncontrolled fires at landfills, coal and wood combustion, and 
secondary non-ferrous metal production were the most abundant. Lower emis
sions came from the manufacture of cement and lime, pulp and paper, iron and 
steel production, power generation, and crematoria. Overall, the inventory esti
mates that approximately 60% of PCDD/PCDF emissions to air were from in
dustrial sources and 40% from non-industrial sources such as domestic burning 
of wood and coal for home heating, backyard waste burning and incidental fires 
in buildings or from the use of gasoline and diesel for land transport. Among the 
natural sources considered in this inventory were uncontrolled forest, scrub, and 
grass fires. One notable difference between the New Zealand inventory and the 
inventories from most other countries is that New Zealand does not have any 
municipal solid waste incinerators. 

8.3.6 
European Union Member States 

In 1997, the dioxin release inventory for 17 European countries (15 Member 
States of the EU plus Norway and Switzerland) has been published [108]. 

Analyses of basic documents obtained from the 17 European countries gave 
total PCDD/PCDF emissions into the air from known sources of approximately 
3300 g I-TEQ/a (see Table 42). However, a re-evaluation of the data using emis
sion factors for a given process were applied taking into account parameters such 
as abatement technologies. The results of the re-evaluation procedure yielded 
PCDD/PCDF emissions to the air from the most relevant sources of 5,800 g I
TEQ/a which are thought to represent 90% of the total emissions. Thus, it was es
timated that the annual air emissions of PCDD/PCDF from all known sources in 
the 17 countries are 6500 g I-TEQ/a. A comparison of the two estimates for air 
emissions on a country basis is shown in Table 43. It can be seen that large dif
ferences could be found. This was an expected finding as for some countries al
most no or only limited information was available. In addition, the sources of in
formation varied from comprehensive reports based on large numbers of 
emissions measurements to short estimates based on literature data. A further 
complication is given by the fact that within the last years considerable techni
cal improvements were implemented in many areas, so that the emission esti
mates undergo rapid changes. Nevertheless, the re-estimate still has to be con
sidered as considerably uncertain due to the lack of many basic data or low 
quality of data [108]. 

Based on the present European emission inventory as compiled by Lan
desumweltamt Northrhine-Westphalia [108]: 

62% of the PCDD/PCDF emissions are due to: 
– Incinerators for municipal solid waste, 
– Iron ore sinter plants, 
– Incineration for clinical waste, and 
– Facilities of non-ferrous metal industry. 
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Table 41. New Zealand – PCDD/PCDF emissions to air for the year 1998 (g I-TEQ/a) [106, 107] 

Source Annual emission Certainty 
g I-TEQ/a 

Incineration and combustion processes 
Clinical, pathological and quarantine waste incineration 0.38 –3.5 M, M 
Hazardous waste incineration 0.00054–0.0039 H, H 
Wastewater solids incineration 0.009 H, L 
Crematoria 0.0080 –0.45 H, L 

Power generation 0.059– 0.11 H, M 
Industrial, commercial and agricultural coal combustion 
Industrial and commercial appliances 0.032–3.8 H, M 
Agricultural appliances 0.0017– 0.20 H, L 
Domestic coal burning 0.36 –0.59 H, L 
Industrial wood combustion 
Wood processing wastes 0.28 –1.2 M, M 
Contaminated wood wastes 0.57 –1.2 M, L 
Domestic wood burning 0.71 –8.7 H, L 
Domestic waste burning 0.54–6.4 L, L 

Land transport 
Unleaded petrol 0.010–0.59 H, L 
Diesel 0.10 –0.57 H, L 

Uncontrolled fires 
Forest, scrub and grass fires 0.080–1.1 L, L 
Structure fires 0.27–2.7 L, L 
Vehicle fires 0.10–0.14 L, L 

Manufacturing and production processes 
Cement and lime manufacture 
Cement manufacture 0.10–0.65 H, M 
Lime manufacture 0.0030 –0.16 H, L 
Iron and steel production 
Primary steel production 0.10 H, H 
Secondary steel production 0.017–0.063 H, H 
Non-ferrous metal production 0.10 –1.3 L, L 
Aluminum production 
Secondary aluminum production 0.0091 –1.8 M, L 
Glass production 0.00024–0.0038 H, L 
Pulp and paper production (black liquor recovery boilers) 0.033–0.045 H, M 22 

Miscellaneous activities 
Cigarette smoking 0.00029–0.0084 H, L 
Used oil use and disposal 0.00068–0.024 L, L 

Landfills 
Landfill gas (fugitive emissions) 0.077– 0.086 L, L 26 
Landfill gas (flared and combusted in engines) 0.0013 –0.077 M, L 
Landfill fires 10– 15 L, L 

Total annual estimate of emissions to air for 1998 14– 51 

H =High certainty; M =Medium certainty; L =Low certainty. See Sect. 3.3. 
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Table 42. PCDD/PCDF air emissions in the European Community – Comparison of results from 
national reports and LUA re-estimate; reference years 1993 –1995 (g I-TEQ/a) [109] 

Country	 National reports LUA re-estimate 

Austria 29 121
 

France 621 1,119
 

Italy No data 1,050
 

Total 3,273 5,750
 

Belgium 727 484
 
Denmark 43 50
 
Finland 25 69
 

Germany 600 840
 
Greece No data 122
 
Ireland No data 33
 

Luxembourg 29 50
 
The Netherlands 89 117
 
Norway 45 41
 
Portugal No data 127
 
Spain 134 327
 
Sweden 36 89
 
Switzerland 182 183
 
United Kingdom 715 928
 

Table 43. PCDD/PCDF air emissions in the European Community – Most important sources 
for reference years 1993 –1995, LUA re-estimate (g I-TEQ/a) [109]; EF = Emission factor, 
AR=Activity  rate  

Source type PCDD/PCDF Remarks Uncertainty 
(g I-TEQ/a) EF/AR 

Municipal waste incineration 1,467 + 174	 Decreasing trend Low/Low 
Illegal burning of domestic 
waste 

Sinter plants 1,010 +115 Sinter plants for recycling Medium/Low 
materials 

Residential wood combustion 945 Use of contaminated wood Medium/High 
uncertain 

Clinical waste incineration 816 Few plant data and statistics High/High 

Wood preservation 381 From PCP-treated materials v. high/v. high 

Fires 380 Based on one reference only v. high/v. high 

Non-ferrous metals 136 Cu, Al, Zn Medium/Low 

Road transport 111 Mainly leaded fuel; Low/Low 
decreasing trend 
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38 % of the PCDD/PCDF emissions are dominated by non-industrial sources, 
such as: 

– Domestic heating, especially wood combustion, 
– Accidental fires, and 
– Traffic (mainly if leaded gasoline is used). 

An evaluation of the re-estimated emissions revealed that the European dioxin 
inventory is dominated by a few source categories. In the reference period 
1993 –1995, the largest contributor to the inventory was municipal waste incin
eration followed by sinter plants (see Table 43). Strong decreasing trends were 
identified for two source categories: Many countries are in the process to phase 
out leaded gasoline what will reduce dioxin emissions from this sector. The 
strongest decline in the present inventory can be expected for municipal waste 
incineration: Whereas for the reference period 1993 – 1995, the re-estimate was 
calculated to be 1,467 g I-TEQ/a, only 20 g I-TEQ/a will be emitted if all MSWIs 
in Europe will comply with a limit value of 0.1 ng I-TEQ/m3 as required by the 
2000 Directive on the incineration of waste [48]. 

Based on the results of the European Dioxin Inventory [108], Stage II of the 
European Dioxin Project was conducted between the years 1997 and 2000, which 
comprised a number of sub-projects aimed to fill several data gaps identified in 
Stage I. First conclusions to be drawn are that to date, that most Western 
European countries have established PCDD/PCDF inventories to air. Most of 
them are based on actual measurements; however, emission measurements are 
still missing for Greece and – except for municipal solid waste incineration – for 
Spain and Italy. Ireland, which may have minor PCDD/PCDF releases compared 
to the other more industrialized European countries, will start a multi-media 
dioxin project soon. A compilation of the PCDD/PCDF emissions to air for the 
years 1995 (recalculated from the 1997 inventory with the new results obtained 
in Stage II) and 2000 as well as the emission reduction achieved is shown in 
Table 44 [110]. 

Within the individual source sectors, a rapid decrease in emissions was 
observed for municipal solid waste incineration (MSWI). Therefore, MSWI is 
no longer the largest single source in the European emission inventory. Of the 
Western European countries, only France still has a number of plants with 
considerable emission. There are some countries in the EU (Ireland, Portugal, 
Greece) which are going to build up their first incineration plants in the near 
future. It is expected that these plants will have state-of-the-art flue gas cleaning 
and therefore will not create significant new emissions of PCDD/PCDF to 
air [110]. 

8.3.6.1 
Waste Incineration 

The incineration of municipal solid wastes has experienced a rapid decrease of 
PCDD/PCDF emissions to air due to abatement measures and plant closures in 
the 1990s. For EU Member States, municipal solid waste incineration no longer 
is the most important source type of dioxin releases to air. Of the Western Euro
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Table 44. European PCDD/PCDF emission inventory per sector (concentrations in g I-TEQ/a) 
[110] 

Sector 1995 (min-max) 2000 (min-max) Change 

Power plants – fossil fuel 59 – 122 55–72 – 30% 
Resident. comb. – wood 544–989 532 –971 – 2% 
Resident. comb. – coal, lignite 92 – 408 86–370 – 9% 
Industrial boilers, stationary engines 32– 83 34 –81 0% 
Sinter plants 671–864 447 –554 –35% 
Sec. zinc production 242 –245 22–25 –90% 
Sec. copper production 31 – 33 15–17 – 50% 
Sec. aluminum production 41 –50 13–49 – 2% 
Cement  14  –50 13–49 –  2% 
Metal cable reclamation 42– 52 40–50 – 3% 
Electric arc furnace steel plants 115–162 120–153 – 1% 
Non-ferrous metal foundries 36–78 40 –74 0% 
Sintering of spec. materials, 115–200 1–86 –72% 

drossing facilities 
Preservation of wood 145–388 131 –349 –10% 
Road transport 57–138 37 –82 –39% 
MSWI (legal) 973 – 1,213 412–506 – 58% 
MSWI (illegal) 129 – 221 126–200 – 7% 
Incineration of industrial waste 149–183 131–166 – 10% 
Incineration of hospital waste 133– 530 96–392 – 27% 
Crematoria 11– 46 9– 19 – 51% 

Total 3,685–6,470 2,435 –4,660 – 30% 

– Industrial sources 2,793–4,165 1,589 –2,516 – 41% 

– Non-industrial sources 892–2,305 846–2,144 – 6% 

pean countries only France still has considerable emissions from these facilities, 
but here, too, the emissions are declining. It should be noted that waste disposal 
plans in some countries, like Ireland, Portugal, and Greece, envisage to build their 
first incineration plants in the near future. According to EU Directive 2000/76/EC 
[48], these plants will have to comply with the 0.1 ng I-TEQ/Nm3 emission stan
dard and thus be equipped with state-of-the-art flue gas cleaning technology. 
Such plants will not create contribute significantly to a nation’s air emission in
ventory. Nevertheless, depending on the type of abatement measures installed 
dioxin emissions via solid residues and waste water streams are likely to occur. 
These emissions (to land and water) may further increase in future if the capac
ities of municipal solid waste incineration were enlarged as a result of decreas
ing space suitable for landfilling. 

So far, there did hardly exist any measured data from European hospital waste 
incinerators as many countries did close down small hospital waste incinerators 
once they became aware of a dioxin problem in the early 1990s. Within Stage II 
of the European Dioxin Inventory, emission measurements were carried out in 
Portugal and in Greece. PCDD/PCDF flue gas concentrations at these on-site fa
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cilities ranged from below 0.1 ng I-TEQ/m3 (for a facility equipped with active 
carbon injection) to up to 300 ng I-TEQ/m3; most results were between 10 and 
50 ng I-TEQ/m3. From national data in Belgium, an emission factor of 2250 mg 
I-TEQ/ton waste was derived based on an average of 150 ng I-TEQ/m3 from four 
measurements and a specific flue gas volume of 15,000 m3/ton of waste. This 
clearly shows that these plants may still constitute relevant emission sources. In 
particular, the small on-site hospital waste incinerators have proven to have in
adequate technology with respect to PCDD/PCDF prevention and abatement. The 
total number of small on-site incinerators for hospital wastes in the Member 
States of the European Union is presently unknown. Considerable numbers may 
exist in Greece, Portugal, Italy, and Spain; they are also known to be found in 
Poland and presumably in the other accession countries [110]. 

Co-incineration of hospital waste in municipal solid waste incinerators is the 
most common way of health care waste treatment in countries like France, Ger
many, and Denmark, where sufficient capacity exist. In large, well-managed state
of-the-art MSWI, the co-incineration of a few percent of health care waste to
gether with “normal” municipal solid waste did not increase the emission from 
the MSWIs and the emissions were below 0.1 ng I-TEQ/Nm3. For Denmark, how
ever, the results from six measurements of co-incineration of hospital waste 
in municipal waste incinerators was slightly above the 0.1 ng I-TEQ/Nm3 limit 
value (average co-incineration = 0.29 ng I-TEQ/m3; average MSWI only =0.36 ng 
I-TEQ/m3). 

8.3.6.2 
Iron Ore Sintering 

Iron ore sintering was still one of the major sources for PCDD/PCDF emis
sions to air. Measurements performed in the Walloon part of Belgium as well 
as tests from Flemish and French plants confirmed quite considerable variation 
of emissions between different plants. PCDD/PCDF concentrations in the flue 
gas ranged from below 1 to 20 ng I TEQ/m3. Based on these data, the annual 
emissions for these ten plants yielded nearly 200 g I-TEQ/a. From the Czech 
Republic measured emission factors between 0.05 and 20 g I-TEQ/t of sinter have 
been determined during the years 1997 –1999; these are well within the range 
found in the EU Member States. Data from the Spanish, Italian, and Portuguese 
sinter plants are still missing. With these emissions, iron ore sintering will 
become the most relevant industrial sector in the European inventories to air. 
The importance of this source will be further enhanced by facilities located in 
accession countries in Central Europe, namely in the Czech Republic and in 
Poland [110]. 

The results of the measurements performed at the two Walloon plants during 
Stage II of the European Emission Inventory are shown in Table 45. As can be seen 
from Table 45, there is almost a factor of 10 between the flue gas concentrations 
of the two plants resulting in a difference in emission factors by a factor of 5. 
Whether the difference in dust emissions, 29 – 61 mg/m3 at the Liège plant vs. 
61 –165 mg/m3 at Charleroi and the PCDD/PCDF emissions are caused by the 
same parameters needs to be examined. 
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Table 45. PCDD/PCDF emissions from the two Belgian sinter plants measured within the 
Stage II project [110] 

Sample PCDD/PCDF Flow rate Mass flow Annual Production Emission 
ng I-TEQ/m3 Nm3/h mg I-TEQ/h emission rate t/h factor 

g I-TEQ/a mg I-TEQ/t 

Liège 1 0.80 1,504,934 1.2 10.5 
Liège 2 0.59 1,369,811 0.8 7.1 
Liège 3 0.74 1,470,864 1.1 9.6 

Liège mean 0.71 1,448,536 1.0 9.1 581 1.8 

Charleroi 1 9.50 366,608 3.5 30.5 
Charleroi 2 5.83 383,271 2.2 19.6 
Charleroi 3 5.15 389,948 2.0 17.6 

Charleroi Mean 6.82 379,942 2.6 22.5 289 8.9 

8.3.6.3 
Electric Arc Furnaces in the Steel Industry and Iron Foundries 

Electric arc furnaces (EAFs) used for steel production from scrap were the sec
ond largest source for PCDD/PCDF emissions to air. Although the annual emis
sions per plant are much lower than those for sinter plants; EAF emissions play 
an important role as the number of installations is increasing in EU Member 
States; in 1995, there were 250 EAFs in European Member States. The emissions 
from this sector have not exhibited the same downward trends as were shown for 
other sectors as emission reductions through introduction of advanced tech
niques and technology are being compensated by increased production numbers. 
Overall, this source type might be the only one among the industrial source with 
constant or even increasing emissions to air. Nevertheless, it has been shown that 
through application of suitable abatement technologies, flue gas concentrations 
below 0.1 ng I-TEQ/m3 can be reached. A release pathway to be considered is the 
dioxin-contaminated filter dusts: if disposed in landfills or mines they cause a re
lease to land; if transported to zinc recovery plants – a common practice EU-wide 
– fugitive emissions during handling and transport may occur; in addition, they 
present an input of PCDD/PCDF into the secondary zinc industry. 

Although cold-air cupola furnaces used for production of iron and steel cast
ings had quite low PCDD/PCDF emission concentrations (up to ~0.2 ng 
I-TEQ/m3), analyses of filter dusts exhibited a wide range of PCDD/PCDF conta
mination with the highest value of about 12,000 ng I-TEQ/kg dust. Therefore, if 
the dioxin concentrations of filter dust mirror stack releases, this source may play 
a more important role in national inventories than anticipated before. This as
sumption is supported by the results reported from the French dioxin emission 
program [110]. 
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8.3.6.4 
Secondary Zinc Industry 

Zinc recovery plants, e. g., which utilize filter dusts from electric arc furnace 
(EAF), have been identified as major PCDD/PCDF sources in some countries, 
e.g., Japan. In Europe, secondary zinc plants exist in France, Germany, Spain, and 
Italy. However, it is not known whether they all apply the same processes. Stack 
emissions have been measured at a French zinc recovery plant: initial analyses 
showed concentrations of 135 ng I-TEQ/m3, which by 1999 have been reduced 
through installation of abatement technology to 5 ng I-TEQ/m3; with the third 
and last step of abatement finalized, emissions below 1 ng I-TEQ/m3 should be 
achieved. 

Further, these types of plants may not only have stack emissions but may also 
have fugitive emissions, which may cause PCDD/PCDF deposition in the vicin
ity of the plant; such impact has been experienced close to a German facility. 
These fugitive emissions are at least in part due to open-air handling of EAF fil
ter dusts. Since these dusts are shipped from the steel plants to the recycling in
stallations, further emissions may occur during transport in case of big leakage 
[110]. 

8.3.6.5 
Miscellaneous Sources 

The European emission inventory has shown that there is a vast number of mis
cellaneous industrial installations, which per plant only have small PCDD/PCDF 
releases but together they contribute considerably to the annual dioxin and fu-
ran emissions in Europe. Among these are secondary smelters for non-ferrous 
metals (i. e., aluminum, copper), iron foundries (cupola furnaces), cement pro
duction (particularly when the wet technology is used and co-incineration of 
hazardous waste takes place in such plants) [110]. 

8.3.6.6 
Non-Industrial Sources and Uncertainties 

As can be seen from Table 44, non-industrial sources in the past made and still 
make a large part of the PCDD/PCDF emissions in Europe. Although there exist 
data from the combustion of fossil fuels and wood in domestic ovens, chimneys, 
and furnaces, better knowledge is needed especially for the PCDD/F releases 
from domestic solid fuel combustion. A result of the recent European emission 
inventory is that the emissions from coal combustion may have been under
estimated previously. Another field of uncertainty or contradictory results exist 
with respect to domestic wood combustion since the fraction of wood con
taminated with chlorine containing compounds or in the worst case wood 
preservatives is hard to assess. Especially in countries like Norway, where wood 
is used for heating purposes, and where the air contains high concentrations of 
inorganic chlorine, the burning of “clean” wood may pose a dioxin emission 
problem. 
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Better understanding is also needed to quantify the PCDD/PCDF releases 
caused by accidental fires and releases of PCDD/PCDF from reservoir sources 
containing pentachlorophenol, such as PCP-treated wood [110]. 

8.3.6.7 
Trends in the EU 1985 – 2005 

In its 5th action program The EU aimed at a 90% reduction of PCDD/PCDF re
leases between the years 1985 and 2005. Based on the data from the Stage II of he 
European Dioxin Inventory, this goal could be achieved for major PCDD/PCDF 
sources in the industrial sectors. The successful realization was due to fact that 
already by 1985/1990 targets of PCDD/PCDF reduction were set by the policy, 
e.g., national limit values for waste incinerators, close-down of hospital waste in
cinerators, prohibition of open air cable burning, prohibition of halogenated 
scavengers, etc. Individual plants with high PCDD/PCDF emissions were retro
fitted with appropriate abatement technology, e. g., zinc recovery plants in Ger
many and France, a hot briquetting special sinter plant in Germany. The success 
of these reduction measures is reflected by decreasing PCDD/PCDF concentra
tions in ambient air and in deposition (see Sect. 4.1.3), in foodstuffs (Sect. 4.2.1), 
human blood, and mother’s milk (Sect. 4.2.3). However, with respect to the re
maining industrial sources, which predominantly belong to metallurgical in
dustries, considerable effort is required to further minimize PCDD/PCDF and the 
90 % reduction target was not met. Also for the domestic combustion of solid fu
els this goal could not be achieved. The authors of the LUA study attribute this 
to two reasons [110]: 

–	 PCDD/PDCF emissions from non-industrial sources are much more difficult 
to assess and to regulate than emissions from industrial sources; 

–	 not all European countries have characterized these types of emissions sources. 

The inventories of releases to land and water are even more difficult to estimate 
and are still incomplete; at the present stage, a conclusion towards an upward or 
downward trend cannot be made. However, some conclusions can be drawn such 
as that dioxin-containing waste materials from industrial production, which for
merly were disposed off in – very often – inadequate landfills, today mostly are 
incinerated. Old production processes, which were identified to generate 
PCDD/PCDF, such as manufacture of chlorinated pesticides and some dyestuffs, 
have either been abandoned or have been changed and thus, the release of 
PCDD/PCDF in products and with residues was either eliminated or reduced. 
Also, through engineering measures to make the combustion process more effi
cient and achieve a better burn-out, the concentrations in the solid residues, i. e., 
bottom ashes and fly ashes, decreased for modern incinerators. Nevertheless, 
there is one important consideration to be taken into account: the adsorption and 
absorption measures, when applied properly, are capable to reduce emissions to 
air and/or to water, but they do not destroy PCDD/PCDF; they simply transfer the 
PCDD/PCDF contamination to another compartment. In these cases, the sinks 
for these PCDD/PCDF taken out of the stack or the discharge waters are translo
cated into solid residues, which then have to be treated or otherwise disposed of. 
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8.4 
Outlook : PCDD/PCDF Inventories under the Stockholm Convention on POPs 

On May 22 –23, 2001, the Stockholm Convention on Persistent Organic Pollutants 
(POPs) (see Chapter by Buccini in this volume) was adopted. One year later, 
the Convention has 151 signatures and eleven ratifications (Canada, Fiji, 
Germany, Iceland, Lesotho, Liberia, Nauru, the Netherlands, Rwanda, Samoa, and 
Sweden). The objective of the Convention is to protect humans and the environ
ment from the adverse effects of these chemicals. Article 5 of this Convention in 
its subparagraph (a) requires Parties to develop an action plan designed to iden
tify, characterize and address the release of the chemicals listed in Annex C 6 and 
promote implementation of subparagraphs (b) to (e). Subparagraph (a) also lists 
the elements that are to be included in such action plans, including an evaluation 
of current and project releases, i. e., the development and maintenance of source 
inventories and release estimates, taking into account source categories identified 
mainly in western industrialized countries and listed in Annex C, Part II. There
fore, dioxin sources must be quantified and the methodology used to assess 
sources must be consistent in order to follow or monitor dioxin releases over time 
and between countries [30]. 

Provisional guidance on the evaluation of current and projected releases of 
PCDD/PCDF – and as requested by the Convention for polychlorinated 
biphenyls (PCB) and hexachlorobenzene (HCB) as well – includes the following 
steps: 

a.	 Identifying sources of releases: the Convention requires that all anthropogenic 
sources be considered; 

b. Quantifying releases from the identified sources. Principally, quantification for 
a given source or activity can be done by measuring all individual sources or 
by applying validated emission factors; and 

c.	 Combining individual sources and source categories to develop a nation-wide 
release inventory. 

In order to assist countries to identify sources of dioxins and furans and to esti
mate the amount of their releases into the environment, UNEP Chemicals has de
veloped a “Standardized Toolkit for Identification and Quantification of Dioxin 
and Furan Releases” (the “Toolkit” for short) [94]. The “Toolkit” was assembled 
using the accumulated experience of inventory compilation for countries, regions 
and in depth assessments of source categories. It consists of a report (approxi
mately 190 pages) and a database with default emission factors (in Microsoft EX
CEL). The database of default emission factors, which differentiate between the 
individual classes of technology or performance, have been developed in such a 
way that the releases differ by order of magnitude. The Toolkit is flexible and 
applicable to all countries. Countries with no PCDD/PCDF data at all may use 
the Toolkit to screen industrial and other activities to make first estimates of 
the scale of potential PCDD/PCDF sources and releases. Countries with measured 

6 These are polychlorinated: dibenzo-p-dioxins (PCDD), polychlorinated dibenzofurans 
(PCDF) plus dioxin-like PCB to be reported in WHO-TEQ as well as polychlorinated 
biphenyls (PCB) and hexachlorobenzene (HCB). 
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1. Apply Screening Matrix to identify Main Source Categories in the Country 

2. Check subcategories to identify existing sources and get initial estimate of activity 

3. Gather detailed information on processes – e. g., by applying Standard Questionnaire to 
obtain information on sources – to choose the characteristic parameters for emission 
factors 

4. Quantify identified sources with default/measured emission factors 

5.	 Apply nation-wide to establish full inventory following guidance on presentation of find
ings 

Fig. 8. The recommended five step approach to establish standardized PCDD/PCDF source in
ventories [94] 

data may use the Toolkit to review and update the coverage of their inven
tory, as well as seek agreement between their data and data provided in the 
Toolkit [94]. 

The Toolkit was released for use in January 2001 and named a “draft. As with 
any methodology, the Toolkit needs live testing and validation; such testing is 
presently underway 7 and first results can be expected towards the end of the year 
2002. With the feedback from that test phase UNEP will update the Toolkit and 
complement the existing Dioxin and Furan Release Inventory of 1999. The in
ventories received will be published and made available on the UNEP’s POPs 
Clearinghouse (http://www.chem.unep.ch/pops). 

The methodology of the Toolkit is summarized in five basic steps and shown 
in Fig. 8. The screening matrix (Table 46) indicates the 10 major source categories 
and includes industrial and non-industrial sources as well as reservoirs and con
taminated sites. For each main category a listing of subcategories indicates the 
detailed process activities. Within each process type key parameters or process 
characteristics are provided, which enable to assign emission factors and to 
quantify the releases to all media, namely to air, to water, to land, in products, and 
with residues. For example, within the category 2 “metal processing”, in the sub
category of “aluminum production from scrap” three classes of processes are to 
be distinguished based on the technology applied and the controls in place – the 
emissions from these three categories are very different. For each of the classes, 
emission default factors are provided in the Toolkit. The intention is that the end 
user can use relatively easily accessible plant and process information to ade
quately and simply select an emission factor, which will describe the releases 
from that broad technology. 

Application of the Toolkit in a first stage does not involve any sampling or 
analysis. However, where measured data are available or national estimates have 
been made the Toolkit is designed to allow for their inclusion alongside the es
timates made by application of the default emission factors. This should help to 
rapidly show where there are data gaps or uncertainties and differences between 

7	 e. g., in the “Asia Toolkit Project on Inventories of Dioxin and Furan Releases” with five Asian 
countries (Brunei Darussalam, Jordan, Lebanon, Philippines, and Vietnam) [111]. 

http://www.chem.unep.ch/pops
http://www.chem.unep.ch/pops


  

  
    

 
      

  
    

  

 

 
  

 
   

 
  

  

 
   

     

195 Dioxins and Furans (PCDD/PCDF) 

Table 46. Screening Matrix – Main Source Categories [94] 

No. Categories and Subcategories Air Water Land Product Residue 

1 Waste Incineration ¥ ¥
 
2 Ferrous and Non-Ferrous Metal Production ¥ ¥
 
3 Power Generation and Heating ¥ ¥ ¥
 
4 Production of Mineral Products ¥ ¥
 
5  Transport  ¥
 
6 Uncontrolled Combustion Processes ¥ ¥ ¥ ¥
 
7 Production of Chemicals and Conumer Goods ¥ ¥ ¥
 
8 Miscellaneous ¥ ¥ ¥ ¥ ¥
 
9 Disposal ¥ ¥ ¥ ¥
 

10 Identification of Potential Hot-Sports	 Probably registration only to be followed 
by site-specific evaluation 

processes in one country and emission factors generated from the international 
literature. 

The final country PCDD/PCDF release inventory will clearly show that all po
tential sources have been addressed (even if it is to conclude that the activity does 
not exist or is insignificant). For each source within a country there will be an es
timate of releases to all media where data are sufficient and an indication of likely 
magnitude if full data are unavailable. Additional information may be included 
such as plans for upgrading of processes or imminent closure of plants – all of 
which should help in the interpretation of the results and the prioritization of fu
ture actions. 
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ABSTRACT 
Analyses of sludge from graphite electrodes used in the chloralkali process show 
total levels of PCDFs as high as 650000 pg/g sludge. The levels of tetra-, penta- 
and hexaCDFs were found to be approximately the same. The levels for the 
corresponding PCDDs were below the detection level. The dominating congeners 
within each group are the toxic 2,3,7,8-substituted PCDFs at levels of 340000 pg/g, 
This typical pattern, called the "chloralkali pattern" can also be found in soil 
samples taken at another chloralkali plant. The typical pattern can also be identified 
in a solution of ferric chloride. Traces of "chloralkali pattern" are identified in a 
sludge sample from the drinking water purification plant, the source for PCDFs in 
the sludge is unknown. 

INTRODUCTION 
In connection with an extensive program on the formation of PCDDs and PCDFs 
during pulp bleaching using chlorine gas, it was observed that treatment of tap 
water or double distilled water with chlorine resulted in.the formation of a series of 
PCDFs, primarily the higher chlorinated congeners (1,2). At the same time, very 
low levels of PCDDs could be found. This specific pattern was named the "chlorine 
pattern". During DIOXIN '89 in Toronto it was reported that pulp samples and also 
effluents from pulp mills not using chlorine bleaching were contaminated by low 
levels of hepta- and octaCDF, the dominating congeners in the "chlorine pattern". It 
was suggested that this contamination was the result of the use of other chlorinated 
chemicals in the mill (3). At the same time, it was also reported for the first time 
that total levels of PCDFs exceeding 200 000 pg/g could be found in a sample 
originating in a landfill for sludge from graphite electrodes used as anodes in the 
production of chlorine in the chloralkali process, and it was assumed that the 
alarming levels of PCDFs were related to the chloralkali process utilizing graphite 
electrodes (3). 

EXPERIMENTAL 
Samples 
Four samples were collected in the landfill at Ornskrldsvik (plant A) where sludge 
from the chloralkali process has been dumped. Two samples, completely black and 
collected at the surface, were sludge from the graphite electrodes. Two other 
samples were collected at different depths at the same landfill. One of these samples 
consisted of graphite sludge, the other had a green color and consisted of chromate 
sludge. 
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Four samples of surface soft were collected at the site of chloralkali plant close to 
Gothenburg (plant B). These samples should represent high contamination levels as 
well as background levels for soil samples within the plant and not directly 
correlated to the sludge from the graphite electrodes. Graphite electrode sludge was 
used as a filler at various sites within the industry area. 

A sample of a 12% solution of a commercial sample of ferric chloride used in a 
municipal water treatment plant in E. Sweden was also analyzed. The ferric chloride 
is normally prepared by dissolving scrap iron in hydrochloric acid or by burning 
scrap iron in a stream of chlorine gas. Another sample was a sludge sample from 
the sedimentations basin of a municipal drinking water plant in W. Sweden. The 
basin is situated after the first chlorination step. 

Analysis 
The extraction and clean-up was performed using methods earlier described (4,5). 
The clean-up utilizes three columns. 1. Silice and potassium hydroxide on silica 
using n-hexane as solvent. 2. A silica and sulphuric acid on silica followed by a 
layer of basic alumina using n-hexane as solvent. 3. A Carbopack C column using 
n-hexane and metylene chloride followed by elution using toluene. The GC/MS 
analyses were performed using a VG 70-250 instrument operating at a resolution of 
7000-10000, equipped with a 60 m SP2330 column. 

The samples were collected by the Swedish EPA within the National Dioxin Survey 
Program, and they were coded before they there sent to the analytical laboratory. 

The QA/QC program includes the use of a series of 13C-labelled compounds, the 
analyses of blank samples and reanalyses of known samples. The recovery of the 

13C- labelled compounds is normally in the range of 60-90%. 

RESULTS AND DISCUSSION 
The results of the present study are collected in Tables 1, 2. The Nordic Toxic 
Equivalents (NTEQ) are also included (6). 

The analyses of the samples from the two chloralkali plants A and B support our 
earlier observations. The two samples of surface graphite sludge from plant A 
confirmed the earlier single result in reference (3) from this plant, see Table 1. The 
levels and patterns are almost identical with the previously reported. In Figure 1 we 
have given the congener profile of the graphite sludge in comparison to the 
chromate sludge from plant A. Obviously the graphite and the chromate profiles 
are similar, but the levels are approximately 50 times lower. However the samples 
were collected in the same area but at different depths, so contamination cannot be 
excluded. 

Figure 2 shows the mass fragmentogram patterns for the surface graphite sample 
from plant A. Among the TCDFs 2,3,7,8-and 1,2,7,8-isomers are dominating. For 
the higher chlorinated compounds the patterns are dominated by the toxic 2,3,7,8- 
substituted congeners. The chromate sludge pattern is similar. 
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T a b l e  1 Leve l s  o f  P C D D / F s  in water  t r ea tment  s ludge ,  Ferr ic  chlor ide,  E lec t rode  

s ludge  and  C h r o m a t e  s ludge .  

Swedish EPA code: 330S009 402S001 330S012 330S013 330S014 330S015 
Unit pg/g pg/L pg/g pg/g pg/g pg/g 
Type Drinking Ferric Electrode Electrode Electrode Chromate 

water sludge chloride sludge sludge sludge sludge 
Plant A Plant A Plant A Plant A 

2,3,7,8-TCDF 3.2 41 26000 56000 57000 610 
Tot. TCDF's 12 110 64000 150000 140000 1700 

2,3,7,8-TCDD ND(.2) ND(1.7) ND(6) ND(9) ND(9) ND(2) 
Tot. TCDD's 0.9 ND NA NA NA NA 

1,2,3,4,8-/ 
1,2,3,7,8-PeCDF 2.2 14 25000 55000 56000 1200 
2,3,4,7,8-PeCDF 1.7 15 12000 25000 24000 570 
Tot. PeCDF's 12 37 75000 240000 240000 3700 

1,2,3,7,8-PeCDD ND(.3) ND(2.7) ND(7) ND(9) ND(9) ND(3) 
Tot. PeCDD's 3.5 12 N A  NA NA NA 

1,2,3,4,7,9-/ 

1,2,3,4,7,8-HxCDF 2.5 ND(2.7) 32000 71000 73000 2700 
1,2,3,6,7,8-HxCDF 1.2 210 7000 16000 15000 530 
1,2,3,7,8,9-HxCDF ND(.3) ND(1.4) 1300 2800 2600 81 
2,3,4,6,7,8-HxCDF 0.8 ND(1.3) 870 1900 2000 54 
Tot. HxCDF's 10 280 68000 140000 140000 5000 

1,2,3,4,7,8-HxCDD 1.1 ND(6.4) ND(18) ND(26) ND(29) ND(8) 
1,2,3,6,7,8-HxCDD ND(.4) ND(5.8) ND(12) ND(16) ND(19) ND(5) 

1,2,3,7,8,9-HxCDD ND(.4) ND(5.8) ND(16) ND(22) ND(25) ND(7) 
Tot. HxCDD's 7.5 ND NA NA NA NA 

1,2,3,4,6,7,8-HpCDF 8.4 680 9100 19000 19000 1100 
1,2,3,4,7,8,9-HpCDF ND(.4) ND(2.4) 8100 19000 20000 960 
Tot. HpCDF's 12 1040 24000 53000 54000 3100 

1,2,3,4,6,7,8-HpCDD 7.9 ND(3.3) 95 210 250 10 

Tot. HpCDD's 16 180 220 480 560 20 

OCDF 15 250 31000 76000 71000 3400 

OCDD 28 29 920 2000 2200 130 

(NTEQ) 7 40 13000 28000 28000 720 
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Table 2 Levels of PCDD/Fs in soil contaminated with graphite sludge 

Swedish EPA code: 320S001 320S002 340S003 340S004 340S005 340S006 

Unit pg/g pg/g pg/g pg/g pg/g pg/g 

Type Soil I Soil II Soil II1 Soil IV Soil V Soil VI 

Grassfield Chlorine 

outside production 

Plant B Plant B Plant B Plant B Plant B Plant B 

2,3,7,8-TCDF 30000 2500 17 1300 240 i 1000 

Tot. TCDF's 58000 6000 37 3400 520 22000 

2,3,7,8-TCDD ND(10) ND(7) ND(0.1) ND(0.1) ND(0.4) ND(0.5) 

Tot. TCDD's NA NA t0 NA NA NA 

1,2,3,4,8-/ 
1,2,3,7,8-PeCDF 33000 1700 7.6 910 t60 960 

2,3,4,7,8-PeCDF 12000 870 3.9 420 100 520 

Tot. PeCDF's 80000 4800 22 2500 470 2600 

1,2,3,7,8-PeCDD ND(11) ND(11) ND(0.1) ND(0. l) ND(0.4) ND(0.5) 

Tot. PeCDD's NA NA 3.7 NA NA NA 

1,2,3,4,7,9-/ 
1,2,3,4,7,8-HxCDF 17000 13OO 11 680 t 50 320 

1,2,3,6,7,8-t-IxCDF 2800 280 2.1 140 33 67 

1,2,3,7,8,9-HxCDF 160 18 ND(0.2) 24 2 l0 

2,3,4,6,7,8-HxCDF 820 75 0.2 42 8.7 27 

Tot. HxCDF's 26000 2200 20 1400 260 630 

1,2,3,4,7,8-HxCDD ND(2.8) ND(3.3) 0.2 ND(0.2) ND(0.8) ND(1.2) 

1,2,3,6,7,8-HxCDD ND(13) ND(6.9) 0.3 3.6 ND(0.7) 21 

1,2,3,7,8,9-HxCDD ND(2.4) ND(2.2) 0.3 2 ND(0.8) 9.9 

Tot. HxCDD's NA NA 7.7 NA NA NA 

1,2,3,4,6,7,8-HpCDF 1700 170 7.9 240 39 72 

1,2,3,4,7,8,9-HpCDF 1600 31 0.9 110 14 36 

Tot. HpCDF's 4200 45 12 540 65 160 

1,2,3,4,6,7,8-HpCDD 33 69 4.1 81 1.5 6.8 

Tot. HpCDD's 64 140 9.8 150 3 18 

OCDF 4900 NA 13 1000 64 110 

OCDD 160 400 25 820 30 49 

(NTEQ) 11000 870 5.3 440 96 1400 
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Figure 1 

Profile: Graphite Sludge (Plant A) 

% 

40 

35 

30 

25 

20 

15 

10 

5 

0 
TCDD peCOO HxCDO HpCDD OCDO TCDF PeCDF HxCDF HpCD? OCI)F 

Profile: Chromate Sludge (Plant A) 

30 

25 

20 

% 15 

10 

5 

0 
I"CDO PeCDO HxCDD HpCDD OCDO 'rcD~ PeCDF HxC~ HpCOF OCD¢ 
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Figure 2. Mass fragmentogram patterns for PCDFs in Graphite Sludge (Plant A) 
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Figure 3. Mass fragmentogram patterns for PCDFs in Soil outside chlorine 
TCDF production (Plant B) 

2, ,7,8- 


'I 
 1,2,7,8-


46 

~a 

O[ 
~to 

PeCDF 


1,2,3,7,8-


2,3,4,6,7,8-

. . . . - • , ^ . _ ^ 


I )~H I | : |1  i9~3$ ~II:H %L~h ~?[SS ~3:34 ~4~111 ~ S a  ~5:$! ~3~08 ~6~H 3~30 3O:~il 

HXCDF 

1 2,3,4,7,8~ 
 /i 


~t: l l  ZS[H ~]SI  ~]41 ' Z?[)l ,~il[~l ~[13 31;111 ~1:5! 31~41 ~ 3 1  33;~ 14]111 ~S]S/  

HpCDF 

l ,  ,3,4,6,7,8-

qil ~ 1,2,3,4,7,8,9-

31;1'0 )S]ql 43 33 ~1 34 III 34 41 35 ~1 ~ 33 36;41 32;~3 ~ [ l l  36:(1 

OCDF 


q 



1636 

In Table 2 we have collected the results of soil samples around plant B. Since these 
samples are "normal" soil samples contaminated by graphite sludge, the  levels are 
much lower than for plant A. In Figure 1 the congener profile for the sample 
collected close to the building for chlorine productions included. The profile for 
plant B is different from that found for plant A, which is more dominated by the 
TCDFs. At the present time, these difference cannot be fully explained but it is 
probably due to differences in the production process. 

In Figure 3 the congener pattern for the soil sample near the chlorine production 
factory from plant B is given. This is similar to the pattern for plant A given in 
Figure 2 and discussed above. According to Swanson (1988), direct chlorination of 
dibenzofuran in water solution produces an isomeric profile strongly similar of the 
"chlorine pattern", we believe that PCDF formation during chlorine production may 
be due to chlorination of dibenzofurane in the graphith electrodes. 

The sludge from the graphite electrodes used in the chloralkali process is highly 
contaminated by toxic PCDFs at levels high as 340000 pg/g sludge. The level of 
PCDD are usually below the detection limit. The levels for the toxic equivalents 
(NTEQ) in these samples is high as 30000 pg/g sludge. We strongly believe that 
this is not an isolated problem for these two chloralkali plants. Graphite electrodes 
have been widely used internationally, and this is probably a general problem for 
the entire industry. In most modern plants the use of graphite electrodes was 
discontinued during the 1980s. 

The solution of the commercial ferric chloride used in the municipal water treatment 
plant was also found to be contaminated by the higher chlorinated PCDFs, typical 
for the "chlorine pattern", although the levels are quite low. This is in agreement 
with an earlier report by Heindel and Hutzinger (7). 

We also found that the sludge from the chlorination of the municipal drinking water 
was contaminated by PCDF, with the typical "chlorine pattern". In addition, 
HpCDD and OCDD could also be identified. Counted as NTEQ, the level in this 
sludge samples is low, 7 pg/g sludge. The source for the PCDD and PCDF in this 
sample is uncertain. Most likely are the PCDD/Fs following with the incoming 
water. 
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POLYCHLORINATED DIBENZO-P-DIOXINS (PCDD), DIBENZOFURANS (PCDF) AND POLYCHLORINATED BIPHENYLS 
(PCB): MAIN SOURCES, ENVIRONMENTAL BEHAVIOUR AND RISK TO MAN AND BIOTA. Polychlorinated dibenzo-p
dioxins (PCDD) and dibenzofuranes (PCDF) and polychlorinated biphenyls (PCB) are types of persistent and bioaccumulating 
organic pollutants with enhanced chronic toxicity and carcinogenic properties and can be considered as environmental indicators 
of anthropogenic activities since their occurrence in the environment can always be linked to anthropogenic activities. The present 
paper reviews the main sources and behaviour of these compounds in the environment as well as the risks they represent to man 
and biota. 

Keywords: PCDD/PCDF; PCB; risk to environment and health. 

INTRODUCTION 

Since the Intergovernmental Forum on Chemical Safety promoted 
by UNEP (Decision 19/13 C from 1997) and later the Stockholm 
Convention (2001), international efforts have been made to eliminate 
and/or reduce the emissions and discharges of a set of 12 toxic organic 
chemicals, also called the “12 Dirties”. These chemicals are classified 
as persistent organic pollutants (POP) and include different groups 
of molecules that are very resistant to (bio) degradation and thus 
prone to biomagnification, exerting their toxic effects at different 
trophic levels. Among them, polychlorinated dibenzo-p-dioxins 
(PCDD) and dibenzofuranes (PCDF) and polychlorinated biphenyls 
(PCB) constitute three groups of relevant persistent organic pollutants 
with enhanced chronic toxicity. 

PCDD/F can be emitted by different human activities and indus
trial processes where they can be present as unwanted by-products. 
PCB are ubiquitous contaminants of the environment due to their 
large scale production until the end of the 1980s and their usage up 
to now. PCDD/F and PCB can also be emitted from biomass and 
fossil fuel burning and stationary sources like waste incineration. 
Taking into account this information, PCDD/F and PCB can be 
considered as environmental indicators of anthropogenic activities 
since their occurrence can always be linked to the human activities. 
The present paper reviews the physical-chemical properties, main 
sources and behaviour of these compounds in the environment as 
well as the risks they represent to man and biota. 

POLYCHLORINATED DIBENZO-P-DIOXINS AND 
DIBENZOFURANES (PCDD/F) 

Physical-chemical properties and nomenclature 

The polychlorinated dibenzo-p-dioxins (PCDD) and 
dibenzofuranes (PCDF), commonly called “dioxins”, are two clas
ses of “quasi-planar” tricycles aromatic ethers with 210 different 
compounds (congeners) in total. The PCDD/F have similar physical

*e-mail: marcia.pereira@geoq.uff.br 

chemical properties but different biological potencies1. Figure 1 shows 
the general structure of these classes of compounds. 

Figure 1. General molecular structure of polychlorinated dibenzo-p-dioxin 
(PCDD) and dibenzofurans (PCDF) 

According to the US-EPA, some rules should be observed in 
order to name the PCDD/F. 
•	 Congener: Each compound belonging to the same determined 

class of substances. In the case of PCDD/F there are 75 congeners 
of PCDD and 135 congeners of PCDF. 

•	 Homolo gue: compounds tha t have the same degree of 
chlorination. 

•	 Isomer: compounds that belong to the same homologue group 
and of which chlorine atoms are bonded at different positions at 
the body of the molecule. 

•	 A homologue group is named according to the number of chlorine 
atoms bound to the molecule: TetraCDD, TCDD, T4CDD, 
T

4
CDD or Cl

4
CDD designate the group of tetrachlorodibenzo

p-dioxins. 
•	 One specific congener is named when the following information 

is given: number of chlorine atoms and their position along the 
body molecule, name of the homologue group and class of 
compound to which this congener belongs. 
The most recognized example is the so-called “dioxin of Seveso”, 

of which official nomenclature is 2,3,7,8-tetrachlorodibenzo-p-dioxin. 
Figure 2 shows the structure of this compound. 

Table 1 shows the main physical-chemical properties of PCDD/ 
F. Most of these data is calculated, since these compounds are only 
found as trace amounts in the environment2. PCDD/PCDF show high 
boiling points and low vapour pressures. Since their water solubility 
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Figure 2. Representative structure of the “dioxin of Seveso” (2,3,7,8-TCDD) 

is extremely low, the air is their preferential transport medium and 
thereby these substances are contaminants of the fine and ultra-fine 
particulate matter3. Their distribution between particulate and gaseous 
forms depends on their physical and chemical characteristics. 

In general, it is observed that the low molecular weight congeners 
can either be adsorbed to particulate material or appear in free gaseous 
form, whereas the heavier congeners are strongly adsorbed to 
particulate material2. The very low water solubility of PCDD/F 
decreases as the molecular weight and the number of chlorine 
substituents increase, which leads that in the aquatic medium and in 
soil, these substances are found preferentially bound to particulate 
material and to organic matter4 . 

Toxicokinetic metabolism and elimination of PCDD/PCDF 

PCDD/F show, according to their pattern of chlorine substitution, 
the ability to bioaccumulate within trophic chains. Among the 210 
different congeners, 17, the 2,3,7,8-chlorosubstituted, are by far the 
most bioaccumulating and the most toxic congeners5. Even within 
these 17 congeners the bioconcentration factors as well as the toxic 
potencies are not similar, but can vary up to three orders of magnitu
de due to steric effects. According to Körner (1995)6, the mechanism 
of biological action of these substances in the organism begins with 
the binding to and activation of the cytoplasmatical aryl hydrocarbon 
receptors (AhR) present in the liver and other organs and tissues. 
This binding and activation is greatly favoured by the 2,3,7,8-chlorine 
substitution, which enables that the PCDD/F molecules encompass 
a rectangle of about of 3 x 10 Å, which fits to the ligand binding 
domain of the AhR. Once formed, the dioxin-Ah receptor complex 
can move to the cellular nucleus and binds to specific base sequences, 
the so-called xenobiotic responsive elements (XRE). This leads to 
an increased transcription of genes which are under control of the 
XRE into the corresponding m-RNAs and finally to an increased 
biosynthesis of the corresponding proteins modifying the cell 
function. One important and well-defined interaction is the induction 
of the monooxygenase isozymes cytochrom P450 1A1 (CYP1A1) 
and P450 1A2 (CYP1A2). The induction of CYP1A1 and 1A2 is 
one of the most common parameters of AhR activation used in cellular 

Table 1. Physical chemical properties of some PCDD/F2,6,8 

bioassays and in in vivo studies7. The toxicokinetic behaviour of 
PCDD/F in humans (and other primates) depends on three major 
properties: lipophilicity, metabolism and binding to the CYP1A2 in 
the liver8. Lipophilicity controls the absorption and partitioning of 
PCDD/F. Metabolism acts as the rate-limiting step of elimination, 
thereby leading to bioaccumulation. The induction of CYP1A2, which 
as that of CYP1A1 is controlled by the AhR, promotes the hepatic 
sequestration of these substances by the liver. 

2,3,7,8–TCDD is the most toxic congener and is an unavoidable 
by-product of different organochlorine chemicals. This compound 
was the main contaminant found in 2,4,5-Trichloracetic acid (2,4,5
T), the so-called “Agent Orange”, largely disseminated in the Vietnam 
War9 and was also the main contaminant in the “Seveso Episode”10 . 
2,3,7,8-TCDD has a high acute toxicity that is only exceeded by 
natural toxins like Botulin A and Diphtherietoxin and is a strong 
tumour promoter2. The toxic effects of PCDD/F are proven to animals 
but there are only a few epidemiological studies, mainly from the 
Seveso region, on carcinogenic and other (sub)chronic effects of 
PCDD/F in man8. These studies are mainly based on the effect of 
2,3,7,8-TCDD. Never theless, the basic determinants of 
pharmacokinetic behaviour are similar in animals and in man8. Table 
2 describes the routes of magnification, lethal doses (LD

50
), 

recommended values of tolerable daily intake (TDI) and levels of 
concentration where no effects are observed (No Observed Effect 
Levels - NOEL) as well as the main symptoms to man/biota related 
to PCDD/F exposure11. The oral bioavailability of PCDD/F depend 
on the doses, media and is specific for each congener. PCDD/F can 
be absorbed from animal dairy products (Milk, butter, meat and fats) 
or reabsorbed from soil, ash or smooth particles. Once absorbed, 
PCDD/F will accumulate mainly in lipoproteins in blood, liver, and 
fat tissues6 . 

The high toxicity and the ability that PCDD/F seems to have to 
add their effects in organism, lead the development of the international 
toxicity equivalency factors (I-TEF) for this substances. The I-TEF 
developed by the North Atlantic Treaty Organisation in joint with 
Committee on the Challenges of Modern Society (NATO/CCMS)5 

and latter revised by the World Health Organisation (WHO), are 
supposed to foresee the toxic effects of the PCDD/F from an additive 
model. The I-TEF of the 2,3,7,8-substituted PCDD/F related to 
2,3,7,8-TCDD according to NATO/CCMS (1988)5 and WHO (1998)8 

are listed in Table 3. 
The metabolism and elimination of PCDD/F is only possible 

through the transformation of these substances into polar metabolites. 
The biotransformation in organism involves the epoxidation of these 
molecules with the forma tion of hydroxyl-der ivatives and 
glucuronidration of the PCDD/F12 . 

The hydroxylation phase occurred through the activation of 
cytochrom P-450 isozymes (CYP1A1, CYP1A2, CYP3A3 and 

Pv298,15 298,15 373,15 S293,15Physical chemical Molecular weight F.P B.P C C 
sat sat 

properties Congeners (g mol-1)  (ºC)  (ºC)  (Pa) (ng m3) (mg m3) (g l-1) 

2,3,7,8-TCDD 322 305 446 6x10-7 85,14 1,28 483x10-9 

1,2,3,7,8-PeCDD 356,5 240 464 5,8x10-8 9,11 0,47 
1,2,3,4,7,8-HexCDD 391,0 273 487 5,1x10-9 0,88 0,08 
1,2,3,4,6,7,8-HpCDD 425,5 264 507 7,5x10-10 0,14 0,03 
OCDD 460,0 330 510 1,1x10-10 0,02 0,005 0,36 x10-9 

2,3,7,8-TCDF 306 227 438 2x10-6 268,71 4,05 416x10-9 

OCDF 444 258 537 5x10-10 0,10 0,02 1,4 x10-9 

F.P. = Fusion point; B.P = boiling point; Pv298,15 = Calculated vapour pressure at 25 ºC; C
 sat

 298,15 = Calculated concentration of saturation at 
25 ºC; C

 sat 
373,15 = Calculated concentration of saturation at 100 ºC; S293,15 = water solubility at 25 ºC 
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Table 2. Chronic and acute effects of exposure to PCDD/F6,8,12 

Properties	 Organic, semi-volatile non-degradable, bioaccumulating. 
Health effects	 Carcinogenic, mutagenic (in vitro and in vivo), teratogenic in animals 
Main exposure	 Uptake via contaminated crops and grazing livestock as well as their by-products (Milk, meat and fat) and in 

minor extension contaminated food from some industrial processes 
Acute exposure	 Tiredness, increase of triglycerides levels, skin irritation (hyperkeratosis evolving into chloracne), headaches, 

neuropathy, bronchitis, respiratory infections, hypertrophy, hyperplasia, increase of neonatal death and still
births 

LD
50 

(µg/Kg)	 Mouse=0,6-2,0; Rhesus ape=70; Dog=200-300; Rabbit=115; Hamster=1100-5000 
Chronic exposure	 Tiredness, loss of appetite and libido, increase of infertility in animals and man, Kidney and hepatic lesions 

evolving to cancer, intestine mucous mutagenesis. Statitistic increase of the risks for the following cancers: 
soft tissue sarcoma, lung, non-Hodigkin lymphoma, multiple myeloma, oral cavity, leukemia, ovarian, thyroid 
and breast cancer 

NOAEL	 Rat=1 ng I-TEQ/kg KG/day; Rhesus ape=100 pg I-TEQ/kg KG/day 
ADI (p-I-TEQ/kg KG/day)	 Kociba et al. =1-10; Bowman et al =1,0 

Table 3. International Equivalency Factor (I-TEF) related to 2,3,7,8
TCDD to PCDD/F according to NATO/CCMS (1988)5. WHO (1988)8 

proposed modified values are represented in Boldface type 

PCDD I-TEF PCDF I-TEF 

2,3,7,8-TCDD 1 2,3,7,8-TCDF 0,1 
1,2,3,7,8-PeCDD 0,5/1 1,2,3,7,8-PeCDF 0,05 
1,2,3,4,7,8-HxCDD 0,1 2,3,4,7,8-PeCDF 0,5 
1,2,3,6,7,8-HxCDD 0,1 1,2,3,4,7,8-HxCDF 0,1 
1,2,3,7,8,9-HxCDD 0,1 1,2,3,6,7,8-HxCDF 0,1 
1,2,3,4,6,7,8-HpCDD 0,01 1,2,3,7,8,9-HxCDF 0,1 
OCDD 0,001/ 2,3,4,6,7,8-HxCDF 0,1 

0,0001 
1,2,3,4,6,7,8-HpCDF 0,01 
1,2,3,4,7,8,9-HpCDF 0,01 
OCDF 0,001/ 

0,001 

CYP3A4) 13. The resulting metabolites are less toxic than the origi
nal molecules, so that the metabolisation can be viewed as a 
decontamination pathway. Other PCDD/F congeners seem to follow 
the same hydroxylation pathway. Studies with rats and dogs shown 
that the metabolisation of 2,3,7,8-TCDD occurred mainly in the liver. 
For humans there is no information about PCDD/F metabolisation 
until now13 . 

Unmetabolised PCDD/F are partially eliminated through the 
excrements. When the metabolisation occurred, the polar metabolites 
can be eliminated partially through the gall, excrements and in little 
extent through the urine. The elimination half-live of the high-
chlorinated congeners (HxCDD/F-OCDD/F) in rat varies between 
third five days and seven years13. Studies from third six veterans of 
the Vietnam had shown a mean halve-live of 7, 1 years (confidence 
interval of 5,8-9,6 years)6,12. 

Sources of PCDD/F to the environment: formation and 
degradation 

The main sources of PCDD/F to the environment are divided into 
three categories: stationary (thermal processes, chemical industries), 
diffuse (fuel burning, fires) and secondary sources or reservatories 
(biocompost, sewage sludge)3. Table 4 summarizes some mechanisms 
of PCDD/F formation from precursors during industrial processes. 
PCDD and PCDF are unwanted by-products during the combustion 
of organic materials containing (trace amounts of) chlorine and of 

stationary thermal sources like controlled burning of domestic, hospi
tal or hazardous wastes14. Fuel burning in order to generate heat and 
energy (coal, wood or fossil fuels, Otto- and Diesel-engines)15,16 as 
well as cigarette smoke17 can be considered as diffuse sources of these 
contaminants to the environment. As main mechanisms to PCDD/F 
formation during combustion processes, different studies14-19 have 
pointed out reactions that involves the substitution of radicals, 
cyclisation and aromatization of molecules up to 600 ºC, condensation 
of precursors of PCDD/F, and free radical reactions mediated on the 
fly ash surface (de novo synthesis) over 300 ºC. 

Chemical processes such as paper production19, petrochemistry20 , 
production of herbicides/insecticides1, metallurgical processes and 
metal recycling are also stationary sources of PCDD/F2. As remote 
sources of PCDD/F some authors listen catastrophic events like 
volcanic eruptions2 and forest fires21. The mechanisms of formation 
occurring during industrial processes such as paper production, are 
also called “cold-formation” mechanisms due to the smooth 
conditions under which they occurred14. These reactions are always 
mediated by precursors18 . 

Typical natural process to PCDD/F destruction is the u.v. mediated 
dechlorinated mechanism occurred in the upper part of the 
atmosphere2,6. Intentional destruction methods already described in 
the literature are the catalytic dechlorination through metal and 
metalchloride1 and incineration above 1200 °C18,23. Anyway these 
methods require straight controlled conditions in order to avoid the 
formation of the toxic congeners through reaction such as 
dimerization and recondesation in the cooling zone of the 
incinerator23 . 

POLYCHLORINATED BIPHENYLS (PCB) 

Physical-chemical properties and nomenclature 

The polychlorinated biphenyls (PCB) are a class of organic 
compounds characterized by two benzene rings linked by a C-C bond, 
with up to 209 congeners with the general formula C H Cl

12	 (10-n) n 

(1=n=10) and a molecular weight between 189 and 499 g.mol-1 12 . 
Figure 3 shows the general structural formula of PCB. The 
nomenclature of PCB follows the same basic rules of that for PCDD/ 
F but, according to the Union for Pure and Applied Chemistry 
(IUPAC, 1988), some attention should be paid to the order of the 
chlorine atoms in the molecule in order to name the PCB: 
•	 The numbering of the two aromatic rings begins taking the C-C 

bond as reference point and using the 2-6 e 2’-6’numerals, 
respectively. 
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Table 4. Some PCDD/F formation mechanisms and their sources14,18 

Sources to the Precursor  Formation mechanism 
environment 

Insecticides, fungicides, 
conservants, industrial 
oils and inks 

Chlorophenols 

Water treatment Humic Acid 

Herbicides Biphenyl Ethers 

Technical formulations Polychlorinated biphenyls 

Carbon electrodes H
2
 production 

Unavoidable by products 
of industrial processes 

Unavoidable by products 
of industrial processes 

High chlorinated 
Dibenzo-p-dioxins 
and dibenzofuranes 

non/ monochlorinated 
Dibenzo-p-dioxins 
and dibenzofuranes 

Figure 3. General molecular structure of polychlorinated biphenyls (PCB) 

•	 The numbering of the chlorine atoms in the molecule is made 
taking into account the arrangement that ables the lowest 
settlement possible between the two rings and in an increased 
sequence, where: 2<2’; 2’<3. 

•	 Not apostrophised numbers are used to the ring that has more 
chlorine atoms. In the case of equal number of substitutes, the 

main ring will be that with the first chlorine atom at the lower 
number. When both rings show the first chlorine atom at the 
same relative position, the main ring will be that with the second 
lowest chlorine-substitution and so on. 

•	 One congener is named when the following information is given: 
number of chlorine atoms and their position along the body 
molecule; name of the homologue group and; class of compounds 
to which this congener belongs. 
However, the system proposed by the IUPAC was too complicated 

to be applied. In 1980 Ballschmiter and Zell proposed a new system 
in which PCB congeners were numerated from 1 to 209. This 
nomenclature system is used until now. For example, PCB nº 126 is 
named according to IUPAC rules as 3, 3’,4,4’,5-pentachlorobiphenyl. 
Table 5 shows the physical-chemical properties of the PCB at 25 ºC. 

Because of their physical and chemical properties, the degradation 
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Table 5. Some physical chemical properties of PCB at 25 ºC2,12 

Homologous groups Molecular weight Content of Chloro Pv298,15 PK
OW 

S293,15 

(g mol-1) (%)  (Pa) (-Log K
Ow

 ) (µg l-1) 

Mono-CB 188,7 18,8 2200-920 4,5-4,7 1300-7000 
Di-CB 223,1 31,8 370-75 5,0-5,6 56-790 
Tri-CB 257,6 41,3 110-13 5,6-6,1 15-640 
Tetra-CB 292,0 48,6 18-4,4 5,9-6,7 19-170 
Penta-CB 326,4 54,3 5,3-0,88 6,4-7,5 4,5-12 
Hexa-CB 360,9 58,9 1,9-0,2 7,1-8,3 0,44-0,91 
Hepta-CB 395,3 62,8 0,53-0,048 7,9 0,47 
Octa-CB 429,8 66,0 0,078-0,009 8,4-8,6 0,18-0,27 
Nona-CB 464,2 68,7 0,032-0,011 9,1 0,11 
Deca-CB 498,7 71,2 0,0056 9,6 0,016 

Pv298,15 = Calculated vapour pressure at 25 ºC; S293,15 = water solubility at 25 ºC; P
KOW

 = partition coefficient water/octanol 

of most PCB congeners is extremely difficult. In addition, the strong 
lipophilic character of PCB increases the risk of bioaccumulation in 
man and biota2. The difference in the chemical and physical properties 
as well as in the biological effects between the congeners is directly 
correlated to the degree of chlorination and the substitution pattern 
of the molecule. 

Toxicokinetic, metabolism and elimination of PCB 

The toxic effects of PCB depend on the positions of chlorine 
atoms and consequently on the steric structure of the molecule12 . 
Congeners with chlorine atoms only in meta- and para-positions (at 
least tetra-substituted PCB in the lateral positions), the coplanar or 
“dioxin-like” PCB, will have similar effects in vivo as PCDD/F, 
whereas PCB substituted in one or more ortho-positions would have 
none, or only after application of high doses, similar effects as those 
observed for PCDD/F in organisms6. As one main biological effect, 
PCB have the ability to induce certain isozymes of the cytochrom 
P450 monooxygenase superfamily, where three main groups of PCB 
can be differentiated according to the enzymatic systems they 
activate23, as summarized in Table 6. 
•	 Methylcholanthren-type (MC-type). PCB in this group have the 

same toxicological properties in vivo like 2,3,7,8-TCDD and thus 

are named the “Dioxin-Like” PCB. As the PCDD/F, the MC
TYP-PCB can induce the cytochrom P450 1A1 (CYP1A1) and 
P450 1A2 (CYP1A2). 

•	 Phenobarbital-type (PB-type): PCB congeners, which have at 
least 2 ortho-substituted positions. They have the ability to induce 
the Cytochrom P-450 2B1 (CYP2B1) like phenobarbital and 
promote neoplasia and hepatomegalien. 

•	 Methylcholanthren and Phenobarbital-type (MC+PB-type): in 
this group are the PCB with asymmetrical chlorosubstitution on 
both phenyl rings. Moreover, these PCB have at least one 
substitution in the ortho-position and the meta and para-positions 
are chlorosubstituted in both rings. 
Major acute toxic effects of PCBs reported in humans are the 

eruption of chloracne, and pigmentation of the skin and nails. Due to 
two incidents with contaminated rice oil in Japan (Yusho – 1968) 
and Taiwan (Yu-Cheng – 1979), the epidemiological data base of 
PCB toxicity in man are better developed as that for PCDD/F 24 . 
However, these data must to be taken into reserve since not only 
PCB but also PCDF were present in an appreciable concentration in 
both episodes.The main acute and chronic effects of PCB are 
summarized in Table 7. 

The metabolism and elimination of PCB occurred through the 
biotransformation into polar metabolites as already described for 

Table 6. Toxicokinects of PCB groups according to their main enzimatic induction 

Type Enzimatic induction PCB nº	 Representative configuration 

MC-Typ CYP448; CYP1A1; CYP1A2 #77, #126,#169 

PB-Typ CYP2B1 #138, #153, #180 

(MC+PB)-Typ CYP448; CYP1A; CYP2B PCB #118 

CYP1A1= Cytochrom P450 1A1, CYP1A2= Cytochrom P450 1A2 
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PCDD/F6,12. Main reaction involved are the hydroxylation and 
epoxidation of PCB. The elimination half-live for PCB varies 
according to the congener. In rat fat tissues, the observed elimination 
half-live were of 453 days and 6 months for PCB-153 and PCB-180, 
respectively. From the Yusho human exposition, the elimination half-
live of 10,4 years for PCB-169 was observed. Serum analysis from 
Workers exposed to Arochlor mixtures 1242 and 1254 had shown 
elimination half-lives form 2,6 until 4,8 years12 . 

Sources of PCB to the environment: production and destruction 

PCB are considered as ubiquitous contaminants of the 
environment stemming from their large scale production and use all 
over the world between the 1930´s and 1980´s as technical mixtures 
with different degree of chlorination. From the 209 possible congeners 
of PCB, 130 were produced in industrial scale. Among others, the 
main productors in the whole world were Mosanto, USA (Arochlor 
trade mark) Bayer S. A., Germany (Clophen trade mark) and 
Kanegafuchi Chemical (Kanechlor trade mark)2 . 

The technical mixtures are very resistant to degradation, are 
thermally stable, and resistant to oxidation, acids, bases, and other 
chemical agents and with a consistency from mobile oils to viscous 
liquids or sticky resins. They are soluble in most of the common 
organic solvents and lipids, but only slightly soluble in water, glycerol, 
and glycols2,12. 

Mixtures with a high degree of chlorination are used as cooling/ 
isolation fluids in closed systems like transformators, hydraulic 
systems, gas turbines, and vacuum pumps, and also as fire retardants 
for electric/electronic equipments and as plasticizers in adhesives, 
textiles, surface coatings and sealants. Low chlorination degree 
mixtures are normally used as basis for resinous products and inks2,6. 
Such mixtures have different production names according to the 
manufacturer and the country of origin. The code name utilised in 
these mixtures gives the following information: manufacturer, country 
of origin and main composition. The Arochlors are identified by a 
four-digit numbering code, in which the two first digit mean that the 
parent molecule is biphenyl (12 carbons) and the last two digits, give 
the chlorine content in weight percent. e.g. Arochlor1260 is a mixture 
where the hexachlorobiphenyls predominate with 60% (wt) in 
chlorine and was produced by Monsanto, USA2 . 

The technical properties of these mixtures led to their massive 
use as cooling/isolation fluids as well as basis for resinous products. 
In 1966 Jensen discovered that the wanted physical-chemical 
properties had turned the PCB into a serious environmental problem, 
once they could be found in all compartments in a quite appreciable 
concentration (ppb-ppm)2 . 

The worldwide production of these compounds between 1930 
and 1971 is assumed to be 1.5 million metric tons. Solely the US 
production yielded 500,000 tons, from which around 340,000 ton 
were produced between 1960 and 197123. Main components of these 
PCB mixtures are congeners in which one or more ortho-positions 
(respectively carbons 2,2´ and 6,6´) are chloro-substituted12,25. 
Behnisch12,28 proved that dioxin-like PCB are present in some 
extension in Arochlor mixtures in a variable concentration (1.4 to 
17.6 µg TEQ/g of Arochlor formulation). For high-chlorinated 
mixtures the high-chlorinated PCB predominate whereas for low 
chlorinated formulations like Arochlor 1221 and 1232 the PCB-105, 
-118 and –77 predominate. 

As main routes of PCB contamination of the environment diffuse 
sources like transformators, waste and sewage sludge can be cited. Due 
to the high stability of these molecules under environmental conditions, 
PCB can be transported over long distances and bioaccumulate through 
trophic chains. One of the consequences of this persistence in the 
environment and bioaccumulation observed nowadays is the strong 
decrease of the marine biota, especially of seabirds and some mammalian 
populations like seals and otters8. In order to foresee possible impacts 
coming from the contamination of the biota with these compounds, 
analysis and research was focused on those PCB congeners, also called 
indicator-PCB, that are present in great concentrations in the technical 
mixtures, in environmental matrices and food. 

The production and use of polychlorinated biphenyls (PCB) has 
been forbidden or severely restricted now in the majority of the 
developed countries2,12,21-23. However, the release of materials 
containing PCB and of PCB-containing wastes spr eads the 
contamination of the environment by this pollutant. Moreover, the 
discussion about the formation of dioxin-like PCB in thermal pro
cesses, especially by solid residue burning in incinerators, was 
stressed by the work of Tiernan et al.26 and Ballschmiter et al.27 , 
where the formation of dioxin-like PCB during combustion proces
ses was proven. Among the probable mechanisms of formation of 
PCB in combustion processes is the dimerization of 2 chlorobenzene 
molecules from free radical mediated processes12. The main evidence 
of this hypothesis is the difference between the profiles of congener 
concentrations in technical mixtures to those found in exhaustion 
gases and ashes of incinerators and thermal process plants. Dioxin-
like PCB can also be produced from photolysis of high chlorinated 
PCB in the upper part of the atmosphere and released during wood 
burning and from cement kilns28. Table 8 lists the indicator-PCB 
according to the German guideline DIN 51527 and the WHO-TEF29 

for coplanar PCB, as well as their IUPAC nomenclature. 
As for PCDD/F, natural destruction of PCB can be mediated 

through photolysis in the upper atmosphere. The incineration above 

Table 7. Chronic and acute effects of exposure to PCB 

Characteristics Organic, persistent, bioaccumulated by animals 

Health effects Carcinogenic, mutagenic in vitro and in vivo, teratogenic in animals, abortion in animals and man 

Main exposition route Uptake by both aereal via  and contaminated crops and grazing livestock as well as their by-products 
(Milk, meat and fat) 

LD50 Rainbow Trout (larval stage) = 0,32 µg l-1; rabbit, Rat and mouse = 1-11 g/kg bw 

NOAEL Rainbow Trout (larval stage) = 0,01 µg l-1 

LOAEL Rhesus ape = 6 µg-techn.mixture/kg/day 

ADI (OECD) 1 µg/kg KG/day 

Sub acute and chronic exposure Tiredness, loss of weight and libido, skin irritation (hyperkeratosis evolving into chloracne), head
aches,  neuropathy, bronchitis, respiratory infections, hypertrophy and, hyperplasia of the hepatocytes, 
increase of neonatal death and stillbirths hepatic lesions and liver cancer, intestine mucosa mutagen
esis, increase of infertility in animals and man 
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Table 8. The 6 indicator-PCB (DIN 51527) and coplanar PCB and 
corresponding Toxicity equivalent factor (TEF)8,29 

Class Congener PCB I-TEF 
nº (WHO) 

Indicator 
PCB 

2,4,4’-trichlorbiphenil 28 
2,2’,5,5’-tetrachlorbiphenyl 52 
2,2’,4,5,5’-pentachlorbiphenil 101 
2,2’,3,4,4’,5’-hexachlorbiphenyl 138 
2,2’,4,4’,5,5’-hexachlorbiphenyl 153 
2,2’,3,4,4’,5,5’-heptachlorbiphenyl 180 

Coplanar 
PCB 
Non-ortho 
substituted 

3,4,4’,5-Tetrachlorbiphenyl 81 0,0001 
3,3’,4,4’- Tetrachlorbiphenyl 77 0,0001 
3,3’,4,4’,5-pentachlorbiphenyl 126 0,1 
3,3’,4,4’,5,5-Hexachlorbiphenyl 169 0,01 

Mono-ortho 
substituted 

2,3,3’,4,4’-pentachlorbiphenyl 105 0,0001 
2,3,4,4’,5-pentachlorbiphenyl 114 0,0005 
2’,3,4,4’,5-pentachlorbiphenyl 123 0,0001 
2,3,3’,4,4’,5-pentachlorbiphenyl 156 0,0005 
2,3,3’,4,4’,5’-hexachlorbiphenyl 157 0,0005 
2,3’,4,4’,5,5’-hexachlorbiphenyl 167 0,00001 
2,3,3’,4,4’,5,5’-heptachlorbiphenyl 189 0,0001 

1200 °C is the most used method for PCB destruction, but efforces 
should be made to avoid redimerization of coplanar PCB in the cold 
zone of the incinerator and PCDF formation due to inefficient burn
up28 . 

Behaviour, distribution and environmental fate of PCDD/F 
and PCB 

The behaviour and distribution of PCDD, PCDF and PCB in the 
environment is similar to each other. Given their physical and chemical 
characteristics, the main transport route from their sources is 
atmospheric1-4. Once emitted, from air or directly from residual waters, 
these substances show a strong tendency to bind to particulate mate
rial (increasing with the number of chlorine atoms) and can be 
transported to other environmental compartments2,6,12. Eventually, 
they can enter trophic chains, and due to their lipophilic character 
they tend to bioaccumulate along trophic chains. 

After being transported from their sources, PCDD/F and PCB 
may deposit on soil and plant surfaces where they show a very low 
mobility associated with high persistence. They preferentially stay 
in the upper soil surface, bound to the organic matter in soil. Regarding 
plants, the main route of contamination is by wet and dry deposition, 
affecting mostly the upper parts of the plants30. The transfer of PCDD/ 
F and PCB to animals, and consequently biomagnification along the 
trophic chains, apparently occurs by ingestion. This led on one hand 
to the development of indices and limits regarding gaseous emissions 
(mainly from stationary as well as from diffuse sources) in order to 
control surface deposition and crop contamination and on the other 
hand to limits in the use of biocompost and sewage sludge on pastures 
and in agriculture30-32. Based on these recomendations, maximum 
levels of PCDD/F (including “dioxin-like” PCB) in soil and sewage 
sludge/compost in USA and Europe lie between 1,0 and 100,0 ng I
TEQ/kg (d.w.) respectively. Concerning stationary sources like 

incinerators,the emission levels in Europe should be under 1,0 ng I
TEQ/ Nm3. In Brazil there’s no specific legislation regarding PCDD/ 
F or PCB levels in soil and emissions until now. 

Transfer of PCDD/F and PCB to man: WHO guidelines 

The transport of persistent pollutants through the atmosphere 
often gives rise to uncontrolled exposure of larger populations to 
toxic (and bioaccumulating) substances. Concerning PCDD/F, a 
tolerable daily intake (TDI) of 1-4 pg TEQ/kg body weight (b.w.)/ 
day is recommended, according to the WHO/EURO standard 
guidelines8. In 2001 the EU commission has recommended a weekly 
tolerable intake of 14 pg TEQ/kg b.w., where not only the 17 2,3,7,8
chlorosubstituted PCDD/F but also the 12 coplanar PCB must be 
taken into account7. For PCDD/F it was stated that around 95% of 
contamination occurred via food of animal origin, when people have 
been exposed to neither occupational nor acute events such as 
transformator fires33. Maximum PCDD/F and PCB level in foodstuffs 
varies from foodstuff (Meat, butter, fats, fish etc.) and from country 
to country. Anyway, studies from the World Health Organisation 
(WHO) in USA and Europe indicate that a daily intake of PCDD/F 
of 50-200 pg I-TEQ/person/day or 1-3 pg I-TEQ/kg b.w./day already 
occurred. These studies also showed that the food contamination by 
coplanar PCB is in the same degree or greater than that observed for 
PCDD/F, which leads in some cases, to an exceed of a factor 2-3 of 
the observed TDI values for these countries8. To PCDD/F the human 
exposure is primarily attributed to background contamination caused 
by atmospheric deposition of these pollutants coming from different 
sources and subsequently to biomagnification through the trophic 
chains. The control of stationary and diffuse sources of PCDD/F and 
revision of the main legislation in respect to land use are the main 
strategies to control exposure of the human population. For coplanar 
PCB, on the other hand, it has not yet entirely been answered which 
are the main stationary thermal sources and how much they contribute 
to the contamination of the environment25. Furthermore, it must be 
stated if the contamination coming from the industrial production 
and use of PCB yet plays an important role for the occurrence of 
these contaminants in the environment despite of the strict legislation 
concerning the use of these chemicals all over the world. In this way, 
besides the importance of determination of the actual concentrations 
and main sources of these substances in the environment, it is 
necessary to understand the distribution of these pollutants between 
different compartments, the role of the longe range transport of these 
substances in the bulk concentration observed in both developed 
countries and the third world block, and which are the significant 
steps to promote biomagnification along the trophic chains aiming 
to control the exposure levels of PCDD/F and PCB to man/biota. 

Analytical methods for PCDD/F and PCB 

There are different analytical methods to determination of PCDD/ 
F and PCB according to the sample matrix, most of them already 
approved by federal agencies and organisations34-37. Current 
regulations concer ning human exposur e thr ough f ood and 
environmental matrices, recommends the extrictly control of this 
contaminants. Therefore, PCDD/F and PCB analysis are usually time-
consuming and costly. High controlled laboratory conditions and 
validation of the selected analytical method using standard reference 
compounds are needed. The standardisation of the reagents and 
solvents used are essential prior to analysis and to avoid possible 
contamination sources1,2,6,14,33-37. Four general steps in the PCDD/F 
and PCB analysis can be described: sampling/storage, extraction from 
the sample matrix, fractionation/cleanup and determination. 
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Sampling and storage methods are depending on sample matrix. 
PCDD/F and PCB are very stable compounds but the collecting 
methods must be so, that assure sample containers and storage 
environments free of contamination. Soil, sludge and sediment, as well 
as biological samples, should be sampled by means glass, aluminium 
or Teflon (PTFE) containers33-37. In the case of air samples (emissions, 
deposition), both sorbents resins (Florisil38, XAD-239) and deposition 
surfaces (Glass wool, Polyurethane foams)34-37 can be used. 

The extraction of PCDD/F and PCB from sample matrix is 
generally achieved by partitioning of these contaminants into suitable 
organic solvents (e.g. Toluene/hexane/dichloromethane). For liquid 
samples, this can be done through liquid-liquid extraction. For solid 
samples the extraction using soxhlet apparatus, ultra-sound and 
centrifugation are the most cited methods1,2,6,34-36 . Recently, 
accelerated solvent extraction (ASE)40, supercritical fluid extraction 
(SFE), high performance liquid chromatography (HPLC) with porous 
graphite carbon (PGC) column41 and ultra-rapid automated solid phase 
extraction42 methods were described in the literature. 

The Fractionation/cleanup step will minimise possible 
interferences between the analytes and other co-extracted materials 
prior to instrumental analysis. Different fractionation procedures are 
described in the literature, most of them are developed not only to 
PCDD/F and/or PCB fractionation but also PAH and pesticides in a 
multi-residue analysis. Adsorbents normally used are deactivated 
silica gel, Florisil and Alumina1,2,6,43. The use of mono-layer or multi-
layer columns is described, as well. The clean-up procedures involve 
different steps and can be either acid1,2,6 or basic34-37 treatments and 
use different adsorbent ma ter ials and/or gel permea tion 
chromatography (GPC)43 . 

Due to the high number of isomers involved, the identification 
and determination of PCDD/F and PCB requires sophisticated 
techniques and instrumental. Almost all literature data describe that 
capillary gas chromatography coupled to mass spectrometry (HRGC/ 
MS) is the most useful instrumental method prior to PCDD/F analysis. 
Other methods already described to PCDD/F analysis are fast gas 
chromatography, two-dimensional gas chromatography44,45, GC 
coupled to high-resolution mass spectrometry (HRGC/HRMS)1,2,6,33

35 and time-of-flight mass spectrometry (TOFMS)46,47. Such methods 
are required in order to achieve lower detection limits normally 
required for food and environmental analysis. The GC/MS technique 
able the simultaneous detection, quantification and ordination of the 
peaks. This is made according to the level of chlorination of the 
PCDD/F. The identification is made through the electron ionisation 
method (EI) where the selected monitoring (SIM Modus) of the peaks 
of fragmented ions can be observed1,6,12. The quantification is made 
through the isotope dilution method. This method consist of the 
addition of a known quantity of standard target with carbon 13 (13C

12
)1 . 

Because of the toxicological aspect involved, for the PCDD/F 
analysis, the determination of the 2,3,7,8- chlorosubstituted isomers 
is essential. Therefore almost all techniques described, recommend 
the addition of target standards containing at least all 2,3,7,8
chlorosubstituted congeners prior to PCDD/F analysis1,2,6,33-37. 

The use of capillary columns is required to promote the separation 
of all congeners of PCDD/F. In the past the most used columns are no-
polar and semi-polar columns6. The Non-polar columns (DB1-DB-5 
HP-5, Ultra-2, etc) have a stationary phase constituted by methyl
polysiloxilan or methyl-phenyl-polysiloxilan groups6. They are able 
to promote a good separation between homologous groups, but have 
low performance for peak separation between isomers (isomeric
specific analysis). In order to promote the isomeric-specific analysis, 
polar columns like the CP-Sil 88 and similar, were used in a two-step 
analysis. The CP-Sil 88 columns and similar are high polar columns 
which have a stationary phase constituted by polysiloxilan highly 

substituted with cyanopropyl groups. The extremely high polarity ables 
maximum resolution in separations between isomers. Main 
disadvantage is the low thermal stability (~270 ºC), that interferes in 
the analysis of the high chlorinated isomers. Upon 1991 a 60 m length 
phase-modified column called DB-Dioxin, total designed for PCDD/ 
F determination, is brought to the market. This column has a stationary 
phase constituted by 44% methyl-polysiloxilan, 28% phenyl
polysiloxilan, 20% cyanopropyl-polysiloxilan and 8% polyoxiethylen 
(Carbowax 20M). The DB-Dioxin column pursues higher thermal 
stability when compared with the CP-Sil 88 and efficiency to separate 
the 2,3,7,8-chlorsubstituted isomers in each homologous group and 
all homologous groups as well. 

Until the 80´s the gas chromatography coupled to an Electron 
capture Detector (GC/ECD) using packed columns was fast the unique 
instrumental technique for the determination of PCB and, in special 
Arochlors mixtures. Other detector already cited in the literature is 
the atomic emission detector (AED) for PCB determinations48,49. The 
ECD detector has a high sensibility and selectivity to determinate 
halogenated compounds. The sensibility to phthalates and non
linearity to high concentrations are the main disvantages this detector 
presents48 . 

In the 80’s the main PCB determination method using GC/ECD, 
was done through the Webb-McCall method. The Webb-McCall 
method gaves only knowledge about the contamination level through 
PCB Mixtures and only the most abundant peaks of PCB could be 
surely identified43. For the identification and quantification, both an 
external calibration with Arochlor mixtures and the use of an internal 
standard could be made. In most of the cases the quantification was 
done through the total area under the Arochlor region. 

Upon 1988 it was stated the quantification through the six 
Indicator-PCB congeners and the use of capillary columns coupled 
to ECD was developed . Recentl y, Due to the to xicological 
implications that Dioxin-like PCB have23, the analysis of PCB through 
high resolution chromatography coupled to mass spectrometry was 
developed. HRGC/MS-Technique ables to achieve lower detection 
limits and better separation of PCB congeners to quantification. The 
GC/MS method will require the same identification and quantification 
methods as for PCDD/F as well as the use of target standards (13C

12 


PCB). Most useful capillary columns for PCB analysis are DB-1 
DB-5 family, DBXLB, HT 8, Optima 5 and CP-Sil 88. As for PCDD/ 
F, whatever column is used, there is poor or no resolution to separate 
some of the PCB congeners12,23,43: 

INCIDENTS INVOLVING PCDD/F AND PCB AND HUMAN 
EXPOSURE 

The Seveso incident 

The most serious incident involving PCDD/F exposure occurred 
in 1976 at the Industrie Chimiche Meda Societa Azionaria chemical 
plant (ICMESA) in Meda, near Seveso, northern Italy. An explosion 
of one reactor during the production of 2,4,5- trichlorophenol released 
a toxic vapour cloud contained circa 3000 kg of various chemicals 
and about 100 g to 20 kg of 2,3,7,8-TCDD. The explosion was the 
result of an exothermic reaction between ethylene glycol and sodium 
hydroxide50. The release occurred during about 20 min before it was 
noticed and stopped. Anyway there was time enough to spread the 
cloud over a large area, contaminating humans, animals, crops and 
land in the vicinity of the plant51 . 

First health effects observed occurred a few hours later when 
children showing burn-like skin lesions entered the Hospitals and clinics 
in the region. Five days latter, the massive dead of little animal such as 
birds and rabbits, alerted the authorities about the gravity of the situation 
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at hand. Two weeks later scientists stated that dioxin was the main 
contaminant10. Within three weeks, the population living closest to the 
plant were evacuated. Several cubic meters of topsoil were removed 
and incinerated. Three months later, a chloracne outbreak occurred 
among the people exposed to the cloud. Some pregnant women had 
abortions due to the potential danger to their unborn children. About 
37,000 people are believed to have been exposed to the chemicals51,52. 
Concerning the farm animals, approximately 4 percent died and the 
survivors (circa 80,000 animals) were killed to prevent contamination 
from biomagnification through the food chain50 . 

The affected area was later, subdivided into three zones (A, B, and 
R) according to their decreasing mean levels of TCDD soil 
contamination. The Zone A, comprising 110 hectares, was the most 
contaminated area and was completely evacuated. Nowadays this zone 
is turned into the Seveso Oak Forest Park. The Zones B and R are the 
next-most contaminated areas and agricultural using as well as the 
consumption of local agricultural goods and meats, were strictly 
prohibited 10,50. Hormonal disruption seems to be one of the strongest 
effects of dioxin poisoning10. In 1983, a dramatical change in the sex 
ratio (R =1,64) among just-born children, whose parent were

female: male

exposed to the accident, was observed51. Another Symptom observed 
among the exposed population, where immune system and neurological 
disorders as well as spontaneous abortions. Despite of this, the 
symptoms could not be related to the dioxin exposition until now10,52. 

Agent Orange and TCDD exposure in Vietnam 

Upon 1960 the United States Military forces had promoted a 
massive defoliation Program in the Republic of Vietnam. As main 
purpose, the defoliation Program aimed to destroy the natural 
coverage promoted by the native rain forest and thus to disable the 
enemy any chance to hide himself. Several different chemical mixtures 
were used. The code name of these formulations reminds the 
identification stripe that appeared on the container vessels53. From 
them, the Agent Orange was the most widely used, corresponding to 
60% of the total of herbicides used in South Vietnam54 . 

The Agent orange was a 50:50 technical formulation containing 
esthers of 2,4-dichlorophenoxyacetic acid (2,4-D) and 2,4,5
trichlorophenoxyacetic acid (2,4,5-T)55. The exposure to Agent 
Orange and consequent development of chronically diseases seems 
to be related to the contamination of 2,4,5-T with 2,3,7,8-TCDD, 
which concentration ranged from 0,05 to 50 ppm. As consequence, 
the toxicokinetic and long-therm health effect studies are the same 
as those described to the exposure to 2,3,7,8-TCDD53-55 . 

The Belgian PCB/dioxin incident 

At the end of January of 1999, animal feed heavily contaminated 
with PCB and PCDD/F was introduced into the Belgian food supply, 
including exports, to the European Union. The contamination 
occurred when around 100 l of PCB oil (Technical formulations 
Arochlor 1260:1254, 75:25), was accidentally added to a storage 
tank containing animal fat. The concentrations of PCDD/F and 
“Dioxin-Like “ PCB in the PCB oil was estimated to be around 1,0 
g-TEQ and 2,0 g-TEQ, respectively56. The contaminated fat was then 
sold to different animal feed producers in Belgium, France, and the 
Netherlands and reached the European market a few weeks latter. In 
May 1999, the contamination was discovered, when around 2500 
farmers have been supplied with contaminated feed. Main farm 
animals affected were hens, chicks, pigs and cattle. 

As consequence of the contamination The EU- member together 
with countries like China, Hong Kong, Malaysia, Poland, South Korea 
and Brazil57 promoted a boycott against the Belgian animals and dairy 

products until a strictly dioxin monitoring program was adopted by 
belgian government and the danger of poisoning was banned. 

Yusho and Yusheng and PCB exposure 

Two large-scale food poisoning episodes involving PCB occurred 
in 1968 in the Kyushu islands, southern Japan and in 1979 in 
Taichung, central Taiwan. The incident occurred in Japan and the 
syndrome decurrent from the PCB contamination, were latter reported 
as Yusho, in reference to the name of the rice oil responsible for this 
incident. The name latter adopted to the incident in Taiwan, is actually 
the same writed Ideogram characters as used for Yusho but the 
different pronounce in both countries had turned the occidental name 
into Yusheng58. In both incidents, rice bran oil contaminated with 
technical formulations of PCB (Kanechlor 400 in Kyushu, Kanechlor 
400-500 in Taichung) occurred. Some studies pointed out that rather 
than technical PCB present in the Kanechlor formulations, the main 
causal agents for the contamination were polychlorinated 
dibenzofuranes (PCDF) and coplanar PCB present in appreciable 
concentration in these formula tions 59. In both events, the 
contamination occurred during the rice oil production, when a leakage 
in the heat exchanger ables the contamination of edible oil with the 
technical formulation of PCB used as cooler fluid. 

In Japan 1866 patients were reported, in Yusheng, 2061. Main 
acute symptoms in both episodes were: numbness in the extremities, 
loss of appetite and nausea, skin itching developing to pigmentation 
and chloroachne, pigmentation of skin, conjutiva, hyperaemia of the 
conjutiva and eye swelling. Terathogenic effects observed was the 
unusual increase of still birth and live births of abnormal colouring 
babies also called “black” or ”cola colouring” babies58,59. Another 
Terathogenic effect found in Yusho were nail deformity among living 
babies. Time trend symptoms among Yusho patients, shown that 
symptoms like numbness of extremities, fatigue and headache 
occurred until now. Another significative observation is the statistical 
increase of development of malignant neoplasms and mortality 
decurrent from chronic liver disease and cirrhosis58,59. 

Cidade dos Meninos – Duque de Caxias, RJ 

The efforces to remediate a hexachlorocyclohexane contaminated 
site in Cidade dos Meninos, Duque de Caxias – RJ, had turned into 
a serious dioxin incident. The hexachlorocyclohexane factory was 
opened in 1949 by the Ministry of Health and closed ten years latter 
due to increased production costs60. The contamination of the site 
was stated in 1989, after denunciation of an illegal commerce of 
Hexachlorocyclohexane (HCH) in a free market in Rio de Janeiro. It 
was stated that an area of 13 Km 2 around the factory was 
contaminated61. The remediation method used was the mixture of 
the soil with lime (CAO) in order to provide HCH degradation. The 
remediation method used had promoted PCDD/F formation60. PCDD/ 
F concentrations in the remediated area reached values of 13900 ng 
I-TEQ/kg soil. Moreover, dioxin levels in cow’s milk produced in 
this region is the highest concentration found in comparison to other 
regions in Brazil60. 1500 families were contaminated and 18 Cancer 
falls w er e r epor ted as the contamina tion was discover ed . 
Unfortunately the process against the government was archived a 
few years latter and the problem persists until now61 . 

Citrus pulp from Brazil and dairy products poisoning in Europe 

An increase of the concentrations of PCDD/F in dairy products 
(Milk, butter) and food animal (Meat), first detected in Germany 
was the start point of an international food crisis involving countries 
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of Europe and Brazil. The increased concentration of PCDD/F was 
first detected in the State of Baden-Württemberg south Germany, in 
September 1997. In February 1998 the PCDD/F concentration 
increased from 06 pg-TEQ/g fat to 1,41 pg-TEQ/g fat (mean values)62 . 
Furthermore, the increased trend was not limited to south Germany 
but also different states in Germany and countries in Europe had 
reported similar increase. All food and dairy products samples had 
shown the same congeners pattern. This pattern was unknown in 
Europe and was latter found in the citrus pulp pellets (CPP) imported 
from Brazil63,64. These Pellets were treated with lime64 to promote 
neutralisation and drying prior to production. The pellets were 
exported to Europe and used in the feed animal production. Latter it 
was stated that the lime was heavier contaminated with PCDD/F 
(2,5 million pg I-TEQ/Kg)63, PCB and Chlorobenzenes (650000 ng/ 
kg lime)64 . 

Main consequences were the withdraw of the dairy products and
 
meat; withdraw of the CPP and related compound feed containing
 
contaminated CP; The collapse of the Citrus Pulp (CP) market in
 
some countries of Europe and the destruction of 92000 t of CP.
 
Furthermore, a temporary tolerance for PCDD/F in citrus pulp of
 
500 pg I-TEQ/Kg, including upper bound detection limits was
 
regulated by the European Community (EC) in 199864 .
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 DISCLAIMER 

This document has been reviewed in accordance with U.S. Environmental Protection 
Agency policy and approved for publication.  Mention of trade names or commercial products 
does not constitute endorsement or recommendation for use. 

ABSTRACT 

The purpose of this document is to present a comprehensive inventory and overview of 
sources and environmental releases of dioxin-like compounds in the United States.  The major 
identified sources of environmental releases of dioxin-like compounds are grouped into six broad 
categories: combustion sources, metals smelting, refining and process sources, chemical 
manufacturing sources, natural sources, and environmental reservoirs.  Estimates of annual 
releases to land, air, and water are presented for each source category and summarized for 
reference years 1987, 1995, and 2000.  The quantitative results are expressed in terms of the 
toxicity equivalence (TEQ) of the mixture of polychlorinated dibenzo-p-dioxin (CDD) and 
polychlorinated dibenzofuran (CDF) compounds present in environmental releases using a 
procedure sanctioned by the World Health Organization (WHO) in 1998.  This TEQ procedure 
translates the complex mixture of CDDs and CDFs characteristic of environmental releases into 
an equivalent toxicity concentration of 2,3,7,8-tetrachorodibenzo-p-dioxin (2,3,7,8-TCDD), the 
most toxic member of this class of compounds.  Using this WHO procedure, the annual releases 
of TEQDF-WHO98 to the U.S. environment over the three reference years are 13,965 g in 1987, 
3,444 g in 1995, and 1,422 g in 2000.  This analysis indicates that between reference years 1987 
and 2000, there was approximately a 90% reduction in the releases of dioxin-like compounds to 
the circulating environment of the United States from all known sources combined.  In 1987 and 
1995, the leading source of dioxin emissions to the U.S. environment was municipal waste 
combustion; however, because of reductions in dioxin emissions from municipal waste 
combustors, it dropped to the fourth ranked source in 2000.  Burning of domestic refuse in 
backyard burn barrels remained fairly constant over the years, but in 2000, it emerged as the 
largest source of dioxin emissions to the U.S. environment. 

Preferred Citation: 
U.S. EPA (Environmental Protection Agency). (2006) An inventory of sources and environmental releases of dioxin-
like compounds in the United States for the years 1987, 1995, and 2000.  National Center for Environmental 
Assessment, Washington, DC; EPA/600/P-03/002F.  Available from: National Technical Information Service, 
Springfield, VA, and online at http://epa.gov/ncea. 
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 FOREWORD 

The purpose of this document is to present an inventory of sources and environmental 
releases of dioxin-like compounds in the United States.  This inventory is associated with three 
distinct reference years: 1987, 1995, and 2000.  The presentation of information in this manner 
permits the ranking of sources by magnitude of annual release and allows for the evaluation of 
environmental trends over time.  

The term “dioxin-like” includes congeners of polychlorinated dibenzo-p-dioxins (CDDs), 
polychlorinated dibenzofurans (CDFs) having chlorine atoms in the 2,3,7,8 positions on the 
molecule, and certain coplanar-substituted polychlorinated biphenyls (PCBs).  Dioxin-like refers 
to the fact that these compounds have similar chemical structure and physical-chemical properties 
and invoke a common toxic response.  Because of their hydrophobic nature and resistance 
towards metabolism, these chemicals persist and bioaccumulate in fatty tissues of animals and 
humans. Consequently, the principal route of chronic population exposure is through the dietary 
consumption of animal fats, fish, shellfish, and dairy products.  Dioxin-like compounds are 
persistent in soils and sediments, with environmental half-lives ranging from years to several 
decades. Understanding the sources and environmental releases of dioxin-like compounds is 
fundamental to ultimately linking sources with population exposures.  It is through such 
understanding that actions can be taken to reduce human exposures.  

The quantitative results of the inventory are expressed in terms of the toxicity equivalence 
(TEQ) of the mixture of polychlorinated dibenzo-p-dioxin (CDD) and polychlorinated 
dibenzofuran (CDF) compounds present in environmental releases using a procedure sanctioned 
by the World Health Organization (WHO) in 1998. This TEQ procedure translates the complex 
mixture of CDDs and CDFs characteristic of environmental releases into an equivalent toxicity 
concentration of 2,3,7,8-tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD), the most toxic member of 
this class of compounds. With this procedure, the quantity of the mixture of CDDs and CDFs 
present as a release is given the notation grams (g) TEQDF-WHO98. 

This inventory of sources and environmental releases of dioxin-like compounds concludes 
that, between 1987 and 2000, there was approximately 90% reduction in the release of dioxin-like 
compounds to the circulating environment of the United States from all known sources combined. 
Annual emission estimates (TEQDF-WHO98) of releases of CDDs/CDFs to air, water, and land 
from reasonably quantifiable sources are approximately 1,422 g in reference year 2000; 3,444 g in 
reference year 1995; and 13,965 g in reference year 1987.  In 1987 and 1995, the leading sources 
of dioxin emissions to the U.S. environment were municipal waste combustors.  The inventory 
also identifies bleached chlorine pulp and paper mills as a significant source of dioxin to the 
aquatic environment in 1987 but a minor source in 1995 and 2000.  The inventory concludes that 
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the major source of dioxin in 2000 was the uncontrolled burning of refuse in backyard burn 
barrels in rural areas of the United States. 

The reduction in environmental releases of dioxin-like compounds from 1987 to 2000 is 
attributable to source-specific regulations, improvements in source technology, advancements in 
the pollution control technologies specific to controlling dioxin discharges and releases, and the 
voluntary actions of U.S. industries to reduce or prevent dioxin releases. 

Peter W. Preuss, Ph.D. 
Director 
National Center for Environmental Assessment 
Office of Research and Development 
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 PREFACE 

This document, An Inventory of Sources and Environmental Releases of Dioxin-Like 

Compounds in the United States for the Years 1987, 1995, and 2000, was prepared by the 
National Center for Environmental Assessment, which is the health risk assessment program in 
the Office of Research and Development. The document presents estimates of annual releases of 
dioxin-like compounds specific for each year.  It is a detailed compilation and description of all 
known U.S. sources and their associated activities that cause these compounds to be released into 
the open and circulating environment, i.e., to air, water, and land.  The overall purpose of this 
report is to document and describe sources in the United States that release dioxin-like 
compounds into the open environment, quantify annual releases to the environment from known 
sources in a scientific and transparent manner, and provide a reliable basis for observing trends in 
environmental releases.  To the extent practical, the inventory is a comprehensive analysis of 
dioxin sources. 

This final document reflects a consideration of all comments received on an External 
Review Draft dated March 2005 (EPA600/P-03/002A) provided by an expert panel at a peer-
review workshop held September 13–15, 2005, and comments received during a 60-day public 
review and comment period (May 6–July 5, 2005).  

Over 800 references were reviewed and cited in the preparation of this document.  The 
citations generally reflect publications up to and including the year 2003. 
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EXECUTIVE SUMMARY 

This report, An Inventory of Sources and Environmental Releases of Dioxin-Like 

Compounds in the United States for the Years 1987, 1995, and 2000, presents estimates of annual 
releases of dioxin-like compounds specific to each year.  It is a detailed compilation and 
description of all known U.S. sources and their associated activities that cause these compounds 
to be released into the open and circulating environment, i.e., to air, water, and land.  The overall 
purpose of this report is to document and describe sources in the United States that release dioxin-
like compounds into the open environment, quantify annual releases to the environment from 
known sources in a scientific and transparent manner, and provide a reliable basis for observing 
trends in environmental releases. To the extent practical, the inventory is a comprehensive 
analysis of dioxin sources. 

The term “dioxin-like” refers to chemical compounds that mimic the chemical and 
physical properties of dioxin and have similar toxic effects.  These include compounds of 
chlorinated dibenzo-p-dioxins (CDDs), chlorinated dibenzofurans (CDFs), and certain coplanar 
polychlorinated biphenyls (PCBs).  The dioxin-like CDDs and CDFs have chlorine atoms in the 
2,3,7,8 positions on the molecule. Dioxin-like PCBs contain zero or one chlorine atom in the 
2,2',6 or 6' positions.  All together there are 7 CDDs, 10 CDFs, and 12 PCBs that are considered 
to be dioxin like.  It should be emphasized that releases of dioxin-like compounds presented in 
this inventory are, for the most part, for dioxin-like CDDs and CDFs. Sources of dioxin-like 
PCBs are generally poorly characterized. 

Approach 

Only sources judged to have a reasonable likelihood for releases of dioxin-like compounds 
to the air, water, and land of the United States are addressed in this report.  The release estimates 
were derived in one of two ways:  (1) dioxin was measured as an actual release from the source 
(i.e., points of release from the source were sampled and evaluated), or (2) dioxin releases were 
calculated on the basis of an emission factor and activity level.  The emission factor is the amount 
of dioxin anticipated to be emitted per unit of activity and is derived from measurements made at 
sources having similar characteristics.  The activity level is the amount of material processed, 
produced, or consumed by the source in the course of a year or, in the case of mobile sources, the 
number of kilometers driven. It can take several forms, such as kilograms of material processed 
per year by an industrial facility, vehicle kilometers traveled per year by trucks and automobiles, 
and liters of wastewater discharged into surface water from industrial sources.  The activity level 
is multiplied by the emission factor to arrive at an estimate of annual dioxin releases from those 
sources lacking direct measurement of dioxin emissions. 
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Confidence in the accuracy of both the emission factor and the activity level are rated as 
low, medium, or high, based on the quality of the data.  All the release estimates from sources in 
the inventory are assigned an overall confidence rating based on the lowest rating assigned to 
either the emission factor or the activity level.  In some cases, the data were not adequate to 
support even a low confidence rating.  These cases were treated in one of two ways.  If the data 
were sufficient to make an approximate, but clearly nonrepresentative, estimate of releases, the 
estimates were labeled as preliminary and were not included in the national inventory.  If limited 
data suggested that dioxin releases were possible from a source but were not adequate to support 
even rudimentary calculations of emissions, the source was labeled as unquantifiable.  This 
approach resulted in the classification scheme shown below. 

Category A High Confidence Included in the national 
Category B Medium Confidence quantitative inventory 

Category C Low Confidence 
Category D Preliminary Not included in the national 
Category E Unquantifiable quantitative inventory 

Throughout this document, environmental release estimates are presented in terms of 
toxicity equivalence (TEQs).  TEQs are derived from a toxicity weighting system that converts all 
mixture components to a single value normalized to the toxicity of 2,3,7,8-TCDD.  This is done 
for convenience in presenting summary information and to facilitate comparisons across sources. 
For many situations, however, it is important to use the individual CDD/CDF and PCB congener 
values rather than TEQs. CDD and CDF congener-specific releases for most sources are given in 
tables in each chapter. The summary amounts of dioxin-like compounds released to the 
environment are reported in units of grams (g) TEQ, developed by the World Health Organization 
(WHO), and are given the abbreviated notation of TEQDF-WHO98 throughout the document. 

The major findings of the inventory of sources and environmental releases of dioxin-like 
compounds in the United States are: 

1. 	 In 1987, 1995, and 2000, approximately 13,965; 3,444; and 1,422 g TEQ, respectively, 
were released into the U.S. environment from all sources. Figure ES-1 graphically 
displays these releases. 
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Figure ES-1.  Total environmental releases of dioxin-like compounds (g TEQ)
 
from all quantifiable sources during 1987, 1995, and 2000.
 

2. 	 Environmental releases of dioxin-like compounds decreased by approximately 90% 
between 1987 and 2000. As shown in Figure ES-1, most of the reductions (75%) 
occurred between 1987 and 1995. The overall reduction in releases of dioxin-like 
compounds is attributed to the control of air emissions of these compounds from 
municipal waste combustors (MWCs), medical waste incinerators, and cement kilns 
burning hazardous waste and of wastewater discharges of the compounds into surface 
waters from pulp and paper mills using chlorine.  These reductions were achieved 
through a combination of regulatory activities, improved emission controls, voluntary 
actions on the part of industry, and the closing of a number of facilities.  Table ES-1 
shows the reductions made by the largest sources of dioxin-like compound releases. 
Emission estimates for individual sources that could be quantified, i.e., Categories A, 
B, and C, are presented in the main text of this report. 

3. 	 The leading source of dioxin-like compounds in 2000 was the backyard burning of 
refuse in barrels (498.5 g TEQ, or 35% of total releases), as shown in Table ES-2, 
which presents the top 10 sources of releases for 2000, 1995, and 1987.  Backyard 
barrel burning of refuse is an activity that occurs in rural areas of the United States.  It 
is unregulated on a national level, but many states have banned or limited the practice 
(New Jersey, New York, California, Minnesota, Wisconsin, Massachusetts, and   
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Table ES-1.  Reductions of releases of dioxin-like compounds to the 
environment in reference years 2000 and 1987 from major sources in the 
United States 

Source category Releases to:

 2000 

(g TEQ) 

1987 

(g TEQ) 

Percent 

reduction 

Municipal waste 
combustion Air 83.8 8,905.1 >99 

Medical waste 
incineration Air 378.0 2,570.0  85 

Cement kilns 
burning hazardous 
waste Air 18.8 117.8  84 

Bleached chemical 
wood pulp and 
paper mills 

Surface 
water 1.0 356.0 >99 

Florida to name a few).  In 1995 and 1987 MWCs were the leading source of releases 
(1,393.5 g, or 40% of total releases in 1995; 8,905.1 g, or 64% of releases in 1987). 
However, due to strict regulatory requirements limiting dioxin emissions, MWCs were 
ranked fourth among the top 10 sources in 2000, with emissions of only 83.8 g, or 6% 
of total releases. Automobiles burning leaded gasoline were ranked as the eighth 
leading source of dioxin in 1987.  The phase out of lead in gasoline eliminated this 
source by 2000.  Cement kilns burning hazardous waste dropped out of the top 10 
sources in 2000, due primarily to voluntary actions of industry combined with national 
regulatory requirements to reduce dioxin emissions. 

4. 	 Environmental releases of dioxin-like compounds in the United States occur from a 
wide variety of sources but are dominated by releases to the air from combustion 
sources. Figure ES-2 presents the breakdown of releases to air, water, and land for 
each reference year. 

5. 	 There are potential sources of dioxin-like compounds that were not included in the 
inventory. Significant amounts of the dioxin-like compounds produced annually in the 
United States are not considered releases to the open and circulating environment and, 
therefore, are not included in the national inventory.  Examples include dioxin-like 
compounds generated internal to a process but destroyed before release and waste 
streams that are disposed of in approved and secure landfills.  There are also potential 
sources for which no information exists to permit any reliable estimates of 
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Table ES-2. Top 10 sources of dioxin-like compound releases and amounts released 
(g TEQ) for reference years 2000, 1995, and 1987 

Rank 
2000 

(1,422 g total) 
1995 

(3,444 g total) 
1987 

(13,965 g total) 

1 Backyard barrel burning 
of refuse (air) 

498.5 Municipal waste 
combustion 
(incineration of refuse) 
(air) 

1,393.5 Municipal waste 
combustion 
(incineration of 
refuse) (air) 

8,905.1 

2 Medical waste/ 
pathological incineration 
(air) 

378.0 Backyard barrel 
burning of refuse (air) 

628.0 Medical 
waste/pathological 
incineration (air) 

2,570.0 

3 Municipal wastewater 
treatment sludge (applied 
to land and incinerated) 
(land and air) 

89.7 Medical 
waste/pathological 
incineration (air) 

487.0 Secondary copper 
smelting (air) 

983.0 

4 Municipal waste 
combustion (incineration 
of refuse) (air) 

83.8 Secondary copper 
smelting (air) 

271.0 Backyard barrel 
burning of refuse 
(air) 

604.0 

5 Coal-fired utility boilers 
(electric generating 
plants) (air) 

69.5 Cement kilns 
(hazardous waste 
burning) (air) 

156.1 Bleached chemical 
wood pulp and 
paper mills (land, 
water) 

370.1 

6 Diesel heavy-duty trucks 
(air) 

65.4 Municipal wastewater 
treatment sludge 
(applied to land and 
incinerated) (land and 
air) 

133.3 Cement kilns 
(hazardous waste 
burning) (air) 

117.8 

7 Industrial wood 
combustion (air) 

41.5 Coal-fired utility boilers 
(electric generating 
plants) (air) 

60.1 Municipal 
wastewater 
treatment sludge 
(applied to land 
and incinerated) 
(land and air) 

85.0 

8 Diesel off-road 
equipment (includes 
ships, farm equipment, 
trains) (air) 

33.1 Ethylene 
dichloride/vinyl 
chloride production 
(land, air, water) 

35.7 Coal-fired utility 
boilers (electric 
generating plants) 
(air) 

50.9 

9 Ethylene dichloride/vinyl 
chloride production 
(land, air, water) 

30.0 Diesel heavy-duty 
trucks (air) 

33.3 Automobiles using 
leaded gasoline 
(air) 

37.5 

10 Sintering plants (air) 27.6 Bleached chemical 
wood pulp and paper 
mills (land and water) 

30.0 2,4
Dichlorophenoxy 
acetic acid (2,4-D) 
(land) 

33.4 
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Figure ES-2.  Releases of dioxin-like compounds to air, water, and land in 

2000, 1995, and 1987.
 

environmental releases; therefore, these potential sources could not be included in the 
inventory.  EPA has classified these potential sources as Category D sources. 
Examples include forest and grassland fires and accidental fires at municipal solid 
waste landfills.  Taken together, these sources have the potential to significantly 
increase the emission estimates in the present inventory. 

6. 	 The amount of dioxin-like PCBs released from man-made sources remains poorly 
characterized. Only a total of 19.5, 78.5, and 51.5 g of PCB TEQ could be quantified 
for 2000, 1995, and 1987, respectively.  To date, only sewage sludge has been 
adequately characterized as a source of dioxin-like PCB releases. 
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1. BACKGROUND, APPROACH, AND CONCLUSIONS
 

1.1. BACKGROUND
 

This report presents a comprehensive inventory of sources of releases of dioxin-like 
compounds in the United States for the years 1987, 1995, and 2000.  It is a detailed review and 
description of all known sources and their associated activities that cause these compounds to be 
released into the “open and circulating environment,” i.e., air, water, and land.  

The aim of this report is to: 

•	 Document and describe sources that release dioxin-like compounds into the 
circulating environment of the United States. 

•	 Quantify annual releases to the environment of the United States from known sources 
in a scientific and transparent manner. 

•	 Provide a reliable basis for time-trends analyses such as observing changes in total 
releases to the circulating environment from 1987 to 2000.  Time-trend analyses 
provide a quantitative indication of the achievements made (or lack thereof) in 
reducing environmental releases of dioxin-like compounds from specific sources in 
the United States. 

This is the second dioxin source inventory issued by the U.S. Environmental Protection 
Agency (EPA, or the Agency).  The first one was issued in draft form and covered the years 1987 
and 1995 (U.S. EPA, 1998a). The current effort updates this earlier document and adds annual 
release estimates for 2000. 

The intended audience and users of the dioxin inventory include: 

•	 Members of the general public who are interested in learning more about sources of 
emissions of dioxin-like compounds to the U.S. environment and in obtaining peer-
reviewed estimates of releases. 

•	 State and local regulatory agencies that are interested in obtaining reliable and peer-
reviewed information on sources and environmental releases of dioxin-like 
compounds. 

•	 EPA Regional and Program Offices that are responsible for evaluating the need for 
regulating and/or preventing dioxin releases to the environment. 

•	 Risk assessors in the private and public sectors who need reliable information on 
sources and releases of dioxin-like compounds to improve quantitative risk 
assessments of dioxin sources. 
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•	 Researchers who are interested in documented and time-specific dioxin source and 
emissions data to be used in sequential time-trends analyses. 

•	 Private and public stakeholder groups that are interested in obtaining reliable and 
peer-reviewed information on dioxin sources and releases and in observing time 
trends in environmental releases of dioxin-like compounds from specific source 
categories. 

A complete listing of the nomenclature used in this report is depicted in Table 1-1. 

Table 1-1.  Nomenclature for dioxin-like compounds 

Term/symbol Definition

 CDD Chlorinated dibenzo-p-dioxin, halogens substituted in any position

   CDF Chlorinated dibenzofuran, halogens substituted in any position

 PCB Polychlorinated biphenyl

 M Symbol for mono (i.e., one halogen substitution)

 D Symbol for di (i.e., two halogen substitution)

 Tr Symbol for tri (i.e., three halogen substitution)

 T Symbol for tetra (i.e., four halogen substitution)

   Pe Symbol for penta (i.e., five halogen substitution)

   Hx Symbol for hexa (i.e., six halogen substitution)

   Hp Symbol for hepta (i.e., seven halogen substitution)

 O Symbol for octa (i.e., eight halogen substitution)

 2,3,7,8 Halogen substitutions in the 2,3,7,8 positions 

Congener Any one particular member of the same chemical family (e.g., there are 75 
congeners of CDDs). 

Congener group Group of structurally related chemicals that have the same degree of chlorination 
(e.g., there are eight congener groups of CDDs, monochlorinated [MCDD] 
through octachlorinated [OCDD]). 

Isomer Substances that belong to the same congener group (e.g., 22 isomers constitute 
the congener group of TCDDs). 

Specific isomer Denoted by unique chemical notation (e.g., 2,4,8,9-tetrachlorodibenzofuran is 
referred to as 2,4,8,9-TCDF). 

Source:  Adapted from U.S. EPA (1989a). 
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1.1.1. Reference Years 

A central part of EPA’s dioxin inventory is the organization of estimates of annual 
releases of dioxin-like compounds into reference years 1987, 1995, and 2000.  The selection and 
use of three reference years provides a basis for comparing environmental releases over time. 

The year 1987 was selected as the initial reference year because it was the earliest time 
when it was feasible to assemble a reasonably comprehensive inventory.  Prior to that time, very 
little data existed on dioxin emissions from stacks or other release points.  The first study 
providing the type of data needed for a national inventory was EPA’s National Dioxin Study 
(U.S. EPA, 1987a). The year 1987 also corresponds roughly with the time when significant 
advances occurred in emissions measurement techniques and in the development of high-
resolution mass spectrometry and gas chromatography, which allowed analytical laboratories to 
detect low levels of polychlorinated dibenzo-p-dioxin (CDD) and polychlorinated dibenzofuran 
(CDF) congeners in environmental samples.  Soon after this time, a number of facilities began 
upgrades specifically intended to reduce CDD/CDF emissions.  Consequently, 1987 emissions 
are representative of levels of emissions that occurred before the widespread installation of 
pollution control systems and pollution prevention techniques specifically designed to reduce 
dioxin releases from man-made sources into the air, land, and water. 

EPA selected 1995 as the second reference year because it reflects the completion time of 
the first set of regulatory activities specifically tailored to reduce dioxin releases from major 
sources. By 1995, EPA had proposed or promulgated regulations limiting CDD/CDF emissions 
from municipal waste combustors (MWCs), medical waste incinerators (MWIs), hazardous 
waste incinerators, cement kilns burning hazardous waste, and pulp and paper mill facilities 
using bleached chlorine processes. 

The year 2000 was chosen as the most current date that could be addressed when this 
effort began in 2002.  Also, it corresponds to a reasonable time interval since 1995 when one 
could expect to see further changes occurring in releases as a result of continuing regulatory 
activities, voluntary actions on the part of industry, and facility closures. 

1.1.2. Regulatory Summary 

Tables 1-2 through 1-7 present a synopsis of EPA emission standards for the control of 
dioxin releases.  As discussed in Section 1.3.2, these regulations (along with other factors) 
contributed to the reductions in dioxin emissions observed over time. 
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Table 1-2.  Municipal waste combustorsa 

Categoryb 

Stack emission limitc 

(ng total 
CDD/CDF/dscm) Effective date 

New large 13 September 20, 1994d 

June 19, 1996e 

Existing large 
With electrostatic precipitators as the APCD 
With dry scrubber/fabric filters as the APCD 

60 
30 

When SIPs are 
approvedf 

New small 13 June 6, 2001g 

Existing small 
With electrostatic precipitators as the APCD 
With dry scrubber/fabric filters as the APCD 

60 
30 

When SIPs are 
approvedh 

aAir emission standards promulgated December 19, 1995.
 
bLarge = aggregate capacity $225 tons/day; small = aggregate capacity <225 tons/day.
 
cng total CDD/CDF/dscm = nanogram total Cl4 - Cl8 CDDs plus CDFs per dry standard cubic meter of stack gas
 
volume, corrected to 7% O2.
 
dBegan construction on this date.  

eModified or upgraded on this date.
 
fWhen SIPs have been approved by EPA (approx. 3 yr from the final rule or 1998).
 
gFor facilities constructed on or before this date.
 
hWhen SIPs have been approved by EPA (approx. 3 yr from the final rule or 2003).
 

APCD = Air pollution control device
 
SIP = State Implementation Plan
 

1.1.3. Definition of Dioxin-Like Compound 

This inventory of sources and environmental releases addresses specific compounds in 
the following chemical classes:  CDDs, CDFs, and polychlorinated biphenyls (PCBs).  These 
subsets of chemicals are defined as “dioxin like.”  Dioxin-like refers to the fact that these 
compounds have similar chemical structures and physical-chemical properties, and they invoke a 
common battery of toxic responses.  Because of their hydrophobic nature and resistance towards 
metabolism, these chemicals persist and bioaccumulate in the fatty tissues of animals and 
humans. The CDDs include 75 individual compounds; CDFs include 135 compounds.  These 
individual compounds are technically referred to as congeners.  Only 7 of the 75 congeners of 
CDDs, or of brominated dibenzo-p-dioxins (BDDs), are thought to have dioxin-like toxicity; they 
are the ones with chlorine substitutions in—at a minimum—the 2, 3, 7, and 8 positions.  Only 10 
of the 135 possible congeners of CDFs are thought to have dioxin-like toxicity; they also are the 
ones with substitutions in the 2, 3, 7, and 8 positions.  This suggests that 17 individual 
CDDs/CDFs exhibit dioxin-like toxicity. 
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Table 1-3.  Hazardous waste incinerators and cement kilns and lightweight 
aggregate kilns burning hazardous wastea 

Source Standards for new facilitiesb Standards for existing facilitiesb 

Hazardous waste 
incinerators 

0.11 ng I-TEQ/dscm for dry 
APCD and/or waste heat boiler 
sources 

0.20 ng I-TEQ/dscm for all other 
incinerators 

0.20 ng I-TEQ/dscm and 
temperature control <400°F at the 
APCD inlet 

0.40 ng I-TEQ/dscm when PM 
control device operated >400°F 

Cement kilns burning 
hazardous waste 

0.20 ng I-TEQ/dscm and 
temperature control <400°F at 
the APCD inlet 

0.40 ng I-TEQ/dscm when PM 
control device operated >400°F 

0.20 ng I-TEQ/dscm and 
temperature control <400°F at the 
APCD inlet 

0.40 ng I-TEQ/dscm when PM 
control device operated >400°F 

Lightweight aggregate kilns 
burning hazardous waste 

0.20 ng I-TEQ/dscm or rapid 
quench below 400°F at kiln exit 

0.20 ng I-TEQ/dscm or rapid 
quench below 400°F at kiln exit 

aAir emission standards promulgated September 30, 1999, and December, 2005.

bng I-TEQ/dscm = nanogram I-TEQ per dry standard cubic meter of stack gas volume, corrected to 7% O2.
 

APCD = Air pollution control device (dry = dry scrubber or fabric filter)
 
PM = Particulate matter
 

Table 1-4.  Cement kilns not burning hazardous wastea 

Existing cement kilnsb New cement kilnsb 

0.20 ng I-TEQ/dscm and temperature control 0.20 ng I-TEQ/dscm and temperature control 
<400°F at the APCD inlet <400°F at the APCD inlet 

0.40 ng I-TEQ/dscm when PM control device 0.40 ng I-TEQ/dscm when PM control device 
operated >400°F operated >400°F 

aAir emission standards promulgated June 14, 1999.
 
bng I-TEQ/dscm = nanogram I-TEQ per dry standard cubic meter of stack gas volume, corrected to 7% O2.
 

APCD = Air pollution control device
 
PM = Particulate matter
 

There are 209 PCB congeners, of which only 12 are thought to have dioxin-like toxicity; 
those with four or more lateral chlorine atoms with one or no substitution in the ortho position. 
These compounds are sometimes referred to as coplanar, meaning that they can assume a flat 
configuration with rings aligned along the same plane.  The physical/chemical properties of each 
congener vary according to the degree and position of chlorine substitution.  
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Table 1-5.  Secondary aluminum smeltersa 

Process Emission standard 

Sweat furnace 0.8 ng I-TEQ/dscm stack gas corrected to 7% O2 

Thermal chip dryer 2.50 µg I-TEQ per metric ton of scrap charged to the 
dryer 

Scrap dryer/delacquering kiln/decoating kiln 0.25 g I-TEQ per metric ton of scrap charged to the 
kiln 

Scrap dryer/delacquering kiln/decoating kiln 
equipped with an afterburner 

5.0 g I-TEQ per metric ton of scrap charged to the kiln 

aAir emission standards promulgated March 23, 2000. 

Table 1-6.  Medical waste incineratorsa 

Categoryb Standardc When built 

New 
Small 

Medium and large 

125 ng total CDD/CDF/dscm or 
2.3 ng I-TEQ/dscm 

25 ng total CDD/CDF/dscm or 
0.6 ng I-TEQ/dscm 

Constructed after June 20, 1996, 
or existing units that 
commenced modification after 
March 16, 1998. 

Existing (all sizes) 125 ng total CDD/CDF/dscm or 
2.3 ng I-TEQ/dscm 

Constructed on or before 
June 20, 1996; requires 
approval of SIPsd 

aAir emission standards promulgated September 15, 1997. 

bSmall = capacity <100 kg/hr; medium = capacity >100 to 227 kg/hr; large = capacity >227 kg/hr.
 
cng/dscm = nanogram per dry standard cubic meter of stack gas volume, corrected to 7% O2.
 
dWhen SIPs have been approved by EPA (approx. 5 yr from the final rule or 2002).
 

Table 1-7.  Pulp and paper millsa 

Pollutant Maximum 1-day wastewater discharge 

Tetrachlorodibenzo-p-dioxin <5 parts per quadrillion 

Tetrachlorodibenzofuran 31.9 picograms per liter 
aEffluent standards promulgated November 14, 1997. 
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Generally speaking, this document focuses on the 17 CDDs/CDFs and a few of the 
coplanar PCBs that are frequently encountered in source characterization or environmental 
samples. 

CDDs and CDFs are tricyclic aromatic compounds that have similar physical and 
chemical properties. Certain PCBs (the so-called coplanar or mono-ortho coplanar congeners) 
are also structurally and conformationally similar.  The most widely studied of this general class 
of compounds is 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD).  TCDD, often called simply 
“dioxin,” represents the reference compound for this class of compounds.  The structures of 
TCDD and several related compounds are shown in Figure 1-1.  Although sometimes confusing, 
the term “dioxin” is often also used to refer to the complex mixtures of TCDD and related 
compounds emitted from sources or found in the environment or in biological samples.  It can 
also be used to refer to the total TCDD “equivalents” found in a sample.  This concept of toxicity 
equivalence is discussed below. 

Cl Cl 

Cl Cl 

2,3,7,8-Tetrachlorodibenzo-p-dioxin 

O 

O 

Cl Cl 

Cl Cl 

2,3,7,8-Tetrachlorodibenzofuran 

O 

Cl Cl 

Cl Cl 

2,3,4,7,8-Pentachlorodibenzofuran 

O 
Cl 

Cl Cl 

Cl Cl 

O 

O 
1,2,3,7,8-Pentachlorodibenzo-p-dioxin 

Cl 

Cl Cl 

Cl Cl 

Cl Cl 
3,3',4,4',5,5'-Hexachlorobiphenyl 

Cl Cl 

Cl Cl 

Cl 
3,3',4,4',5-Pentachlorobiphenyl 

Figure 1-1.  Chemical structure of 2,3,7,8-TCDD and related compounds. 
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1.1.4. Toxicity Equivalence Factors 

CDDs, CDFs, and PCBs are commonly found as complex mixtures when detected in 
environmental media and biological tissues or when measured as environmental releases from 
specific sources.  Humans are likely to be exposed to mixtures of CDDs, CDFs, and dioxin-like 
PCB congeners that vary by source and pathway, complicating the assessment of human health 
risk assessment.  In order to address this problem, the concept of a “toxicity equivalence” (TEQ) 
has been considered and discussed by the scientific community, and toxicity equivalence factors 
(TEFs) have been developed and introduced to facilitate risk assessment of exposure to these 
chemical mixtures. 

On the most basic level, TEFs compare the potential toxicity of each dioxin-like 
compound in the mixture to the well-studied and well-understood toxicity of TCDD, the most 
toxic member of the group.  The comparison procedure involves assigning individual TEFs to the 
2,3,7,8-substituted CDD/CDF congeners and dioxin-like PCBs.  To accomplish this, scientists 
have reviewed the toxicological databases and, with considerations of chemical structure, 
persistence, and resistance to metabolism, have agreed to ascribe specific “order of magnitude” 
TEFs for each dioxin-like congener relative to TCDD, which is assigned a TEF of 1.  The other 
congeners have TEF values ranging from 1 to 0.00001. 

Thus, these TEFs are the result of scientific judgment of a panel of experts using all of the 
available data and are selected to account for uncertainties in the available data and to avoid 
underestimating risk.  In this sense, they can be described as “public health-conservative” values. 
To apply this TEF concept, the TEF of each congener present in a mixture is multiplied by the 
respective mass concentration, and the products are summed to represent the 2,3,7,8-TCDD TEQ 
of the mixture (eq 1-1). 

TEQ – 3i!n(Congeneri × TEFi) % (Congenerj × TEFj) % ......(Congenern × TEFn) (1-1) 

The TEF values for CDDs and CDFs were originally adopted by international convention 
(U.S. EPA, 1989a). These values were further reviewed and/or revised, and TEFs were also 
developed for PCBs (Ahlborg et al., 1994; Van den Berg et al., 1998).  A problem arises in that 
past and present quantitative exposure and risk assessments may not have clearly identified 
which of three TEF schemes was used to estimate the TEQ.  This document uses a new uniform 
TEQ nomenclature that clearly distinguishes between the different TEF schemes and identifies 
the congener groups included in specific TEQ calculations.  The nomenclature uses the following 
abbreviations to designate which TEF scheme was used in the TEQ calculation: 
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•	 I-TEQ refers to the international TEF scheme adopted by EPA in 1989 (U.S. EPA, 
1989a). See Table 1-8. 

•	 TEQ-WHO94 refers to the 1994 World Health Organization (WHO) extension of the 
I-TEF scheme to include 13 dioxin-like PCBs (Ahlborg et al., 1994).  See Table 1-9. 

•	 TEQ-WHO98 refers to the 1998 WHO update to the previously established TEFs for 
dioxins, furans, and dioxin-like PCBs (Van den Berg et al., 1998).  See Table 1-10. 

Table 1-8.  The TEF scheme for I-TEQDF 

Dioxin congener TEF Furan congener TEF 

2,3,7,8-TCDD 
1,2,3,7,8-PeCDD 
1,2,3,4,7,8-HxCDD 
1,2,3,6,7,8-HxCDD 
1,2,3,7,8,9-HxCDD 
1,2,3,4,6,7,8-HpCDD 
OCDD 

1 
0.5 
0.1 
0.1 
0.1 
0.01 
0.001 

2,3,7,8-TCDF 
1,2,3,7,8-PeCDF 
2,3,4,7,8-PeCDF 
1,2,3,4,7,8-HxCDF 
1,2,3,6,7,8-HxCDF 
1,2,3,7,8,9-HxCDF 
2,3,4,6,7,8-HxCDF 
1,2,3,4,6,7,8-HpCDF 
1,2,3,4,7,8,9-HpCDF 
OCDF 

0.1 
0.05 
0.5 
0.1 
0.1 
0.1 
0.1 
0.01 
0.01 
0.001 

Table 1-9. The TEF scheme for dioxin-like PCBs, as determined by the 
World Health Organization in 1994 

Chemical structure IUPAC number TEF 

3,3',4,4'-TCB PCB-77 0.0005 
2,3,3',4,4'-PeCB PCB-105 0.0001 
2,3,4,4',5-PeCB PCB-114 0.0005 
2,3',4,4',5-PeCB PCB-118 0.0001 
2',3,4,4',5-PeCB PCB-123 0.0001 
3,3',4,4',5-PeCB PCB-126 0.1 
2,3,3',4,4',5-HxCB PCB-156 0.0005 
2,3',4,4',5,5'-HxCB PCB-157 0.0005 
3,3',4,4',5,5'-HxCB PCB-167 0.00001 
3,3',4,4',5,5'-HxCB PCB-169 0.01 
2,2',3,3',4,4',5-HpCB PCB-170 0.0001 
2,2',3,4,4',5,5'-HpCB PCB-180 0.00001 
2,3,3',4,4',5,5'-HpCB PCB-189 0.0001 
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Table 1-10. The TEF scheme for TEQDFP-WHO98 

Dioxin congener TEF Furan congener TEF 

2,3,7,8-TCDD 1 2,3,7,8-TCDF 0.1 
1,2,3,7,8-PeCDD 1 1,2,3,7,8-PeCDF 0.05 
1,2,3,4,7,8-HxCDD 0.1 2,3,4,7,8-PeCDF 0.5 
1,2,3,6,7,8-HxCDD 0.1 1,2,3,4,7,8-HxCDF 0.1 
1,2,3,7,8,9-HxCDD 0.1 1,2,3,6,7,8-HxCDF 0.1 
1,2,3,4,6,7,8-HpCDD 0.01 1,2,3,7,8,9-HxCDF 0.1 
OCDD 0.0001 2,3,4,6,7,8-HxCDF 0.1 

1,2,3,4,6,7,8-HpCDF 0.01 
1,2,3,4,7,8,9-HpCDF 0.01 
OCDF 0.0001 

Chemical structure IUPAC number TEF 

3,3',4,4'-TCB PCB-77  0.0001 
3,4,4',5-TCB PCB-81  0.0001 
2,3,3',4,4'-PeCB PCB-105 0.0001 
2,3,4,4',5-PeCB PCB-114 0.0005 
2,3',4,4',5-PeCB PCB-118 0.0001 
2',3,4,4',5-PeCB PCB-123 0.0001 
3,3',4,4',5-PeCB PCB-126 0.1 
2,3,3',4,4',5-HxCB PCB-156 0.0005 
2,3,3',4,4',5'-HxCB PCB-157 0.0005 
2,3',4,4',5,5'-HxCB PCB-167 0.00001 
3,3',4,4',5,5'-HxCB PCB-169 0.01 
2,3,3',4,4',5,5'-HpCB PCB-189 0.0001 

The nomenclature also uses subscripts to indicate which family of compounds is included 
in any specific TEQ calculation.  Under this convention, a subscript D is used to designate 
dioxins, a subscript F to designate furans, and a subscript P to designate PCBs.  As an example, 
TEQDF-WHO98 would be used to describe a mixture for which only dioxin and furan congeners 
were determined and where the TEQ was calculated using the WHO98 scheme. If PCBs had also 
been determined, the nomenclature would be TEQDFP-WHO98. Note that the designations TEQDF 
WHO98 and I-TEQDF are interchangeable, as the TEFs for dioxins and furans are the same in each 
scheme. Note also that in this document I-TEQ sometimes appears without the D or F subscripts. 
This indicates that the TEQ calculation includes both dioxins and furans.  This document 
emphasizes the WHO98 TEF scheme as the preferred scheme to be used to assign TEQs to 
complex environmental mixtures. 
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Throughout this document, environmental release estimates are presented in terms of 
TEQs. This is done for convenience in presenting summary information and to facilitate 
comparisons across sources. For purposes of environmental fate modeling, however, it is 
important to use the individual CDD/CDF and PCB congener values rather than TEQs.  This is 
because the physical/chemical properties of individual CDD/CDF congeners vary and, 
consequently, the congeners will behave differently in the environment.  For example, the 
relative mix of congeners released from a stack cannot be assumed to remain constant during 
transport through the atmosphere and deposition to various media.  The full congener-specific 
release rates for most sources are given in an electronic database that will become available as a 
companion to this document. 

1.1.5. Information Sources 

In general, the literature used to prepare this report includes documents published in 2003 
or earlier. Some 2004 documents are cited, primarily in Chapter 2, which covers formation 
theory, but a thorough literature review was not extended past 2003.    

EPA’s Toxics Release Inventory (TRI) began collecting data on PCBs in 1988 and on 
CDDs/CDFs in 2000 (U.S. EPA, 2003c).  These data were considered in this report for purposes 
of identifying possible sources, but they were not used for making quantitative release estimates 
because of the following considerations: 

•	 With respect to PCBs, the TRI data are reported as total PCBs rather than on a 
congener-specific basis.  Thus, it is unknown what portion of these releases are 
dioxin-like PCBs, and TEQs cannot be calculated.  In their present format, the PCB 
TRI data are not readily usable within the structure of this dioxin inventory. 

•	 With respect to CDDs/CDFs, the reporting format under TRI is the sum quantity of 
the 17 toxic CDDs/CDFs that are emitted in a given year (i.e., the sum of the 2,3,7,8
chlorine-substituted compounds). Neither the releases of the individual CDD/CDF 
congeners nor the TEQs must be reported; therefore, the dioxin TRI data are not 
readily usable within the structure of this dioxin inventory. 

•	 The accuracy of the TRI data is unknown because they are self-reported and are not 
required to be based on measurements. 

•	 The TRI reports lack specific details and descriptions of the reporting industries.  This 
information is needed for the dioxin inventory because the calculation of source-
specific emission factors (representative of industrial source categories) strongly 
depends on closely matching facilities in terms of similarity of process, production, 
and pollution control. 
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•	 The TRI reporting format does not include information on the strengths/weaknesses 
of the data, and therefore, it would be difficult to evaluate these data in terms of the 
confidence rating scheme developed for this inventory (presented in Section 1.2.3). 

1.2. APPROACH 

Only sources judged to have a reasonable likelihood for releases to the circulating 
environment were addressed in this report.  For example: 

•	 CDDs/CDFs and dioxin-like PCBs in air emissions and wastewater discharges are 
included, whereas those in intermediate products or internal wastestreams are not. 
For example, the CDDs/CDFs in a wastestream going to an on-site incinerator are not 
addressed in this report, but any CDDs/CDFs in the stack emissions from the 
incinerator are included. 

•	 CDDs/CDFs and dioxin-like PCBs in wastestreams applied to land in the form of 
“land farming” are included, whereas those disposed of in permitted landfills were 
excluded.  Properly designed and operated landfills are considered to achieve long-
term isolation from the circulating environment.  Land farming, however, involves the 
application of wastes directly to land, clearly allowing for releases to the circulating 
environment. 

1.2.1. Source Classes 

The major identified sources of environmental releases of dioxin-like compounds in the 
United States are grouped into five broad categories. 

Combustion.  CDDs/CDFs are formed in most combustion systems (which can include 
those that incinerate wastes such as municipal solid waste, sewage sludge, medical waste, and 
hazardous wastes); in other high-temperature sources (such as cement kilns); in poorly or 
uncontrolled combustion sources (such as forest fires, brush fires, landfill fires, accidental fires, 
building fires, and open burning of wastes); and during the burning of various fuels (such as coal, 
wood, and petroleum products). 

Metals smelting, refining, and processing.  CDDs/CDFs can be formed during various 
types of primary and secondary metals operations, including iron ore sintering, lead smelting, 
copper smelting, magnesium and titanium dioxide production, steel production, and scrap metal 
recovery. 

Chemical manufacturing.  CDDs/CDFs can be formed as by-products of the 
manufacture of chlorine-bleached wood pulp, chlorinated phenols (e.g., pentachlorophenol 
[PCP]), PCBs, chlorobenzenes, phenoxy herbicides (e.g., 2,4-D and 2,4,5-T), and chlorinated 
aliphatic compounds (e.g., ethylene dichloride, vinyl chloride, polyvinyl chloride). 
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Natural sources and processes. The evidence for the widespread existence of natural 
sources of dioxin is quite weak.  Recent studies suggest that CDDs/CDFs can form under certain 
environmental conditions (e.g., composting) from the action of microorganisms on chlorinated 
phenolic compounds. Similarly, CDDs/CDFs have been reported to form during photolysis of 
highly chlorinated phenols.  Certain clays used in ceramics (e.g., ball clay) are believed to have 
become contaminated with dioxin as a result of natural processes, but the source of 
contamination remains unknown. Although it has been suggested that volcanos may be a natural 
source, there is no reliable evidence that volcanos produce and emit significant amounts of 
dioxin during eruptions. 

Reservoirs.  Reservoirs are environmental compartments and materials that have the 
capacity to store previously formed CDDs/CDFs or dioxin-like PCBs.  These compounds are 
thus sequestered from the open and circulating environment.  Potential reservoirs include soils, 
sediments, and biota as well as some anthropogenic materials, such as PCP treated telephone 
poles. Dioxin-like compounds in these reservoirs have the potential for redistribution and 
circulation in the environment through the physical processes of leaching, volatilization, erosion, 
sedimentation, and deposition. Whenever dioxins are released from their place of storage back 
into the circulating environment, the reservoir is considered a source of dioxin. 

Sources can also be categorized in terms of when releases occur:  (1) contemporary 
formation sources (sources that have essentially simultaneous formation and release) and (2) 
reservoir sources (materials or places that contain previously formed CDDs/CDFs or dioxin-like 
PCBs that are re-released to the environment).  The contemporary formation sources are 
discussed in Chapters 2 through 10 and the reservoir sources are discussed in Chapter 11. 

Table 1-11 provides a comprehensive list of all known or suspected sources of 
CDDs/CDFs in the United States.  The checkmarks indicate how each source was classified in 
terms of the following six categories: 

1.	 Contemporary formation sources with reasonably well-quantified releases (see 
Section 1.4.2). These sources are listed in Table 1-11 and release estimates are shown 
in Table 1-12. 

2.	 Contemporary formation sources without quantified release estimates. These sources 
are listed in Table 1-12. 

3. 	 Reservoir sources with reasonably well-quantified releases. These sources would 
have been listed in Table 1-11, but none have yet been identified. 
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Table 1-11.  Known and suspected sources of CDDs/CDFs 
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Source category 

Contemporary formation sources Reservoir sources 

Quantifiable 
(Categories 
A, B and C) 

Preliminary 
estimate 

(Category D) 

Not 
quantifiable 
(Category E) 

Quantifiable 
(Categories 
A, B and C) 

Preliminary 
estimate 

(Category D) 

Not 
quantifiable 
(Category E) 

COMBUSTION SOURCES 

Waste incineration 
Municipal waste combustion 
Hazardous waste incineration 
Boilers/industrial furnaces 
Medical waste/pathological incineration 
Crematoria 
Sewage sludge incineration 
Tire combustion 
Pulp and paper mill sludge incinerators 
Biogas combustion 

T 
T 
T 
T 
T 
T 
T 
T 

T 

Power/energy generation 
Vehicle fuel combustion - leadeda

 - unleaded
 - diesel 

Wood combustion - residential 
- industrial 

T 
T 
T 
T 
T 

Coal combustion - residential T 
- industrial/utility T 

Oil combustion - residential T 
- industrial/utility T 

Other high-temperature sources 
Cement kilns burning hazardous waste 
Cement kilns burning nonhazardous waste 

T 
T 

Asphalt mixing plants T 
Petroleum refining catalyst regeneration 
Cigarette combustion 
Carbon reactivation furnaces 
Kraft recovery boilers 

T 
T 
T 
T 

Manufacture of ball clay products
     Glass manufacturing
     Lime kilns
     Rubber manufacturing 

T 
T 
T 
T 




 


 

 
 
 
 
 

 
 

 
 
 
 

 

 
 
 

 

 

 

 

 

Table 1-11.  Known and suspected CDD/CDF sources (continued) 
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Source category 

Contemporary formation sources Reservoir sources 

Quantifiable 
(Categories 
A, B and C) 

Preliminary 
estimate 

(Category D) 

Not 
quantifiable 
(Category E) 

Quantifiable 
(Categories 
A, B and C) 

Preliminary 
estimate 

(Category D) 

Not 
quantifiable 
(Category E) 

Minimally controlled or uncontrolled combustion 
Combustion of landfill gas in flares 
Landfill fires 
Accidental fires, structural 
Accidental fires, vehicles 
Forest, brush, and straw fires 
Backyard barrel burning 
Uncontrolled combustion of PCBs

     Burning of candles 

T 

T 
T 
T 
T 
T 

T 
T 

METAL SMELTING/REFINING 

Ferrous metal smelting/refining 
Sintering plants 
Coke production 
Electric arc furnaces 
Ferrous foundries 

T 
T 
T 
T 

Nonferrous metal smelting/refining 
Primary aluminum T 
Primary copper T 
Primary magnesium T 
Primary nickel T 
Secondary aluminum 
Secondary copper

 Secondary lead 

T 
T 
T 

Scrap electric wire recovery T 

Drum and barrel reclamation T 




 


 

 

 

 
 
 
 

 
 

 

 

 
 
 
 

 

Table 1-11.  Known and suspected CDD/CDF sources (continued) 
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Source category 

Contemporary formation sources Reservoir sources 

Quantifiable 
(Categories 
A, B and C) 

Preliminary 
estimate 

(Category D) 

Not 
quantifiable 
(Category E) 

Quantifiable 
(Categories 
A, B and C) 

Preliminary 
estimate 

(Category D) 

Not 
quantifiable 
(Category E) 

CHEMICAL MANUFACTURING (releases to the environment) 

Bleached chemical wood pulp and paper mills 
Mono- through tetrachlorophenols 
Pentachlorophenol 
Chlorobenzenes 
Chlorobiphenyls (leaks/spills) 
Ethylene dichloride/vinyl chloride 
Dioxazine dyes and pigments 
2,4-Dichlorophenoxy acetic acid 
Municipal wastewater treatment 
Tall oil-based liquid soaps 

T 

T 

T 

T 
T 
T 
T 

T 
T 

T 

BIOLOGICAL AND PHOTOCHEMICAL 
PROCESSES 

T T 

RESERVOIR SOURCES 

Land 
Air 
Water 
Sediments 

T 
T 
T 
T 

Anthropogenic structures 
PCP-treated wood T 

aLeaded fuel production and the manufacture of motor vehicle engines requiring leaded fuel for highway use are prohibited in the United States.    (See Chapter 4, 
Section 4.1, for details.) 



   


 

Table 1-12. Inventory of contemporary releases (g/yr) of dioxin-like compounds from known sources in the 
United States for reference years 2000, 1995, and 1987 and preliminary release estimates for 2000 
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Source Category 
2000 Inventory 1995 Inventory 1987 Inventory 

2000 
Preliminary 
indication 

TEQDF -
WHO98 I-TEQ 

Category 
ratinga 

TEQDF -
WHO98 I-TEQ 

Category 
ratinga 

TEQDF -
WHO98 I-TEQ 

Category 
ratinga 

Category D 
rating

 TEQDF-WHO98 

RELEASES TO AIR 

WASTE INCINERATION 

Municipal waste combustion 83.8 76.3 A 1,393.5 1,101.3 B 8,905.1 7,858.8 B 
Hazardous waste incineration 3.2 3.2 B 5.8 5.7 B 5.0 5.0 B 
Boilers/industrial furnaces 1.8 1.8 C 0.4 0.4 C 0.8 0.8 C 
Halogen acid furnaces 0.3 0.3 C NA NA NA NA 
Medical waste/pathological 

incineration 
Crematoria 

378 357 C 487 459 C 2,570 2,440 C 

   - human 0.3 0.3 C 0.2 0.2 C 0.2 0.1 C
  - animal <1 

Sewage sludge incineration 9.6 9.4 B 14.2 14 B 5.8 5.8 B 
Tire combustion 
Pulp and paper mill sludge 

incineratorsb 

0.5 0.5 C 0.1 0.1 C 0.1 0.1 C 

Biogas combustion <1 

POWER/ENERGY GENERATION 

Vehicle fuel combustion 
- leaded gasolinec 1.6 1.3 C 37.5 31.9 C 
- unleaded gasoline on-road 7 6.7 C 4.7 4.4 C 3.6 3.3 C 
- unleaded gasoline off-road 0.4 0.4 C NA NA NA NA 
- diesel on-road (Trucks) 
- diesel off-road 

65.4 61.7 C 33.3 31.5 C 27.8 26.3 C 

     - equipment 22 21 C 12 11 C 9.4 8.8 C 
     - railroad 6.8 6.4 C 7 6.6 C 5.8 5.5 C
     - commercial marine

  vessel 
4.3 4 C 4.8 4.5 C 3.8 3.6 C 



   


 

Table 1-12. Inventory of contemporary releases (g/yr) of dioxin-like compounds from known sources in the 
United States for reference years 2000, 1995, and 1987 and preliminary release estimates for 2000 (continued) 
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Source Category 
2000 Inventory 1995 Inventory 1987 Inventory 

2000 
Preliminary 
indication 

TEQDF -
WHO98 I-TEQ 

Category 
ratinga 

TEQDF -
WHO98 I-TEQ 

Category 
ratinga 

TEQDF -
WHO98 I-TEQ 

Category 
ratinga 

Category D 
rating 

TEQ DF-WHO98 

Wood combustion 
- residential 11.3d 11.3d C 15.7d 15.7d C  22d 22d C 
- industrial 

Coal combustion 
41.5 39.4 C 26.2 24.9 C 26.5 25.2 C 

- utility boilers 69.5 70.4 B 60.1 60.9 B 50.9 51.4 B 
- residentiale <10d 

- commercial/industrial 
Oil combustion 

>10d 

- industrial/utility, residual oil 1.7 1.5 C 10.7 9.3 C 17.8 15.5 C 
- industrial/utility, distillate oil 7.3 6.3 C 7.3 6.4 C 8.3 7.2 C 
- institutional/commercial 

heating, residual oil 
0.7 0.6 C 0.8 0.7 C 1.5 1.3 C 

- institutional/commercial 
heating, distillate oil 

2.9 2.5 C 3.1 2.7 C 3.7 3.2 C 

- residential, distillate oil 4.5 3.6 C 5.0 3.9 C 5.4 4.2 C 

OTHER HIGH-TEMPERATURE SOURCES 

Cement kilns burning hazardous 
waste 

18.8 16.6 B 156.1 145.3 C 117.8 109.6 C 

Lightweight aggregate kilns 
burning hazardous waste 

1.9d 1.8d C  2.4d 2.4d C  3.3d 3.3d C 

Cement kilns burning 
nonhazardous waste 

17.2 16.6 C 16.6 15.9 C 12.7 12.3 C 

Asphalt mixing plants <1d 

Petroleum refining catalyst 
regeneration 

2.2 2.1 C 2.2 2.1 C 2.2 2.1 C 

Cigarette combustion 0.4 0.4 C 0.8 0.8 C 1 1 C 
Carbon reactivation furnaces 0.1d 0.1d C  0.1d 0.1d C  0.1d 0.1d C 
Kraft recovery boilers 0.8 0.8 B 2.3 2.3 B 2 2 B 



   

Table 1-12. Inventory of contemporary releases (g/yr) of dioxin-like compounds from known sources in the 
United States for reference years 2000, 1995, and 1987 and preliminary release estimates for 2000 (continued) 

1-19


Source Category 
2000 Inventory 1995 Inventory 1987 Inventory 

2000 
Preliminary 
indication 

TEQDF -
WHO98 I-TEQ 

Category 
ratinga 

TEQDF -
WHO98 I-TEQ 

Category 
ratinga 

TEQDF -
WHO98 I-TEQ 

Category 
ratinga 

Category D 
rating 

TEQ DF-WHO98 

MINIMALLY CONTROLLED OR UNCONTROLLED COMBUSTIONf 

Combustion of landfill gas
Landfill fires 

   Accidental fires
      - structural 

   - vehicles
Forest and brush firesh 

Backyard barrel burningi 

Residential yard waste burningj

Land clearing debris burning 

498.5 472.6 C 628 595 C 604 573 C 

>10 

d 

>1,000g

>10d

 >10 
d 

>1,000 

<10<1000 

METALLURGICAL PROCESSES 

Ferrous metal smelting/
       refining 

- sintering plants 27.6 24.4 A 28 25.1 B 32.7 29.3 C 
- coke production <10d 

- electric arc furnaces <100
    - foundries 
Nonferrous metal smelting/

        refining 

>10d 

- primary copper 0.3d 0.3d B  <0.5d <0.5d B  <0.5d <0.5d B 
- secondary aluminum 8.3 7.8 C 19.5 18.3 C 10.9 10.2 C 
- secondary copper 0.9 0.9 C 271 266 C 983 966 C 
- secondary lead 2.5 2.4 B 1.7 1.6 B 1.3 1.2 B 
- primary magnesium 4.3d 4.3d A  4.1d 4.1d C  NA  NA  

Drum and barrel reclamation 0.6 0.6 C 0.1 0.1 C 0.1 0.1 C 



   


 

Table 1-12. Inventory of contemporary releases (g/yr) of dioxin-like compounds from known sources in the 
United States for reference years 2000, 1995, and 1987 and preliminary release estimates for 2000 (continued) 
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Source Category 
2000 Inventory 1995 Inventory 1987 Inventory 

2000 
Preliminary 
indication 

TEQDF -
WHO98 I-TEQ 

Category 
ratinga 

TEQDF -
WHO98 I-TEQ 

Category 
ratinga 

TEQDF -
WHO98 I-TEQ 

Category 
ratinga 

Category D 
rating

 TEQDF-WHO98 

CHEMICAL MANUFACTURE/PROCESSING SOURCES

   Ethylene dichloride/vinyl
       chloride/PVC 
   Chor-alkali facilities 

5.5d 

1.8d 

5.5 

1.8d 

A 

A 

11.2d 

1.8  d 

11.2 

1.8 d 

A 

C 

NA 

NA  

NA 

NA  
TOTAL RELEASES TO AIRk 1,314.5 1,243.6 A, B, C 3,239.9 2,857.1 A, B, C 13,482.6 12,230.7 A, B, C 

RELEASES TO WATER 

CHEMICAL MANUFACTURE/PROCESSING SOURCES 

Bleached chemical wood pulp
       and paper mills 

POTW (municipal) wastewater 
Ethylene dichloride/vinyl

       chloride/PVC 
   Chor-alkali facilities 

1.0 

23.1d 

1.8d 

1.0 

23.9d 

1.8d 

A 

A 

A 

28 

23.1d 

1.8d 

28 

23.9d 

1.8 
d 

A 

C 

C 

356 

NA  

NA  

356 

NA  

NA  

A 

>10 

TOTAL RELEASES TO 
WATERk 

25.9 26.7 A, B, C 52.9 53.7 A, B, C 356 356 A, B, C 

RELEASES TO LAND 

CHEMICAL MANUFACTURING/PROCESSING SOURCES 

Bleached chemical wood pulp
       and paper mill sludge 

Ethylene dichloride/vinyl
       chloride/PVC 

Municipal wastewater treatment
       sludge 

Commercially marketed sewage 
sludge 

0.1 

1.4 

78.2 

1.9 

0.1 

1.5 

78.2 

1.9 

A 

A 

A 

A 

2 

1.4 

116.1 

3 

2 

1.5 

156.5 

4 

A 

B 

A 

A 

14.1 

NA 

76.6 

2.6 

14.1 

NA 

103 

3.5 

A 

A 

A 




 

   

Table 1-12. Inventory of contemporary releases (g/yr) of dioxin-like compounds from known sources in the 
United States for reference years 2000, 1995, and 1987 and preliminary release estimates for 2000 (continued) 

1-21
1-21
 

Source Category 
2000 Inventory 1995 Inventory 1987 Inventory 

2000 
Preliminary 
indication 

TEQDF - Category TEQDF - Category TEQDF - Category 

Category D 
rating 

WHO98 I-TEQ ratinga WHO98 I-TEQ ratinga WHO98 I-TEQ ratinga 
TEQ DF-WHO98 

2,4-Dichlorophenoxy acetic acid 
NA NA 28.9 18.4 A 33.4 21.3 A 

TOTAL RELEASES TO LANDk 81.6 81.7 A, B, C 151.4 182.4 A, B, C 126.7 141.9 A, B, C 

OVERALL RELEASES TO 
OPEN AND CIRCULATING 
ENVIRONMENT 

1,422.0 1,352.0 A, B, C 3,444.2 3,093.2 A, B, C 13,965.3 12728.6 A, B, C 

aThe most reliable estimates of environmental releases are those sources in categories A, B, and C. 
bIncluded in estimate for wood combustion, industrial. 
cLeaded fuel production and the manufacture of motor vehicle engines requiring leaded fuel for highway use are prohibited in the United States. (See Chapter 4,
 Section 4.1 for details.) 
dEstimate based on a TEQDF-WHO98 emissions estimate. 
eIncludes combustion of bituminous/subbituminous coal and anthracite coal. 
fRefers to conventional pollutant control, not dioxin emissions control. Very few sources listed in this inventory control specifically for CDD/CDF emissions. 
gCongener-specific emissions data were not available; the Nordic TEQ estimate was used as a surrogate for the I-TEQDF emissions estimate. 
hIncludes forest wildfires and prescribed burning for forest management. 
iTerm refers to the burning of residential waste in barrels. 
jIncludes burning of brush and leaves. 
kTotal reflects only the total of the estimates made in this report. 
Category ratings: 
A = Characterization of the source category judged to be adequate for quantitative estimation with high confidence in the emission factor and high 

confidence in activity level. 
B = Characterization of the source category judged to be adequate for quantitative estimation with medium confidence in the emission factor and at least 

medium confidence in activity level. 
C = Characterization of the source category judged to be adequate for quantitative estimation with low confidence in either the emission factor and/or the 

activity level. 
D = Preliminary indication of the potential magnitude of emissions from “Unquantified” (Category D) sources; based on extremely limited data, judged to be 

clearly nonrepresentative. D estimates are not included in the inventory of source emissions, but serve the purpose of highlighting sources in need of more 
adequate emissions information. 

NA = Not available (information is lacking). 
POTW = Publicly owned treatment works or sewage treatment plant. 



	 

	 


 


4. 	 Reservoir sources with preliminary release estimates. These sources are discussed in 
Chapter 11. 

5. 	 Reservoir sources without quantified releases. These sources are discussed in 
Chapter 11.

 Only contemporary formation sources (numbers 1 and 2 above) are considered for 
inclusion in the national inventory.  Reservoir sources are not considered because they are not 
original releases, but rather the recirculation of past releases.  To date, no reliable estimates of 
releases from the reservoir sources have been made because information is either lacking or is 
inadequate to allow for estimates to be made. 

This document includes discussions on products that contain dioxin-like compounds. 
Some of these products, such as 2,4-D, are considered to be sources because they are clearly used 
in ways that result in environmental releases (e.g., they are sprayed onto agricultural lands for 
weed control). If a release from the product occurs, it is added to the national dioxin inventory. 
Other products containing dioxin-like compounds, such as vinyl chloride products, do not appear 
to have environmental releases and are not considered sources.  For all CDD-/CDF-containing 
products, this document summarizes the available information about contamination levels and, 
where possible, makes estimates of the total amount of CDDs/CDFs produced annually in these 
products. Estimates of the CDD/CDF TEQ amounts in products are summarized in Table 1-13. 

Table 1-13. Products containing CDDs/CDFs (g TEQDF-WHO98 /yr) 

Product 2000 1995 1987 

Bleached chemical wood pulp 0.58 40 505 

Ethylene dichloride/vinyl chloride 0.02 0.02 NA 

Chloranil 1.16 64 NA 

Pentachlorophenol 4,395 4,800 20,000 

2,4 -Dichlorophenoxy acetic acid (2,4-D)a NA 28.9 33.4 

TOTAL 4,397 4,933 20,538 
a Only 2,4-D is considered to be an environmental release. 

NA = Information not available 

1.2.2. Quantitative Method for Inventory of Sources 

Some source types have a high percentage of facilities with measured CDD/CDF releases, 
such as municipal waste combustion, hazardous waste incineration, and cement kilns that burn 
hazardous waste (air emissions), and wastewater releases from chlorine-bleached pulp and paper 
mills. In addition, some source activities have been adequately sampled with respect to levels of 
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lands and 2,4-D applied to agricultural lands.  Other source categories have relatively few tested 
facilities and/or the activity has not been comprehensively evaluated for dioxin releases.  In these 
cases, EPA relies on the use of emission factors to estimate CDD/CDF releases from the untested 
sources. This provides a method of extrapolation from tested sources to national estimates of 
environmental releases.  Many of the national emission estimates, therefore, have been developed 
using this “top-down” approach.  

The first step in this approach is to derive from the available emissions monitoring data 
an emission factor (or series of emission factors) deemed to be representative of the source 
category (or segments of a source category that differ in, e.g., configuration, fuel type, air 
pollution control equipment). The emission factor relates mass of CDDs/CDFs or dioxin-like 
PCBs released into the environment with some measure of activity (e.g., kilograms of material 
processed per year, vehicle miles traveled per year, liters of wastewater discharged per year). It is 
developed by averaging the emission factors for the tested facilities or activities within the 
particular classification of sources.  For example, mass burn MWCs equipped with dry scrubbers 
(DSs) combined with fabric filters (FFs) will have an average emission factor derived from the 
tested facilities within this source classification.  This average emission factor is then multiplied 
by the measure of activity for the nontested facilities in the class (e.g., total kilograms of material 
processed by these facilities annually).  Finally, emissions are summed for the tested facilities 
and nontested facilities. In general, this procedure can be represented by the followinge quations: 

Etotal = 3Etested, I % 3Euntested, I (1-2) 

Etotal = 3Etested, I % 3(EFi * Ai)untested (1-3) 

where: 
Etotal = annual emissions from all facilities (g TEQ/yr)
 
Etested, I = annual emissions from all tested facilities in class I (g TEQ/yr)
 
Euntested, I = annual emissions from all untested facilities in class I (g TEQ/yr)
 
EFi = mean emission factor for tested facilities in class I (g TEQ/kg)
 
Ai = activity measure for untested facilities in class I (kg/yr)
 

Figures 1-2 through 1-4 and 1-6 through 1-8 depict the various source categories and their 
emission factors, activity levels, and annual emissions for reference years 1987, 1995, and 2000, 
respectively, in I-TEQ and WHO-TEQ units.  Figures 1-5 and 1-9 depict comparisons of the 
estimated I-TEQ and WHO-TEQ air emissions for these years. 
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Emission Source Best Estimate of Total Annual "Activity" 
(tested / total units) I-TEQ Emission Factor (thousand metric tons/yr or Annual I-TEQ Emission 

(ng/kg or ng/L) million L/yr) (g I-TEQ/yr) 

Municipal Waste Combustion (19 / 113)
 

Medical Waste Incineration (8 / 5000)
 

Secondary Copper Smelting (2 / 4)
 

Backyard Barrel Burning (NA)
 

Cement Kilns Burning Haz Waste (10 / ?)
 

Utility / Industrial Coal Combustion (11 / ?)
 

On-road Leaded Gas Fuel Combustion (? / ?)
 

Iron Ore Sinter Plants (2 / ?)
 

On-road Diesel Fuel Combustion (NA)
 

Industrial Wood Burning (9 / ?)
 

Residential Wood Burning (7 / 25000000)
 

Off-road Diesel Fuel Combustion (NA)
 

Utility / Industrial Residual Oil Combustion (? / ?)
 

Secondary Aluminum Smelting (6 / 67)
 

Cement Kilns Not Burning Haz W aste (15 / ?)
 

Utility / Industrial Distillate Oil Combustion (>2 / ?)
 

Sewage Sludge Incineration (13 / 199)
 

Hazardous Waste Incineration (17 / 171-227)
 

On-road Unleaded Gas Fuel Combustion (? / ?)
 

Manufacture of EDC/VC (? / ?) 
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The figures include sources with annual I-TEQ emission estimates greater than 5 g I-TEQ/yr in Legend 

one or both of the Reference Years 1987 or 1995.  Derivation of the emission factors Low Confidence 

and annual "Activity" estimates (e.g., kg of waste incinerated) are presented in the following Medium Confidence 

chapters of this report. The difference in bar shading indicates the degree of confidence in the 
 High Confidence 


estimate. The set of numbers following the source categories indicates the number of
 
facilities/sites for which emission test data are available versus the number of facilities/sites
 
in the category.  A question mark (?) indicates that the precise number of facilities/sites
 
could not be estimated.
 

Figure 1-2.  Estimated CDD/CDF I-TEQ emissions to air from combustion 
sources in the United States for reference year 1987 (municipal solid waste 
incineration is currently referred to as municipal waste combustion). 

Some source categories are made up of facilities that vary widely in terms of design and 
operating conditions.  For these sources, as explained above, an attempt was made to create 
subcategories that grouped facilities with common features and then to develop separate emission 
factors for each subcategory.  Implicit in this procedure is the assumption that facilities with 
similar design and operating conditions should have similar CDD/CDF release potential.  For 
most source categories, however, the specific combination of features that contributes most to 
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Emission Source 
(tested / total units) 

Municipal W aste Combustion (39 / 130)
 

Medical W aste Incineration (20 / 2400)
 

Secondary Copper Smelting (2 / 3)
 

Backyard Barrel Burning (NA)
 

Cement Kilns Burning Haz W aste (10 / 34)
 

Utility / Industrial Coal Combustion (11 / ?)
 

On-road Leaded Gas Fuel Combustion (? / ?)
 

Iron Ore Sinter Plants (2 / 11)
 

On-road Diesel Fuel Combustion (NA)
 

Industrial W ood Burning (9 / ?)
 

Residential W ood Burning (7 / 25000000)
 

Off-road Diesel Fuel Combustion (NA)
 

Utility / Industrial Residual Oil Combustion (? / ?)
 

Secondary Aluminum Smelting (6 / 76)
 

Cement Kilns Not Burning Haz W aste (15 / 178)
 

Utility / Industrial Distillate Oil Combustion (>2 / ?)
 

Sewage Sludge Incineration (13 / 257)
 

Hazardous Waste Incineration (17 / 162)
 

On-road Unleaded Gas Fuel Combustion (? / ?)
 

Manufacture of EDC/VC (? / ?)
 

Best Estimate of Total Annual "Activity" 
I-TEQ Emission Factor (thousand metric tons/yr or Annual I-TEQ Emission 

(ng/kg or ng/L) million L/yr) (g I-TEQ/yr) 
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The figures include sources with annual I-TEQ em ission estimates greater than 5 g I-TEQ/yr in Legend 

one or both of the Reference Years 1987 or 1995. Derivation of the emission factors Low Confidence 

and annual "Activity" estimates (e.g., kg of waste incinerated) are presented in the following Medium Confidence 

chapters of this report.  The difference in bar shading indicates the degree of confidence in the 
 High Confidence 


estimate.  The set of numbers following the source categories indicates the number of
 
facilities/sites for which emission test data are available versus the number of facilities/sites
 
in the category.  A question mark (?) indicates that the precise num ber of facilities/sites
 
could not be estimated.
 

Figure 1-3.  Estimated CDD/CDF I-TEQ emissions to air from combustion 
sources in the United States for reference year 1995 (municipal solid waste 
incineration is currently referred to as municipal waste combustion). 

CDD/CDF or dioxin-like PCB releases is not well understood.  Therefore, how to best 
subcategorize a source category was often problematic.  For each subcategorized source category 
in this document, a discussion is presented about the variability in design and operating 
conditions, what was known about how these features contributed to CDD/CDF or dioxin-like 
PCB releases, and the rationale for creating subcategories. 
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Emission Source 
(tested / total units) 

Municipal Waste Combustion (195 / 251)
 

Medical Waste Incineration (22 / ?)
 

Secondary Copper Smelting (1 / 2)
 

Backyard Barrel Burning (NA)
 

Cement Kilns Burning Haz Waste (10 / ?)
 

Utility / Industrial Coal Combustion (11 / ?)
 

On-road Leaded Gas Fuel Combustion (0 / 0)
 

Iron Ore Sinter Plants (2 / 11)
 

On-road Diesel Fuel Combustion (NA)
 

Industrial Wood Burning (9 / ?)
 

Residential Wood Burning (19 / 25000000)
 

Off-road Diesel Fuel Combustion (NA)
 

Utility / Industrial Residual Oil Combustion (? / ?)
 

Secondary Aluminum Smelting (6 / ?)
 

Cement Kilns Not Burning Haz Waste (15 / ?)
 

Utility / Industrial Distillate Oil Combustion (>2 / ?)
 

Sewage Sludge Incineration (14 / ?)
 

Hazardous Waste Incineration (22 / 132)
 

On-road Unleaded Gas Fuel Combustion (? / ?)
 

Manufacture of EDC/VC (8 / 12)
 

Best Estimate of Total Annual "Activity" 
I-TEQ Emission Factor (thousand metric tons/yr or Annual I-TEQ Emission 

(ng/kg or ng/L) million L/yr) (g I-TEQ/yr) 
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The figures include sources with annual I-TEQ emission estimates greater than 5 g I-TEQ/yr in Legend 
one or both of the Reference Years 1987 or 1995.  Derivation of the emission factors Low Confidence 
and annual "Activity" estimates (e.g., kg of waste incinerated) are presented in the following Medium Confidence 
chapters of this report.  The difference in bar shading indicates the degree of confidence in the High Confidence 

estimate.  The set of numbers following the source categories indicates the number of 
facilities/sites for which emission test data are available versus the number of facilities/sites 
in the category.  A question mark (?) indicates that the precise number of facilities/sites 
could not be estimated. 

Figure 1-4.  Estimated CDD/CDF I-TEQ emissions to air from combustion 
sources in the United States for reference year 2000. 

The emission factors developed for the inventory are intended to be used for estimating 
total emissions for a source category rather than emissions from individual facilities.  EPA has 
made uncertainty determinations for each of these emission factors, based, in part, on the 
assumption that by applying them to a group of facilities, the potential for overestimating or 
underestimating individual facilities will, to some extent, be self-compensating.  This means that 
in using these emission factors one can place significantly greater confidence in an emission 
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Utility / Industrial Coal Combustion 

On-road Leaded Gas Fuel Combustion 
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Figure 1-5.  Comparison of estimates of annual I-TEQ emissions to air 
(g I-TEQ/yr) for reference years 1987, 1995, and 2000. 

estimate for a class than in an estimate for any individual facility.  Given the limited amount of 
data available for deriving emission factors and the limitations of our understanding about 
facility-specific conditions that determine formation and control of dioxin-like compounds, the 
current state of knowledge cannot support the development of emission factors that can be used 
to accurately estimate emissions on an individual facility-specific basis.  The emission factors 
developed for each of the categories discussed in this national emissions inventory are listed in I 
TEQ and TEQDF-WHO98 in Tables 1-14 and 1-15, respectively. 

1.2.3. Confidence Ratings 

Each source emission calculation required estimates of an emission factor and an activity 
level. For each emission source, the quantity and quality of the available information for both 
vary considerably.  Consequently, it is important that emission estimates be accompanied by 
some indicator of the uncertainties associated with their development.  For this reason, a 
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Emission Source 
(tested / total units) 

Municipal Waste Combustion (19 / 105)
 

Medical Waste Incineration (8 / 5000)
 

Secondary Copper Smelting (2 / 4)
 

Backyard Barrel Burning (NA)
 

Cement Kilns Burning Haz Waste (10 / ?)
 

Utility / Industrial Coal Combustion (11 / ?)
 

On-road Leaded Gas Fuel Combustion (? / ?)
 

Iron Ore Sinter Plants (2 / ?)
 

On-road Diesel Fuel Combustion (NA)
 

Industrial Wood Burning (9 / ?)
 

Residential Wood Burning (7 / 25000000)
 

Off-road Diesel Fuel Combustion (NA)
 

Utility / Industrial Residual Oil Combustion (? / ?)
 

Secondary Aluminum Smelting (6 / 67)
 

Cement Kilns Not Burning Haz Waste (15 / ?)
 

Utility / Industrial Distillate Oil Combustion (>2 / ?)
 

Sewage Sludge Incineration (13 / 199)
 

Hazardous Waste Incineration (17 / 171-227)
 

On-road Unleaded Gas Fuel Combustion (? / ?)
 

Manufacture of EDC/VC (? / ?)
 

Best Estimate of Total Annual "Activity" 
WHO-TEQ Emission Factor (thousand metric tons/yr or Annual WHO-TEQ Emission 

(ng/kg or ng/L) million L/yr) (g WHO-TEQ/yr) 

0.
01 0.

1 1 10 10
0

10
00

10
00

0

10
00

00 1 10 10
0

1,
00

0

10
,0

00

10
0,

00
0

1,
00

0,
00

0 1 10 10
0

10
00

10
00

0

10
00

00

10
00

00
0 

The figures include sources with annual W HO-TEQ emission estimates greater than 5 g W HO-TEQ/yr in Legend 

one or both of the Reference Years 1987 or 1995. Derivation of the emission factors Low Confidence 

and annual "Activity" estimates (e.g., kg of waste incinerated) are presented in the following Medium Confidence 


chapters of this report. The difference in bar shading indicates the degree of confidence in the 
 High Confidence 


estimate.  The set of numbers following the source categories indicates the number of
 
facilities/sites for which emission test data are available versus the number of facilities/sites
 
in the category. A question mark (?) indicates that the precise number of facilities/sites
 
could not be estimated.
 

Figure 1-6.  Estimated CDD/CDF WHO-TEQ emissions to air from 
combustion sources in the United States for reference year 1987 (municipal 
solid waste incineration is currently referred to as municipal waste combustion). 

qualitative confidence rating scheme was developed as an integral part of the emissions estimate 
with the following considerations. 

Emission factor.  The uncertainty in the emission factor estimate depends primarily on 
how well the tested facilities represent the untested facilities.  In general, confidence in the 
emission factor increases with increases in the number of tested facilities relative to the total 
number of facilities. Variability in terms of physical design and operating conditions within a 
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Emission Source 
(tested / total units) 
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gures include sources with annual W HO-TEQ emission estimates greater than 5 g W HO-TEQ/yr in Legend 
both of the Reference Years 1987 or 1995.  Derivation of the emission factors Low Confidence 
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category.  A question mark (?) indicates that the precise number of facilities/sites
 
not be estimated.
 

Figure 1-7.  Estimated CDD/CDF WHO-TEQ emissions to air from 

combustion sources in the United States for reference year 1995. 


class or subclass must also be considered.  The more variability among facilities, the less 
confidence that a test of any single facility is representative of that class or subclass.  The quality 
of the supporting documentation also affects uncertainty.  Whenever possible, original 
engineering test reports were used.  Peer-reviewed reports from the open literature were also used 
for developing some emission factors.  In some cases, however, draft reports that had undergone 
more limited review were also used. In a few cases, unpublished references (such as personal 
communication with experts) were used and are clearly noted in the text. 
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Emission Source 
(tested / total units) 

Municipal Waste Combustion (195 / 251)
 

Medical Waste Incineration (22 / ?)
 

Secondary Copper Smelting (1 / 2)
 

Backyard Barrel Burning (NA)
 

Cement Kilns Burning Haz Waste (20 / 22)
 

Utility / Industrial Coal Combustion (11 / ?)
 

On-road Leaded Gas Fuel Combustion (0 / 0)
 

Iron Ore Sinter Plants (4 / 11)
 

On-road Diesel Fuel Combustion (NA)
 

Industrial Wood Burning (9 / ?)
 

Residential Wood Burning (19 / ?)
 

Off-road Diesel Fuel Combustion (NA)
 

Utility / Industrial Residual Oil Combustion (? / ?)
 

Secondary Aluminum Smelting (6 / ?)
 

Cement Kilns Not Burning Haz W aste (15 / ?)
 

Utility / Industrial Distillate Oil Combustion (>2 / ?)
 

Sewage Sludge Incineration (14 / ?)
 

Hazardous Waste Incineration (22 / 132)
 

On-road Unleaded Gas Fuel Combustion (? / ?)
 

Manufacture of EDC/VC/PVC (8 / 12)
 

Best Estimate of Total Annual "Activity" 
WHO-TEQ Emission Factor (thousand metric tons/yr or Annual WHO-TEQ Emission 

(ng/kg or ng/L) million L/yr) (g WHO-TEQ/yr) 
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The figures include sources with annual W HO-TEQ emission estim ates greater than 5 g W HO-TEQ/yr in Legend 

one or both of the Reference Years 1987 or 1995.  Derivation of the emission factors Low Confidence 

and annual "Activity" estim ates (e.g., kg of waste incinerated) are presented in the following Medium Confidence 

chapters of this report.  The difference in bar shading indicates the degree of confidence in the 
 High Confidence 


estimate.  The set of numbers following the source categories indicates the number of
 
facilities/sites for which emission test data are available versus the number of facilities/sites
 
in the category.  A question mark (?) indicates that the precise number of facilities/sites
 
could not be estimated.
 

Figure 1-8.  Estimated CDD/CDF WHO-TEQ emissions to air from
 
combustion sources in the United States for reference year 2000.
 

Activity level.  The uncertainty in the activity level estimate was judged primarily on the 
basis of the extent of the underlying data.  Estimates derived from comprehensive surveys 
(including most facilities in a source category) were assigned high confidence.  As the number of 
facilities in the survey relative to the total decreased, confidence also decreased.  The quality of 
the supporting documentation also affects uncertainty.  Peer-reviewed reports from the open 
literature (including government and trade association survey data) were considered to be the 
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Figure 1-9.  Comparison of estimates of annual WHO-TEQ emissions to air 
(g WHO-TEQ/yr) for reference years 1987, 1995, and 2000. 

most reliable. However, as with the emission factor estimates, draft reports that had undergone 
more limited review were used in some cases, and in a few cases unpublished references such as 
personal communication with experts were used.  These are clearly noted in the text. 

1.2.3.1. Rating Scheme 

The confidence rating scheme shown in Table 1-16 represents the qualitative criteria used 
to assign a high, medium, or low confidence rating to emission factors and activity levels for 
those source categories for which emission estimates could be reliably quantified.  The overall 
confidence rating assigned to an emissions estimate was determined by the confidence ratings 
assigned to the corresponding activity level and emission factor.  If the lowest rating assigned to 
either the activity level or the emission factor is “high,” then the category rating assigned to the 
emission estimate is high (Category A).  If the lowest rating assigned to either the activity level 
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Table 1-14. I-TEQDF emission factors used to develop national emission inventory estimates of releases to air 
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Source category 

I-TEQDF emission factor 

Emission factor unit 2000 1995 1987 

WASTE INCINERATION 

Municipal waste combustion 2.82 38.2a a ng TEQ/kg waste combusted 
Hazardous waste incineration 2.12 3.83 3.83 ng TEQ/kg waste combusted 
Boilers/industrial furnaces 1.21 0.64 573 0.64 ng TEQ/kg waste combusted 
Halogen acid furnaces 0.803 ng TEQ/kg waste feed 
Medical waste/pathological incineration a a a ng TEQ/kg waste combusted 
Crematoria - human
                   - animal 

Sewage sludge incineration 

630 
410 

0.11 
6.65 

598 
17,000 

6.94 

1,706
17,000 

6.94 

ng TEQ/body 
ng TEQ/kg animal 
ng TEQ/kg dry sludge combusted 

Tire combustion 0.282 0.282 0.282 ng TEQ/kg tires combusted 
Pulp and paper mill sludge incineratorsb 

POWER/ENERGY GENERATION 

Vehicle fuel combustion - leadedc NA 45 45 pg TEQ/km driven 
- unleaded 1.5 1.5 1.5 pg TEQ/km driven 
- diesel 172 172 172 pg TEQ/km driven 

Wood combustion - residential 0.5 2 2 ng TEQ/kg wood combusted 
- industrial 0.56–13.2d 0.56–13.2d 0.56–13.2d ng TEQ/kg wood combusted 

Coal combustion - utility 0.079 0.079 0.079 ng TEQ/kg coal combusted 
Oil combustion - industrial/utility 0.2 0.2 0.2 ng TEQ/L oil combusted 

OTHER HIGH-TEMPERATURE SOURCES 

Cement kilns burning hazardous waste 1.444 1.04–28.58e 1.04–28.58e ng TEQ/kg clinker produced 
Lightweight aggregate kilns 2.06 ng TEQ/ kg waste feed 
Cement kilns not burning hazardous waste 0.27 0.27 0.27 ng TEQ/kg clinker produced 
Petroleum refining catalyst regeneration 1.52 1.52 1.52 ng TEQ/barrel reformer feed 
Cigarette combustion 0.00043–0.0029 0.00043–0.0029 0.00043–0.0029 ng TEQ/cigarette 
Carbon reactivation furnaces 1.2 1.2 1.2 ng TEQ/kg of reactivated carbon 
Kraft recovery boilers 0.029 0.029 0.029 ng TEQ/kg solids combusted 




 


Table 1-14. I-TEQDF emission factors used to develop national emission inventory estimates of releases to air 
(continued) 

Source category 

I-TEQDF emission factor 

Emission factor unit 2000 1995 1987 

MINIMALLY CONTROLLED OR UNCONTROLLED COMBUSTION 

Backyard barrel burningf 72.8 72.8 72.8 ng TEQ/kg waste combusted 

METALLURGICAL PROCESSES 

Ferrous metal smelting/refining - sintering plants 
Nonferrous metal smelting/refining 

- primary copper 
- secondary aluminum smelting 
- secondary copper smeltingg 

- secondary lead smelters 
Drum and barrel reclamation 

0.55–4.14 

<0.31 
4.9 

0.05–8.31 
16.5 

0.55–4.14 

<0.31 
4.9 

0.05–8.31 
16.5 

0.55–4.14 

<0.31 
4.9 

0.05–8.31 
16.5 

ng TEQ/kg sinter 

ng TEQ/kg copper produced 
ng TEQ/kg scrap feed 
ng TEQ/kg scrap consumed 
ng TEQ/kg lead produced 
ng TEQ/drum 

CHEMICAL MANUFACTURING/PROCESSING SOURCES 

Ethylene dichloride/vinyl chloride 0.95a ng TEQ/kg EDC produced 
aDifferent emission factors were derived for various subcategories within this industry; the value listed is a weighted average. 
bIncluded in total for wood combustion, industrial. 
cLeaded fuel production and the manufacture of motor vehicle engines requiring leaded fuel for highway use are prohibited in the United States.
 (See Chapter 4, Section 4.1, for details.) 
dEmission factor of 0.56 ng I-TEQDF/kg used for nonsalt-laden wood; emission factor of 13.2 ng I-TEQDF/kg used for salt-laden wood. 
eEmission factor of 1.04 ng I-TEQDF/kg used for kilns with air pollution control device (APCD) inlet temperatures less than 232°C; emission factor of 28.58 ng
 I-TEQDF/kg used for kilns with APCD inlet temperatures greater than 232°C. 
fIncludes the burning of brush and leaf residential yard waste. 
gFacility-specific emission factors were used ranging from 3.6 to 16,600 ng I-TEQDF/kg scrap consumed. 
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Table 1-15. TEQDF-WHO98 emission factors used to develop national emission inventory estimates of releases 
to air 
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Emission source category 

TEQDF-WHO98 emission factor 

Emission factor unit 2000 1995 1987 

WASTE INCINERATION 

Municipal waste combustion 3.10 a a ng TEQ/kg waste combusted 
Hazardous waste incineration 2.13 3.88 3.88 ng TEQ/kg waste combusted 
Boilers/industrial furnaces 1.21 43.4 0.65 644 0.65 ng TEQ/kg waste combusted 
Halogen acid furnaces 0.836 ng TEQ/kg waste feed 
Medical waste/pathological incineration a a a ng TEQ/kg waste combusted 
Crematoria - humanb 

                  - animal 630 
434 

0.12 633
17,000 1,81117,000 ng TEQ/body 

ng TEQ/kg animal 
Sewage sludge incineration 6.74 7.04 7.04 ng TEQ/kg dry sludge combusted 
Tire combustion 0.281 0.281 0.281 ng TEQ/kg tires combusted 
Pulp and paper mill sludge incineratorsc 

POWER/ENERGY GENERATION 

Vehicle fuel combustion - leadedd NA 53 53 pg TEQ/km driven 
- unleaded 1.6 1.6 1.6 pg TEQ/km driven 
- diesel 182 182 182 pg TEQ/km driven 

Wood combustion - residential b b b ng TEQ/kg wood combusted 
- industriale 0.6–13.2 0.6–13.2 0.6–13.2 ng TEQ/kg wood combusted 

Coal combustion - utility 
Oil combustion - industrial/utility 

0.5 0.78 
0.23 

2 0.078 
0.23 

2 0.078 
0.23 

ng TEQ/kg coal combusted 
ng TEQ/L oil combusted 

OTHER HIGH-TEMPERATURE SOURCES 

Cement kilns burning hazardous waste 
Lightweight aggregate kilns 1.6351.99 

1.11–30.7f 1.11–30.7f ng TEQ/kg clinker produced 
ng TEQ/ kg waste feed 

Cement kilns not burning hazardous waste 0.26 0.26 0.26 ng TEQ/kg clinker produced 
Petroleum refining catalyst regeneration 1.59 1.59 1.59 ng TEQ/barrel reformer feed 
Cigarette combustion 0.00044–0.003 0.00044–0.003 0.00044–0.003 ng TEQ/cigarette 
Carbon reactivation furnaces 1.2b 1.2b 1.2b ng TEQ/kg of reactivated carbon 
Kraft recovery boilers 0.028 0.028 0.028 ng TEQ/kg solids combusted 




 


Table 1-15. TEQDF-WHO98 emission factors used to develop national emission inventory estimates of releases 
to air (continued) 

Emission source category 

TEQDF-WHO98 emission factor 

Emission factor unit 2000 1995 1987 

MINIMALLY CONTROLLED OR UNCONTROLLED COMBUSTION 

Backyard barrel burningg 76.8b 76.8b 76.8b ng TEQ/kg waste combusted 

METALLURGICAL PROCESSES 

Ferrous metal smelting/refining - sintering plants 
Nonferrous metal smelting/refining 

- primary copperb 

- secondary aluminum smelting 
- secondary copper smeltingh 

- secondary lead smelters 
Drum and barrel reclamation 

0.62–4.61 

<0.31 
5.2 

0.05–8.81 
17.5 

0.62–4.61 

<0.31 
5.2 

0.05–8.81 
17.5 

0.62–4.61 

<0.31 
5.2 

0.05–8.81 
17.5 

ng TEQ/kg sinter 

ng TEQ/kg copper produced 
ng TEQ/kg scrap feed 
ng TEQ/kg scrap consumed 
ng TEQ/kg lead produced 
ng TEQ/drum 

CHEMICAL MANUFACTURING/PROCESSING SOURCES 

Ethylene dichloride/vinyl chloride 0.95a, b ng TEQ/kg EDC produced 
aDifferent emission factors were derived for various subcategories within this industry; the value listed is a weighted average. 
bCongener-specific data were not available; the TEQDF emission factor was used as a surrogate for the TEQDF-WHO98 emission factor. 
cIncluded in total for wood combustion, industrial. 
dLeaded fuel production and the manufacture of motor vehicle engines requiring leaded fuel for highway use are prohibited in the United States.  
 (See Chapter 4, Section 4.1, for details). 
eEmission factor of 0.6 ng I-TEQDF/kg used for non-salt-laden wood; emission factor of 13.2 ng I-TEQDF/kg used for salt-laden wood. 
fEmission factor of 1.11 ng I-TEQDF/kg used for kilns with air pollution control device (APCD) inlet temperatures less than 232°C; emission factor of 28.58 ng
 I-TEQDF/kg used for kilns with APCD inlet temperatures greater than 232°C. 
gThis term refers to the burning of residential waste in barrels. 
hFacility-specific emission factors were used ranging from 3.6 to 16,600 ng TEQDF-WHO98/kg scrap consumed. 
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Table 1-16. Confidence rating scheme for U.S. emission estimates 

Confidence rating Activity level estimate Emission factor estimate 

Categories/media for which releases can be reasonably quantified 

High Derived from comprehensive 
survey 

Derived from comprehensive survey 

Medium Based on estimates of average plant 
activity level and number of plants 
or limited survey 

Derived from testing at a limited but 
reasonable number of facilities 
believed to be representative of 
source category 

Low Based on data judged possibly 
nonrepresentative 

Derived from testing at only a few, 
possibly nonrepresentative facilities 
or from similar source categories 

Categories/media for which releases cannot be reasonably quantified 

Preliminary estimate Based on extremely limited data, 
judged to be clearly 
nonrepresentative 

Based on extremely limited data, 
judged to be clearly 
nonrepresentative 

Not quantified No data available (1) Argument based on theory but 
no data, or 

(2) Data available indicating 
formation but not in a form that 
allows developing an emission 
factor 

or the emission factor term is “medium,” then the category rating assigned to the emission 
estimate is medium (Category B).  If the lowest rating assigned to either the activity level or the 
emission factor is “low,” then the category rating assigned to the emission estimate is low 
(Category C).  It is emphasized that this confidence rating scheme should not be interpreted as a 
statistical measure, but rather as subjective judgment of the relative uncertainty among sources. 

For many source categories, either emission factor information or activity level 
information was inadequate to support development of reliable quantitative release estimates for 
one or more media. For some of these source categories, sufficient information was available to 
make preliminary estimates of emissions of CDDs/CDFs or dioxin-like PCBs; however, the 
confidence in the activity level estimates or emission factor estimates was so low that they could 
not be included in the sum of quantified emissions from sources with confidence ratings of A, B, 
and C.  These preliminary estimates were given an overall confidence rating of D.  The 
preliminary release estimates for sources with a confidence rating of D are given in the right-
most column of Table 1-12. Because these are order-of-magnitude estimates, they are made for 
2000 only.  As preliminary estimates of source magnitude, they can be used to help prioritize 
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future research and data collection.  The actual magnitude of emissions from these sources could 
be significantly lower or higher than these preliminary estimates.  Although EPA has chosen not 
to include them in the more thoroughly characterized emissions of the national inventory, some 
of these poorly characterized sources have the potential of being major contributors of releases to 
the environment. It is  important to present these estimates because they may help determine 
priorities for future data collection efforts.  As the uncertainty around these sources is reduced, 
they will be included in future inventory calculations. 

For other sources, some information exists that suggests that they may release dioxin-like 
compounds; however, the available data were judged to be insufficient for developing any 
quantitative emissions estimate.  These source categories were assigned a confidence rating of E 
and also were not included in the national inventory (see the “Not quantifiable” column in Table 
1-11). 

1.3. CONCLUSIONS 

1.3.1. Total Environmental Releases 

Nationwide emission estimates of grams I-TEQDF and TEQDF-WHO98 released to the open 
and circulating environment of the United States are presented in Table 1-12.  For the year 2000, 
EPA draws the following conclusions: 

•	 The total releases in the inventory (Categories A, B, and C) were 1,422 g TEQDF 
WHO98/yr.  These were dominated by releases to the air (92%).  Most of the air 
releases were from combustion sources. Table 1-17 presents a ranking of sources for 
2000, 1995, and 1987 based on the magnitude of environmental release.  The top 
three sources were backyard barrel burning of refuse (498.5 g, 32% of total), MWIs 
(378 g, 27%), and the incineration and land application of municipal wastewater 
treatment sludge (89.7 g, 5%). 

•	 There is a significant potential for release of dioxin-like compounds from Category D 
sources. However, these sources a currently poorly characterized. The most important 
Category D sources are forest fires and accidental fires at MSW landfills.  Research is 
recommended to confirm emissions from these sources and to provide a more 
accurate assessment of releases. 

•	 A total of 18 contemporary formation sources were classified as Category E. 
Information suggests these may be sources of dioxin-like compounds, but it is 
insufficient to make a national estimate of releases.  Additional research on these 
sources is recommended in order to adequately identify them as actual sources and to 
provide data for estimating releases. 
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Table 1-17. Ranking of sources of dioxin-like compounds based on environmental releases (from high to low) 
for reference years 2000, 1995, and 1987 
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2000 1995 1987 

Source (released to) 
Releases 
(grams) 

Percent 
of total Source (released to) 

Releases 
(grams) 

Percent 
of total Source (released to) 

Releases 
(grams) 

Percent 
of total 

Backyard barrel 
burning of refuse (air) 

498.5 35.1 Municipal waste 
combustion (air) 

1,393.5 40.5 Municipal waste 
combustion (air) 

8,905.1 63.8 

Medical 
waste/pathological 
incineration (air) 

378.0 26.6 Backyard barrel 
burning of refuse (air) 

628.0 18.2 Medical waste/ 
pathological incineration 
(air) 

2,570.0 18.4 

Municipal wastewater 
treatment sludge, land 
application and 
incineration (land, air) 

89.7 6.3 Medical 
waste/pathological 
incineration (air) 

487.0 14.1 Secondary copper 
smelters (air) 

983.0 7.0 

Municipal waste 
combustion (air) 

83.8 5.9 Secondary copper 
smelters (air) 

271.0 7.9 Backyard barrel burning 
of refuse (air) 

604.0 4.3 

Coal fired-utility 
boilers (air) 

69.5 4.9 Cement kilns burning 
hazardous waste (air) 

156.1 4.5 Bleached chemical 
wood pulp and paper 
mills (land, water) 

370.1 2.7 

Diesel heavy-duty 
trucks (air) 

65.4 4.6 Municipal wastewater 
treatment sludge, land 
application and 
incineration (land and 
air) 

133.3 3.9 Cement kilns burning 
hazardous waste (air) 

117.8 0.8 

Industrial wood 
combustion (air) 

41.5 2.9 Coal fired-utility 
boilers (air) 

60.1 1.7 Municipal wastewater 
treatment sludge, land 
application and 
incineration (air, land) 

85.0 0.6 

Diesel off-road 
equipment, ships, 
trains, tractors (air) 

33.1 2.3 Ethylene 
dichloride/vinyl 
chloride production 
(land, air, water) 

35.7 1.0 Coal fired-utility boilers 
(air) 

50.9 0.4 




 


Table 1-17. Ranking of sources of dioxin-like compounds based on environmental releases (from high to low) 
for reference years 2000, 1995, and 1987 (continued) 

1-39
 

2000 1995 1987 

Source (released to) 
Releases 
(grams) 

Percent 
of total Source (released to) 

Releases 
(grams) 

Percent 
of total Source (released to) 

Releases 
(grams) 

Percent 
of total 

Ethylene dichloride/ 
vinyl chloride 
production (water, 
land, air) 

30.0 2.1 Diesel heavy-duty 
trucks (air) 

33.3 1.0 Automobiles using 
leaded gasoline (air) 

37.5 0.3 

Sintering plants (air) 27.6 1.9 Bleached chemical 
wood pulp and paper 
mills (land, water) 

30.0 0.9 2,4-Dichlorophenoxy 
acetic acid (land) 

33.4 0.2 

Cement kilns burning 
hazardous waste (air) 

18.8 1.3 2,4-Dichlorophenoxy 
acetic acid (land) 

28.9 0.8 Sintering plants (air) 32.7 0.2 

Cement kilns burning 
nonhazardous waste 
(air) 

17.2 1.2 Sintering plants (air) 28.0 0.8 Diesel heavy-duty trucks 
(air) 

27.8 0.2 

Residential wood 
combustion (air) 

11.3 0.8 Industrial wood 
combustion (air) 

26.2 0.8 Industrial wood 
combustion (air) 

26.5 0.2 

Secondary aluminum 
smelting (air) 

8.3 0.6 Diesel off-road 
equipment:  ships, 
trains, tractors (air) 

23.8 0.7 Residential wood 
combustion (air) 

22.0 0.2 

Industrial/utility oil 
combustion, distillate 
oil (air) 

7.3 0.5 Secondary aluminum 
smelters (air) 

19.5 0.6 Diesel off-road 
equipment:  ships, trains, 
tractors (air) 

19.0 0.2 

Automobiles using 
unleaded gasoline 
(air) 

7.0 0.5 Cement kilns burning 
nonhazardous waste 
(air) 

16.6 0.5 Industrial/utility oil 
combustion, residual oil 
(air) 

17.8 0.1 

Residential heating, 
distillate oil (air) 

4.5 0.3 Residential wood 
combustion (air) 

15.7 0.5 Cement kilns burning 
nonhazardous waste 
(air) 

12.7 0.1 

Primary magnesium 
production (air) 

4.3 0.3 Industrial/utility oil 
combustion, residual 
oil (air) 

10.7 0.3 Secondary aluminum 
smelting (air) 

10.9 0.1 




 


Table 1-17. Ranking of sources of dioxin-like compounds based on environmental releases (from high to low) 
for reference years 2000, 1995, and 1987 (continued) 
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2000 1995 1987 

Source (released to) 
Releases 
(grams) 

Percent 
of total Source (released to) 

Releases 
(grams) 

Percent 
of total Source (released to) 

Releases 
(grams) 

Percent 
of total 

Chlor alkali facilities 
(air, water) 

3.6 0.3 Industrial/utility oil 
combustion, distillate 
oil (air) 

7.3 0.2 Industrial/utility oil 
combustion, distillate oil 
(air) 

8.3 0.1 

Hazardous waste 
incineration (air) 

3.2 0.2 Hazardous waste 
incineration (air) 

5.8 0.2 Residential heating, 
distillate oil (air) 

5.4 0.1 

Institutional/commerci 
al heating, distillate 
oil (air) 

2.9 0.2 Residential heating, 
distillate oil (air) 

5.0 0.1 Hazardous waste 
incineration (air) 

5.0 0.04 

Secondary lead 
smelting (air) 

2.5 0.2 Automobiles using 
unleaded gasoline  (air) 

4.7 0.1 Institutional/commercial 
heating, distillate oil 
(air) 

3.7 0.03 

Petroleum refining 
catalyst regeneration 
(air) 

2.2 0.2 Primary magnesium 
production (air) 

4.1 0.1 Automobiles using 
unleaded gasoline (air) 

3.6 0.03 

Lightweight aggregate 
kilns burning 
hazardous waste (air) 

1.9 0.1 Chlor-alkali facilities 
(air, water) 

3.6 0.1 Lightweight aggregate 
kilns burning hazardous 
waste (air) 

3.3 0.02 

Boilers/industrial 
furnaces (air) 

1.8 0.1 Institutional/commercia 
l heating, distillate oil 
(air) 

3.1 0.1 Petroleum refining 
catalyst regeneration 
(air) 

2.2 0.02 

Industrial/utility oil 
combustion, residual 
oil (air) 

1.7 0.1 Lightweight aggregate 
kilns burning 
hazardous waste (air) 

2.4 0.1 Kraft recovery boilers 
(air) 

2.0 0.01 

Bleached chemical 
wood pulp and paper 
mills (land, water) 

1.1 0.1 Kraft recovery boilers 
(air) 

2.3 0.1 Industrial/utility oil 
combustion, residual oil 
(air) 

1.5 0.01 

Secondary copper 
smelting (air) 

0.9 0.1 Petroleum refining 
catalyst regeneration 
(air) 

2.2 0.1 Secondary lead smelting 
(air) 

1.3 0.01 




 


Table 1-17. Ranking of sources of dioxin-like compounds based on environmental releases (from high to low) 
for reference years 2000, 1995, and 1987 (continued) 
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2000 1995 1987 

Source (released to) 
Releases 
(grams) 

Percent 
of total Source (released to) 

Releases 
(grams) 

Percent 
of total Source (released to) 

Releases 
(grams) 

Percent 
of total 

Kraft recovery boilers 
(air) 

0.8 0.1 Secondary lead 
smelting (air) 

1.7 0.05 Cigarette combustion 
(air) 

1.0 0.01 

Institutional/commerci 
al heating, residual oil 
(air) 

0.7 0.05 Automobiles using 
leaded gasoline (air) 

1.6 0.05 Boilers/industrial 
furnaces (air) 

0.8 0.01 

Drum and barrel 
reclamation (air) 

0.6 0.04 Industrial/utility oil 
combustion, residual 
oil (air) 

0.8 0.02 Primary copper smelting 
(air) 

0.5 <0.01 

Tire incineration (air) 0.5 0.04 Cigarette combustion 
(air) 

0.8 0.02 Crematoria, human (air) 0.2 <0.01 

Cigarette combustion 
(air) 

0.4 0.03 Primary copper 
smelting (air) 

0.5 0.01 Carbon reactivation 
furnaces (air) 

0.1 <0.01 

Unleaded gasoline 
off-road equipment 
(air) 

0.4 0.03 Boilers/industrial 
furnaces (air) 

0.4 0.01 Tire incineration (air) 0.1 <0.01 

Halogen acid furnaces 
(air) 

0.3 0.02 Crematoria, human 
(air) 

0.2 0.01 Drum and barrel 
reclamation (air) 

0.1 <0.01 

Primary copper 
smelting (air) 

0.3 0.02 Tire incineration (air) 0.1 <0.01 

Crematoria, human 
(air) 

0.3 0.02 Carbon reactivation 
furnaces (air) 

0.1 <0.01 

Carbon reactivation 
furnaces (air) 

0.1 0.01 Drum and barrel 
reclamation (air) 

0.1 <0.01 

Automobiles using 
leaded gasoline (air) 

0  0.00  

TOTAL 1,422.0 100 3,444.2 100 13,965.3 100 



	 

	 


 

•	 Releases from reservoir sources could significantly add to the inventory.  However, 
environmental reservoirs as sources of the redistribution of previously formed dioxins 
into the open and circulating environment are currently poorly understood and poorly 
characterized.  This report suggests that urban runoff to surface water and rural soil 
erosion to surface water can be significant reservoir sources.  Releases from reservoirs 
(air, sediment, water, and biota) could not be reliably quantified, given the lack of 
information in this area. 

•	 The amount of dioxin-like PCBs released from man-made sources remains poorly 
characterized.  Only a total of 19.5, 78.5, and 51.5 g of PCB TEQ could be quantified 
for the years 2000, 1995, and 1987, respectively.  To date, only sewage sludge has 
been adequately characterized in terms of the amount of dioxin-like PCBs that may be 
released from a source. 

1.3.2. Time Trends 

A significant reduction in total CDD/CDF environmental releases has occurred since 
1987. EPA’s best estimates of releases of CDDs/CDFs to air, water, and land from reasonably 
quantifiable sources (Categories A, B, and C) are approximately 1,422 g TEQDF-WHO98 in 
reference year 2000; 3,444.2 g in reference year 1995; and 13,965.3 g in reference year 1987. 
From 1987 to 2000 there was an approximately 90% reduction in releases to all media.  Most of 
the reduction in dioxin releases (75%) occurred between 1987 and 1995. 

In 1987 and 1995, municipal waste combustion was the leading source of dioxin 
emissions to the U.S. environment; however, because of reductions in dioxin emissions from 
MWCs, it dropped to the fourth ranked source in 2000.  Burning of domestic refuse in backyard 
burn barrels remained fairly constant over the years, but in 2000 it emerged as the largest source 
of dioxin emissions. 

Reductions in environmental releases of dioxin-like compounds are attributed primarily 
to reductions in air emissions from MWCs, MWIs, and cement kilns burning hazardous waste, 
and in wastewater discharged into surface waters from pulp and paper mills using chlorine. 
These reductions have occurred from a combination of regulatory activities (see Section 1.1.2), 
improved emission controls, improved industrial technologies, voluntary actions on the part of 
industry, and the closing of a number of antiquated facilities. 

1.3.3. Sources Not Included in the Inventory 

Significant amounts of the dioxin-like compounds produced annually in the United States 
are not considered releases to the open and circulating environment and are not included in the 
national inventory.  Examples include dioxin-like compounds generated internal to a process but 
destroyed before release and waste streams that are disposed of in approved landfills. 
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The only product judged to have the potential for environmental release—and therefore 
considered for the inventory—was the herbicide 2,4-D.  Release estimates are provided for 1987 
and 1995. Since 1995, the chemical manufacturers of 2,4-D have been undertaking voluntary 
actions to significantly reduce the dioxin content of the product.  No information is available on 
the extent of these reductions and, therefore, no release estimate could be made for 2000. 
Regarding other products, data are presented on the amounts of CDDs/CDFs contained in 
bleached pulp, ethylene dichloride/vinyl chloride, PCP-treated wood, and dioxazine dyes and 
pigments.  None of these products, however, was considered to have release potential; they were 
not included in the inventory. 

A number of contemporary formation sources were classified as D or E and therefore 
were not included in the inventory.  The largest contemporary formation Category D sources are 
forest fires and accidental fires at MSW landfills.  Taken together, these sources have the 
potential to significantly increase the present inventory if preliminary release estimates are 
confirmed. 

The possibility remains that truly undiscovered sources exist.  Many of the sources that 
are well-accepted today were discovered only in the past 20 years.  For example, CDDs/CDFs in 
stack emissions from MWCs were not detected until the late 1970s; CDDs/CDFs in the 
wastewater effluent from bleached pulp and paper mills were found unexpectedly in the mid
1980s; iron ore was not recognized as a source until the early 1990s. 

1.3.4. Formation Theory 

Current theory proposes that CDDs/CDFs are formed within the cool-down region of 
combustion processes, either de novo or from dioxin precursors.  De novo synthesis involves 
solid-phase reactions with carbon, chlorine, and oxygen on combustion-generated particles 
promoted by copper chloride as a catalyst.  A less efficient but plausible formation process is the 
gas-phase formation from precursors catalyzed by the presence of a transition metal such as 
copper chloride. The ideal temperatures for de novo dioxin formation are between 200 and 
400°C. Reducing temperatures to below 200°C, especially at the air pollution control device, 
will minimize dioxin formation and releases from combustion sources.  Chlorine sources present 
in feeds are necessary for dioxin formation.  Experiments suggest that a chlorine content of 1% in 
the feed/fuel is the threshold for a direct relationship to dioxin formation from combustion 
sources, i.e., a chlorine content $1% is strongly correlated to the amount of dioxin formed, but a 
chlorine content <1% is not. However, in well-designed, well-controlled, and well-operated full-
scale combustion systems there does not appear to be a direct relationship between the amount of 
chlorine present in the waste and the amount of dioxin emissions from the stack. 
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Controversy exists regarding the role of PVC in the formation of CDDs/CDFs during 
municipal waste combustion. Experimental evidence suggests that PVC combustion generates 
hydrogen chloride gas (HCl) and dioxin precursors such as chlorobenzenes and chlorophenols, 
both of which may contribute to dioxin formation.  HCl is a progenitor of chlorine radicals that 
then participate in the dioxin formation chemistry.  Precursors are foundation molecules to dioxin 
formation. If PVC is the only source of chlorine and dioxin precursors during the combustion of 
MSW, then the removal of PVC may reduce the amount of dioxin formed and emitted. 
However, the complex mixture of materials in MSW provides sufficient chlorine for de novo 

synthesis, and dioxin precursors are formed as products of the incomplete combustion of the 
waste constituents.  Therefore, the elimination of PVC from the waste prior to combustion would 
not necessarily eliminate the formation and emissions of CDDs/CDFs from municipal waste 
combustion. 

Current information strongly suggests that releases of CDDs/CDFs to the U.S. 
environment occur principally from anthropogenic activities.  However, scientific studies have 
identified the possibility of natural formation of some CDDs/CDFs (e.g., in ball clay). 

1.3.5. Congener Profiles of CDD/CDF Sources 

This document presents congener profiles for a number of sources, as shown in Figure 1
10. These profiles show the relative amounts of CDD/CDF congeners in environmental releases. 
These profiles can be useful for (1) identifying source contributions to near-field air 
measurements of CDDs/CDFs, (2) comparing sources, and (3) providing insights into the 
formation of CDDs/CDFs in the releases.  There are numerous procedures for deriving a 
congener profile, and there is no single agreed-upon convention (Cleverly et al., 1997; Lorber et 
al., 1996; Hagenmaier et al., 1994). 

For this report, congener profiles were developed primarily by calculating the ratio of 
specific 2,3,7,8-substituted CDDs/CDFs in the emissions or product to the total (Cl4 - Cl8) 
CDDs/CDFs.  With respect to combustion sources, the profiles were derived by dividing the 
congener-specific emission factors by the total (Cl4 - Cl8) CDD/CDF emission factor for each 
tested facility and then averaging the congener profiles developed for all tested facilities within 
the combustor type.  For chemical processes and commercial chemicals, CDD/CDF profiles were 
typically generated by dividing average congener concentrations (ppt) in the chemical by the total 
CDDs/CDFs present.  Profiles for select source categories are presented in Figure 1-10. 
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Figure 1-10. Congener profiles (as percent distributions to the sum of 
CDDs and CDFs) of anthropogenic sources of chlorinated dibenzo-p-
dioxins and chlorinated dibenzofurans in the United States. 

On the basis of inspection and comparisons of the average CDD/CDF congener profiles 
across combustion and noncombustion sources, the following observations were made (Cleverly 
et al., 1997) (these generalizations are derived from this data set, and their application beyond 
these data is uncertain): 

•	 It appears that combustion sources emit all 2,3,7,8-substituted CDDs/CDFs, although 
in varying percentages of total CDDs/CDFs. 

•	 In combustion source emissions, 2,3,7,8-TCDD is usually 0.1 to 1% of total 
CDDs/CDFs. The exception is stack emissions from industrial oil-fired boilers, 
where the available but limited data indicate that 2,3,7,8-TCDD constitutes an 
average of 7% of total CDD/CDF emissions. 
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Figure 1-10. Congener profiles (as percent distributions to the sum of CDDs and 
CDFs) of anthropogenic sources of chlorinated dibenzo-p-dioxins and chlorinated 
dibenzofurans in the United States (continued). 

•	 It cannot be concluded that OCDD is the dominant congener for all combustion-
generated emissions of CDDs/CDFs. OCDD dominates total emissions from mass-
burn MWCs that have DSs and FFs for dioxin control, industrial oil-fired boilers, 
industrial wood-fired boilers, unleaded gasoline combustion, diesel fuel combustion 
in trucks, and sewage sludge incinerators. The dominant congeners for other 
combustion sources are 1,2,3,4,6,7,8-HpCDF in emissions from mass-burn MWCs 
equipped with hot-sided electrostatic precipitators (ESPs), hazardous waste 
incineration, and secondary aluminum smelters and 2,4-D salts and esters; OCDF in 
emissions from medical waste incineration and industrial/utility coal-fired boilers; 
2,3,4,7,8-PeCDF in cement kilns burning hazardous waste; and 2,3,7,8-TCDF in 
cement kilns not burning hazardous waste. 
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Figure 1-10. Congener profiles (as percent distributions to the sum of CDDs and 
CDFs) of anthropogenic sources of chlorinated dibenzo-p-dioxins and chlorinated 
dibenzofurans in the United States (continued). 

Evidence for a shift in the congener patterns potentially caused by the application of 
different air pollution control systems within a combustion source type can be seen in 
the case of mass-burn MWCs. For mass-burn MWCs equipped with hot-sided ESPs, 
the most prevalent CDD/CDF congeners are 1,2,3,4,6,7,8-HxCDF; OCDD; 
1,2,3,4,6,7,8-HpCDD/1,2,3,4,7,8-HxCDF; 2,3,4,6,7,8-HxCDF/OCDF; 1,2,3,6,7,8
HxCDF.  The most prevalent congeners emitted from MWCs equipped with DS/FF 
are OCDD; 1,2,3,4,6,7,8-HpCDD; 1,2,3,4,6,7,8-HpCDF; OCDF; and 2,3,7,8
TCDF/1,2,3,4,7,8-HxCDD; 2,3,4,6,7,8-HxCDF. 

•	 There is evidence of marked differences in the distribution of CDD/CDF congeners 
between cement kilns that burn hazardous waste and those that do not. When not 
burning hazardous waste as supplemental fuel, the dominant congeners appear to be 
2,3,7,8-TCDF; OCDD; 1,2,3,4,6,7,8-HpCDD, and OCDF. When burning hazardous 
waste, the dominant congeners are 2,3,7,8-PeCDF; 2,3,7,8-TCDF; 1,2,3,4,7,8
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Figure 1-10. Congener profiles (as percent distributions to the sum of CDDs and 
CDFs) of anthropogenic sources of chlorinated dibenzo-p-dioxins and chlorinated 
dibenzofurans in the United States (continued). 

xCDF; and 1,2,3,4,6,7,8-HpCDD. When burning hazardous waste, OCDD and 
OCDF are minor constituents of stack emissions. 

•	 The congener profile of 2,4-D salts and esters seems to mimic a combustion source 
profile in the number of congeners represented and in the minimal amount of 2,3,7,8
TCDD relative to all 2,3,7,8-substituted congeners. A major difference is the 
prevalence of 1,2,3,7,8-PeCDD in 2,4-D (14%), which is not seen in any other 
combustion or noncombustion source presented here. 

1-48
 



	 

	 

	 


 


4D4D
 23 23

78
 

78
 

5D5D
 1 12

323
78

 
78

 

6D
 

6D
 112

323
4747

8 8 

66DD
 12

3
 12

36
767
8 8 

6D
 

6D
 1212

3737
89

 
89

 

7D
 

7D
 1212

334
6746
78

 8 

8D
 

8D
 1212

334
6746
78

9 89
 

4F
 

4F
 2323

778
 8 

5F5F
 1 122

3737
8 8 

5F
 

5F
 223

4734
78

 8 

66FF
 12 12

34
7

34
78

 8 

66FF
 12 12

3636
778

 8 

66FF
 12

3
 12

37
878
9 9 

6F6F
 2 233

446
78

 
67

8 

77F
 1F 122

34
6

34
677

8 8 

7F
 

7F
 1122

3434
7788

9 9 

88F
 F 112

3423
466

7878
9 9 

44D
 D 223

737
8 8 

55D
 1D 122

337
8 78
 

66D
 D 1212

3434
778

 8 

6D6D
 1 12

3623
67

8 78
 

6D
 

6D
 112

323
7878

9 9 

77DD
 1 12

3423
46

767
8 8 

8D8D
 12

3
 12

344
67

8
67

89
 9 

44F
 2F 233

78
 

78
 

55FF
 1 122

3377
8 8 

5F5F
 23 23

4747
8 8 

6F6F
 1 122

34
7

34
78

 8 

6F
 

6F
 1212

3636
778

 8 

6F6F
 12 12

3377
89

 
89

 

66F
 F 2323

446
767
8 8 

77F
 F 1212

334
646
778

 8 

7F
 

7F
 1122

3344
778

9 89
 

88F
 1F 122

334
646
7788

9 9 

44D
 2D 233

778
 8 

5D
 

5D
 112

323
78

 
78

 

66D
 1D 122

3434
778

 8 

6D6D
 1 122

3366
78

 
78

 

66D
 D 1122

3377
889

 9 

7D7D
 1 12

3423
46

767
8 8 

8D8D
 12 12

3344
67

8
67

89
 9 

44F
 2F 23

737
8 8 

55FF
 12 12

3377
8 8 

5F5F
 23 23

4747
8 8 

6F6F
 1 122

34
7

34
78

 8 

6F
 

6F
 1212

336
767
8 8 

6F6F
 1 122

3377
89

 
89

 

66F
 F 2323

446
767
8 8 

77F
 1F 122

334
646
78

 
78

 

7F
 

7F
 1122

3434
7788

9 9 

88F
 1F 122

3434
6767

889
 9 

44DD
 23

7
 23

78
 8 

5D5D
 12 12

337
8 78
 

66D
 D 1212

3434
778

 8 

6D6D
 1 12

3623
67

8 78
 

6D
 

6D
 1122

3737
889

 9 

77DD
 1 12

3423
46

767
8 8 

8D8D
 12 12

3344
67

8
67

89
 9 

44F
 2F 233

78
 

78
 

55FF
 1 122

3377
8 8 

5F5F
 23 23

4747
8 8 

6F6F
 1 122

34
7

34
78

 8 

6F
 

6F
 1212

3636
778

 8 

6F6F
 12 12

3377
89

 
89

 

66F
 F 2323

446
767
8 8 

77F
 F 1212

334
646
78

 
78

 

7F
 

7F
 1122

3434
7788

9 9 

88F
 1F 122

3434
6767

889
 9 

•	 There are similarities in the congener profiles of PCP, diesel truck emissions, 
unleaded gasoline vehicle emissions, and emissions from industrial wood combustors. 
In these sources, OCDD dominates total emissions, but the relative ratio of 
1,2,3,4,6,7,8-HpCDD to OCDD is also quite similar. 

•	 The congener profiles for diesel truck exhaust and those for air measurements from a 
tunnel study of diesel traffic are quite similar. 
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Figure 1-10. Congener profiles (as percent distributions to the sum of CDDs 
and CDFs) of anthropogenic sources of chlorinated dibenzo-p-dioxins and 
chlorinated dibenzofurans in the United States (continued). 
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Figure 1-10. Congener profiles (as percent distributions to the sum of CDDs 
and CDFs) of anthropogenic sources of chlorinated dibenzo-p-dioxins and 
chlorinated dibenzofurans in the United States (continued). 
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2. MECHANISMS OF FORMATION OF DIOXIN-LIKE COMPOUNDS 
DURING COMBUSTION OF ORGANIC MATERIALS 

More than a decade of combustion research has contributed to a general understanding of 
the central molecular mechanisms that form CDDs/CDFs emitted from combustion sources. 
Current understanding of the conditions necessary to form CDDs/CDFs were derived primarily 
from studies of full-scale municipal waste combustors (MWCs), augmented with observations 
involving the experimental combustion of synthetic fuels and feeds in the laboratory.  However, 
the formation mechanisms elucidated by these studies are generally relevant to most combustion 
systems in which organic material is burned with chlorine. 

Intensive studies have examined MWCs from the perspective of identifying the specific 
formation mechanism(s) that occurs within the system.  This knowledge may lead to methods 
that prevent the formation of CDDs/CDFs and their release into the environment.  Although 
much has been learned from such studies, a method that completely prevents CDDs/CDFs from 
forming during the combustion of certain organic materials in the presence of a source of 
chlorine and oxygen is still unknown.  The wide variability of organic materials incinerated and 
thermally processed by a wide range of combustion technologies that have varying temperatures, 
residence times, and oxygen requirements adds to this complex problem.  However, central 
chemical events involved in the formation of CDDs/CDFs can be identified by evaluating 
emission test results from MWCs in combination with results from laboratory experiments. 

CDD/CDF emissions from combustion sources can potentially be explained by three 
principal mechanisms that should not be regarded as being mutually exclusive.  In the first 
mechanism (referred to as “pass through”), CDDs/CDFs are present as contaminants in the 
combusted organic material; they pass through the furnace and are emitted unaltered.  This 
mechanism is discussed in Section 2.1. In the second mechanism (referred to as “precursor”), 
CDDs/CDFs ultimately form from the thermal breakdown and molecular rearrangement of 
precursor ring compounds, which are defined as chlorinated aromatic hydrocarbons that have a 
structural resemblance to the CDD/CDF molecules.  Ringed precursors that emanate from the 
combustion zone are a result of the incomplete oxidation of the constituents of the feed (i.e., 
products of incomplete combustion). The precursor mechanism is discussed in Section 2.2.  The 
third mechanism (referred to as “de novo synthesis”) is similar to the precursor mechanism and is 
described in Section 2.3. De novo synthesis describes a pathway of CDD/CDF formation from 
heterogeneous reactions on fly ash (particulate matter [PM]) involving carbon, oxygen, hydrogen, 
chlorine, and a transition metal catalyst.  With these reactions, intermediate compounds that have 
an aromatic ring structure are formed. 
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Studies in this area suggest that aliphatic compounds, which arise as products of 
incomplete combustion, may play a critical role in initially forming simple ring molecules, which 
later evolve into complex aromatic precursors.  CDDs/CDFs are then formed from the 
intermediate compounds. In both the second and the third mechanism, formation occurs outside 
the furnace, in the so-called post-combustion zone.  Particulate-bound carbon is suggested as the 
primary reagent in the de novo synthesis pathway. 

Section 2.4 presents an overview of studies that have investigated the role that chlorine 
plays in forming CDDs/CDFs.  Although chlorine is an essential component for the formation of 
CDDs/CDFs in combustion systems, the empirical evidence indicates that for commercial-scale 
incinerators, chlorine levels in feed are not the dominant controlling factor for rates of CDD/CDF 
stack emissions.  There are complexities related to the combustion process itself, and some types 
of air pollution control equipment tend to mask any direct association.  Therefore, the chlorine 
content of fuel and feeds to a combustion source is not a good indicator of levels of CDDs/CDFs 
emitted from the stack of that source. 

Section 2.6 discusses the generation and formation of coplanar polychlorinated biphenyls 
(PCBs).  The presence of coplanar PCBs in stack emissions from combustors is an area in need 
of further research. Evidence to date suggests that PCB emissions are mostly attributable to PCB 
contamination in waste feeds and that emissions are related to the first mechanism described 
above. However, newly published research has also indicated that it is possible that PCBs form 
in much the same way as described in the second and third mechanisms identified in the 
formation of CDDs/CDFs within the post-combustion zone. 

Section 2.7 provides a closing summary of the three principal formation mechanisms and 
the role of chlorine. From the discussions in this chapter, it should be evident that no clear 
distinction exists between the precursor and the de novo synthesis mechanisms of CDD/CDF 
formation. Both formation pathways depend on the evolution of precursors within combustion 
gases, the interaction of reactive fly ashes, a generally oxidative environment, the presence of a 
transition metal catalyst, the presence of gaseous chlorine, and a favorable range of temperatures. 
The temperature of the combustion gases (i.e., flue gases) is perhaps the single most important 
factor in forming dioxin-like compounds.  Temperatures between 200 and 450°C are most 
conducive to the formation of CDDs/CDFs, with maximum formation occurring at around 
350°C. If the temperature falls outside this range, the amount of CDDs/CDFs formed is 
minimized. 
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2.1. MECHANISM 1 (PASS THROUGH):  CDD/CDF CONTAMINATION IN FUEL AS 
A SOURCE OF COMBUSTION STACK EMISSIONS 

The first mechanism involved in stack emissions of CDDs/CDFs is the incomplete 
destruction of CDD/CDF contaminants present in the fuel or feeds delivered to the combustion 
chamber.  Not all of these molecules are destroyed by the combustion system, thus allowing 
trace amounts to be emitted from the stack. Most work in this area has involved the study of 
incineration of municipal solid waste (MSW), where CDDs/CDFs were analytically measured in 
the raw refuse fed into the incinerator.  CDDs/CDFs are ubiquitous in the environment (air, 
water, and soil) and in foods and paper; therefore, they clearly are present in municipal waste 
(Tosine et al., 1983; Ozvacic, 1985; Clement et al., 1988; Federal Register, 1991a; Abad et al., 
2002). 

Abad et al. (2002) provided contemporary measurements of CDDs/CDFs in raw MSW. 
Twenty-two samples were collected and analyzed for CDDs/CDFs over a 1-year period, from 
September 1998 through September 1999.  The congeners that dominated the total mass of 
CDDs/CDFs were OCDD and 1,2,3,4,7,8,9-HpCDD.  Figure 2-1 displays the mean CDD and 
CDF congener distribution from this study.  Abad et al. found that the I-TEQ concentration in the 
MSW was highly variable and ranged from 1.55 to 45.16 ng I-TEQ/kg MSW. 
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Figure 2-1.  Typical mean distribution of CDD and CDF congeners in 
contemporary municipal solid waste. 

Source: Adapted from Abad et al. (2002). 
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A number of studies have provided evidence that most of the CDDs/CDFs present in 
MSW are destroyed during combustion (Abad et al., 2002; Clement et al., 1988; Commoner et 
al., 1984, 1985, 1987; Hay et al., 1986; Environment Canada, 1985).  These studies involved a 
mass balance of the input versus output of CDDs/CDFs at two operational MWCs.  The mass of 
CDDs/CDFs outside the incinerator furnace was found to be much greater than the mass of 
CDDs/CDFs in the raw MSW fed into the incinerator, and the profiles of the distributions of 
CDD/CDF congeners were strikingly different.  Primarily, the more highly chlorinated congeners 
were detected as contaminants in the waste, whereas the total array of tetra- through octa-
CDDs/CDFs could be detected in the stack gases.  Moreover, the ratio of the total CDD 
concentration to the total CDF concentration in the MSW was greater than 1, whereas in typical 
incinerator stack emissions this ratio is less than 1 (meaning more dibenzofurans than dioxins are 
emitted).  From such evidence it can be concluded that CDDs/CDFs are being synthesized after 
the contaminated feed has been combusted (Abad et al., 2002).  It is also expected that the 
conditions of thermal stress imposed by high temperatures reached in typical combustion would 
destroy and reduce the CDDs/CDFs present as contaminants in the waste feed to levels that are 
0.0001 to 10% of the initial concentration, depending on the performance of the combustion 
source and the level of combustion efficiency.  Stehl et al. (1973) demonstrated that the moderate 
temperature of 800°C enhances the decomposition of CDDs at a rate of about 99.95%, but lower 
temperatures result in a higher survival rate. 

Theoretical modeling has shown that unimolecular destruction of CDDs/CDFs at 99.99% 
can occur at the following temperatures and retention times within the combustion zone:  977°C 
with a retention time of 1 sec, 1,000°C at a retention time of 0.5 sec, 1,227°C at a retention time 
of 4 msec, and 1,727°C at a retention time of 5 :sec (Schaub and Tsang, 1983).  Thus, 
CDDs/CDFs would have to be in concentrations of parts per million in the feed in the combustor 
to be found in the parts-per-billion or parts-per-trillion level in the stack gas emissions (Shaub 
and Tsang, 1983).  However, it cannot be ruled out that CDDs/CDFs in the waste or fuel may 
contribute (up to some percentage) to the overall concentration leaving the stack.  The only other 
possible explanation for CDD/CDF emissions from high-temperature combustion of organic 
material is formation outside and downstream of the furnace. 

The above studies point to formation mechanisms other than simple pass through of 
noncombusted feed contamination.  These formation mechanisms are discussed and reviewed in 
the following sections. 

2.2. MECHANISM 2 (PRECURSOR):  FORMATION OF CDDs/CDFs FROM 
PRECURSOR COMPOUNDS 

The second mechanism involves the formation of CDDs/CDFs from aromatic precursor 
compounds in the presence of a chlorine donor. This mechanism has been elucidated by 
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laboratory experiments involving the combustion of known precursors in quartz ampules under 
starved-air conditions and in experiments that investigated the role of combustion fly ash in 
promoting the formation of CDDs/CDFs from precursor compounds.  The general reaction in this 
formation pathway is an interaction between an aromatic precursor compound and chlorine 
promoted by a transition metal catalyst on a reactive fly ash surface (Stanmore, 2004; Dickson 
and Karasek, 1987; Liberti and Brocco, 1982).  Examples of well-studied precursor compounds 
include chlorobenzenes, chlorophenols, phenol, and benzene (Esposito et al., 1980).  Gaseous 
hydrogen chloride (HCl), free chlorine (Cl2), and chlorine radicals (ClA) are the chlorinating 
agents within the combustion gases.  CDD/CDF formation results from heterogeneous gas-phase 
reactions involving chlorinated precursor compounds and a source of chlorine.  Chlorophenol 
and chlorobenzene compounds have been measured in flue gases from MWCs (Dickson and 
Karasek, 1987). 

Precursors are carried from the furnace to the flue duct as products of incomplete 
combustion. These compounds can adsorb on the surface of combustion fly ash or entrain in the 
gas phase within the flue gases.  Thus, there are two formation pathways from precursor 
compounds: heterogeneous solid-phase reactions and homogeneous gas-phase reactions.  In the 
post-combustion region outside the furnace, heterogeneous reactions on the surface of reactive 
fly ash can ensue to form CDDs/CDFs from the precursor compounds.  This occurs at the cool-
down temperatures of 200 to 400°C. The heterogeneous gas-phase reactions occur from the 
breakdown and molecular rearrangement of precursor compounds followed by condensation and 
chlorination at the higher temperatures of 500 to 800°C.  Both reaction pathways are catalyzed by 
copper chloride (CuCl2) or another transition metal. 

Laboratory experiments involving the controlled combustion of precursor compounds 
have caused the breakdown of the precursor reagent and the subsequent appearance of 
CDDs/CDFs as products of the reaction. For example, Jansson et al. (1977) produced CDDs 
through the pyrolysis of wood chips treated with tri-, tetra-, and pentachlorophenol (PCP) in a 
bench-scale furnace operated at 500 to 600°C. Stehl and Lamparski (1977) combusted grass and 
paper treated with the herbicide 2,4,5-trichlorophenoxyacetic acid in a bench-scale furnace at 600 
to 800°C and generated ppmv levels of TCDD. Ahling and Lindskog (1982) reported CDD 
formation during the combustion of tri- and tetrachlorophenol formulations at temperatures of 
500 to 600°C. Decreases in oxygen during combustion generally increased the CDD yield. 

Ahling and Lindskog (1982) noted that adding copper salts to the tetrachlorophenol 
formulation significantly enhanced the yield of CDDs.  This may have been an early indication 
of copper’s role in catalyzing the condensation of chlorophenol to dioxin.  Combustion of PCP 
resulted in low yields of CDDs.  However, when PCP was burned with an insufficient supply of 
oxygen in the presence of copper, the investigators noted the formation of tetra- through 
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octachlorinated congeners.  Buser (1979) generated CDDs/CDFs on the order of 0.001 to 0.08% 
(by weight) by heating tri-, tetra-, and pentachlorobenzenes at 620°C in quartz ampules in the 
presence of oxygen.  It was noted that chlorophenols formed as combustion by-products; Buser 
speculated that these chlorophenols were acting as reaction intermediates in the formation of 
CDDs/CDFs. 

The second condition postulated to regulate the synthesis of CDDs/CDFs from the 
aromatic precursor compound is the adsorption and interaction with the reactive surface of 
combustion-generated fly ash (PM) entrained in the combustion plasma and the presence of a 
transition metal catalyst (Stanmore, 2004; Dickson et al., 1992; Bruce et al., 1991; Cleverly et al., 
1991; Gullet et al., 1990a; Commoner et al., 1987; Dickson and Karasek, 1987; Vogg et al., 
1987). These are heterogeneous solid-phase reactions that occur at temperatures below 450°C. 
The molecular precursor leaves the gas phase and condenses onto the fly ash particle.  This 
condition, which places greater emphasis on heterogeneous surface reactions and less emphasis 
on homogeneous gas-phase reactions, was first postulated by Shaub and Tsang (1983) using 
thermal-kinetic models based on the temperature of the heat of formation, adsorption, and 
desorption. Shaub and Tsang modeled CDD production from chlorophenols and concluded that 
solid-phase formation of CDDs/CDFs was of greater importance than gas-phase formation within 
an incineration system. 

The temperature of the combustion gases is a critical factor in the formation of 
CDDs/CDFs from aromatic precursor compounds (Weber and Hagenmaier, 1999; Fangmark et 
al., 1994; Vogg et al., 1987, 1992; Oberg et al.,1989).  Vogg et al. (1987) found that formation 
probably occurs outside of and downstream from the combustion zone of a furnace, in regions 
where the temperature of the combustion offgases has cooled within a range of 200 to 450°C. 

After carefully removing organic contaminants from MWC fly ash, Vogg et al. (1987) 
added known concentrations of isotopically labeled CDDs/CDFs to the matrix.  The MWC fly 
ash was then heated for 2 hr in a laboratory furnace at varying temperatures.  The treated fly ash 
was exposed to temperatures increasing in 50°C increments within a temperature range of 150 to 
500°C. Table 2-1 summarizes these data.  Because the relative concentration of CDDs/CDFs 
increased while exposed to varying temperatures, it was concluded that the temperature of the 
combustion gas is crucial to promoting the formation of CDDs/CDFs on the surface of fly ash. 
Within a temperature range of 200 to 450°C, the concentration of CDDs/CDFs increases to some 
maxima; outside this range, the concentration diminishes. 
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Table 2-1.  Concentration of CDDs/CDFs on municipal incinerator fly ash at 
varying temperatures 

Congener 

CDD/CDF concentration on fly ash (ng/g) by temperature 

200°C 250°C 300°C 350°C 400°C 

CDD 
Tetra 15 26 188 220 50 
Penta 40 110 517 590 135 
Hexa 65 217 1,029 550 110 
Hepta 100 208 1,103 430 60 
Octa 90 147 483 200 15 

CDF 
Tetra 122 560 1,379 1,185 530 
Penta 129 367 1,256 1,010 687 
Hexa 61 236 944 680 260 
Hepta 48 195 689 428 112 
Octa 12 74 171 72 12 

Source:  Adapted from Vogg et al. (1987). 

The region of cooler gas temperature is often referred to as the “post-combustion region.” 
This region extends from near the exit of the furnace to the point of release of the combustion 
gases at stack tip.  The heat loss may be inherent in the conduction and transfer through the 
combustion gas metal ducting system or related to the adsorption/exchange of heat to water in 
boiler tubes. 

Fangmark et al. (1994) found that CDDs/CDFs exhibit a similar dependence at a 
temperature range of 260 to 430°C, with maximum formation occurring around 340°C.  Using a 
pilot-scale combustor, Behrooz and Altwicker (1996) found that the formation of CDDs/CDFs 
from the precursor 1,2-dichlorobenzene rapidly occurred within the post-combustion region in a 
temperature range of 390 to 400°C, with residence times of only 4 to 5 sec.  On the other hand, 
CDD/CDF formation from 1,2-dichlorophenol seemed to require higher temperatures. 

Oberg et al. (1989) examined the role of temperature in the formation kinetics using a 
full-scale hazardous waste incinerator (HWI) operating in Sweden.  The investigators observed 
that maximum CDD/CDF formation transpired in the boiler used to extract heat for cogeneration 
of energy.  In this study, significant increases in total concentration of I-TEQDF occurred between 
280 and 400°C, and concentrations declined at temperatures above 400°C.  Weber and 
Hagenmaier (1999) showed that in gas-phase reactions, chlorophenols react in the presence of 
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oxygen at temperatures above 340°C to form CDDs/CDFs.  Phenoxyradicals were formed, which 
in turn caused the formation of CDDs. Polychlorinated dihydroxybiphenyls were identified as 
reaction intermediates in the gas-phase dimerization of chlorophenols, and these intermediates 
could form CDFs. 

Konduri and Altwicker (1994) proposed that rate-limiting factors were the nature and the 
concentrations of the precursors, the reactivity and availability of the fly ash surface, and the 
residence time in the post-combustion zone.  Dickson and Karasek (1987) investigated fly ash 
reactivity with 13C6-chlorophenol compounds. Several samples of fly ash from MWCs and 
copper smelters and a variety of combustion fuels were heated at 300°C in quartz tubes under 
conditions known to catalyze the conversion of chlorophenols to CDDs/CDFs.  The MSW fly ash 
included a sample from a poorly operated mass burn refractory incinerator and a sample from a 
well-operated fluidized-bed combustor.  The MWC fly ash proved to be the most active catalytic 
medium, despite similarities among the samples with respect to specific surface area and average 
pore diameter. The fly ash from the refractory MWC generated about seven times more mass of 
dioxin-like compounds than did the fluidized-bed MWC.  In the MSW fly ashes, all CDD/CDF 
congener groups were formed from labeled chlorophenols; however, only trace amounts of 
heptachloro- and octachlorodioxin were formed with the copper smelter/refiner.  X-ray 
photoelectron spectroscopy revealed the presence of chlorine adsorbed to the surface of the 
MWC fly ash but an absence of chlorine sorbed to the copper smelter fly ash. 

CDD congener groups have been postulated to form from the labeled PCP precursors by 
(1) first forming octachlorodioxin by the condensation of two PCP molecules, and (2) forming 
other less-chlorinated dioxins through dechlorination of the more highly chlorinated isomers. 
These steps seemed to proceed by an increased reactivity of the chemisorbed precursor molecule 
caused by the removal of one or more hydrogen or chlorine atoms along the ring structure 
(Dickson and Karasek, 1987), an observation consistent with the kinetic model of Shaub and 
Tsang (1983). 

In related experiments, Dickson and Karasek (1987) more specifically reported on 
forming CDDs/CDFs from condensation reactions of chlorophenols on the surface of MWC fly 
ash heated in a bench-scale furnace.  Their experiment was designed to mimic conditions of 
MSW incineration, to identify the step-wise chemical reactions involved in converting a 
precursor compound into dioxin, and to determine whether MWC fly ash could promote these 
reactions.  MWC fly ash was obtained from facilities in Canada and Japan.  The fly ash was 
rinsed with solvent to remove any organic constituents prior to initiating the experiment.  Twenty 
grams of fly ash were introduced into a bench-scale furnace (consisting of a simple flow-tube 
combustion apparatus) and heated at 340°C overnight to desorb any remaining organic 
compounds from the matrix.  13C12-labeled PCP and two trichlorophenol isotopes (13C12-2,3,5
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trichlorophenol and 3,4,5-trichlorophenol) were added to the surface of the clean fly ash matrix 
and placed in the oven for 1 hr at 300°C. Pure inert nitrogen gas (flow rate of 10 mL/min) was 
passed through the flow tube and a constant temperature was maintained. 

Tetra- through octa-CDDs were formed from the labeled PCP experiment; more than 100 
:g/g of total CDDs were produced.  The congener pattern was similar to that found in MWC 
emissions. The 2,3,5-trichlorophenol experiment primarily produced HxCDDs and very small 
amounts of tetra- through octa-CDDs.  The 3,4,5-trichlorophenol experiment mainly produced 
OCDD and 1,2,3,4,6,7,8-HpCDD. 

Dickson and Karasek (1987) proposed that CDDs on fly ash surfaces may result from 
chlorophenol undergoing molecular rearrangement or isomerization as a result of dechlorination, 
dehydrogenation, and transchlorination before condensation occurs.  These reactions were 
proposed as controlling the types and amounts of CDDs that are ultimately formed.  Born et al. 
(1993) conducted experiments on the oxidation of chlorophenols with fly ash in a quartz tube 
reactor heated to about 300°C. The MWC fly ash mediated the oxidation of chlorophenols to 
produce carbon dioxide (CO2) and carbon monoxide (CO) as major products and polychlorinated 
benzenes, monobenzofurans, and nonhalogenated dibenzo-p-dioxins as trace species.  Formation 
of these trace aromatic species occurred after residence times of only 7 to 8 sec, which was 
consistent with the later experimental result of Behrooz and Altwicker (1995), which showed the 
potential for rapid formation from a precursor. 

Milligan and Altwicker (1996) fitted experimental flow-tube reactor data to classical 
catalytic reaction models to empirically explain the interaction of 2,3,4,6-tetrachlorophenol (as a 
model precursor) with reactive MWC fly ash during MSW incineration.  The precursor was 
found to be highly adsorptive on the surface of fly ash, with a first-order dependence on gas-
phase precursor concentration to CDD formation.  The investigators concluded that 
chlorophenol’s dependence on gas-phase concentration to form CDDs on fly ash reflects the 
highly heterogeneous nature of the fly ash surface.  Moreover, the estimated 6 × 1018 adsorption 
sites per gram of fly ash suggested the presence of highly energetic sites, which may be important 
in the surface-catalyzed reactions forming CDDs.  An interesting observation by Milligan and 
Altwicker was that precursor molecules appeared to compete with oxygen molecules for the 
reactive sites; therefore, chlorophenols are expected to adsorb less readily to the fly ash surface 
in the presence of oxygen. 

Experimental evidence suggests that condensation to CDD of chlorophenol compounds 
via isomerization and the Smiles rearrangement on reactive MWC fly ash surfaces is a proven 
pathway for the formation of dioxins from a precursor compound (Addink and Olie, 1995). 
However, no detailed mechanisms have been presented for CDD/CDF formation from other 
precursors such as chlorobenzenes under conditions simulating incineration. 
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A condition in the synthesis of CDDs/CDFs from aromatic precursor compounds is that 
the presence of a transition metal catalyst promotes the chemical reaction on the surface of fly 
ash. CuCl2 is a strong catalyst for promoting surface reactions on PM to convert aromatic 
precursor compounds to CDDs/CDFs (Vogg et al., 1987).  CuCl2 promotes ring condensation 
reactions (of the chlorophenols) on fly ash to form CDDs/CDFs (Addink and Olie, 1995) via the 
Ullman reaction (Born et al., 1993).  In the Ullman reaction, copper catalyzes the formation of 
diphenyl ethers by the reaction of halogenated benzenes with alkali metal phenolates (Born et al., 
1993), with copper participating in a nucleophilic aromatic substitution reaction.  Thus, Born et 
al. proposed a similar mechanism in catalyzing the formation of dioxin-like compounds.  Using 
the Ullman reaction as a model, the authors proposed that the copper-catalyzed condensation of 
two ortho-substituted chlorophenol molecules form chlorine-free dibenzo-p-dioxins. 

Vogg et al. (1987) proposed an oxidation reaction pathway, giving rise to the formation of 
CDDs/CDFs in the post-furnace regions of the incinerator in the following order:  (1) HCl is 
thermolytically derived as a product of the combustion of heterogeneous fuels containing 
abundant chlorinated organic chemicals and chlorides; (2) oxidation of HCl, with CuCl2 as a 
catalyst, yields free gaseous chlorine via the Deacon reaction; (3) phenolic compounds (present 
from combustion of lignin in the waste or other sources) entrained in the combustion plasma are 
substituted on the ring structure by contact with the Cl2; and (4) a chlorinated precursor to dioxin 
(e.g., chlorophenol) is further oxidized (with CuCl2 as a catalyst) to yield CDDs/CDFs and 
chlorine. 

Gullett et al. (1990a, b, 1991a, b, 1992) studied the formation mechanisms through 
extensive combustion research at EPA and verified the observations of Vogg et al. (1987).  It was 
proven that CDDs/CDFs could ultimately be produced from low-temperature (i.e., 350°C) 
reactions between chlorine (Cl) and a phenolic precursor combining to form a chlorinated 
precursor, followed by oxidation of the chlorinated precursors (catalyzed by a copper catalyst 
such as CuCl2), as shown below. 

1. The initial step in dioxin formation is the formation of chlorine from HCl in the 
presence of oxygen (the Deacon reaction), as follows (Bruce et al., 1991; Vogg et al., 1987):

 Heat 

2HCl + ½ O2 ————> H2O + Cl2
 

2. Phenolic compounds adsorbed on the surface of fly ash are chlorinated to form the 
dioxin precursor, and the dioxin is formed as a product of the breakdown and molecular 
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rearrangement of the precursor.  The reaction is promoted by CuCl2 acting as a catalyst (Vogg et 
al., 1987; Dickson and Karasek, 1987; Gullett et al., 1992): 

(a) phenol + Cl2 ————> chlorophenol (dioxin precursor)

 CuCl2 

(b) 2-chlorophenol + ½ O2 ————> dioxin + Cl2 

Eklund et al. (1986) observed the high-temperature formation of a large variety of 
chlorinated toxic compounds, including CDDs/CDFs, from precursors during a simple 
experiment in which phenol was oxidized with HCl at 550°C.  One milligram of phenol was 
placed in a quartz tube reactor with an aqueous solution (10 :L) of HCl and heated at a 
temperature of 550°C for 5 min. Trichlorobenzene, dichlorophenol, dichlorobenzofuran, 
tetrachlorobenzene, trichlorophenol, and tetrachlorophenol were identified as major products 
formed. Monochlorobenzene, chlorophenol, dichlorobenzene, tetrachloropropene, 
pentachloropropene, trichlorobenzofuran, TCDF, TrCDD, TCDD, HxCDD, HxCDF, 
pentachlorobenzene, pentachlorobiphenyl, and pentachlorodihydroxycylohexane were observed 
as minor products. Trace species formed included MCDF, PeCDF, PeCDD, OCDF, and OCDD. 

Eklund et al. (1986) hypothesized that chlorinated organic compounds can be produced 
from phenols, acids, and any chlorine source in the hot post-combustion region (just beyond the 
exit to the furnace).  The reaction was seen as very sensitive to HCl concentration.  No 
chlorinated compounds could be detected when HCl concentrations were <10-3 mol. 

Nestrick et al. (1987) reported that the thermolytic reaction between benzene (an 
unsubstituted precursor) and iron (III) chloride on a silicate surface yielded CDDs/CDFs at 
temperatures $150°C. The experimental protocol introduced 100 to 700 mg benzene and 13C6 
benzene into a macroreactor system consisting of a benzene volatilization chamber connected to 
a glass tube furnace.  The investigators noted the relevance of this experiment to generalizations 
about combustion processes because benzene is the usual combustion by-product of organic 
fuels.  Inert nitrogen gas carried the benzene vapor to the furnace area.  The exit from the glass 
tubing to the furnace was plugged with glass wool, and silica gel was introduced from the 
entrance end to give a bed depth of 7 cm to which ferric trichloride (FeCl3) was added to form an 
FeCl3/silica reagent.  The thermolytic reaction took place in a temperature range of 150 to 400°C 
at a residence time of 20 min. Although di- through octa-CDDs/CDFs were formed by this 
reaction at all temperatures studied, the percent yields were extremely small.  Table 2-2 
summarizes these data. 
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Table 2-2. CDDs/CDFs formed from the thermolytic reaction of 690 mg 
benzene + FeCl3 silica complex 

Congener Mass produced (ng) Number of mols produced Percent yielda 

DiCDD 4.9 0.019 4.3 e!7 
TrCDD 54.0 0.019 4.3 e!6 
TCDD 130.0 0.400 9.0 e!6 
PeCDD 220.0 0.620 1.4 e!5 
HxCDD 170.0 0.440 9.9 e!6 
HpCDD 98.0 0.230 5.2 e!6 
OCDD 20.0 0.040 9.0 e!7 
   Total CDDs 696.9 1.940 4.4 e!5 

DiCDF 990 4.2 9.5 e!5 
TriCDF 7,800 29.0 6.6 e!4 
TCDF 12,000 39.0 8.8 e!4 
PeCDF 20,000 59.0 1.3 e!3 
HxCDF 33,000 88.0 2.0 e!3 
HpCDF 40,000 98.0 1.1 e!3 
OCDF 74,000 167.0 3.8 e!3 
   Total CDFs 187,000 484.2 1.1 e!2 

a Number of mols of CDD or CDF/mols benzene x 100. 

FeCl3 = ferric chloride 

Source:  Nestrick et al. (1987). 

2.3. MECHANISM 3 (DE NOVO SYNTHESIS):  SYNTHESIS OF CDDs/CDFs DURING 
COMBUSTION OF ORGANIC MATERIALS 

The third mechanism promotes CDD/CDF formation in combustion processes from the 
oxidation of carbon particulate catalyzed by a transition metal in the presence of chlorine.  As in 
the precursor mechanism (mechanism 2), synthesis is believed to occur in regions outside of the 
furnace zone of the combustion process, where the combustion gases have cooled to a range of 
temperatures considered favorable to formation chemistry. A key component to de novo 

synthesis is the production of intermediate compounds (either halogenated or nonhalogenated) 
that are precursors to CDD/CDF formation.  Research in this area has produced CDDs/CDFs 
directly by heating carbonaceous fly ash in the presence of a transition metal catalyst without the 
apparent generation of reactive intermediates.  Thus, the specific steps involved in the de novo 

process have not been fully and succinctly delineated.  However, laboratory experimentation has 
proven that MWC fly ash itself is a reactive substrate, and the matrix can actually catalyze the de 
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novo formation chemistry.  Typically, fly ash is composed of an alumina-silicate construct, with 
5 to 10% concentrations of silicon, chlorine (as inorganic chlorides), sulfur, and potassium 
(NATO, 1988). Twenty percent of the weight of fly ash particles is carbon, and the particles 
have specific surface areas in the range of 200 to 400 m2 /kg (NATO, 1988). 

The de novo synthesis essentially is the oxidative breakdown of macromolecular carbon 
structures, and CDDs/CDFs are formed partially from the aromatic carbon-oxygen functional 
groups embedded in the carbon skeleton (Huang et al., 1999).  The distinguishing feature of the 
de novo synthesis over the precursor synthesis is the oxidation of carbon in particulate at the start 
of the process to yield precursor compounds.  In mechanism 2, the precursor compound is the 
starting molecule of the condensation reactions forming CDDs/CDFs (Dickson et al., 1992).  By 
this distinction, however, one could argue that mechanism 3 is really an augmentation of 
mechanism 2 because the production of CDDs/CDFs may still require the formation of a 
CDD/CDF precursor as an intermediate species.  Nevertheless, a distinction is presented here to 
describe additional pathways suggested for the thermal formation of these compounds. 

To delineate the de novo synthesis of CDDs/CDFs, Stieglitz et al. (1989) conducted 
experiments that involved heating particulate carbon containing adsorbed mixtures of 
magnesium-aluminum (Mg-Al) silicate in the presence of CuCl2 (as a catalyst to the reaction). 
The authors described heating mixtures of Mg-Al silicate with activated charcoal (4% by 
weight), chloride as potassium chloride (7% by weight), and CuCl2 (1% in water) in a quartz 
flow tube reactor at 300°C. The retention time was varied at 15 min, 30 min, and 1, 2, and 4 hr 
to obtain differences in the amounts of CDDs/CDFs that could be formed.  The results are 
summarized in Table 2-3.  In addition to the CDDs/CDFs formed as primary products of the de 

novo synthesis, the investigators observed precursors formed at the varying retention times 
during the experiment.  In particular, similar yields of tri- through hexachlorobenzenes, tri
through heptachloronaphthalenes, and tetra- through heptachlorobiphenyls were quantified; this 
was seen as highly suggestive of the role these compounds may play as intermediates in the 
continued formation of CDDs/CDFs. 

Stieglitz et al. (1989) made the following observations: 

C	 The de novo synthesis of CDDs/CDFs via the oxidation of carbonaceous PM occurred 
at a temperature of 300°C. Additionally, the experiment yielded parts-per-billion to 
parts-per-million concentrations of chlorinated benzenes, chlorinated biphenyls, and 
chlorinated naphthalenes through a similar mechanism.  When potassium bromide 
was substituted for potassium chloride as a source of halogen for the organic 
compounds in the reaction, polybrominated dibenzo-p-dioxins and dibenzofurans 
formed as reaction products. 
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Table 2-3. De novo formation of CDDs/CDFs after heating Mg-Al silicate, 
4% charcoal, 7% Cl, 1% CuCl2 in H2O at 300°C 

Congener 

Concentration of CDD/CDF (ng/g) by reaction time (hr) 

0.25 0.5 1 2 4 

TCDD 
PeCDD 
HxCDD 
HpCDD 
OCDD
   Total CDDs 

2 
110 
730 

1,700 
800 

3,342 

4 
120 
780 

1,840 
1,000 
3,744 

14 
250 

1,600 
3,500 
2,000 
7,364 

30 
490 

2,200 
4,100 
2,250 
9,070 

100 
820 

3,800 
6,300 
6,000 

17,020 

TCDF 
PeCDF 
HxCDF 
HpCDF 
OCDF
   Total CDFs 

240 
1,360 
2,500 
3,000 
1,260 
8,360 

280 
1,670 
3,350 
3,600 
1,450 

10,350 

670 
3,720 
6,240 
5,500 
1,840 

17,970 

1,170 
5,550 
8,900 
6,700 
1,840 

24,160 

1,960 
8,300 

14,000 
9,800 
4,330 

38,390 
Cl = chlorine 
CuCl2 = copper chloride 
Mg-Al = magnesium-aluminum 

Source:  Stieglitz et al. (1989). 

C	 The transition metal compound CuCl2 catalyzed the de novo synthesis of CDDs/CDFs 
on the surface of particulate carbon in the presence of oxygen, yielding CO2 and 
chlorinated/brominated aromatic compounds. 

C	 Particulate carbon, which is characteristic of combustion processes, may act as the 
source for the direct formation of CDDs/CDFs as well as other chlorinated organics. 

Stieglitz et al. (1991) investigated the role that particulate carbon plays in the de novo 

formation of CDDs/CDFs from fly ash containing appreciable quantities of organic chlorine. 
The investigators found that the fly ash contained 900 ng/g of bound organic chlorine, of which 
only 1% was extractable.  Heating the fly ash at 300 to 400°C for several hours caused the carbon 
to oxidize, leading to a reduction in the total organic chlorine in the matrix and a corresponding 
increase in the total extractable organic chlorine (5% extractable total organic chlorine at 300°C 
and 25 to 30% at 400°C). From this, the authors concluded that the oxidation and degradation of 
carbon in fly ash are the sources of the formation of CDDs/CDFs; therefore, they are essential in 
the de novo synthesis of these compounds. 
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          Addink et al. (1991) conducted a series of experiments to observe the de novo synthesis of 
CDDs/CDFs in a carbon fly ash system.  In this experiment, 4 g of carbon-free MWC fly ash 
were combined with 0.1 g of activated carbon and placed into a glass tube between two glass 
wool plugs.  The glass tube was then placed into a furnace at specific temperatures ranging from 
200 to 400°C. This protocol was repeated for a series of retention times and temperatures.  The 
investigators observed that CDD/CDF formation was optimized at 300°C and at the furnace 
retention times of 4 to 6 hr.  Figure 2-2 displays the relationship between retention time and 
temperature in CDD/CDF production from the heating of carbon particulate. 
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Figure 2-2.  The de novo synthesis of CDDs/CDFs from heating carbon 
particulate at 300°C at varying retention times. 

Source: Addink et al. (1991). 

Addink et al. (1991) also investigated the relationship between furnace temperature and 
CDD/CDF production from the heating of carbonaceous fly ash.  Figure 2-3 displays this 
relationship. In general, the concentration began to increase at 250°C and crested at 350°C, with 
a sharp decrease in concentration above 350°C. The authors also noted a relationship between 
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Figure 2-3.  Temperature effects on CDD/CDF formation. 

Source: Addink et al. (1991). 

temperature and the CDD/CDF congener profile: at 300 to 350°C, the less-chlorinated tetra- and 
penta-CDD/CDF congeners increased in concentration, whereas hexa-, hepta-, and octa-
CDD/CDF congeners either remained the same or decreased in concentration.  The congener 
profile of the original MWC fly ash (not subject to de novo experimentation) was investigated 
with respect to changes caused by either temperature or residence time in the furnace.  No 
significant changes occurred, leading the authors to propose an interesting hypothesis for further 
testing:  after formation of CDDs/CDFs occurs on the surface of fly ash, the congener profile 
remains fixed and insensitive to changes in temperature or residence time, indicating that some 
form of equilibrium is reached in the formation kinetics. 

Gullett and Lemieux (1994) used a pilot-scale combustor to study the effect of varying 
combustion gas composition, temperature, residence time, quench rate, and sorbent (Ca[OH]2) 
injection on CDD/CDF formation.  The fly ash loading was simulated by injecting fly ash 
collected from a full-scale MWC.  Sampling and analysis indicated that CDDs/CDFs formed on 
the injected fly ash at levels representative of those observed at full-scale MWCs.  A statistical 
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analysis of the results showed that, although the effect of combustor operating parameters on 
CDD/CDF formation is interactive and very complicated, substantial reduction in CDD/CDF 
formation can be realized with high-temperature sorbent injection to reduce HCl or Cl2 

concentrations, control excess air (which also affects the ratio of CDDs to CDFs formed), and 
increase quench rate. 

Milligan and Altwicker (1995) found that increases in the carbon gasification rate caused 
increases in the amounts of CDDs/CDFs formed and gave further evidence linking the oxidation 
of carbon to the formation of CDDs/CDFs.  Neither the gas-phase CO2 or CO (products of 
carbon oxidation) act as precursors to chlorobenzenes or CDDs/CDFs from reactions with carbon 
particulate (Milligan and Altwicker, 1995).  Activated carbon, with its high surface area and 
excellent adsorptive characteristics, also has the highest gasification rate of all residual carbon 
(Addink and Olie, 1995). 

Experimental evidence suggests the following factors for the de novo synthesis of 
CDDs/CDFs from carbon:  (a) carbon consisting of imperfect and degenerated layers of graphite, 
(b) the presence of oxygen, (c) the presence of chlorine, (d) catylization of the reactions by CuCl2 

or some other transition metal, and (e) temperatures in the range of 200 to 350°C (Huang and 
Buekens, 1995).  The oxidation of carbon in fly ash is apparently inhibited at temperatures below 
200°C, thus indicating the lower temperature limit for the thermal inertization of de novo 

synthesis (Lasagni et al., 2000). 
Lasagni et al. (2000) determined that at a temperature of 250°C, the primary product of 

the gasification of carbon in fly ash is CO2, but in a temperature range of 250 to 325°C, organic 
compounds are formed as products of the oxidation of the carbon.  Addink and Olie (1995) 
raised the possibility that the molecular backbone of CDDs/CDFs may be present in carbon.  If 
this is the case, the generation of dioxins and furans from the oxidation of carbon would not 
require the formation of intermediate aromatic ring structures.  More work is needed to confirm 
these possibilities. 

The de novo synthesis of CDDs/CDFs also involves the possibility that aromatic 
precursors are formed within the post-combustion zone in the following manner:  (1) fuel 
molecules are broken down into smaller molecular species (e.g., C1 and C2 molecules) during 
primary combustion, and (2) these simple molecules recombine in the post-combustion zone to 
form larger-molecular aromatic species (i.e., chlorobenzenes and chlorophenols) (Altwicker et 
al., 1993). Thus, small molecular products that evolve in the hot zone of the furnace as a 
consequence of incomplete fuel or feed material combustion may be important foundation 
molecules to the subsequent formation of precursor compounds in the cooler, post-combustion 
region. 
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Eklund et al. (1988) reported formation of a wide range of chlorinated organic 
compounds, including CDDs, CDFs, and PCBs, from the oxidation of methane with HCl at 
temperatures of 400 to 950°C in a quartz flow tube reactor.  No active catalysts or reactive fly 
ashes were added to the combustion system.  From these experimental results, the authors 
hypothesized that chlorocarbons, including CDDs/CDFs, are formed at high temperatures via a 
series of reversible reactions starting with chloromethyl radicals.  The chloromethyl radicals can 
be formed from the reaction of methyl radicals and HCl in a sooting flame.  Methane is 
chlorinated by HCl in the presence of oxygen at high temperatures, forming chlorinated 
methanes, which react with methyl radicals at higher temperatures (e.g., 800°C) to form aromatic 
compounds. In an oxidative atmosphere, chlorinated phenols are formed, but alkanes and 
alkenes are the primary products.  The chlorinated phenols then act as precursors for the 
subsequent formation of CDDs/CDFs. 

Aliphatic compounds are common products of incomplete combustion, and they may be 
critical to the formation of simple ring structures in the post-combustion zone (Weber et al., 
1999; Sidhu, 1999; Froese and Hutzinger, 1996a, b; Jarmohamed and Mulder, 1994).  The 
aromatic precursor compounds may be formed in a potentially rich reaction environment of 
aliphatic compounds, reactive fly ash particles, HCl, and oxygen.  Sidhu (1999) noted that 
combustion of acetylene on carbon (a common combustion effluent) in the presence of gaseous 
HCl and CuCl2 (as a catalyst) at 300°C led to the formation of intermediate precursors and, 
subsequently, CDDs/CDFs. 

Propene oxidized at 350 to 550°C when in contact with reactive MWC fly ash in a flow 
tube reactor formed a wide range of chlorinated aromatic compounds when the resulting 
combustion gases were mixed with HCl (Jarmohamed and Mulder, 1994).  Although the 
conversion was low (1 to 3%), the oxidation of propene on fly ash in the presence of HCl can 
yield chlorinated benzenes and monobenzofurans.  Incorporating an oxygen atom into the 
monobenzofuran structure then leads to the formation of monodibenzofuran.  The HCl 
contributes chlorine to the aromatic ring through the Deacon reaction, and cyclization on the fly 
ash surface can yield cyclohexadienyl-substituted benzenes, which in turn can be further oxidized 
into CDFs. 

Froese and Hutzinger (1996a) investigated the heterogeneous combustion reactions of the 
nonchlorinated C2 aliphatics. Acetylene, as a model aliphatic compound, was allowed to react 
with precleaned MWC fly ash in a tube flow reactor at approximately 600°C.  Metal oxides 
(silicon dioxide [SiO2], iron oxide [Fe2O3], and copper oxide [CuO])—rather than the metal 
chlorides used in other precursor experiments—were added separately as catalysts.  The reactants 
were put into contact with HCl vapor, which was introduced at a constant flow rate.  The 
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acetylene flow was set at 1.1 mL/min and constantly fell to near 0.9 mL/min over 30 min. 
Regulated air flow maintained homeostatic oxidation conditions. 

Chlorobenzenes and chlorophenols were formed, with isomer patterns generally 
resembling isomer patterns of chlorobenzene and chlorophenol emissions from MWCs. CuO 
was seen as catalyzing condensation and chlorination reactions under heterogeneous conditions 
to form the chlorinated CDD/CDF precursor compounds.  Other more volatile compounds 
formed were short-chain aliphatic products, such as chloromethane, dichloromethane, and 
chloro- and dichloroacetylene.  Chlorobenzene congeners were not the major products formed; 
perchlorinated aliphatic compounds dominated as gas-phase reaction products. 

Froese and Hutzinger (1997) noted that perchlorinated aliphatic compounds (e.g., 
hexachloropropene, hexachloro-1,3-butadiene, and hexachlorocyclopentadiene) are important 
intermediates in aromatic ring formation; they concluded that the catalytic reaction of C2 

aliphatic compounds at 600°C dramatically contributes to the formation of chlorinated and 
nonchlorinated aromatic compounds during combustion.  Thus, aliphatic compounds can form 
CDD/CDF precursor compounds.  Variable temperature effects were observed in the formation 
of CDDs/CDFs in the same reactions.  Maximal OCDD formation occurred at 400°C, and the 
tetra through hepta homologue groups were maximally formed at 600°C.  For CDFs, production 
of more highly chlorinated homologues occurred at 400°C, and the formation of TCDFs occurred 
at 500°C. Froese and Hutzinger (1996a) noted a 100-fold increase in TCDF formation at 500°C 
when compared with formation at 400°C. An explanation for this increase is that the higher 
temperature maximized the formation of the CDD/CDF precursor (chlorophenol) from the 
aliphatic starting compound. 

Froese and Hutzinger (1996b) produced polychlorinated benzene and phenol compounds 
at a temperature range of 300 to 600°C, caused by the heterogeneous combustion reactions of 
ethylene and ethane over fly ash in the presence of HCl, oxygen, and a metal catalyst.  No 
chlorobenzene congener precursors were formed from ethylene and ethane at 300°C; however, 
the formation rate increased with temperature until a maximum production was achieved at 
600°C. No definitive temperature dependence was observed for the formation of chlorophenols 
from the aliphatic starting compounds.  However, at 500°C, 2,4,6-trichlorophenol dominated the 
reaction products; at 300°C, PCP was initially produced. 

Froese and Hutzinger (1996b) also investigated the effects of elemental catalysts on 
potentiating the heterogeneous combustion reactions by measuring the amount of chlorobenzene 
and chlorophenol product formed from the reactions of ethylene/HCl over each catalyst at 
600°C. The reaction with SiO2 did not have a catalytic effect.  Aluminum oxide (Al2O3) catalytic 
action showed high intensity for the dichlorobenzene isomers and decreasing intensity for the 
higher-chlorinated isomers.  Comparison of the amount of dichlorobenzene product formed 
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indicated that an equal quantity was produced with either Al2O3 or fly ash; however, Al2O3 

formed four to five times more product than did the CuO catalyst.  For tri- to hexachlorobenzene 
congeners, MWC fly ash reactions produced 5 to 10 times more product than did the metal 
catalysts.  However, the presence of the CuO catalyst in these reactions produced a 
chlorobenzene congener pattern comparable to that of the fly ash reactions.  With regard to 
chlorophenol production, Al2O3 also produced a unique dichlorophenol pattern, suggesting that 
Al2O3 has a unique catalytic effect in the high-temperature reactions of C2 aliphatic compounds. 

Reactions with CuO produced additional products, including chlorinated methyl 
compounds, chlorinated C2 aliphatics, and perchlorinated C3–C5 alkyl compounds.  Froese and 
Hutzinger noted that these perchlorinated alkyl groups, formed by reacting ethylene and ethane 
over fly ash in the presence of the CuO catalyst, were key intermediate compounds to the 
formation of first aromatic rings in typical combustion systems.  This emphasizes the importance 
of copper’s catalytic effects in a combustion fly ash system.  Al2O3 catalyzed reactions produced 
nonchlorinated naphthalene and alkylbiphenyl compounds.  Furthermore, the organic chlorine in 
aliphatic compounds may also act as a direct source of chlorine for the formation of CDDs/CDFs 
in a carbon fly ash system (Weber et al., 1999). 

In an earlier experiment using a similar flow tube apparatus, Froese and Hutzinger (1994) 
formed chlorinated benzenes and phenols in fly ash catalyzed reactions with trichloroethylene at 
temperatures of 400 to 500°C. In this case, metal oxides (CuO, FeO3, and Al2O3) were used as 
catalysts, but no HCl was added for oxychlorination of product compounds.  Under combustion 
conditions, temperature-dependent formation of chlorinated aromatics occurred from the 
trichloroethylene starting compound.  Reaction with fly ash at 600°C formed hexachlorobenzene 
in concentrations that were about 1,000 times greater than those at 400 and 500°C, with similar 
results for chlorophenols. The authors hypothesized that key aromatic precursors for 
CDDs/CDFs are formed in the higher-temperature region of a post-combustion zone (about 
600°C) and are then carried to the cooler post-combustion region (about 300°C), where the 
precursors form CDDs/CDFs. 

2.4. THE ROLE OF CHLORINE IN THE FORMATION OF CDDs/CDFs IN 
COMBUSTION SYSTEMS 

The formation of CDDs/CDFs in the post-combustion region of combustion systems via 
either the precursor or de novo synthesis mechanisms requires the availability of a source of 
chlorine (Luijk et al., 1994; Addink et al., 1995; Stanmore, 2004; Wikstrom et al., 2003 ). 
Chlorine concentration in this region is somehow related to the chlorine content of combustion 
fuels and feed materials in incineration/combustion systems because there can be no other source. 
The main question regarding the role of chlorine in forming CDDs/CDFs is whether a positive 
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and direct correlation exists between the amount of chlorine in feeds and the amount of 
CDDs/CDFs formed and emitted from the stack of a combustion system.  If a direct relationship 
appears to exist, then reductions in the chlorine content of fuels/feeds prior to combustion should 
result in a corresponding reduction in the concentrations of CDDs/CDFs formed after 
combustion. If the oxychlorination reactions require a number of steps, then the relationship 
between chlorine in uncombusted fuels and CDDs/CDFs formed after combustion may not be 
linear, although it may still be dependent in some nonlinear association.  The main question can 
best be addressed by examining both formation mechanisms revealed in laboratory-scale 
combustion experiments and correlations between chlorine inputs with CDD/CDF outputs in 
commercial-scale combustors. 

2.4.1. Review of Laboratory-Scale Studies 

A wide body of experimental evidence has elucidated the direct and indirect associations 
between chlorine in feeds and fuels and the potential formation of CDDs/CDFs during 
combustion. The de novo synthesis of CDDs/CDFs requires two basic reactions:  (1) the transfer 
of chlorine to residual carbon particulate, with subsequent formation of carbon-chlorine bonds, 
and (2) the oxidation of this macromolecular complex to yield CO2 and volatile and semivolatile 
organic compounds as side products (Weber et al., 1999).  Transition metal compounds such as 
CuCl2 catalyze these reactions.  Gaseous HCl, Cl2, and Cl@ are the most abundant sources of 
chlorine available for participation in the formation of CDDs/CDFs, and they are initially formed 
as a combustion by-product from the inorganic and organic chlorine contained in the fuel 
(Wikstrom et al., 2003; Rigo, 1998; Addink et al., 1995; Rigo et al., 1995; Halonen et al., 1994; 
Luijk et al., 1994;  Altwicker et al., 1993; Wagner and Green, 1993; Dickson et al., 1992; Bruce 
et al., 1991; Gullet et al., 1990b; Commoner et al., 1987; Vogg et al., 1987). 

MSW contains approximately 0.45 to 0.90% (w/w) chlorine (Domalski et al., 1986).  The 
most predominant chlorine species formed from MSW combustion is gaseous HCl, which 
averages between 400 and 600 ppm in the combustion gas (Wikstrom et al., 2003; U.S. EPA, 
1987a). Chlorine is initially released from the chlorine in the MSW and is rapidly transformed to 
HCl by the abstraction of hydrogen from reaction with hydrocarbons present in the fuel 
(Wikstrom et al., 2003).  HCl may oxidize to yield Cl2 gas by the Deacon reaction, and the Cl2 

directly chlorinates a CDD/CDF precursor along the aromatic ring structure.  Further oxidation of 
the chlorinated precursor in the presence of a transition metal catalyst (of which CuCl2 was found 
to be the most active) yields CDDs/CDFs (Altwicker et al., 1993).  Increasing the yield of 
chlorine in vapor phase from HCl oxidation generally increases the rate of CDD/CDF formation. 
Formation kinetics are most favored at temperatures ranging from 200 to 450°C.  However HCl 
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is considered a weak chlorinating agent because of the tenacity of the hydrogen-to-carbon bond 
of aromatic compounds (Wikstrom et al., 2003). 

Chlorine production from gaseous HCl can be reduced either by limiting initial HCl 
concentration or by shortening the residence time (Bruce et al., 1991; Gullett et al., 1990b; 
Commoner et al., 1987). Bruce et al. (1991) observed a general increase in CDD/CDF formation 
with increases in the vapor-phase concentration of chlorine and verified a dependence of the 
formation of CDDs/CDFs in the post-combustion zone on the concentration and availability of 
gaseous chlorine.  This latter finding is in agreement with the results of a simple experiment by 
Eklund et al. (1986) in which unsubstituted phenol was mixed with HCl at 550°C in a quartz 
tube reactor. A wide range of toxic chlorinated hydrocarbons were formed, including 
CDDs/CDFs.  Eklund et al. (1988) also found a dependence of the amounts of chlorinated phenol 
product formed from the nonchlorinated starting material on the increased amount of HCl 
introduced into the reaction. Under the conditions of this experiment, no chlorinated compounds 
were formed at an HCl concentration of less than 10-3 mol, and maximum chlorophenol 
concentration occurred at around 108 mol. 

Born et al. (1993) also observed that increasing levels of HCl gave rise to increasing rates 
of oxychlorination of precursors, with increasing chances for the post-combustion formation of 
CDDs/CDFs.  However, Addink et al. (1995) observed that an HCl atmosphere and/or chlorine 
produced approximately equal quantities of CDDs/CDFs during the de novo synthesis from 
oxidation of particulate carbon.  Such results suggest that chlorine production via the Deacon 
reaction in the de novo synthesis may not be the only chlorination pathway, and they may 
indicate that the HCl molecule can be a direct chlorinating agent.  In addition, some chlorine is 
expected to be formed from the oxidation of metal chlorides (e.g., CuCl2), but Cl2 formation from 
the Deacon reaction is greater because of the continuous supply of HCl delivered from the 
combustion chamber (Bruce et al., 1991).  In this case, a first-order dependence of HCl to Cl2 is 
observed. 

However, Wikstrom et al. (2003) reported on the importance of chlorine species on the de 

novo formation of CDDs/CDFs.  HCl can react with oxidizing radicals (e.g., hydroxyl radical, or 
OH) to produce ClA. ClA are highly reactive and can replace hydrogen atoms with chlorine atoms 
in the H-C bond of the aromatic structure. Thus, HCl is most likely an indirect chlorinating agent 
via the formation of ClA. 

Experimentally, about 18% of the total chlorine content in fuels can be thermally 
converted to ClA in the post-combustion region (Procaccini et al., 2003).  Although HCl is the 
primary chlorine-containing product formed from the combustion of chlorine-rich fuels, it may 
not be the major chlorinating agent in the formation of chloro-organics in the cooled-down 
region of the combustor.  The experiments by Procaccini et al. (2003) indicate that the major role 
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of HCl in the formation of chloro-organic compounds at cooler temperatures may be that of a 
chemical progenitor of ClA. HCl reacts with the oxidizing radicals OH and O that are abundantly 
present in combustion off-gases to reform ClA. ClA readily abstract hydrogen atoms from the H-C 
bond of aromatic compounds formed as combustion by-products of organic fuels.  By this means, 
unsubstituted aromatic compounds, e.g., benzene, undergo oxy-chlorination reactions with the 
ClA to form chlorobenzenes and chlorophenols.  These products are well-defined precursor 
compounds for the synthesis of CDDs/CDFs. 

Wagner and Green (1993) investigated the correlation of chlorine content in feed to stack 
emissions of chlorinated organic compounds in a pilot-scale incinerator using HCl flue gas 
measurements as a surrogate for fuel-bound organic chlorine.  In addition to MSW as a fuel, 
variable amounts of polyvinyl chloride (PVC) resin were added during 6 of 18 stack test runs. 
The resulting data were regressed to determine the coefficient of correlation between HCl 
measurements and total chlorobenzene compound emission measurements.  In nearly all of the 
regression analyses performed, the relationship between HCl emissions and emissions of 
chlorinated organic compounds was positive and well defined.  In addition, the investigators 
found a direct dependence of HCl emission levels on the level of PVC in the waste, with 
generally increasing amounts of HCl formed as increasing amounts of PVC were added.  From 
these experiments, they concluded that decreased levels of organically bound chlorine in the 
waste incinerated led to decreased levels of chlorinated organic compounds in stack emissions. 

Kanters and Louw (1994) investigated a possible relationship between chlorine content in 
waste feed and chlorophenol emissions in a bench-scale thermal reactor.  MSW incineration with 
a higher content of chlorine in the feed caused higher emissions of chlorophenols via the de novo 

synthesis pathway.  The investigators lowered the chlorine content of the prototype MWC by 
replacing chlorine-containing fractions with cellulose.  They observed appreciable decreases in 
the amounts of chlorophenol formed from combustion, and concluded that reductions in the 
chlorine content of waste feeds or elimination of PVC prior to municipal waste combustion 
should result in a corresponding reduction in chlorophenol and CDD/CDF emissions. 

In a similar experiment, Wikstrom et al. (1996) investigated the influence of chlorine in 
feed materials on the formation of CDDs/CDFs and benzenes in a laboratory-scale fluidized-bed 
reactor.  Seven artificial fuels (composed of 34% paper, 30% wheat flour, 14% saw dust, 7% 
polyethylene (PE), and 2% metals), to which varying amounts of organic chlorine and inorganic 
chlorine (CaCl2 A 6H2O) were added, were combusted. The chlorine content of these fuels varied 
from 0.12 to 2%. All combustion was performed with a high degree of combustion efficiency 
(99.999%) to avoid the formation of polyvinylidene chloride and naphthalenes as products of 
incomplete combustion of pure PVC. With the combustion conditions held constant, only the 
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chlorine content of the fuel was varied. Flue gases were sampled for CDDs/CDFs and 
chlorobenzenes.  

In these experiments, concentrations of PCB isomers were approximately 1,000-fold 
higher than CDDs/CDFs (expressed as concentration of I-TEQDF). Moreover, a correlation was 
found between I-TEQDF and PCB levels in the flue gases and the chlorine content of the fuel.  A 
fivefold increase in both I-TEQDF and PCB concentrations was observed in the flue gases from 
combustion of fuels containing 0.5 and 1.7% total chlorine.  Furthermore, no differences were 
observed in the amount of chlorinated product produced or when the source of chlorine in the 
fuel was organic or inorganic.  No correlation was observed between total CDD/CDF and PCB 
formation and total chlorine in the feed when chlorine levels in feed were 0.5% or lower.  The 
highest amounts of CDDs/CDFs and PCBs were formed from the fuel with the highest total 
chlorine content (1.7%). 

Under the conditions of this experiment, Wikstrom et al. (1996) observed that a chlorine 
fuel content of 1% was a threshold for formation of excess CDDs/CDFs and PCBs during 
combustion. The authors noted that MSW in Sweden contained about 0.7% chlorine, of which 
approximately 40% was organic chlorine.  They concluded that MSW was below the observed 
threshold value of 1% chlorine content associated with a general increase in CDD/CDF and PCB 
formation in the post-combustion region.  They also stated that their study did not support the 
hypothesis that elimination of only PVC from waste prior to combustion will cause a significant 
reduction in CDD/CDF emissions if the combustion process is well controlled (high combustion 
efficiency).  Wang et al. (2003) verified the existence of a theoretical chlorine-in-fuel threshold 
when they demonstrated de novo synthesis when combusting fuels with 0.8 to 1.1% chlorine. 

A primary by-product of PVC combustion is HCl.  Paciorek et al. (1974) thermally 
degraded pure PVC resin at 400°C and produced 550 mg/g HCl vapor as a primary thermolysis 
product, which was observed as being 94% of the theoretical amount, based on the percent 
weight of chlorine on the molecule.  Ahling et al. (1978) concluded that HCl can act as a chlorine 
donor to ultimately yield chlorinated aromatic hydrocarbons from the thermolytic degradation of 
pure PVC and that these yields are a function of transit time, percent oxygen, and temperature. 
They observed data from 11 separate experiments conducted with temperatures ranging from 570 
to 1,130°C. These data indicated that significant quantities of various isomers of dichloro-, 
trichloro-, tetrachloro-, and hexachlorobenzenes could be produced.  Choudhry and Hutzinger 
(1983) proposed that the radical species ClA and HA generated in the incineration process may 
attack the chlorinated benzenes and abstract hydrogen atoms to produce orthochlorine-substituted 
chlorophenol radicals. These intermediate radical species then react with molecular oxygen to 
yield ortho-substituted chlorophenols.  As a final step, the ortho-substituted chlorophenols act as 
ideal precursors to yield CDDs/CDFs with heat and oxygen.  The chlorine in aliphatic 
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compounds has been observed as both yielding high amounts of HCl during combustion and 
acting as a direct chlorine source for the de novo synthesis of CDDs/CDFs (Weber et al., 1999). 

Kim et al. (2004) determined that the combustion of pure PVC yielded appreciable 
amounts of polycyclic aromatic hydrocarbons (PAHs), PCBs, chlorobenzenes, and 
chlorophenols. They suggested that the gas-phase production of PCBs and chlorobenzenes 
contributed to the gas-phase formation of CDDs/CDFs through the precursor mechanism. 
Chlorophenols, however, contributed to the de novo formation. Kim et al. (2004) reported that 
the de novo synthesis of CDDs/CDFs from chlorophenols was approximately 100 times greater 
than their formation from PCB and chlorobenzene precursors. 

Katami et al. (2002) found a clear correlation between dioxin formation and the chlorine 
content of mixed plastics combusted in a laboratory-scale incinerator.  PVC, PE, polystyrene 
(PS), polyethylene terephthalate (PET), and their various mixtures were burned at temperatures 
greater than 600°C.  Average CO concentrations in the exhaust gases were varied from 2 to 880 
ppm as a general indication of the quality of the fire in the combustion chamber.  When 
incinerated, each type of plastic formed CDDs/CDFs in the exhaust gases.  Of the total CDDs 
formed, HxCDD and TCDD formed in the greatest amounts when PE was combusted.  Mono-
CDF was the most abundant CDF formed from PE combustion.  Mono-ortho coplanar PCBs 
were preferentially formed over nonortho-PCBs.  The combustion of PS caused TCDD to be 
formed in the greatest abundance of all possible CDDs, whereas TCDF was the most abundant 
dibenzofuran.  Mono-ortho PCBs formed more than nonortho coplanar PCBs when PS was 
combusted. The combustion of PET mostly formed MCDD and MCDF among the CDDs/CDFs 
formed. 

When PVC was combusted with the conditions of high temperature and low CO (good 
combustion), a total of 53.5 ng/g of total CDD was formed, with the HxCDD predominating.  In 
addition, good combustion conditions formed a total of 771 ng/g of CDFs, with Cl2 and Cl3 CDF 
congeners dominating.  When PVC was combusted with the conditions of low temperature and 
high CO (poor combustion), the total CDDs and CDFs formed increased significantly to 429 ng/g 
and 8,492 ng/g, respectively.  TrCDD and DiCDF dominated the congener distributions, 
suggesting that poor combustion of PVC tends to form high levels of lower-chlorinated 
CDDs/CDFs.  The investigators observed that maintaining good combustion tended to minimize 
the formation of CDDs/CDFs from the combustion of chlorinated plastics.  

Shibata et al. (2003) reported on the formation of CDDs/CDFs from the combustion of 
PVC in quartz ampules.  Synthesis of CDDs/CDFs proceeded de novo in a temperature range of 
200 to 400°C, with the reaction catalyzed by CuO.  Maximum formation occurred at 300°C. 
HpCDDs and OCDD were the dominant CDDs observed in the flue gases, whereas TCDFs, 
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PeCDFs, and HxCDFs dominated the CDFs.  The ratio of CDFs to CDDs from PVC combustion 
was greater than 1, which is typical of MSW combustion (Shabata et al., 2003). 

Addink and Altwicker (1999) reported on the role of the inorganic chloride ion in the 
formation of CDDs/CDFs using the labeled compound Na37Cl. The inorganic chloride ion forms 
carbon-chlorine bonds on soot particles during combustion.  The chlorine in the soot can be 
directly inserted into a CDD/CDF molecule during formation, or it can exchange with the 
chloride ions in the transitional metal catalyst, which promotes CDD/CDF formation.  Thus, the 
inorganic chlorine ion participates as a chlorine donor to CDD/CDF formation. 

De Fre and Rymen (1989) reported on the formation of CDDs/CDFs from hydrocarbon 
combustion in a domestic gas/oil burner in the presence of 15 and 300 ppm concentrations of 
HCl. More than 100 chlorinated organic compounds were detected in the flue gases whenever 
HCl was injected into the system.  The investigators observed formation of CDDs and CDFs in 
all experiments where HCl was injected in a hydrocarbon flame.  In this case, CDFs were always 
more abundant than CDDs. It was concluded that the relationship between the HCl concentration 
and the emitted concentration of CDDs/CDFs under fixed combustion conditions appeared to be 
exponential for a wide range of temperatures (240 to 900°C). 

2.4.2. Review of Full-Scale Combustion Systems 

The review of experimental data clearly indicates an association between chlorine content 
of feed/fuels and the potential synthesis of CDDs/CDFs.  Paradoxically, the review of full-scale 
operating incineration processes does not yield such unequivocal results, indicating that complex 
kinetic events make strong associations difficult in full-scale systems.  The following is a review 
of studies of the association between chlorine in feeds and stack releases of CDDs/CDFs in full-
scale incineration systems. 

 In the stack testing of a variety of industrial stationary combustion sources during the 
National Dioxin Study in 1987, EPA made a series of qualitative observations about the 
relationship between total chlorine present in the fuel/waste and the magnitude of emissions of 
CDDs/CDFs from the stack of the tested full-scale combustion facilities (U.S. EPA, 1987a).  In 
general, combustion units with the highest CDD emission concentrations had greater quantities 
of chlorine in the fuel; conversely, sites with the lowest CDD emission concentrations contained 
only trace quantities of chlorine in the feed.  The typical chlorine content of various combustion 
fuels was reported by Lustenhouwer et al. (1980) as coal, 1,300 :g/g; MSW, 2,500 :g/g; leaded 
gasoline, 300 to 1,600 :g/g; and unleaded gasoline, 1 to 6 :g/g. 

Thomas and Spiro (1995) also analyzed the relationship between CDD/CDF emissions 
from combustion and the chlorine content of feed materials.  Thomas and Spiro (1996) plotted 
average CDD/CDF emission factors for a variety of combustion systems and processes (black 
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liquor boilers, unleaded gasoline combustion, leaded gasoline combustion, wire incineration, 
cigarette combustion, sewage sludge incineration, MWC, PCP-treated wood combustion, 
hazardous waste incineration, and hospital waste incineration) against the average chlorine 
concentration of the combusted material. The plot showed that average CDD/CDF emissions of 
combustion source categories tended to increase with the average chlorine content of the 
combusted fuel.  This analysis indicated that combustion sources with relatively high combustion 
efficiency and adequate air pollution controls tended to have emissions two orders of magnitude 
lower than those of poorly operated sources.  This suggests that the magnitude of CDD/CDF 
emissions is strongly dependent on chlorine concentration in fuels in the context of the more 
poorly controlled and operated combustion sources, and the association becomes less apparent in 
the well-controlled facilities operating with good combustion practices.  The slope of the log-log 
plot was between 1 and 2 for the poorly controlled and operated facilities, indicating that the 
relationship between chlorine content and CDD/CDF emissions was more than proportional. 

Costner (1998) reported finding a positive correlation between chlorine content of feed 
material and CDD/CDF emissions at a full-scale hospital waste incinerator.  Costner concluded 
that emissions at this facility were dependent on chlorine input at a concentration as low as 
0.031% and that there was no evidence of a threshold in the relationship between chlorine in feed 
and CDD/CDF emissions. 

Rigo et al. (1995) summarized the results of a study commissioned by the American 
Society of Mechanical Engineers (ASME, 1995).  The study was a statistical evaluation of the 
relationship between HCl concentration in flue gases and various combustion systems (MWCs, 
hospital waste incinerators, HWIs, biomass combustors, laboratory combustors, and bench-scale 
combustors) and stack emissions of total CDDs/CDFs.  In this study, HCl was used as a 
surrogate for total chlorine content in the fuel.  The data analysis was sufficient for 92 facilities in 
the database that showed both HCl and CDD/CDF emissions.  Of the 92 facilities, 72 did not 
show a statistically significant relationship between chlorine input and CDD/CDF output in 
emissions streams, 2 showed increasing CDD/CDF concentrations with increasing chlorine, and 
8 showed decreasing CDD/CDF concentrations with increasing chlorine.  ASME (1995) reports 
the following conclusion: 

The failure to find simultaneous increases in most cases and finding inverse 
relationships in a few indicates that any effect chlorine has on CDD/CDF 
emissions is smaller than the variability of other causative factors.  Whatever 
effect chlorine has on CDD/CDF emissions in commercial-scale systems is 
masked by the effect of APCS (air pollution control systems) temperature, ash 
chemistry, combustion conditions, measurement imprecision, and localized flow 
stratification. 
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Liberson and Belanger (1995) reported the results of an analysis of the formation and 
emission of CDDs/CDFs as a function of total chlorine in combustion feed materials at a rotary 
kiln HWI.  The data were generated from multiple test series conducted over a 13-month period 
at the HWI while operating a carbon injection system specifically designed to control and reduce 
CDD/CDF stack emissions.  The chlorine feed rates ranged from 0 to 3,300 lb/hr, and the 
CDD/CDF emission rates ranged from 0.7 to 39 ng/dscm.  The authors noted that multiple series 
of CDD/CDF control systems were used on this HWI (a high-temperature secondary combustion 
chamber, a spray dryer-evaporative quench that further cools the combustion gases, activated 
carbon injection to adsorb semivolatile organics, and a cool-side electrostatic precipitator 
followed by an acid gas scrubber to collect HCl and Cl2). From analyses of the data, the authors 
concluded that no correlation exists between CDD/CDF emissions and chlorine feed in a modern 
MWC using carbon injection for CDD/CDF control. 

More recently, Wang et al. (2003) investigated the association between chlorine content 
of waste feeds and CDD/CDF emissions from full-scale combustion systems.  Previously, 
Wikstrom et al. (1996) had discerned a chlorine content in feeds of 1% as being a threshold 
concentration for the formation of CDDs/CDFs, i.e., an association with the magnitude of 
CDDs/CDFs formed occurred only when chlorine content in the feed was $1%. Wang et al. 
confirmed the apparent existence of a chlorine threshold for emissions of total CDDs/CDFs after 
statistically reviewing input of chlorine in feed versus output of CDDs/CDFs in emissions at two 
tested medical incinerators and two tested MWCs.  Additionally, the authors examined second
hand data from 13 other dioxin sources obtained from the literature and found that the formation 
of CDFs was greater than the formation of CDDs when the chlorine content of the waste feed 
exceeded the threshold.  However, when the chlorine content was below the approximate 1% 
threshold, the formation of CDDs was greater than the formation of CDFs.  The authors proposed 
that chlorine content below the threshold formed chlorinated precursors to CDDs rather than 
forming the dibenzofuran molecule.  Chlorine content above the threshold contributed to 
deterioration of combustion conditions, causing the formation of PAHs, which, in turn, 
contributed to the formation of CDFs. 

2.5. POTENTIAL PREVENTION OF CDD/CDF FORMATION IN COMBUSTION 
SYSTEMS 

Given what is currently understood about oxychlorination reactions in the synthesis of 
CDDs/CDFs, researchers have identified certain interventions that could be taken to reduce or 
impede formation in combustion systems.  Raghunathan and Gullett (1996) demonstrated in a 
pilot-scale incinerator that sulfur compounds can combine with the metal catalyst necessary to 
stimulate the Deacon reaction of HCl and oxygen to yield Cl2, thereby neutralizing the catalyzing 
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agent and reducing the formation of CDDs/CDFs.  The Deacon reaction, which forms Cl2 in the 
combustion plasma, is seen as occurring only in the presence of a catalyst.  Thus, the sulfur 
dioxide (SO2) molecule (formed when sulfur in the fuel combines with oxygen) can inhibit the 
catalytic activity of the fly ash by either combining with a metal-based Deacon catalyst in the fly 
ash or depleting the Cl2 formed. The authors observed that the principal action of sulfur in 
inhibiting the formation of CDDs/CDFs in combustion systems is through SO2 depletion of Cl2, 
as follows: 

Cl2 + SO2 + H2O : 2HCl + SO2 

The relevance of this finding is that the co-combustion of MSW with coal (that contains 
sulfur) should lead to dramatic reductions in the amount of CDDs/CDFs formed and emitted, and 
it may explain why, in the United States, coal combustion at power plants results in CDD/CDF 
emission rates more than a magnitude lower than those at MWCs. 

Naikwadi and Karasek (1989) investigated the addition of calcium oxide (CaO) and 
triethylamine (TEA) to the flue gases of a combustion system as an inhibitor of the catalytic 
activity of fly ash.  They placed 500 :g 13C-labeled PCP (a dioxin precursor) in a combustion 
flow tube and allowed it to react with organic-extracted MWC fly ash at 300°C under an air 
stream. Under these conditions, CDDs/CDFs were formed at concentrations ranging from 1,660 
to 2,200 ng/100 :g 13C-PCP.  The experimental method was then modified by mixing reactive 
MWC fly ash with either CaO or TEA.  The results showed that the amount of CDDs/CDFs 
formed could be reduced by an order of magnitude from the reaction of PCP with fly ash and the 
addition of TEA as an inhibitor. When CaO was mixed with fly ash, the amount of CDDs/CDFs 
formed decreased more than 20-fold. 

2.6. THEORY ON THE EMISSION OF PCBs 

Air emissions of PCBs from MSW incineration is less well studied.  Probably the 
formation mechanisms that apply to CDDs/CDFs would also apply to PCBs.  Mechanism 1 (pass 
through) is implicit in the Toxic Substances Control Act rule, which requires 99.9999% 
destruction in HWIs.  When this occurs, 0.0001% of the initial amount of PCBs fed into the HWI 
may be emitted from the stack.  This may indicate that some small fraction of the PCBs present 
in the fuel fed into an incineration process may result in PCB emissions from the stack of the 
process. 

PCBs have been measured as contaminants in raw refuse prior to incineration in an MWC 
(Choudhry and Hutzinger, 1983; Federal Register, 1991a).  Using this information, it is possible 
to test mechanism 1 for CDD/CDF emissions:  that the PCB contamination present in the fuel is 
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mainly responsible for emissions from the stack.  The mass balance of total PCBs, beginning 
with measurement in the raw refuse and ending with measurement at the stack of a refuse-
derived fuel (RDF) MWC (Federal Register, 1991a), can be used to calculate the destruction 
rated efficiency (DRE) of incineration of the PCB-contaminated MSW.  Using results from test 
number 11 at the RDF facility (Federal Register, 1991a), a computation of DRE can be made 
using the following equation (Brunner, 1984): 

WI - WO 


DRE = × 100%

 WI 


where: 
WI =  mass rate of contaminant fed into the incinerator system 
WO  =  mass rate of contaminant exiting the incinerator system 

In test 11, 811 ng total PCB/g refuse were measured in the MSW fed into the incineration 
system and 9.52 ng/g were measured at the inlet to the pollution control device (i.e., outside the 
furnace region but preceding emission control).  From these measurements, a DRE of 98.8% can 
be calculated.  Therefore, it appears that PCB contamination in the raw MSW fed into this 
particular incinerator may have accounted for the PCB emissions from the stack of the MWC. 

PCBs can be thermolytically converted into CDFs (Choudhry and Hutzinger, 1983; 
U.S. EPA, 1984). This process occurs at temperatures somewhat lower than those typically 
measured inside the firebox of an MWC.  Laboratory experiments conducted by EPA indicate 
that the optimum conditions for CDF formation from PCBs are near a temperature of 675°C in 
the presence of 8% oxygen and a residence time of 0.8 sec (U.S. EPA, 1984).  This resulted in a 
3 to 4% efficiency of conversion of PCBs into CDFs.  Because 1 to 2% of the PCBs present in 
the raw refuse may survive the thermal stress imposed in the combustion zone of the incinerator 
(Federal Register, 1991a), it is reasonable to presume that PCBs in the MSW may contribute to 
the total mass of CDF emissions released from the stack of the incinerator. 

Although it appears that contamination of waste feed with PCBs may be an important 
factor in detecting PCBs in stack emissions from combustion processes, recent research has 
indicated that these compounds may also be formed in the post-combustion region, either from 
de novo synthesis or from precursor compounds.  Zheng et al. (1999) observed the formation of 
PCBs in the post-combustion region from the pyrolysis of chlorobenzenes using a laboratory-
scale furnace. The investigators observed that PCBs were optimally formed from less-
chlorinated chlorobenzenes (e.g., 1,3-dichlorobenzene) catalyzed by CuCl2. In this experiment, 
maximum PCB production occurred at a temperature of 350°C.  Wikstrom et al. (1998) reported 
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secondary formation of PCBs in the post-combustion region similar to the de novo synthesis of 
CDDs/CDFs, albeit PCBs were formed in only small amounts relative to CDDs/CDFs. 

Fangmark et al. (1994) postulated that formation of PCBs and CDDs/CDFs in the post-
combustion region may occur through the same mechanisms.  On the other hand, Blumenstock et 
al. (1998) produced results in a pilot-scale furnace that were inconsistent with the de novo 

formation of CDDs/CDFs in the post-combustion region (i.e., PCBs seemed to be optimally 
formed at high temperatures in oxygen-deficient atmospheres).  Shin and Chang (1999) noted a 
positive correlation between PCB concentrations on MSW incineration fly ash and fly ash 
concentrations of CDDs/CDFs, suggesting that high PCB levels in fly ash may be a contributory 
cause of the post-combustion formation of CDDs/CDFs (i.e., PCBs are precursors to 
CDDs/CDFs).  Nito et al. (1997) noted the formation of CDDs/CDFs from the pyrolysis of PCBs 
in a fluidized-bed system, indicating that PCBs in feeds may account for CDFs formed in MSW 
incineration. More combustion-related research needs to be conducted to firmly establish 
whether PCB contamination in feeds or post-combustion formation (or both) may explain the 
presence of PCBs in combustion flue gases. 

2.7. SUMMARY AND CONCLUSIONS 

2.7.1. Mechanisms of Formation of Dioxin-Like Compounds 

There are three primary mechanisms for CDD/CDF emissions from combustion sources. 
Mechanism 1 (pass through).  This mechanism involves CDDs/CDFs contained in the 

feed passing through the combustor intact and being subsequently released into the environment. 
For most systems, this is not thought to be a major contributor to CDD/CDF emissions for three 
reasons. First, for commercial systems with good combustion controls, the temperatures and 
residence times should result in the destruction of most CDDs/CDFs in the feed.  Second, mass 
balance studies of a number of combustion systems show that more CDDs/CDFs can be detected 
in the cool-down region downstream of the furnace than in the feed.  Third, the CDD/CDF 
congener profile in the feed differs from the congener profile in the stack emissions. 
Consequently, synthesis appears to be a more important mechanism than is pass through.  The 
concentration of CDDs/CDFs in the flue gases of any particular combustion system will 
ultimately be derived as a result of the balance between reactions leading to formation and 
reactions leading to destruction of these compounds. 

Mechanism 2 (precursor).  This mechanism involves the formation of CDDs/CDFs 
from the thermal breakdown and molecular rearrangement of aromatic precursors either 
originating in the feed or forming as a product of incomplete combustion.  Actual synthesis of 
CDDs/CDFs occurs in the post-combustor environment.  Gaseous benzene is the most abundant 
aromatic compound associated with products of incomplete combustion of waste.  Benzene 
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reacts with ClA within the combustion gas plasma, causing aromatic H abstraction and the 
subsequent formation of chlorobenzenes and chlorophenols.  Homogeneous gas-phase formation 
of CDDs/CDFs occurs from these precursor compounds at temperatures >500°C, catalyzed by 
the presence of copper compounds. In addition, the CDDs/CDFs can form from gas-phase 
precursors as heterogeneous, catalytic reactions with reactive fly ash surfaces.  This reaction has 
been observed to be catalyzed by the presence of a transition metal sorbed to the fly ash.  The 
most potent catalyst is CuCl2. Relatively low temperatures—in the range of 200 to 450°C—have 
been identified as a necessary condition for these heterogeneous reactions to occur, with either 
lower or higher temperatures inhibiting the process.  Because these reactions involve 
homogeneous gas-phase and heterogeneous solid-phase chemistry, the rate of emissions is less 
dependent on reactant concentration than on conditions that are favorable to formation, such as 
temperature, retention time, source and species of chlorine, and the presence of a catalyst. 

Mechanism 3 (de novo synthesis).  This mechanism involves the heterogeneous solid-
phase formation of CDDs/CDFs in the post-combustion environment on the surface of fly ash. 
Such heterogeneous chemistry occurs in two ways:  (1) directly from the oxidation of carbon 
within the fly ash and subsequent reactions with organic and inorganic chlorine, and (2) the 
oxidative breakdown of macromolecular carbon structures (e.g., graphite) and oxychlorination 
reactions of aromatic precursors (such as chlorobenzenes and chlorophenols) on fly ash surfaces, 
leading to CDD/CDF formation.  In either case, formation kinetics is most favored at 
temperatures in the range of 200 to 450°C and is promoted by the catalytic properties of either 
the fly ash or the presence of a transition metal compound.  

Mechanisms 2 and 3 can occur simultaneously, share a number of common reaction 
pathways, and occur in the same physical environment, and they are controlled by many of the 
same physical conditions.  In well-designed and well-operated combustion systems, the precursor 
species needed for mechanism 2 are reduced; consequently de novo synthesis (mechanism 3) can 
become the dominant pathway for formation.  In systems with incomplete combustion, it is 
difficult to sort out the relative contribution of these two mechanisms to total emissions.  Both 
mechanisms, however, can be curtailed if steps are taken to minimize the physical conditions 
needed to support formation (i.e., time, temperature, and reactive surface). 

The combustion formation chemistry of PCBs is less well studied than that of 
CDDs/CDFs, but it is reasonable to assume that these same three mechanisms would apply.  For 
waste incineration, PCBs can exist in significantly higher concentrations in the feed than do 
CDDs/CDFs.  Consequently, mechanism 1 may play a more prominent role in the origin of PCB 
emissions than of CDD/CDF emissions. 

2-32
 




 

2.7.2. Role of Chlorine 

From the various analyses on the role and relationship of chlorine to CDD/CDF formation 
and emissions, the following observations and conclusions are made. 

1. Although chlorine is an essential component in the formation of CDDs/CDFs in 
combustion systems, the empirical evidence indicates that, for commercial-scale incinerators, 
chlorine levels in feed are not the dominant controlling factor for the amount of CDDs/CDFs 
released in stack emissions.  Important factors that can affect the rate of CDD/CDF formation 
include overall combustion efficiency, post-combustion flue gas temperatures and residence 
times, and the types and designs of air pollution control devices employed on combustion 
systems.  Data from bench-, pilot-, and commercial-scale combustors indicate that CDD/CDF 
formation can occur by three principal mechanisms.  Some of these data, primarily from bench-
and pilot-scale combustors, have shown direct correlation between chlorine content in fuels and 
rates of CDD/CDF formation.  Other data, primarily from commercial-scale combustors, show a 
weaker relationship between the presence of chlorine in feed and fuels and rates of CDD/CDF 
released from the stacks of combustion systems.  The conclusion that the amount of chlorine in 
feed is not a strong determinant of the magnitude of CDD/CDF stack emissions applies to the 
overall population of commercial-scale combustors.  For any individual commercial-scale 
combustor, circumstances may exist in which changes in chlorine content in feed could affect 
CDD/CDF emissions.  For uncontrolled combustion, such as open burning of household waste, 
chlorine content of wastes may play a more significant role in levels of CDD/CDF emissions 
than the one observed in commercial-scale combustors. 

2. Both organic and inorganic forms of chlorine in combustion fuels yield abundant 
gaseous HCl in the post-combustion region.  It has been shown that ClA are the most potent 
chlorinating agent in the formation of chloro-organic compounds from combustion.  HCl may be 
the dominant chemical progenitor of ClA participating in oxychlorination reactions to CDD/CDF 
synthesis.  Formation of ClA from HCl occurs in the cool-down zone via the oxidation of HCl in 
the presence of a transition metal catalyst (the Deacon reaction).  Although the preponderance of 
scientific evidence suggests that this is an important pathway for producing chlorinated 
compounds in emissions, it is still unclear whether HCl can also directly chlorinate aromatics or 
whether it must first be oxidized to yield Cl2. 

3. Laboratory-scale experiments have examined correlations between chlorine content of 
feeds and total CDDs/CDFs formed in combustion systems.  These experiments suggest that for 
feeds containing <1% chlorine, the amount of CDDs/CDFs formed is independent of the chlorine 
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content of the feed.  For feeds with a chlorine content >1%, a direct correlation was observed. 
The existence of an apparent threshold to the chlorine content of waste has been verified in full-
scale combustion systems.  It has not been determined, however, whether these relationships are 
relevant to poorly controlled combustion of wastes and biomass, such as backyard barrel burning, 
landfill fires, and agricultural burning. 

4. The combustion of PVC can contribute to the formation of CDDs/CDFs in two ways. 
First, gaseous HCl is a primary product formed from the combustion of PVC.  We have seen that 
HCl is a major contributor of Cl@ necessary for the formation of CDDs/CDFs.  Thus, PVC 
indirectly contributes to dioxin synthesis.  Second, the combustion of PVC directly forms 
benzene, which is followed by oxychlorination reactions that further form chlorinated benzenes 
and chlorinated phenols; these compounds then act as precursors to CDD/CDF formation. 

5. The most critical factors associated with minimizing CDD/CDF formation in 
combustion systems are (a) achieving nearly complete combustion of the feed through the 
application of good combustion practice (i.e., time, temperature, and turbulence), and (b) 
ensuring that combustion gases are quenched to below the temperature range for heterogeneous 
solid-phase formation chemistry in the post-combustion region of the system, i.e., reducing the 
temperature to below 200°C. 

2.7.3. General Conclusion 

Although the formation chemistry of CDDs/CDFs is more complicated and less 
understood than the relatively simple constructs described in this review, the current weight of 
evidence suggests that the formation mechanisms outlined above describe the principal pathways 
of most CDD/CDF formation and emission from combustion sources. 
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3. COMBUSTION SOURCES OF CDDs/CDFs:  WASTE INCINERATION 

Incineration is the destruction of solid, liquid, or gaseous wastes through the application 
of heat within a controlled combustion system. The purposes of incineration are to reduce the 
volume of waste that needs land disposal and to reduce the toxicity of the waste.  In keeping with 
this definition, incinerator systems can be classified by the types of wastes incinerated: 
municipal solid waste (MSW) incineration (commonly referred to as municipal waste 
combustion), medical and pathological waste incineration, hazardous waste incineration, sewage 
sludge incineration, tire incineration, and biogas flaring.  Each of these types of incineration is 
discussed in this chapter. The purpose of this chapter is to characterize and describe waste 
incineration technologies in the United States and to derive estimates of annual releases of CDDs 
and CDFs into the atmosphere from waste incineration facilities for reference years 1987, 1995, 
and 2000. 

As discussed in Chapter 2, combustion research has developed three theories on the 
mechanisms involved in the emission of CDDs/CDFs from combustion systems:  (1) 
CDDs/CDFs can be introduced into the combustor with the feed and pass through the system 
unchanged (pass through mechanism), (2) CDDs/CDFs can be formed during combustion 
(precursor mechanism), and/or (3) CDDs/CDFs can be formed via chemical reactions in the post-
combustion portion of the system (de novo synthesis).  Total CDD/CDF emissions are likely to 
be the net result of all three mechanisms; however, the relative importance of each mechanism is 
often uncertain. 

To the extent practical with the available data, the combustors in each source category 
were divided into classes according to similarity of emission factors.  This classification effort 
attempted to reflect the emission mechanisms described above.  The emission mechanisms 
suggest that the aspects of combustor design and operation that could affect CDD/CDF emissions 
are (a) furnace design, (b) composition of the waste feed, (c) temperature in the post-combustion 
region of the system, and (d) the type of air pollution control device (APCD) used to remove 
contaminants from the flue gases.  Therefore, incineration systems that are similar in terms of 
these factors should have similar CDD/CDF emissions.  Accordingly, this chapter proposes 
classification schemes that divide combustors into a variety of design classes based on these 
factors.  Design class, as used here, refers to the combination of furnace type and accompanying 
APCD. 

3.1. MUNICIPAL WASTE COMBUSTION 

As noted above, emissions can be related to several factors, including furnace design, 
composition of the waste feed, temperature in the post-combustion region of the system, and 
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type of APCD used to remove contaminants from the flue gases.  This section proposes a 
classification scheme that divides municipal waste combustors (MWCs) into a variety of design 
classes based on those factors.  Because different APCDs are operated at different temperatures, 
operating temperature is used to define some design classes.  To account for the influence of the 
waste feed, the proposed classification system distinguishes between refuse-derived fuel (RDF) 
and normal MSW.  This section begins with a description of the MWC technology and then 
proposes the design classification scheme.  Using this scheme, the municipal waste combustion 
industry is characterized for the reference years 1987, 1995, and 2000.  Finally, the procedures 
for estimating emissions are explained and the results summarized. 

3.1.1. Description of Municipal Waste Combustion Technologies 

For the purposes of this report, municipal waste combustion furnace types are divided 
into three major categories: mass burn, modular, and RDF.  Mass burn and RDF technologies 
dominate the large MWC category and modular technology dominates the small MWC category. 
Each of these furnace types is described below, followed by a description of the APCDs used 
with the system. 

3.1.1.1. Furnace Types 

Mass burn.  This furnace type was so named because it burned MSW as received (i.e., 
no preprocessing of the waste was conducted other than removal of items too large to go through 
the feed system).  Today, a number of other furnace types also burn unprocessed waste, as 
described below.  Mass burn furnaces are distinguished from the other types because they burn 
the waste in a single stationary chamber.  In a typical mass burn facility, MSW is placed on a 
grate that moves through the combustor.  Three subcategories of mass burn technologies are 
described below. 

•	 Mass burn refractory-walled systems represent an older class of MWCs (generally 
built in the late 1970s to early 1980s) that were designed only to reduce the volume of 
waste disposed of by 70 to 90%.  These facilities usually lack boilers to recover the 
combustion heat for energy purposes.  In the mass burn refractory-walled design, the 
MSW is delivered to the combustion chamber by a traveling grate or a ram feeding 
system.  Combustion air in excess of stoichiometric amounts (i.e., more oxygen is 
supplied than is needed for complete combustion) is supplied both below and above 
the grate.  As of 2000, few mass burn refractory-walled MWCs remain; almost all 
have closed or been dismantled. 

•	 Mass burn waterwall (MB-WW) facilities represent enhanced combustion efficiency, 
as compared with mass burn refractory-walled incinerators.  Although it achieves 
similar volume reductions, the MB-WW incinerator design provides a more efficient 
delivery of combustion air, resulting in higher sustained temperatures.  Figure 3-1 is a 
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Figure 3-1.  Typical mass burn waterwall municipal solid waste combustor. 

Source:  U.S. EPA (1997a). 

schematic of a typical MB-WW MWC.  The term “waterwall” refers to a series of 
steel tubes that run vertically along the walls of the furnace and contain water.  Heat 
from combustion produces steam, which is then used to drive an electrical turbine 
generator or for other industrial needs.  This transfer of energy is called energy 
recovery.  MB-WW incinerators are the dominant form of incinerator found at large 
municipal waste combustion facilities. 

•	 Mass burn rotary kilns use a water-cooled rotary combustor that consists of a rotating 
combustion barrel configuration mounted at a 15- to 20-degree angle of decline.  The 
refuse is charged at the top of the rotating kiln by a hydraulic ram (Donnelly, 1992). 
Preheated combustion air is delivered to the kiln through various portals.  The slow 
rotation of the kiln (10 to 20 rotations/hr) causes the MSW to tumble, thereby 
exposing more surface area for complete burnout of the waste.  These systems are 
also equipped with boilers for energy recovery.  Figure 3-2 is a schematic of a typical 
rotary kiln combustor. 
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Figure 3-2.  Typical mass burn rotary kiln combustor. 

Source:  U.S. EPA (1997a). 

Modular.  This is a second general type of municipal waste combustion furnace used in 
the United States. As with the mass burn type, modular incinerators burn waste without 
preprocessing.  Modular MWCs consist of two vertically mounted combustion chambers (a 
primary and a secondary chamber).  In 1995, the combustion capacity of modular combustors 
ranged from 4 to 270 metric tons per day, i.e., they are predominately small MWCs.  The two 
major types of modular systems, excess air and starved air, are described below. 

•	 The modular excess-air system consists of a primary and a secondary combustion 
chamber, both of which operate with air levels in excess of stoichiometric 
requirements (i.e., 100 to 250% excess air).  Figure 3-3 illustrates a typical modular 
starved-air MWC. 
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Figure 3-3.  Typical modular starved-air combustor with transfer rams. 

Source:  U.S. EPA (1997a). 

•	 In the starved (or controlled) air type of modular system, air is supplied to the primary 
chamber at substoichiometric levels.  The products of incomplete combustion entrain 
in the combustion gases that are formed in the primary combustion chamber and then 
pass into a secondary combustion chamber.  Excess air is added to the secondary 
chamber, and combustion is completed by elevated temperatures sustained with 
auxiliary fuel (usually natural gas).  The high, uniform temperature of the secondary 
chamber, combined with the turbulent mixing of the combustion gases, results in low 
levels of particulate matter (PM) and organic contaminants being formed and emitted. 
Therefore, many existing modular units lack post-combustion APCDs.  Figure 3-4 is 
a schematic view of a modular excess-air MWC. 

Refuse-derived fuel (RDF).  The third major type of MWC furnace technology is 

designed to combust RDF; this technology is generally used at very large MWC facilities.  RDF 

is a general term that describes MSW from which relatively noncombustible items are removed, 
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Figure 3-4.  Typical modular excess-air combustor. 

Source:  U.S. EPA (1997a). 

thereby enhancing the combustibility of the waste.  RDF is commonly prepared by shredding, 
sorting, and separating out metals to create a dense MSW fuel in a pelletized form having a 
uniform size.  Three types of RDF systems are described below. 

•	 The dedicated RDF system burns RDF exclusively.  Figure 3-5 shows a typical 
dedicated RDF furnace using a spreader-stoker boiler.  Pelletized RDF is fed into the 
combustor through a feed chute using air-swept distributors; this allows a portion of 
the feed to burn in suspension and the remainder to burn out after falling on a 
horizontal traveling grate.  The traveling grate moves from the rear to the front of the 
furnace, and distributor settings are adjusted so that most of the waste lands on the 
rear two-thirds of the grate.  This allows more time to complete combustion on the 
grate.  Underfire and overfire air are introduced to enhance combustion, and these 
incinerators typically operate at 80 to 100% excess air.  Waterwall tubes, a 
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Figure 3-5.  Typical dedicated refuse-derived fuel-fired spreader stoker boiler. 

Source:  U.S. EPA (1997a). 

superheater, and an economizer are used to recover heat for production of steam or 
electricity.  The 1995 inventory indicated that dedicated RDF facilities range from 
227 to 2,720 metric tons per day total combustion capacity. 

• Cofired RDF furnaces burn either RDF or normal MSW along with another fuel. 

The fluidized-bed RDF furnace burns the waste in a turbulent and semisuspended bed 
of sand. The MSW may be fed into the incinerator either as unprocessed waste or as 
a form of RDF.  The RDF may be injected into or above the bed through ports in the 
combustor wall. The sand bed is suspended during combustion by introducing 
underfire air at a high velocity, hence the term “fluidized.”  Overfire air at 100% of 
stoichiometric requirements is injected above the sand suspension.  Waste-fired 
fluidized-bed RDF furnaces typically operate at 30 to 100% excess air levels and at 
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bed temperatures around 815°C. A typical fluidized-bed RDF furnace is represented 
in Figure 3-6.  The technology has two basic designs:  a bubbling-bed incineration 
unit and a circulating-bed incineration unit.  The 1995 inventory indicated that 
fluidized-bed MWCs have capacities ranging from 184 to 920 metric tons per day. 
These systems are usually equipped with boilers to produce steam. 

Figure 3-6.  Fluidized-bed refuse-derived fuel furnace. 

Source:  U.S. EPA (1997a). 
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3.1.1.2. Air Pollution Control Devices 

MWCs are commonly equipped with one or more post-combustion APCDs to remove 
various pollutants such as PM, heavy metals, acid gases, and organic contaminants prior to 
release from the stack (U.S. EPA, 1992a).  Types of APCDs include 

C Electrostatic precipitator 
C Fabric filter 
C Spray dry scrubbing system 
C Dry sorbent injection 
C Wet scrubber 

Electrostatic precipitator (ESP).  The ESP is generally used to collect and control PM 
that evolves during MSW combustion by introducing a strong electrical field into the flue gas 
stream; this in turn charges the particles entrained in the combustion gases (Donnelly, 1992). 
Large collection plates receive an opposite charge to attract and collect the particles.  CDD/CDF 
formation can occur within the ESP at temperatures in the range of 150°C to about 350°C.  As 
temperatures at the inlet to the ESP increase from 150 to 300°C, CDD/CDF concentrations have 
been observed to increase by approximately a factor of 2 for each 30°C increase in temperature 
(U.S. EPA, 1994a). As the temperature increases beyond 300°C, formation rates decline. 

Although ESPs in this temperature range efficiently remove most particulates and the 
associated CDDs/CDFs, the CDD/CDF formation that does occur can result in a net increase in 
CDD/CDF emissions.  This temperature-related formation of CDDs/CDFs within the ESP can be 
applied, for purposes of this report, to distinguish cold-sided ESPs, which operate at or below 
230°C, from hot-sided ESPs, which operate at an inlet temperature greater than 230°C.  Most 
ESPs have been replaced with better-performing and lower-cost fabric filter technology. 

Fabric filter (FF).  FFs are also PM control devices that remove dioxins associated with 
particles and any vapors that adsorb to the particles.  The filters are usually 6- to 8-inch-diameter 
bags, 30 feet long, made from woven fiberglass material, and arranged in series.  An induction 
fan forces the combustion gases through the tightly woven fabric.  The porosity of the fabric 
allows the bags to act as filter media and retain a broad range of particle sizes (down to less than 
1 :m in diameter).  The FF is sensitive to acid gas; therefore, it is usually operated in 
combination with spray dryer (SD) adsorption of acid gases. 

Spray dry scrubbing system (SDSS).  Spray dry scrubbing, also called SD adsorption, 
involves the removal of both acid gas and PM from the post-combustion gases.  By themselves, 
the units probably have little effect on dioxin emissions.  In a typical SDSS, hot combustion 
gases enter a scrubber reactor vessel.  An atomized hydrated lime slurry (water plus lime) is 
injected into the reactor at a controlled velocity (Donnelly, 1992).  The slurry rapidly mixes with 
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the combustion gases within the reactor.  The water in the slurry quickly evaporates, and the heat 
of evaporation causes the combustion gas temperature to rapidly decrease.  The neutralizing 
capacity of hydrated lime reduces the acid gas constituents of the combustion gas (e.g., HCl and 
SO2) by greater than 70%.  A dry product consisting of PM and hydrated lime settles to the 
bottom of the reactor vessel. 

SDSS technology is used in combination with ESPs or FFs.  SDSSs reduce ESP inlet 
temperatures to make a cold-sided ESP.  In addition to acid gas, particulate, and metals control, 
SDSSs with FFs or ESPs achieve greater than 90% dioxin control (U.S. EPA, 1992a), and they 
typically achieve greater than 90% SO2 and HCl control. 

Dry sorbent injection (DSI).  DSI is used to reduce acid gas emissions.  As with SDSSs, 
these units by themselves probably have little effect on dioxin emissions.  In this system, dry 
hydrated lime or soda ash is injected directly into the combustion chamber or into the flue duct of 
the hot post-combustion gases.  In either case, the reagent reacts with and neutralizes the acid gas 
constituents (Donnelly, 1992). 

Wet scrubber (WS).  WS devices are designed for acid gas removal and are more 
common to MWC facilities in Europe than in the United States.  They should help reduce 
emissions of dioxin in both vapor and particle forms.  The devices consist of two-stage 
scrubbers. The first stage removes HCl, and the second stage removes SO2 (Donnelly, 1992). 
Water is used to remove HCl, and caustic or hydrated lime is added to remove SO2 from the 
combustion gases. 

Other types of APCDs.  In addition to the APCDs described above, some less common 
types are also used in some MWCs.  An example is activated carbon injection (CI) technology. 
Activated carbon is injected into the flue gas prior to the gas reaching SDSSs with FFs (or an 
ESP). Dioxin (and mercury) are absorbed onto the activated carbon, which is then captured by 
the FFs or ESP.  CI technology improves dioxin control technologies by an additional 75% and 
is commonly referred to as flue gas polishing.  Many APCDs have been retrofitted to include CI, 
including more than 120 large MWCs. 

3.1.1.3. Classification Scheme 

Based on the array of municipal waste combustion technologies described above, a 
classification system for deriving CDD/CDF emission estimates was developed.  Assuming that 
facilities with common design and operating characteristics have a similar potential for 
CDD/CDF emissions, the MWCs operating in 1987 and 1995 were divided into categories 
according to the eight furnace types and six APCDs described above.  This resulted in 17 design 
classes in 1987 and 40 design classes in 1995. Because fewer types of APCDs were used in 1987 
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than in 1995, fewer design classes are needed for estimating emissions.  The MWCs operating in 
2000 were divided into three furnace types and 12 APCDs, resulting in 36 design classes. 
Design classes for all three reference years are summarized in Figures 3-7 through 3-9. 

3.1.2. Characterization of MWCs in Reference Years 2000, 1995, and 1987 

Table 3-1 lists, by design/APCD type, the number of facilities and activity level (kg 
MSW incinerated/yr) for MWCs in reference year 2000.  Similar inventories are provided for 
reference years 1995 and 1987 in Tables 3-2 and 3-3, respectively. This information was 
derived from five reports:  U.S. EPA (1987b), SAIC (1994), Taylor and Zannes (1996), Solid 
Waste Technologies (1994), and a memoran dum dated March 27, 2003, from Jason Huckaby, 
ERG, to Walt Stevenson, U.S. EPA.  In general, the information was collected via telephone 
interviews with the plant operators. 

Figure 3-7. Municipal waste combustor design classes for 1987. 

DS/FF = Dry scrubber combined with a fabric filter 
EGB = Electro gravel bed 
FF = Fabric filter 
H-ESP = Hot-sided electrostatic precipitator (temperature at control device is >230°C) 
WS = Wet scrubber 
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Figure 3-8.  Municipal waste combustor design classes for 1995. 

C-ESP = Cold-sided electrostatic precipitator (temperature at control device is <230°C)
 
DS/CI/FF = Dry scrubber with carbon injection and fabric filter
 
DS/FF = Dry scrubber combined with a fabric filter
 
DSI/FF = Dry sorbent injection coupled with a fabric filter
 
EGB = Electro gravel bed
 
H-ESP = Hot-sided electrostatic precipitator (temperature at control device is >230°C)
 
WS = Wet scrubber
 

Using Tables 3-1, 3-2, and 3-3, a number of comparisons can be made between the 
reference years: 

•	 The number of facilities stayed about the same (105 in 1987, 130 in 1995, and 104 in 
2000), but the amount of MSW incinerated more than doubled from 1987 to 1995 
(from 13.4 billion kg in 1987 to 29 billion kg in 1995); it remained constant from 
1995 to 2000 (30.6 billion kg in 2000). 
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Figure 3-9.  Municipal waste combustor design classes for 2000. 

aAlso equipped with furnace dry sorbent injection system. 
bAlso equipped with flue gas cooling (280–290°F). 
cAlso equipped with compact hybrid particulate collector system.

 CI = Carbon injection
 DSI = Dry sorbent injection
 ESP = Electrostatic precipitator
 FF = Fabric filter
 H2O = Water scrubber
 SD = Spray dryer
 SNCR = Selective noncatalytic reduction
 WS = Wet scrubber 

•	 In terms of number of facilities, the dominant furnace technology shifted from 
modular in 1987 (49 units and 1.1 billion kg) to MB-WW facilities in 1995 (57 units 
and 16.8 billion kg) and 2000 (140 units and 19 billion kg). 

•	 The dominant APCD technology shifted from hot-sided ESPs in 1987 (46 units and 
11 billion kg) to SDs with FFs (SDs/FFs) in 1995 (41 units and 12.8 billion kg) and 
SDs/FFs with CI and selective noncatalytic reduction (88 units and 4.6 billion kg), 
and SDs/FFs (27 units and 3.1 billion kg) in 2000. 

•	 The use of hot-sided ESPs dropped from 46 facilities in 1987 (11 billion kg) to 12 
facilities in 1995 (1.3 billion kg).  No hot-sided ESPs were used in 2000. 

•	 The number of uncontrolled facilities dropped from 38 in 1987 (0.6 billion kg) to 10 
in 1995 (0.2 billion kg) and 6 in 2000 (0.08 billion kg). 
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Table 3-1. Inventory of municipal waste combustors (MWCs) in 2000 by technology, air pollution control 
device (APCD), sizea, and annual activity level (kg/yr) 
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APCDb 

MWC type 

MB/RC MB MB/WW/RC MB/REF MB/WW MOD/EA MOD/SA FB/RDF RDF TOTAL 

Size 
(N) 

Activity 
level 

Size 
(N) 

Activity 
level 

Size 
(N) 

Activity 
level 

Size 
(N) 

Activity 
level 

Size 
(N) 

Activity 
level 

Size 
(N) 

Activity 
level 

Size 
(N) 

Activity 
level 

Size 
(N) 

Activity 
level 

Size
 (N) 

Activity 
level 

Size 
(N) 

Activity 
level 

DSI/FFc S(4) 2.78e+08 S(2) 6.27e+07 S(3) 1.13e+08 S(3) 4.7e+07 S(2) 9.41e+07 S(14) 5.95e+08 

DSI/ESP S(2) 1.25e+08 S(7) 1.49e+08 S(9) 2.75e+08 

DSI/FF/ 
H2O/SNCR 

L(2) 4.44e+07 L(2) 4.44e+07 

ESP S(4) 2.61e+08 S(6) 2.79e+08 S(6) 9.22e+07 S(8) 1.14e+08 S(2) 1.56e+08 S(26) 9.10e+08 

FF S(1) 1.76e+07 S(2) 3.14e+07 S(3) 4.90e+07 

WS S(4) 5.46e+07 S(4) 5.46e+07 

WS/ESP S(3) 1.13e+08 S(3) 1.13e+08 

SDd/FF/CI/ 
SNCR 

L(3) 3.97e+08 L(75) 1.34e+10 L(4) 6.68e+08 L(82) 1.45e+10 

SD/ESP L(4) 1.08e+09 L(4) 1.08e+06 

SD/ESP/CI L(4) 3.74e+08 L(4) 3.74e+08 

SD/ESP/ 
CI/SNCR 

L(15) 2.79e+09 L(15) 2.79e+09 

SD/ESP/ 
FFe/CI 

L(2) 7.41e+08 L(2) 7.41e+08 

SD/FF L(6) 1.11e+09 S(2) 6.27e+07 S(4) 1.25e+08 S(3) 1.32e+08 L(12) 1.69e+09 S(9) 
L(18) 

3.20e+08 
2.80e+09 

SD/FFe/ 
SNCR 

L(13) 2.99e+09 L(8) 1.57e+09 L(21) 4.56e+09 

SD/FF/CI S(2) 
L(5) 

1.25e+08 
9.51e+08 

S(4) 6.27e+07 S(6) 
L(5) 

1.88e+08 
9.51e+08 

Unc S(2) 3.14e+07 S(4) 5.17e+07 S(6) 8.31e+07 

TOTAL L(9) 
S(8) 

1.51e+09 
4.94e+08 

S(2) 6.27e+07 S(1) 1.76e+07 S(2) 1.25e+08 L(124) 
S(16) 

2.05e+10 
6.24e+08 

S(15) 4.50e+08 S(31) 5.10e+08 S(2) 9.41e+07 L(34) 
S(2) 

5.97e+09 
1.56e+08 

L(167) 
S(79) 

2.80e+10 
2.60e+09 
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Table 3-1. Inventory of municipal waste combustors (MWCs) in 2000 by technology, air pollution control 
device (APCD), sizea, and annual activity level (kg/yr) (continued) 

aFor size, S = small; L = large.
 
bSlash(es) indicates devices used in co njunction.
 
cAlso equipped with flue gas cooling ( 138 to 143°C).
 
dAlso equipped with furnace dry sorbe nt injection system.
 
eAlso equipped with compact hybrid p articulate collector system.
 

APCD:

  CI = Carbon injection

  DSI = Dry sorbent injection

  ESP = Electrostatic precipitator

  FF = Fabric filter

 H 2O = Water scrubber

  SD = Spray dryer

  SNCR = Selective noncatalytic reduction

  Unc = Uncontrolled

  WS = Wet scrubber
 

MWC type:

  FB/RDF = Fluidized-bed refuse-derived fuel

  MB = Mass burn

  MB/RC = Mass burn rotary kiln

  MB/REF = Mass burn refractory walled 

  MB/WW/RC = Mass burn waterwalled/refractory walled

  MOD/EA = Modular excess air

  RDF = Refuse-derived fuel
 






Table 3-2. Inventory of municipal waste combustors (MWCs) in 1995 by technology, air pollution control device 
(APCD), and annual activity level (kg/yr) 
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APCDa 

MWC type 

MB/RC MB/REF MB/WW FB/RDF RDF/ded MOD/SA MOD/EA TOTAL 

N 
Activity 

level N Activity level N Activity level N Activity level N Activity level N Activity level N Activity level N 
Activity

 level

   Unc 9 1.87e+08 1 1.41e+07 10 2.01e+08

   H-ESP 6 1.04e+09 1 4.22e+07 4 1.82e+08 1 1.97e+07 12 1.28e+09

   C-ESP 2 2.00e+08 1 1.69e+08 8 2.81e+09 4 1.81e+09 4 1.25e+08 3 8.28e+07 22 5.20e+09

   DSI/H-ESP 1 4.22e+08 1 2.00e+08 1 1.41e+07 3 6.36e+08

   DS/FF 2 1.14e+09 2 2.68e+08 28 8.57e+09 1 1.69e+08 7 2.51e+09 1 1.18e+08 41 1.28e+10

   DS/CI/FF 3 1.17e+09 3 1.17e+09

   DS/FF/C-ESP 1 5.63e+08 1 5.63e+08

   WS/FF 1 2.82e+07 1 2.82e+07

   WS/C-ESP 1 6.76e+07 1 6.76e+07

   DS/C-ESP 1 4.22e+08 8 2.31e+09 4 1.75e+09 13 4.48e+09

   DS/DSI/C-ESP 1 7.60e+07 1 7.60e+07

   DSI/CI/H-ESP 1 2.75e+08 1 2.75e+08

   DSI/C-ESP 6 5.07e+08 6 5.07e+08

   DSI/FF 2 2.59e+08 1 1.13e+08 2 1.97e+08 1 8.45e+07 1 4.22e+08 1 3.42e+07 1 1.01e+08 9 1.21e+09

   DSI/EGB 1 1.13e+08 1 1.13e+08

 WS 2 2.04e+08 3 4.90e+07 5 6.94e+08

   TOTAL 12 2.10e+09 7 1.18e+09 57 1.68e+10 3 3.67e+08 19 7.30e+09 23 6.81e+07 9 4.17e+08 130 2.93e+10 
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Table 3-2. Inventory of municipal waste combustors (MWCs) in 1995 by technology, air pollution control device 
(APCD), and annual activity level (kg/yr) (continued) 

aSlash(es) indicates devices used in conjunction.
 APCD:
   C-ESP = Cold-sided electrostatic precipitator
   CI = Carbon injection
   DS = Dry scrubber
   DSI = Dry sorbent injection
   EGB = Electro gravel bed
   FF = Fabric filter
   H-ESP = Hot-sided electrostatic precipitator
   SD = Spray dryer
   Unc = Uncontrolled
   WS = Wet scrubber

 MWC type:
   FB/RDF = Fluidized-bed refuse-derived fuel
   MB/RC = Mass burn rotary kiln
   MB/REF = Mass burn refractory walled
   MB/WW = Mass burn waterwalled
   MOD/EA = Modular excess air
   MOD/SA = Modular starved air
   RDF/ded = Refuse-derived fuel/dedicated 






Table 3-3. Inventory of municipal waste combustors (MWCs) in 1987 by technology, air pollution control 
device (APCD), and annual activity level (kg/yr) 
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APCDa 

MWC type 

MB/RC MB/REF MB/WW RDF/ded RDF/cofired MOD/SA MOD/EA TOTAL 

N 
Activity 

level N Activity level N 
Activity 

level N 
Activity 

level N Activity level N Activity level N Activity level N 
Activity

 level

   Unc 36 5.73e+08 2 4.17e+07 38 6.15e+08

   H- ESP 3 3.94e+08 12 2.00e+09 19 5.20e+09 7 3.01e+09 3 2.53e+08 2 1.17e+08 46 1.10e+10

   DS/FF 1 1.41e+07 1 1.55e+08 2 1.69e+08

   FF 1 1.58e+07 3 1.43e+08 4 1.59e+08

   EGB 1 6.76e+07 1 6.76e+07

 WS 7 9.01e+08 2 3.38e+08 4 5.30e+07 1 1.27e+08 14 1.42e+09

   TOTAL 4 4.10e+08 20 2.92e+09 20 5.36e+09 9 3.35e+09 3 2.53e+08 45 8.9e+08 4 2.36e+08 105 1.34e+10 
aSlash indicates devices used in conjunction.

 APCD:
   DS = Dry scrubber
   EGB = Electro gravel bed
   FF = Fabric filter
   H-ESP = Hot-sided electrostatic precipitator
   Unc = Uncontrolled
   WS = Wet scrubber

 MWC type:
   MB/RC = Mass burn rotary kiln
   MB/REF = Mass burn refractory walled
   MB/WW = Mass burn waterwalled
   MOD/EA = Modular excess air
   MOD/SA = Modular starved air
   RDF/cofired = Refuse-derived fuel/cofired
   RDF/ded = Refuse-derived fuel/dedicated 






3.1.3. Estimation of CDD/CDF Emissions from MWCs 

Compared with other CDD/CDF source categories, MWCs have been more extensively 
evaluated for CDD/CDF emissions.  In 2000, due to new regulations, EPA’s Office of Air 
Quality Planning and Standards (OAQPS) obtained emission test reports for all large MWCs. 

3.1.3.1. Estimating CDD/CDF Emissions from MWCs in Reference Year 2000 

EPA regulates dioxin emissions from MWCs on the basis of whether a facility is large or 
small (see Section 3.1.7). Large facilities are those with a total design combustion capacity >250 
tons/day; small facilities are those with a combustion capacity <250 tons/day).  Combustion 
capacity is determined on the basis of a single incineration unit.  Facilities may comprise more 
than one incinerator unit. In 2000, all large MWC facilities were source tested for stack 
emissions of dioxin, as required by EPA regulations.  Therefore, actual emissions from large 
facilities were used to represent facility-specific dioxin emissions in 2000.  More than 70% of the 
small MWCs have been tested for dioxin emissions, and the available data were used to represent 
facility-specific dioxin emissions in 2000.  For small MWCs that were not source tested, dioxin 
emissions were estimated on the basis of emission factors.  

Using the test reports, concentrations and emissions were calculated for each of the 17 
named dioxin/furan congeners and the remainder of the congener groups (homologues), making 
up total dioxin/furan emissions (for 27 congeners/groups) for each of the MWC units 
(Memorandum dated March 27, 2003, from Jason Huckaby, ERG, to Walt Stevenson, U.S. 
EPA). The calculations were based on the individual CDD/CDF congener/group concentrations 
for the MWC, the flue gas flow rate and MWC steam generation rate during the test, and the 
annual steam generation at the MWC.  Table 3-4 presents the average CDD/CDF congener-
specific stack gas concentrations used to derive the emission factors for the nontested facilities.  
Table 3-4 shows concentrations for three detection limit (DL) assumptions:  (1) a value of zero 
for concentrations below the DL, (2) a value of one-half the DL for concentrations below the DL, 
and (3) a value of the DL for concentrations below the DL.  

Table 3-5 shows facility-specific dioxin emissions for all MWCs operating in 2000 
(because of its size, Table 3-5 is placed at the end of this chapter).  Note that the facilities are 
divided into large and small MWCs.  In total, 83.8 g TEQDF-WHO98 (76.3 g I-TEQ) were emitted 
from all 104 MWCs in 2000.  Of this total amount, 13.8 g TEQDF-WHO98 (12.7 g I-TEQ) were 
emitted from large MWCs and 69.9 g TEQDF-WHO98 (63.6 g I-TEQ) were emitted from small 
MWCs.  Although 91% of the MSW combusted in 2000 was incinerated in large MWCs, the 
large MWCs accounted for only 17% of total dioxin emissions. 
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Table 3-4.  National average CDD/CDF congener concentrations for 
large municipal waste combustors (ng/dscm @ 7% O2) 

Congener Nondetect set to zeroa 
Nondetect set to 
½ detection limita 

Nondetect set to 
detection limita

  TrCDD 0.031 0.031 0.031 

  2,3,7,8-TCDD 0.005 0.006 0.006 

  1,2,3,7,8-PeCDD 0.016 0.016 0.017 

  1,2,3,4,7,8-HxCDD 0.016 0.016 0.016 

  1,2,3,6,7,8-HxCDD 0.037 0.036 0.037 

  1,2,3,7,8,9-HxCDD 0.032 0.032 0.032 

  1,2,3,4,6,7,8-HpCDD 0.219 0.219 0.219 

  OCDD 0.345 0.345 0.345 

  Other TCDDs 0.232 0.239 0.246 

  Other PeCDDs 0.323 0.334 0.344 

  Other HxCDDs 0.494 0.502 0.510 

  Other HpCDDs 0.220 0.220 0.220

  TrCDF 0.037  0.037 0.037 

  2,3,7,8-TCDF 0.072 0.072 0.073 

  1,2,3,7,8-PeCDF 0.050 0.051 0.052 

  2,3,4,7,8-PeCDF 0.069 0.069 0.069 

  1,2,3,4,7,8-HxCDF 0.082 0.083 0.083 

  1,2,3,6,7,8-HxCDF 0.059 0.059 0.060 

  1,2,3,7,8,9-HxCDF 0.013 0.013 0.014 

  2,3,4,6,7,8-HxCDF 0.066 0.066 0.067 

  1,2,3,4,6,7,8-HpCDF 0.156 0.157 0.159 

  1,2,3,4,7,8,9-HpCDF 0.024 0.024 0.024 

  OCDF 0.090 0.092 0.094 

  Other TCDF 1.081 1.083 1.085 

  Other PeCDF 0.747 0.758 0.770 

  Other HxCDF 0.326 0.329 0.332 

  Other HpCDF 0.079 0.079 0.079 

  TOTAL 4.92 4.97 5.02 
aValues incorporating use of the detection limit when the laboratory report indicated “not detected” for individual
 CDD/CDF congeners. 

Source: Memorandum dated March 27, 2003, from Jason Huckaby, ERG, to Walt Stevenson, U.S. EPA. 
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3.1.3.2. Estimating CDD/CDF Emissions from MWCs in Reference Years 1995 and 1987 

Within the context of this report, adequate emissions testing for CDDs/CDFs was 
available for 11 of the 113 facilities in the 1987 inventory and 27 of the 130 facilities in the 1995 
inventory.  Nationwide CDD/CDF air emissions from MWCs for reference years 1987 and 1995 
were estimated using the three-step process described below. 

Step 1.  Estimation of emissions from all stack-tested facilities.  The EPA stack testing 
method (EPA Method 23) produces a measurement of CDDs/CDFs in units of mass 
concentration of CDD/CDF (nanograms per dry standard cubic meter [ng/dscm] of combustion 
gas) at standard temperature and pressure (20°C and 1 atmosphere [atm]) and adjusted to a 
measurement of 7% oxygen in the flue gas (U.S. EPA, 1995a).  This concentration is assumed to 
represent conditions at the point of release from the stack into the air.  Equation 3-1 was used to 
derive annual emission estimates for each tested facility: 

C × V × CF × H 
ETEQ = (3-1) 

109 ng/g 

where: 
ETEQ = annual TEQ emissions (g/yr) 
C = combustion flue gas TEQ concentration (ng/dscm) (20oC, 1 atm; adjusted to 7% O2) 
V = volumetric flow rate of combustion flue gas (dscm/hr) (20oC, 1 atm; adjusted to 

7% O2) 
CF = capacity factor; fraction of time that the MWC operates (0.85) 
H = total hours in a year (8,760 hr) 

After calculating annual emissions for each tested facility, the emissions were summed 
across all tested facilities for each reference year.  (Many of the emission tests do not correspond 
exactly to these two years. In these cases, the equipment conditions present at the time of the test 
were compared with those during the reference year to determine their applicability.) 

Step 2. Estimation of emissions from all nonstack-tested facilities.  This step involves 
multiplying the emission factor and the annual activity level for each MWC design class and then 
summing across classes. The activity levels for reference years 1995 and 1987 are summarized 
in Tables 3-2 and 3-3, respectively. The emission factors were derived by averaging the emission 
factors across each tested facility in a design class.  The emission factor for each facility was 
calculated using the following equation: 
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 C × Fv ______
EFMWC  = (3-2) 

Iw 

where: 
EFMWC = emission factor; average ng TEQ/kg of waste burned 
C = TEQ or CDD/CDF concentration in flue gases (ng TEQ/dscm) (20°C, 
       1 atm; adjusted to 7% O2) 
Fv = volumetric flue gas flow rate (dscm/hr) (20°C, 1 atm; adjusted to 7% O2) 
Iw = average waste incineration rate (kg/hr) 

Using an MB-WW MWC equipped with a cold-sided ESP as an example, and given: 

C = 10 ng TEQ/dscm (20°C, 1 atm; adjusted to 7% O2)
 
Fv = 40,000 dscm/hr (20°C, 1 atm; adjusted to 7% O2)
 
Iw = 10,000 kg MSW/hr, then
 

10 ng  40,000 dscm hr 
EFMB-WW  = × × 

dscm  hr  10,000 kg

 40 ng TEQ 
= 

kg MSW burned 

EPA was not able to obtain engineering test reports of CDD/CDF emissions for a number 
of design classes.  In these cases, the above procedure could not be used to derive emission 
factors.  Instead, the emission factors of the tested design class that was judged most similar in 
terms of dioxin control was assumed to apply to the untested class.  The following logic was used 
to make this decision: 

1. The tested APCDs for the furnace type of the untested class were reviewed to see 
whether any operated at a similar temperature. 

2.	 If any operated at similar temperatures, the one with the most similar technology was 
assumed to apply. 
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3. If none operated at a similar temperature, then the most similar furnace type with the 
same control device was assumed to apply. 

Table 3-6 lists all design categories with no tested facilities and shows the class with 
tested facilities that was judged to be most similar.  The emission factors for each design class 
are the same for both reference years because the emission factor is determined only by the 
design and operating conditions and is independent of the year of the test. 

Step 3. Summation of emissions from tested and untested facilities.  This step involves 
summing emissions from all tested and untested facilities.  This process is shown in Tables 3-7a 
and 3-7b and 3-8a and 3-8b for the reference years 1995 and 1987, respectively.  The tables are 
organized by design class and show the emission estimates for the tested and untested facilities 
separately.  The calculation of emissions from untested facilities is broken out to show the 
activity level and emission factor for each design class. 

3.1.4. Summary of CDD/CDF (TEQ) Emissions from MWCs for 2000, 1995, and 1987 

The activity level estimates (i.e., the amount of MSW that is annually combusted by the 
various municipal waste combustion technologies) are given a high confidence rating for 1987 
(13.4 billion kg of waste), 1995 (29.3 billion kg of waste), and 2000 (30.6 billion kg of waste). 
For all three years, independent sources conducted comprehensive surveys of activity levels for 
virtually all facilities (U.S. EPA, 1987b; Solid Waste Technologies, 1994; SAIC, 1994; Taylor 
and Zannes, 1996; Memorandum dated March 27, 2003, from Jason Huckaby, ERG, to Walt 
Stevenson, U.S. EPA). 

The emission factor estimates are given a high confidence rating for 2000 and a medium 
confidence rating for both 1995 and 1987.  A large number of  MWC facilities were tested in 
2000, whereas a moderate fraction of the facilities were tested in 1995 and 1987:  27 of 130 
facilities (21%) in 1995 and 11 of 104 facilities in 1987 (10%).  The tested facilities represented 
27 and 21% of the total activity level of operating MWCs in 1995 and 1987, respectively.  These 
tests represent most of the design categories identified in this report.  The emission factors were 
developed from emission tests that followed standard EPA protocols, used strict QA/QC 
procedures, and were well documented in engineering reports.  Because all tests were conducted 
under normal operating conditions, some uncertainty exists about the magnitude of emissions 
that may have occurred during other conditions (e.g., upset conditions, start up, and shut down). 
In summary, this report estimates the following dioxin releases to air from MWCs operating in 
2000, 1995 and 1987. 
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Table 3-6.  CDD/CDF TEQ emission factors (ng TEQ/kg waste) for
municipal solid waste incineration 

Incinerator 
design 

Air pollution
control device 

(APCD)a 

Average I
TEQDF 

emission factor 

Average
TEQDF-WHO98 
emission factor Basis and rationale 

MOD/SA C-ESP 16.2 17 Based on MOD/EA; C-ESP, similar furnace
(modular design) and same APCD 

DS/DSI/
C-ESP 

16.2 17 Based on MOD/EA; C-ESP, similar furnace
(modular design) and similar emission control 

DSI/FF 0.025 0.024 Based on direct tests 
FF 16.2 17 Based on MOD/EA; C-ESP, similar furnace

(modular design) and similar emission control 
H-ESP 79 85.7 Based on direct tests 
UNC 0.025 0.024 Based on MOD/SA; DSI/FF, same furnace and

most similar expected emissions 
WS 16.2 17 Based on MOD/EA; C-ESP, similar furnace

(modular design) and similar APCD 
temperature 

WS/FF 16.2 17 Based on MOD/EA; C-ESP, similar furnace
(modular design) and similar APCD 
temperature 

MOD/EA C-ESP 16.2 17 Based on direct tests 
DS/FF 16.2 17 Based on MOD/EA; C-ESP, same furnace and

similar temperature in APCD; may
overestimate emissions 

DSI/FF 0.025 0.024 Based on MOD/SA; DSI/FF, similar (modular
design) furnace and same APCD 

DSI/H-ESP 118 119 Based on MOD/EA; H-ESP, same furnace and
similar emissions 

EGB 0.025 0.024 Based on MOD/SA; DSI/FF, same furnace and
most similar expected emissions 

H-ESP 118 119 Based on direct tests 
Unc 0.025 0.024 Based on MOD/SA; DSI/FF, same furnace and

most similar expected emissions 
WS 16.2 17 Based on MOD/EA; C-ESP, same furnace and

similar APCD temperature 
WS/C-ESP 16.2 17 Based on MOD/EA; C-ESP, same furnace and

similar APCD 
FB/RDF DS/FF 0.63 0.72 Based on MB/WW; DS/FF similar furnace and

same APCD 
DSI/EGB 0.63 0.72  Based on MB/WW; DS/FF similar furnace;

may underestimate emissions 
DSI/FF 0.63 0.72 Based on MB/WW; DS/FF similar furnace;

may underestimate emissions 
aSlash indicates devices used in conjunction.

 APCD: MWC type:
   C-ESP = Cold-sided electrostatic precipitator    FB/RDF = Fluidized-bed refuse-derived fuel
   DS = Dry scrubber    MB/WW = Mass burn waterwalled
   DSI = Dry sorbent injection    MOD/EA = Modular excess air
   EGB = Electro gravel bed    MOD/SA = Modular starved air
   FF = Fabric filter
   H-ESP = Hot-sided electrostatic precipitator
   Unc = Uncontrolled
   WS = Wet scrubber 
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Table 3-7a.  Annual I-TEQDF emissions from municipal waste combustors 
(MWCs) operating in 1995 

MWC 
type 

Air pollution 
control device 

(APCD)a 

I-TEQDF 

emissions from 
tested facilities 

(g TEQ/yr) 

Average 
 I-TEQDF 

emission factor 
(ng/kg) 

Activity 
level 

nontested 
facilities 
(kg/yr) 

I-TEQDF 

emissions 
from 

nontested 
facilities 

(g TEQ/yr) 

Total 
I-TEQDF 

emissions 
from all 
facilities 

(g TEQ/yr) 

MB/WW   C-ESP 
  DS/C-ESP 
  DS/CI/FF 

DS/FF 
  DSI/CI/H-ESP 

DSI/FF 
  DSI/H-ESP 
  H-ESP 

0 
2.1 
0.64 
2 
2.1 
0.3 
0 

163 

6.1 
6.1 
1.5 
0.63 
– 
– 
7.74 

473 

2.81e+09 
1.88e+09 
7.44e+08 
5.98e+09 
0 
0 
4.22e+08 
1.79e+08 

17.1 
11.5 

1.1 
3.8 
0.0 
0.0 
3.3 

84.7 

17.1 
13.6 

1.7 
5.8 
2.1 
0.3 
3.3 

247.6

  Subtotal 170.1 1.20e+10 121.4 291.5 

MB/REF   C-ESP 
  DS/C-ESP 

DS/FF 
DSI/FF 
WS 

39.8 
21.6 

0 
0 
0 

– 
– 
0.63 
1.91 

236 

0 
0 
2.68e+08 
1.13e+08 
2.04e+08 

0 
0 
0.2 
0.2 

48.1 

39.8 
21.6 

0.2 
0.2 

48.1

  Subtotal 61.4 5.85e+08 48.5 109.9 

MB/RC   C-ESP 
DS/FF 

  DSI/C-ESP 
DSI/FF 

0 
0.25 
0 
5.3 

47.0 
0.65 

47.0 
47.0 

2.00e+08 
7.57e+08 
5.07e+08 
1.46e+08 

9.4 
0.5 

23.8 
6.9 

9.4 
0.8 

23.8 
12.2

  Subtotal 5.6 1.61e+09 40.6 46.2 

RDF/ded   C-ESP 
  DS/C-ESP 

DS/FF 
DSI/FF 

  DSI/H-ESP 
  H-ESP 
  DS/FF/C-ESP 

32.5 
0.3 
0.1 
0 
0 
0 
0 

231 
0.53 
0.24 

231 
231 

1,492 
0.24 

1.67e+09 
1.14e+09 
1.58e+09 
4.22e+08 
2.00e+08 
4.22e+07 
5.63e+08 

385.8 
0.6 
0.4 

97.5 
46.2 
63.0 

0.1 

418.3 
0.9 
0.5 

97.5 
46.2 
63 

0.1

  Subtotal 32.9 5.62e+09 593.5 626.4 

MOD/SA   C-ESP 
DSI/FF 

  H-ESP 
  Unc 

WS 
WS/FF 

  DS/DSI/C-ESP 

0 
0 
8 
0 
0 
0 
0 

16.2 
– 

79 
0.025 

16.2 
16.2 
16.2 

1.25e+08 
0 
8.03e+07 
1.87e+08 
4.90e+07 
2.82e+07 
7.60e+07 

2.0 
0.0 
6.3 
0.0 
0.8 
0.5 
1.2 

2 
0 

14.3 
0.005 
0.8 
0.5 
1.2

  Subtotal 8 5.46e+08 10.9 18.9 
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Table 3-7a.  Annual I-TEQDF emissions from municipal waste combustors 
(MWCs) operating in 1995 (continued) 

MWC 
type 

Air pollution 
control device 

(APCD)a 

I-TEQDF 

emissions from 
tested facilities 

(g TEQ/yr) 

Average 
 I-TEQDF 

emission factor 
(ng/kg) 

Activity 
level 

nontested 
facilities 
(kg/yr) 

I-TEQDF 

emissions 
from 

nontested 
facilities 

(g TEQ/yr) 

Total 
I-TEQDF 

emissions 
from all 
facilities 

(g TEQ/yr) 

MOD/EA   C-ESP 
DS/FF 
DSI/FF 

  DSI/H-ESP 
  H-ESP 
  Unc 
  WS/C-ESP 

0.1 
0 
0 
0 
2.3 
0 
0 

16.2 
16.2 

0.025 
118 

b 
0.025 

16.2 

6.25e+07 
1.18e+08 
1.01e+08 
1.41e+07 
0 
1.41e+07 
6.76e+07 

1 
1.9 
0.003 
1.7 
0 
0.0003 
1.1 

1.1 
1.9 
0.003 
1.7 
2.3 
0.0003 
1.1

  Subtotal 2.4 3.77e+08 5.7 8.1 

FB/RDF  DS/FF 
DSI/EGB 
DSI/FF 

0 
0 
0 

0.63 
0.63 
0.63 

1.69e+08 
1.13e+08 
8.45e+07 

0.1 
0.1 
0.1 

0.1 
0.1 
0.1

  Subtotal 0 3.67e+08 0.3 0.3 

TOTAL 280.4 2.11e+10 820.9 1,101.3 
aSlash indicates devices used in conjunction. 
bValue could not be calculated. 

– = Emissions not developed

 APCD:
   C-ESP = Cold-sided electrostatic precipitator
   CI = Carbon injection
   DS = Dry scrubber
   DSI = Dry sorbent injection
   EGB = Electro gravel bed
   FF = Fabric filter
   H-ESP = Hot-sided electrostatic precipitator
   Unc = Uncontrolled
   WS = Wet scrubber

 MWC type:
   FB/RDF = Fluidized-bed refuse-derived fuel
   MB/RC = Mass burn rotary kiln
   MB/REF = Mass burn refractory walled
   MB/WW = Mass burn waterwalled
   MOD/EA = Modular excess air
   MOD/SA = Modular starved air
   RDF/ded = Refuse-derived fuel/dedicated 
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Table 3-7b.  Annual TEQDF-WHO98 emissions from municipal waste 
combustors (MWCs) operating in 1995 

MWC 
type 

Air pollution 
control device 

(APCD)a 

TEQDF 
WHO98 

emissions 
from tested 

facilities 
(g TEQ/yr) 

Average 
TEQDF 
WHO98 

emission 
factor 
(ng/kg) 

Activity level 
nontested 
facilities 
(kg/yr) 

TEQDF 
WHO98 

emissions 
from 

nontested 
facilities 

(g TEQ/yr) 

Total TEQDF 
WHO98 

emissions 
from all 
facilities 

(g TEQ/yr) 

MB/WW   C-ESP
  DS/C-ESP
  DS/CI/FF
 DS/FF

  DSI/CI/H-ESP
 DSI/FF

  DSI/H-ESP
  H-ESP

 0
 2.24
 0.68
 2.1
 2.26
 0.3
 0

 183

 6.54 
6.54 
1.61 
0.72 
– 
– 
8.22 

535.0 

2.81e+09 
1.88e+09 
7.44e+08 
5.98e+09 
0.0 
0.0 
4.22e+08 
1.79e+08 

18.4 
12.3 

1.2 
4.3 
0.0 
0.0 
3.5 

95.8 

18.4 
14.54 

1.88 
6.4 
2.26 
0.3 
3.5 

278.8

  Subtotal 190.6 1.20e+10 135.4 326.0 

MB/REF   C-ESP
  DS/C-ESP
 DS/FF
 DSI/FF
 WS

 43
 22.5

 0
 0
 0

 –
 – 
0.72 
2.07 

254.0 

0.0 
0.0 
2.68e+08 
1.13e+08 
2.04e+08 

0.0 
0.0 
0.2 
0.2 

51.8 

43.0 
22.5 

0.2 
0.2 

51.8

  Subtotal 65.5 5.85e+08 52.2 117.7 

MB/RC   C-ESP
 DS/FF

  DSI/C-ESP
 DSI/FF

 0
 0.265
 0

 10.5

 93.1 
0.68 

93.1 
93.1 

2.00e+08 
7.57e+08 
5.07e+08 
1.46e+08 

18.6 
0.5 

47.2 
13.6 

18.6 
0.8 

47.2 
24.1

  Subtotal  10.8 1.61e+09 79.9 90.7 

RDF/ded   C-ESP
  DS/C-ESP
 DS/FF
 DSI/FF

  DSI/H-ESP
  H-ESP
  DS/FF/C-ESP

 35.6
 0.34
 0.1
 0
 0
 0
 0

 253.0 
0.56 
0.26 

253.0 
253.0 

1,679.0 
253.0 

1.67e+09 
1.14e+09 
1.58e+09 
4.22e+08 
2.00e+08 
4.22e+07 
5.63e+08 

422.5 
0.6 
0.4 

106.8 
50.6 
70.9 

142.4 

458.1 
1.0 
0.5 

106.8 
50.6 
70.9 

142.4

  Subtotal  36 5.62e+09 794.2 830.2 

MOD/SA   C-ESP
 DSI/FF

  H-ESP
  Unc
 WS
 WS/FF

  DS/DSI/C-ESP

 0
 0.0008
 8.69
 0
 0
 0
 0

 17.0 
– 

85.7 
0.024 

17.0 
17.0 
17.0 

1.25e+08 
0.0 
8.03e+07 
1.87e+08 
4.90e+07 
2.82e+07 
7.60e+07 

2.1 
0.0 
6.9 
0.0 
0.8 
0.5 
1.3 

2.1 
0.001 

15.6 
0.005 
0.8 
0.5 
1.3

  Subtotal 8.7 5.46e+08 11.6 20.3 

3-27
 






Table 3-7b.  Annual TEQDF-WHO98 emissions from municipal waste 
combustors (MWCs) operating in 1995 (continued) 

MWC 
type 

Air pollution 
control device 

(APCD)a 

TEQDF 
WHO98 

emissions 
from tested 

facilities 
(g TEQ/yr) 

Average 
TEQDF 
WHO98 

emission 
factor 
(ng/kg) 

Activity level 
nontested 
facilities 
(kg/yr) 

TEQDF 
WHO98 

emissions 
from 

nontested 
facilities 

(g TEQ/yr) 

Total TEQDF 
WHO98 

emissions 
from all 
facilities 

(g TEQ/yr) 

MOD/EA   C-ESP
 DS/FF
 DSI/FF

  DSI/H-ESP
  H-ESP
  Unc
  WS/C-ESP

 0.068
 0
 0
 0
 2.35
 0
 0

 17.0 
17.0 

0.024 
119.0 

– 
0.024 

17.0 

6.25e+07 
1.18e+08 
1.01e+08 
1.41e+07 
0.0 
1.41e+07 
6.76e+07 

1.06 
2.01 
0.002 
1.68 
0.0 
0.003 
1.15

 1.1
 2.0
 0.002
 1.7
 2.4
 0.003
 1.2

  Subtotal  2.4 3.77e+08 5.9  8.3 

FB/RDF  DS/FF
 DSI/EGB
 DSI/FF

 0
 0
 0

 0.72 
0.72 
0.72 

1.69e+08 
1.13e+08 
8.45e+07 

0.114 
0.076 
0.057

 0.1
 0.1
 0.1

  Subtotal  0 3.67e+08 0.3  0.3 

TOTAL  314 2.11e+10 1,079.5  1,393.5 
aSlash indicates devices used in conjunction.

 – = Emissions not developed

 APCD:
   C-ESP = Cold-sided electrostatic precipitator
   CI = Carbon injection
   DS = Dry scrubber
   DSI = Dry sorbent injection
   EGB = Electro gravel bed
   FF = Fabric filter
   H-ESP = Hot-sided electrostatic precipitator
   Unc = Uncontrolled
   WS = Wet scrubber

 MWC type:
   FB/RDF = Fluidized-bed refuse-derived fuel
   MB/RC = Mass burn rotary kiln
   MB/REF = Mass burn refractory walled
   MB/WW = Mass burn waterwalled
   MOD/EA = Modular excess air
   MOD/SA = Modular starved air
   RDF/ded = Refuse-derived fuel/dedicated 
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Table 3-8a.  Annual I-TEQDF emissions to the air from municipal waste 
combustors (MWCs) operating in 1987 

MWC type 

Air pollution 
control 
device 

(APCD)a 

I-TEQDF 

emissions 
from tested 

facilities 
(g TEQ/yr) 

Average 
I-TEQDF 

emission 
factor 
(ng/kg) 

Activity level 
nontested 
facilities 
(kg/yr) 

I-TEQDF 

emissions 
from 

nontested 
facilities 

(g TEQ/yr) 

Total I
TEQDF 

emissions 
from all 
facilities 

(g TEQ/yr) 

MB/WW  DS/FF
  H-ESP

 0.0373
 433.0

 – 
473.0 

1.55e+08 
3.27e+09 

0.0 
1,546.7 

0.0373 
1,979.7

  Subtotal  433.0 3.43e+09  1,546.7  1,979.7 
MB/REF  DS/FF

  H-ESP
 WS

 0.0
 0.0
 0.0

 0.63
 473.0
 236.0

 1.41e+08 
2.00e+09 
9.01e+08 

0.09
946.0
212.6

 0.09
 946.0
 212.6

  Subtotal  0.0 3.04e+09  1,158.7  1,158.7 
MB/RC  FF

  H-ESP
 0.0

 48.2
 47.0

 285.0
 1.58e+07 
2.25e+08 

0.7
64.1

 0.7
 112.3

  Subtotal  48.2 2.41e+08  64.8  113.0 
RDF/ded   H-ESP

 WS
 840.0

 0.0
 1,492.0

 231.0
 2.45e+09 
3.38e+08 

3,655.4
 78.1

 4,495.4
 78.1

  Subtotal  840.0  2.79e+09  3,733.5  4,573.5 
RDF/cofired   H-ESP  0.0  231.0  2.53e+08 58.4  58.4 
MOD/SA  FF

  H-ESP
  Unc
 WS

 0.0
 0.0643
 0.0
 0.0

 16.2
 79.0

 0.025
 16.2

 1.43e+08 
3.61e+08 
5.73e+08 
5.30e+07 

2.3
 28.5

 0.01
 0.86

 2.3
 28.6

 0.01
 0.86

  Subtotal  0.0643  1.13e+09  31.7  31.8 
MOD/EA  EGB

  Unc
 WS

 0.0
 0.0
 0.0

 0.025
 0.025

 16.2

 6.76e+07 
4.17e+07 
1.27e+08 

0.002 
0.001 
2.057 

0.002
0.001
2.057

  Subtotal  0.0  2.36e+08  2.1  2.1 
TOTAL  1,321.3 1.11e+10 6,537.5 7,858.8 

aSlash indicates devices used in conjunction.

 APCD:
   DS = Dry scrubber
   EGB = Electro gravel bed
   FF = Fabric filter
   H-ESP = Hot-sided electrostatic precipitator
   Unc = Uncontrolled
   WS = Wet scrubber

 MWC type:
   MB/RC = Mass burn rotary kiln
   MB/REF = Mass burn refractory walled
   MB/WW = Mass burn waterwalled
   MOD/EA = Modular excess air
   MOD/SA = Modular starved air
   RDF/cofired = Refuse-derived fuel/cofired
   RDF/ded = Refuse-derived fuel/dedicated 
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Table 3-8b.  Annual TEQDF-WHO98 emissions to the air from municipal 
waste combustors (MWCs) operating in 1987 

MWC type 

Air pollution 
control device 

(APCD)a 

TEQDF 
WHO98 

emissions 
from tested 

facilities 
(g TEQ/yr) 

Average 
TEQDF 
WHO98 

emission 
factor 
(ng/kg) 

Activity level 
nontested 
facilities 
(kg/yr) 

TEQDF 
WHO98 

emissions 
from 

nontested 
facilities 

(g TEQ/yr) 

Total TEQDF 
WHO98 

emissions 
from all 
facilities 

(g TEQ/yr) 

MB/WW   DS/FF
  H-ESP

       0.039
   485.0

 – 
   535.0 

0
3.27e+09 

  0.0   
1,749.5 

0.039
2,234.5

  Subtotal    485.0 1,749.5 2,234.5 
MB/REF   DS/FF

  H-ESP
  WS

       0.0
       0.0
       0.0

       0.72 
   535.0 
   254.0 

1.41e+08 
2.00e+09 
9.01e+08 

0.1 
1,070.0 

228.9 

0.1
1,070.0

228.9
  Subtotal        0.0 1,299.0 1,299.0 

MB/RC  FF
  H-ESP

       0.0
     53.4

     93.1 
   316.0 

1.58e+07 
2.25e+08 

1.47 
71.1 

1.47
124.5

  Subtotal      53.4 72.6 126.0 
RDF/ded   H-ESP

  WS
   946.0
       0.0

 1,679.0 
   253.0 

2.45e+09 
3.38e+08 

4,113.6 
85.5 

5,059.6
85.5

  Subtotal    946.0 4,199.1 5,145.1 
RDF/cofired   H-ESP        0.0    253.0 2.53e+08 64.0 64.0 
MOD/SA  FF

  H-ESP
  Unc
  WS

       0.0
       0.068
       0.0
       0.0

     17.0 
     85.7 
       0.024 
     17.0 

1.43e+08 
3.61e+08 
5.73e+08 
5.30e+07 

2.4 
30.9 

0.01 
0.9 

2.4 
31.0

0.01
0.9

  Subtotal        0.068 34.2 34.3 
MOD/EA  EGB

  Unc
  WS

       0.0
       0.0
       0.0

       0.024 
       0.024 
     17.0 

6.76e+07 
4.17e+07 
1.27e+08 

0.0016 
0.001 
2.16 

0.0016
0.001
2.16

  Subtotal        0.0 2.2 2.2 
TOTAL  1,484.5 3.04e+09 7,420.6 8,905.1 

aSlash indicates devices used in conjunction.

 APCD:
   DS = Dry scrubber
   EGB = Electro gravel bed
   FF = Fabric filter
   H-ESP = Hot-sided electrostatic precipitator
   Unc = Uncontrolled
   WS = Wet scrubber

 MWC type:
  MB/RC = Mass burn rotary kiln
  MB/REF = Mass burn refractory walled
  MB/WW = Mass burn waterwalled
  MOD/EA = Modular excess air
  MOD/SA = Modular starved air
  RDF/cofired = Refuse-derived fuel/cofired
  RDF/ded = Refuse-derived fuel/dedicated 
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Reference year g TEQDF-WHO98 g I-TEQ Confidence rating 
2000  83.8  76.3 A 
1995 1,393.5 1,101.3 B 
1987 8,905.1 7,858.8 B 

As noted, a high confidence rating (A) is assigned to the estimate of dioxin emissions 
from MWCs in 2000 because a large number of facilities were tested, providing a highly certain 
and representative emissions estimate.  Table 3-5 displays the CDD/CDF TEQ emissions by each 
MWC facility operating in 2000.  Moreover, the activity level of MWCs in 2000 is known and is 
very representative of this source.  A confidence rating B is assigned to the overall dioxin air 
releases for years 1995 and 1987.  Although the activity level for those years is known and is 
considered very representative, fewer facilities were stack tested in those years relative to the 
total number of MWCs in operation.  Therefore, there was a reliance on the use of emission 
factors to estimate releases in 1995 and 1987. However, estimates for these years are considered 
representative of MWCs operating in those years. 

3.1.5. Congener Profiles of Municipal Waste Combustion Facilities 

The air emissions from MWCs contain a mixture of CDD and CDF congeners.  These 
mixtures can be translated into what are called “congener profiles,” which represent the 
distribution of total CDDs and total CDFs present in the mixture.  A congener profile may serve 
as a signature of the types of CDDs/CDFs associated with a particular MWC technology and 
APCD. Figure 3-10 is a congener profile of an MB-WW MWC equipped with an SDSS and an 
FF (the most common type of MWC and APCD design in use today).  This congener profile 
indicates that OCDD dominates CDD/CDF emissions and that every toxic CDD/CDF congener 
is detected in the emissions. Figures 3-11 and 3-12 present 2,3,7,8-TCDD frequency distribution 
and 1,2,3,7,8-PeCDD frequency distribution, respectively.  According to a memorandum dated 
March 27, 2003, from Jason Huckaby, ERG, to Walt Stevenson, U.S. EPA, the distribution of 
these two congeners varies little from MWC to MWC.  Although these two congeners represent 
less than 1% of total dioxin/furan emissions, they contribute approximately 13 to 23% of the I
TEQDF emissions, depending on which TEF system is used. 

3.1.6. Estimated CDDs/CDFs in MWC Ash 

Ash from MWCs is required to be disposed of in permitted landfills from which releases 
to the general environment are controlled.  For background purposes, however, some information 
is presented below about the quantities of CDDs/CDFs in ash from MWCs. 
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             Ratio (congener emission factor/total CDD/CDF emission factor) 

0 0.02 0.04 0.06 0.08 0.1 0.12 

Ratio (congener group emission factor/total CDD/CDF emission factor) 

0 0.08 0.1 0.15 0.2 0.25 

Figure 3-10.  Congener and congener group profiles for air 
emissions from a mass burn waterwall municipal waste 
combustor equipped with a dry scrubber and fabric filter. 
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 ND = 0 ND = ½ detection limit ND = full detection limit 
Arithmetic average (ng/dscm @ 7%O2) 0.00545 0.00578 0.0061 
Arithmetic standard deviation 0.01542 0.01535 0.0153 
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Figure 3-11.  2,3,7,8-TCDD frequency distribution (negative natural log concentration). 



ND = 0 ND = ½ detection limit ND = full detection limit 
Arithmetic average (ng/dscm @ 7%O2) 0.01589 0.0163 0.01669 
Arithmetic standard deviation 0.03375 0.03364 0.0336 
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Figure 3-12.  1,2,3,7,8-PeCDD frequency distribution (negative natural log concentration). 






An estimated 7 million metric tons of total ash (bottom ash plus fly ash) were generated by 
MWCs in 1992 (telephone conversation between J. Loundsberry, U.S. EPA Office of Solid 
Waste, and L. Brown, Versar, Inc., February 24, 1993).  EPA indicated that 2 to 5 million metric 
tons of total ash were produced annually in the late 1980s from MWCs, with fly ash comprising 
5 to 15% of the total (U.S. EPA, 1991a) . 

EPA reported the results of analyses of MWC ash samples for CDDs/CDFs (U.S. EPA, 
1990a). Ashes from five state-of-the-art facilities located in different regions of the United States 
were analyzed for all 2,3,7,8-substituted CDDs/CDFs.  The TEQ levels in the ash (fly ash mixed 


with bottom ash) ranged from 106 to 466 ng I-TEQDF/kg, with a mean value of 258 ng I
TEQDF/kg.  CDD/CDF levels are generally much higher in fly ash than in bottom ash.  For 
example, Fiedler and Hutzinger (1992) reported levels of 13,000 ng I-TEQDF/kg in fly ash. 

In another study (Washington State Department of Ecology, 1998), CDD/CDF congener 
data were reported for ash and other solid residuals from three municipal incinerators (Fort 
Lewis, Bellingham [municipal plus medical wastes], and Spokane).  The data were compiled and 
evaluated to determine a total I-TEQ concentration and loading. Nondetect values were included 
as either zero or one-half the DL or at the DL.  The results were as follows, assuming that 
nondetect values were at zero concentration: 

Location Type of Residual I-TEQ (:g/kg) I-TEQ (mg/day) 
Ft. Lewis Bottom ash 0.0 0.0 

Fly ash 4.98 0.76 
Bellingham Mixed ash 

(average of three tests) 0.038 1.14 
Spokane Mixed ash 0.163 38.0 

Fly ash 0.510 24.3 
Bottom ash 0.0001 0.02 

In Shane et al. (1990), ash from five municipal incinerators was analyzed for a number of 
constituents, including CDDs (but not CDFs) and PCBs.  For dioxins, three of the incinerators 
were at nondetectable levels (DL of 1 :g/kg).  The other two incinerators had detectable levels of 
five CDD congener groups (no analyses were reported for individual congeners), and the 
averages for the two units were 26, 59, 53, 25, and 12 :g/kg for TCDD, PeCDD, HxCDD, 
HpCDD, and OCDD, respectively.  These levels were much higher that those reported by EPA 
(U.S. EPA, 1990a). 

For PCBs, the five sets of ashes were analyzed for 10 congener groups.  All groups were 
detected for one of the incinerators.  However, the other four incinerators contained little or no 
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octa, nona, or deca congeners.  The average PCB concentration (all congener groups) for the five 
incinerators was 216 :g/kg, with a range of 99 to 322 :g/kg. 

No generation rates of the ashes were given (Shane et al., 1990); therefore, the measured 
concentrations cannot be readily converted to quantities of CDDs or PCBs.  The ashes from each 
of the five incinerators were disposed of in various ways.  For two of the incinerators, the ash 
was sent to metal recovery and also landfilled.  For a third, the fly ash was sold.  For a fourth, the 
ashes were landfilled only.  For the fifth, the ashes were used in road building and also landfilled. 
For those incinerators with more than one ash disposition, no breakdown was given of how much 
went to each location. Fifteen other incinerators were discussed in Shane et al. (1990).  Thirteen 
of them disposed of their ash exclusively in landfills, and the other two partially disposed of their 
ash in landfills. 

Table 7 in Clement et al. (1988) presents 13 data sets for CDD/CDF congener groups for 
municipal incinerator ash. The average data for each congener group and the ranges of each 
group are given in Table 3-9.  No data were presented for individual congeners or for ash 
quantities. 

Table 3-9.  Average and range of CDD/CDF congener groups in fly ash from 
a municipal incinerator (:g/kg) 

Congener group Average concentration Concentration range 

TCDD 

PeCDD 

HxCDD 

HpCDD 

OCDD 

3.7 

6.4 

9.1 

2.3 

1.5 

1.6–12 

2–25 

1.5–42 

0.5–9.2 

0.2–6 

TOTAL CDDs 23.0 6.2–94 

TCDF 

PeCDF 

HxCDF 

HpCDF 

OCDF 

12.0 

17.0 

14.0 

2.9 

1.2 

5.1–36 

8.3–40 

3.9–40 

0.8–9.2 

ND–2.1 

TOTAL CDFs 47.1  22–110 

Source:  Clement et al. (1988). 
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Ash from three incinerators (one in North America, one in Europe, and one in Japan) had 
mean CDD concentrations of 363, 588, and 2.6 :g/kg, respectively (Table 3-3 in U.S. EPA, 
1987a). The values ranged from less than 0.5 to 3.537 :g/kg.  For CDFs, the respective mean 
concentrations for the first two incinerators were 923 and 288 :g/kg.  Data for the third 
incinerator were not reported. The CDF range for the two incinerators was from less than 0.5 to 
1,770 :g/kg.  No data were given for individual congeners or for quantities of ashes. 

In Table 1 in Lahl et al. (1991), data are presented for concentrations of total CDDs and 
total CDFs in the ash from an ESP from a municipal incinerator.  Total CDDs were 140.46 :g/kg 
in the summer samples and 86 :g/kg in the winter samples.  Total CDFs were 54.97 :g/kg in the 
summer samples and 73.85 :g/kg in the winter samples.  No data were given for individual 
congeners, nor was there information about the quantity of precipitator ash generated.  It was 
assumed that the data were not for TEQs. 

A wire reclamation incinerator was reported to have 0.41 :g/kg of CDDs and 11.6 :g/kg 
of CDFs in fly ash from its stack emissions (Table 3-11 in U.S. EPA, 1987a).  For the same 
incinerator, the furnace ash concentrations were reported as 0.58 :g/kg CDDs and 0.73 :g/kg 
CDFs.  Again, no data were given for individual congeners or for quantities of the ashes. 

Data from the aforementioned sources are compiled in Table 3-10 of this document for 
comparison purposes. Annual TEQ amounts were estimated by multiplying the mean TEQ total 
ash concentration by the estimated amount of MWC ash generated annually (approximately 7 
million metric tons in 1995 and 5 million metric tons in 1987).  Where possible, ash quantities 
were broken down into fly ash or bottom ash.  Fly ash was assumed to be 10% of the total ash, 
and bottom ash was assumed to be 90% of the total ash. 

Imagawa and Lee (2001) analyzed samples collected from eight Japanese MSW 
incinerators to determine dioxin levels in the fly ash (Table 3-11).  Specific congener data were 
not available, so TEQ calculations could not be performed. 

Kobylecki et al. (2001) analyzed the reduction of dioxins in fly ash by pelletizing the ash 
and reburning the pellets in a laboratory-scale bubbling fluidized-bed furnace.  Fly ash for the 
test input material was collected from a fly ash filter vessel during 4 days of MWC operation. 
The concentrations of the dioxin collected and composited congeners are shown in Table 3-12. 
The total TEQ value derived by Kobylecki was 862 ng I-TEQDF/kg of fly ash. 

Sakai et al. (2001) analyzed the levels of dioxins and PCBs in fly ash and bottom ash 
from a newly constructed MWC in Japan (Table 3-13).  TEQ values derived from the data give a 
total of 423 ng I-TEQDF/kg for fly ash and 10.5 ng I-TEQDF/kg for bottom ash for dioxins and 
31.6 ng I-TEQDF/kg for fly ash and 0.85 ng I-TEQDF/kg for bottom ash for PCBs. 
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Table 3-10.  Comparison of the amount of TEQs generated annually in 
municipal waste combustor ash 

Data source 
Type of 

ash 

Mean total 
CDD/CDF 
concentrati 

on 
(ng/kg) 

Mean 
I-TEQDF 

(ng/kg) 

Annual 
TEQ 

amount 
1995 valuea 

(g I
TEQDF/yr) 

Annual TEQ 
amount 

1987 valuea 

(g I
TEQDF/yr) 

U.S. EPA (1990a) Mixed 12,383 258 1,806 1,290 

Washington State 
Department of Ecology 
(1998)

  Ft. Lewis

  Bellingham

  Spokane 

Bottom 
Fly 

Mixed 

Mixed 
Fly 
Bottom 

0 
71,280 

1,884 

1,414 
10,320 

100 

0 
4,980 

38 

163 
510 

0.1 

0 
3,486 

266 

1,141 
357 

1 

0 
2,490 

190 

815 
255 

0.05 

Shane et al. (1990) Fly 175,000 – – – 

Clement et al. (1988) Fly 70,000 – – – 

U.S. EPA (1987a)

  North America

  Europe

  Japan

  Wire reclamation 

Fly 

Fly 

Fly 

Fly 
Bottom 

1,286,000 

876,000 

2,600 

12,010 
1,310 

– 

– 

– 

– 
– 

– 

– 

– 

– 
– 

– 

– 

– 

–

  Lahl et al. (1991) Mixed 177,640 – – – 
aIn calculating the annual TEQ amounts, fly ash and bottom ash were considered to be 10% and 90% of the total ash,
 respectively. 

– = Value could not be calculated 

Each of the five facilities sampled by EPA had companion ash disposal facilities 
equipped with leachate collection systems or some means of collecting leachate samples (U.S. 
EPA, 1990a).  Leachate samples were collected and analyzed for each of these systems. 
Detectable levels were found in the leachate at only one facility (3 ng I-TEQDF/L); the only 
detectable congeners were HpCDDs, OCDD, and HpCDFs. 
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Table 3-11. Concentration of CDD/CDF congener groups (ng/kg) in fly ash 
samples from combustion of municipal solid waste in eight Japanese 
incineratorsa 

Congener 
group 

Stoker incinerators Fluidized-bed incinerators 

B C D E F I J L

 TCDD 

  PeCDD 

HxCDD 

HpCDD 

OCDD 

5,000 

20,000 

45,000 

70,000 

125,000 

200,000 

340,000 

440,000 

340,000 

110,000 

80,000 

200,000 

250,000 

230,000 

160,000 

75,000 

105,000 

90,000 

37,000 

15,000 

6,000 

10,000 

12,000 

8,000 

7,000 

10,000 

28,000 

41,000 

40,000 

25,000 

10,000 

37,000 

100,000 

200,000 

187,000 

5,000 

10,000 

30,000 

40,000 

50,000 

TCDF 

  PeCDF 

HxCDF 

HpCDF 

OCDF 

25,000 

50,000 

65,000 

75,000 

40,000 

210,000 

410,000 

400,000 

230,000 

20,000 

330,000 

320,000 

300,000 

200,000 

40,000 

50,000 

45,000 

22,000 

10,000 

1,000 

13,000 

14,000 

21,000 

17,000 

10,000 

18,000 

32,000 

34,000 

33,000 

13,000 

50,000 

125,000 

210,000 

225,000 

150,000 

70,000 

120,000 

200,000 

270,000 

120,000 
a Incinerators are designated by letters because they remained anonymous. 

Source:  Imagawa and Lee (2001) (numbers estimated from Figure 2 of report). 

Table 3-12. Concentration of CDD/CDF congener groups in fly ash samples 
from municipal solid waste 

Congener group Concentration (ng/kg) TEQ (ng/kg) 
TCDD 
PeCDD 
HxCDD 
HpCDD 
OCDD 

8,000 
9,000                    

40,000 
10,800 

8,000 

15 
45 

100 
50 

1 
TCDF 
PeCDF 
HxCDF 
HpCDF 
OCDF 

8,000 
10,000 

9,500                    
8,500                    
8,000 

10 
300 
300 

40 
1 

TOTAL 119,800 862 

Source:  Kobylecki et al. (2001) (estimated from values in Figure 4 of “Before Incineration”). 
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Table 3-13. CDD/CDF concentrations in municipal solid waste ash from a 
newly constructed municipal waste combustor in Japan 

Congener 

Concentration (ng/kg) I-TEQs (ng/kg) 

Fly ash Bottom ash Fly ash Bottom ash 

2,3,7,8-TCDD 19 1.6 19.0 1.6 
1,2,3,7,8-PeCD 78 3.1 39.0 1.65 
1,2,3,4,7,8-HxCDD 92 2.6 9.2 0.26 
1,2,3,6,7,8-HxCDD 210 5.6 21.0 0.56 
1,2,3,7,8,9-HxCDD 130 3.6 13.0 0.36 
1,2,3,4,6,7,8-HpCDD 1,300 33.0 13.0 0.33 
OCDD 2,800 110.0 2.8 0.11 
2,3,7,8-TCDF 150 4.8 15.0 0.48 
1,2,3,7,8-PeCDF 290 5.3 14.5 0.265 
2,3,4,7,8-PeCDF 320 5.9 160.0 2.95 
1,2,3,4,7,8-HxCDF 310 4.4 31.0 0.44 
1,2,3,6,7,8-HxCDF 310 4.9 31.0 0.49 
1,2,3,7,8,9-HxCDF 21 0.36 2.1 0.036 
2,3,4,6,7,8-HxCDF 400 6.7 40.0 0.67 
1,2,3,4,6,7,8-HpCDF 1,100 23.0 11.0 0.23 
1,2,3,4,7,8,9-HpCDF 110 1.6 1.1 0.016 
OCDF 320 9.3 0.32 0.0093 
TOTAL 7,960 226.0 423.0 10.5 

Source:  Sakai et al. (2001). 

3.1.7. Recent EPA Regulatory Activities 

As part of the 1990 Clean Air Act mandates, EPA promulgated CDD/CDF emission 
standards for all existing and new MWC units at facilities with aggregate combustion capacities 
greater than 35 metric tons per day (Federal Register, 1995a).  These standards, established under 
Section 129 of the Clean Air Act, required facilities to use “maximum achievable control 
technology” (MACT) at MWC units and emission control retrofit for large MWC units (units 
with capacities greater than 225 metric tons per day) by December 2000.  In response to a court 
remand, the regulations were subsequently amended to remove small MWC units (units with 
capacities ranging from 35 to 225 metric tons per day) (Federal Register, 1995a).  

The specific emission standards for large MWCs (expressed as ng/dscm of total 
CDD/CDF, based on standard dry gas corrected to 7% oxygen) are a function of the size, APCD 
configuration, and age of the facility, as listed below. 
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1995 emission standards 
(ng total CDD/CDF/dscm)   Facility age, size, and APCD 

60 Existing; >225 metric tons/day; ESP-
based APCD 

30 Existing; >225 metric tons/day; non
ESP-based APCD 

13 New; >225 metric tons/day 

EPA reestablished emission standards for small MWCs in December 2000.  These 
standards contain two dioxin emission limits:  one for small MWCs at plants with an aggregate 
capacity greater than 250 tons/day (Class I MWCs) and another for small MWCs at plants with 
an aggregate capacity less than 250 tons/day (Class II MWCs).  The limits for the Class I MWCs 
were the same as the 1995 limits for large MWCs.  The limit for the smaller Class II MWCs is 
125 ng/dscm.  These small MWCs were on schedule to comply with the standards by December 
2005. Small MWC emissions were estimated to be 63 g/yr I-TEQ in 2000 and should be less 
than 2 g/yr in 2005, when all control retrofits are completed (Federal Register, 2003). 

3.2. HAZARDOUS WASTE INCINERATION 

Hazardous waste incineration is the controlled pyrolysis and/or oxidation of potentially 
dangerous liquid, gaseous, and solid waste.  It is one of the technologies used to manage 
hazardous waste under the Resource Conservation and Recovery Act (RCRA) and the 
Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA, or 
Superfund). 

Hazardous wastes are burned in a variety of situations and are covered in a number of 
different sections in this report. 

•	 Much hazardous waste is burned in facilities dedicated to burning this type of waste. 
Most of these dedicated facilities are located on-site at chemical manufacturing 
facilities and burn only the waste associated with their on-site industrial operations.  
Hazardous waste is also burned at dedicated facilities located off-site.  These facilities 
accept waste from multiple sources. On- and off-site hazardous waste burning 
facilities are addressed in Sections 3.2.1 through 3.2.4. 

•	 Hazardous waste is also burned in industrial boilers and furnaces that are permitted to 
burn the waste as supplemental fuel. These facilities have significantly different 
furnace designs and operations than those of dedicated hazardous waste incinerators 
(HWIs).  They are discussed in Section 3.2.6. 

•	 Hazardous waste is also burned in halogen acid furnace s (HAFs), in which halogen 
acids (such as HCl) may be produced from halogenated  secondary materials.  These 
facilities are discussed in Section 3.2.7. 
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•	 A number of cement kilns and lightweight aggregate kilns are also permitted to burn 
hazardous waste as auxiliary fuel.  These are discussed separately in Section 5.1. 

•	 Mobile HWIs are typically used for site cleanup at Superfund sites.  These units can 
be transported from one location to another and operate for a limited duration at any 
given location.  Because these facilities are transitory, they are not included in this 
inventory at this time. 

The following sections review the types of hazardous waste incineration technologies 
commonly in use in the United States and present the CDD/CDF emission estimates from all 
facilities operating in 1987, 1995, and 2000. 

3.2.1. Furnace Designs for HWIs 

The four principal furnace designs employed for the combustion of hazardous waste in 
the United States are rotary kiln, liquid injection, fixed-hearth, and fluidized-bed (Dempsey and 
Oppelt, 1993). The majority of commercial operations use rotary kiln incinerators.  On-site 
(noncommercial) hazardous waste incineration technologies use an equal mix of rotary kiln and 
liquid injection furnaces, along with some fixed-hearth and fluidized-bed operations (U.S. EPA, 
1996a). These HWI technologies are discussed below. 

Rotary kiln.  Rotary kiln incinerators consist of a rotary kiln coupled with a high-
temperature afterburner. Because rotary kilns are excess-air units designed to combust hazardous 
waste in any physical form (i.e., liquid, semisolid, or solid), they are the most common type of 
HWI used by commercial off-site operators.  The rotary kiln is a horizontal cylinder lined with 
refractory material.  Rotation of the cylinder on a slight slope provides for gravitational transport 
of the hazardous waste through the kiln (Buonicore, 1992a).  The tumbling action of the rotating 
kiln causes mixing and exposure of the waste to the heat of combustion, thereby enhancing 
burnout. 

Solid and semisolid wastes are loaded into the top of the kiln by an auger or rotating 
screw. Fluid and pumpable sludges and wastes are typically introduced into the kiln through a 
water-cooled tube. Liquid hazardous waste is fed directly into the kiln through a burner nozzle. 
Auxiliary fuel (natural gas or oil) is burned in the kiln chamber at startup to reach elevated 
temperatures. The typical heating value of hazardous waste (8,000 British thermal units 
[Btu]/kg) is sufficient to sustain combustion without auxiliary fuel (U.S. EPA, 1996a).  The 
combustion gases emanating from the kiln are passed through a high-temperature afterburner 
chamber to more completely destroy organic pollutants entrained in the flue gases.  Rotary kilns 
can be designed to operate at temperatures as high as 2,580°C, but they more commonly operate 
at about 1,100°C. 
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Liquid injection.  Liquid injection incinerators are designed to burn liquid hazardous 
waste.  These wastes must be sufficiently fluid to pass through an atomizer for injection as 
droplets into the combustion chamber. The incinerator consists of a refractory-lined steel 
cylinder mounted in either a horizontal or a vertical alignment.  The combustion chamber is 
equipped with one or more waste burners.  Because of the rather large surface area of the 
atomized droplets of liquid hazardous waste, the droplets quickly vaporize.  The moisture 
evaporates, leaving a highly combustible mix of waste fumes and combustion air (U.S. EPA, 
1996a). Secondary air is added to the combustion chamber to complete the oxidation of the 
fume and air mixture. 

Fixed-hearth.  Fixed-hearth incinerators are starved-air or pyrolytic incinerators.  Waste 
is ram-fed into the primary chamber and incinerated at about 50 to 80% of stoichiometric 
requirements. The resulting smoke and pyrolytic combustion products are then passed through a 
secondary combustion chamber where relatively high temperatures are maintained by the 
combustion of auxiliary fuel.  Oxygen is introduced into the secondary chamber to promote 
complete thermal oxidation of the organic molecules entrained in the gases.  Other types of 
hearths include roller hearths and rotary hearths.  Roller hearths use a conveyor system to move 
waste from the kiln entrance to the exit.  In rotary hearths, waste enters and exits through the 
same gate, and the hearth rotates inside a circular tunnel kiln. 

Fluidized-bed.  The fluidized-bed incinerator is similar in design to the incinerators used 
in MSW incineration (see Section 3.1).  In fluidized-bed HWIs, a layer of sand is placed on the 
bottom of the combustion chamber. The bed is preheated by underfire auxiliary fuel at startup. 
The hot gases channel through the sand at relatively high velocity, and the turbulent mixing of 
combustion gases and combustion air causes the sand to become suspended (Buonicore, 1992a) 
and take on the appearance of a fluid medium; hence the term “fluidized-bed” combustor.  The 
incinerator is operated at temperatures below the melting point of the bed material (typical 
temperatures are within a range of 650 to 940°C).  A constraint on the types of waste burned is 
that the solid waste particles must be capable of being suspended within a furnace.  When the 
liquid or solid waste is combusted in the fluid medium, the exothermic reaction causes heat to be 
released into the upper portion of the combustion chamber.  The upper portion typically has 
much larger volume than the lower portion, and temperatures can reach 1,000°C (Buonicore, 
1992a). This high temperature is sufficient to combust volatilized pollutants emanating from the 
combustion bed. 
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3.2.2. APCDs for HWIs 

Most HWIs use APCDs to remove undesirable components from the flue gases that 
evolve during the combustion of the hazardous waste.  These unwanted pollutants include 
suspended ash particles (PM), acid gases, metals, and organic pollutants.  The APCD controls 
collect these pollutants and reduce the amount discharged from the incinerator stack to the 
atmosphere. The levels and types of these combustion byproducts are highly site specific, 
depending on factors such as waste composition and incinerator system design and operating 
parameters (e.g., temperature and exhaust gas velocity).  The APCD typically comprises a series 
of different devices that work together to clean the combustion exhaust flue gas.  Unit operations 
usually include exhaust gas cooling followed by PM and acid gas control. 

Exhaust gas cooling may be achieved by using a waste heat boiler or heat exchanger, 
mixing with cool ambient air, or injecting a water spray into the exhaust gas.  A variety of types 
of APCDs are used to remove PM and acid gases.  Such devices include WSs (such as venturi, 
packed bed, and ionizing systems), ESPs, and FFs (sometimes used in combination with dry acid 
gas scrubbing).  In general, the control systems can be grouped into the following three 
categories:  wet, dry, and hybrid wet/dry systems.  The controls for acid gases (either dry or wet 
systems) cause temperatures to be reduced before the gases reach the control device.  This 
impedes the formation of CDDs/CDFs in the post-combustion area of the typical HWI.  It is not 
unusual for stack concentrations of CDDs/CDFs at a particular HWI to be in the range of 1 to 
100 ng/dscm (Helble, 1993), which is low when compared with concentrations from other waste 
incineration systems.  However, the range of total CDD/CDF flue gas concentrations measured 
in the stack emissions of HWIs during trial burns across the class of HWI facilities spans four 
orders of magnitude, ranging from 0.1 to 1,600 ng/dscm (Helble). 

The three categories of APCD systems are described below: 

•	 Wet system.  A WS is used for both particulate and acid gas control.  Typically, a 
venturi scrubber and a packed-bed scrubber are used in a back-to-back arrangement. 
Ionizing WSs, wet ESPs, and innovative venturi-type scrubbers may be used for more 
efficient particulate control.  WSs generate a wet effluent liquid wastestream 
(scrubber blowdown). They are relatively inefficient at fine particulate control when 
compared with dry control techniques, and they have equipment corrosion concerns. 
However, WSs provide efficient control of acid gases and have lower operating 
temperatures (compared with dry systems), which may help control the emissions of 
volatile metals and organic pollutants. 

•	 Dry system.  In SDSSs, an FF or ESP is used for particulate control, frequently in 
combination with dry scrubbing for acid gas control.  Compared with WSs, SDSSs 
are inefficient in controlling acid gases. 
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•	 Hybrid system.  In hybrid systems, a dry technique (ESP or FF) is used for 
particulate control, followed by a wet technique (WS) for acid gas control.  Hybrid 
systems have the advantages of both wet and dry systems (lower operating 
temperature for capture of volatile metals, efficient collection of fine particulates, 
efficient capture of acid gases) while avoiding many of the disadvantages.  In some 
hybrid systems, known as “zero discharge systems,” the WS liquid is used in the dry 
scrubbing operation, thus minimizing the amount of liquid byproduct waste. 

Facilities that do not use any APCDs fall under a separate and unique category. These are 
primarily liquid waste injection facilities, which burn wastes with low ash and low chlorine 
content; therefore, they are low emitters of PM and acid gases. 

3.2.3. Estimation of CDD/CDF Emission Factors for HWIs 

To estimate emission factors, EPA’s Office of Research and Development (ORD) 
generally subdivides the combustors in each source category into design classes judged to have 
similar potential for CDD/CDF emissions.  However, as explained below, dedicated HWIs have 
not been subdivided. 

Total CDD/CDF emissions are likely the net result of all three of the mechanisms 
described above (pass through, precursor, and de novo synthesis); however, the relative 
importance of each mechanism can vary among source categories.  In the case of HWIs, the third 
mechanism (post-combustion formation) is likely to dominate, because HWIs are typically 
operated at high temperatures and with long residence times, and most have sophisticated real-
time monitoring and controls to manage the combustion process.  Therefore, any CDDs/CDFs 
present in the feed or formed during combustion are likely to be destroyed before exiting the 
combustion chamber. Consequently, for purposes of generating emission factors, it was decided 
not to subdivide this class on the basis of furnace type. 

Emissions resulting from the post-combustion formation of CDDs/CDFs in HWIs can be 
minimized using a variety of technologies: 

•	 Rapid flue gas quenching.  The use of wet and dry scrubbing devices to remove acid 
gases usually results in the rapid reduction of flue gas temperatures at the inlet to the 
APCD. If the temperature is reduced below 200°C, the low-temperature catalytic 
formation of CDDs/CDFs is substantially retarded. 

•	 Use of PM APCDs.  PM control devices can effectively capture condensed and 
adsorbed CDDs/CDFs that are associated with the entrained PM (in particular, those 
adsorbed on unburned carbon-containing particulates). 
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•	 Use of activated carbon.  Activated CI is used at some HWIs to collect (sorb) 
CDDs/CDFs from the flue gas.  This may be achieved using carbon beds or by 
injecting carbon and collecting it in a downstream PM APCD. 

All of these approaches appear to be very effective in controlling dioxin emissions at 
dedicated HWIs; emissions data are insufficient to generalize about any minor differences. 
Consequently, for purposes of generating emission factors, ORD decided not to subdivide this 
class on the basis of APCD type. 

EPA’s Office of Solid Waste (OSW) compiled a database summarizing the results of 
stack testing for CDDs/CDFs at a number of HWIs between 1993 and 2000 (U.S. EPA, 2002b). 
The CDD/CDF emission factors for HWIs in 1995 are based on data from 17 HWIs tested 
between 1993 and 1996; emissions of HWIs in 2000 are based on data from 22 HWIs tested in 
2000. The furnaces at the 22 HWI facilities tested in 2000 were 11 rotary kiln incinerators, 6 
liquid injection incinerators, 2 rotary hearth units, 1 fluidized-bed incinerator, and 1 roller hearth. 

Rather than classifying the dedicated HWI designs to derive an emission factor, ORD 
decided to derive the emission factor as an average across all tested facilities.  First, an average 
emission factor was calculated using eq 3-3. 

C × Fv __________EFHWI  = (3-3) 
Iw 

where: 
EFHWI = emission factor (average ng TEQ per kg of waste burned) 
C = TEQ or CDD/CDF concentration in flue gases (ng TEQ/dscm) (20°C,
       1 atm; adjusted to 7% O2) 
Fv = volumetric flue gas flow rate (dscm/hr) (20°C, 1 atm; adjusted to 7% O2) 
Iw = average waste incineration rate (kg/hr) 

Although 22 HWIs were tested in 2000, the OSW database contained values for flue gas 
flow rates for only 12 of these incinerators.  Therefore, only 12 HWIs could be used to develop 
an emission factor.  After developing an average emission factor for each HWI, the overall 
average congener-specific emission factor was derived using eq 3-4. 

EFavgHWIn=1–17
 = (EFHWI1

 + EFHWI2
 + EFHWI3

 + ........ + EFHWI17 
) / N (3-4)
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where: 
EFavgHWI = average emission factor for the tested HWIs (ng/kg) 
N = number of tested facilities 

Tables 3-14a and 3-14b present the average emission factors developed for specific 
congeners, total CDDs and total CDFs, and TEQs for the HWIs tested from 1993 to 1996 and in 
2000, respectively.  The average congener emission profile for the 17 HWIs tested from 1993 to 
1996 are presented in Figure 3-13.  The average emission factor for the 17 HWIs was 3.88 ng 
TEQDF-WHO98/kg (3.83 ng I-TEQDF/kg) of waste feed (assuming nondetect values were zero). 
The average emission factor for the 22 HWIs tested in 2000 was 2.13 ng TEQDF-WHO98/kg (2.12 
ng I-TEQDF/kg) of waste feed (assuming nondetect values were zero).  The emission factor 
developed for reference year 1995 was used as a surrogate for reference year 1987. 

3.2.4. Emission Estimates for HWIs 

Although emissions data were available for 10% of the HWIs operating in 1995 and 17% 
of the HWIs operating in 2000 in the United States (i.e., 22 of the 132 HWIs operating in 2000 
have been tested), the emission factor estimates are assigned a medium confidence rating because 
of uncertainties resulting from the following: 

•	 Variability of the waste feeds.  The physical and chemical composition of the waste 
can vary from facility to facility and even within a facility.  Consequently, CDD/CDF 
emissions measured for one feed may not be representative of those of other feeds. 

•	 Trial burns.  Much of the CDD/CDF emissions data were collected during trial 
burns, which are required as part of the RCRA permitting process and are used to 
establish the destruction rate efficiency of principal hazardous organic constituents in 
the waste. During trial burns, a prototype waste is burned that is intended to 
maximize the difficulty in achieving good combustion.  For example, chlorine, 
metals, and organics may be added to the waste.  The HWI may also be operated 
outside normal operating conditions.  The temperature of both the furnace and the 
APCD may vary by a wide margin (high and low temperatures), and the waste feed 
system may be increased to maximum design load.  Accordingly, it is uncertain how 
representative the CDD/CDF emissions measured during the trial burn will be of 
emissions during normal operating conditions. 

Dempsey and Oppelt (1993) estimated that up to 1.3 million metric tons of hazardous 
waste were combusted in HWIs during 1987.  A confidence rating of medium is assigned to this 
estimate. EPA estimated that 1.5 million metric tons of hazardous waste were combusted in 
HWIs each year in the early 1990s (Federal Register, 1996a).  The activity level estimate for 
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Table 3-14a. CDD/CDF emission factors for hazardous waste incinerators 
and boilers tested from 1993 to 1996 

Congener 

Incinerator average mean 
emission factor (17 facilities) 

(ng/kg feed) 

Hot-sided ESP boilers mean 
emission factor (2 facilities) 

(ng/kg feed) 

Nondetect set 
to 

½ detection 
limit 

Nondetect set to 
zero 

Nondetect set to 
½ detection 

limit 
Nondetect set to 

zero 

2,3,7,8-TCDD 0.44 0.14 0.1 0.0 
1,2,3,7,8-PeCDD 0.18 0.14 0.11 0.04 
1,2,3,4,7,8-HxCDD 0.22 0.18 0.15 0.08 
1,2,3,6,7,8-HxCDD 0.32 0.28 0.2 0.18 
1,2,3,7,8,9-HxCDD 0.49 0.48 0.22 0.2 
1,2,3,4,6,7,8-HpCDD 1.77 1.74 1.17 1.17 
OCDD 4.13 3.74 5.24 5.24 
2,3,7,8-TCDF 2.96 2.69 0.81 0.81 
1,2,3,7,8-PeCDF 2.36 2.33 0.38 0.38 
2,3,4,7,8-PeCDF 2.56 2.51 0.52 0.52 
1,2,3,4,7,8-HxCDF 9.71 9.71 0.83 0.83 
1,2,3,6,7,8-HxCDF 3.95 3.95 0.37 0.37 
1,2,3,7,8,9-HxCDF 0.31 0.29 0.08 0.02 
2,3,4,6,7,8-HxCDF 2.7 2.7 0.56 0.56 
1,2,3,4,6,7,8-HpCDF 16.87 16.68 1.04 0.93 
1,2,3,4,7,8,9-HpCDF 1.74 1.71 0.18 0.16 
OCDF 13.79 13.46 0.7 0.7 
Total I-TEQDF 
Total TEQDF-WHO98 

4.22 
4.29 

3.83 
3.88 

0.78 
0.83 

0.64 
0.65 

Total CDD/CDF 153 153 28.83 28.39 

ESP = Electrostatic precipitator 
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Table 3-14b.  CDD/CDF emission factors for hazardous waste incinerators 
and boilers tested in 2000 

Congener/congener 
group 

Incinerator average mean 
emission factor (12 facilities) 

(ng/kg feed)a 

Hot-sided ESP boilers mean 
emission factor (1 facility) 

(ng/kg feed)a 

Nondetect set to 
½ detection limit 

Nondetect set 
to zero 

Nondetect set to 
½ detection limit 

Nondetect set to 
zero 

2,3,7,8-TCDD 0.0615 0.036 0.0346 0.0 
1,2,3,7,8-PeCDD 0.6141 0.0907 0.0488 0.0 
1,2,3,4,7,8-HxCDD 0.2347 0.1395 0.1149 0.0789 
1,2,3,6,7,8-HxCDD 0.5408 0.4351 0.1715 0.1228 
1,2,3,7,8,9-HxCDD 0.3037 0.2178 0.3361 0.231 
1,2,3,4,6,7,8-HpCDD 2.729 2.699 1.406 1.4055 
OCDD 5.211 5.17 1.554 1.5541 
2,3,7,8-TCDF 0.6931 0.6399 0.9531 0.9531 
1,2,3,7,8-PeCDF 0.9406 0.8375 0.4599 0.3862 
2,3,4,7,8-PeCDF 0.88 0.735 0.8836 0.8836 
1,2,3,4,7,8-HxCDF 4.085 4.045 3.611 3.6108 
1,2,3,6,7,8-HxCDF 3.031 3.001 0.69 0.561 
1,2,3,7,8,9-HxCDF 2.667 2.637 0.038 0.0 
2,3,4,6,7,8-HxCDF 1.218 1.121 1.3272 1.3272 
1,2,3,4,6,7,8-HpCDF 28.74 28.71 4.6345 4.6345 
1,2,3,4,7,8,9-HpCDF 5.056 5.021 0.1895 0.1257 
OCDF 36.270 36.23 0.7841 0.7841 
Total I-TEQDF 
Total TEQDF-WHO98 

2.54 
2.809 

2.119 
2.127 

1.313 
1.335 

1.214 

Total CDD/CDF 195.70 194.10 17.24 16.66 

aValues incorporating use of the detection limit when the laboratory report indicated “not detected” for individual 
CDD/CDF congeners. 

ESP = Electrostatic precipitator     
NR = Not reported 

Source:  U.S. EPA (2002a). 
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Ratio (congener emission factor/total CDD/CDF emission factor) 
0 0.05 0.1 0.15 

Figure 3-13.  Congener profile for air emissions from 17 hazardous waste 
incinerators tested from 1993 through 1996. 

1995 is assigned a high confidence rating because it is based on a review by EPA of the various 
studies and surveys conducted in the 1990s to assess the quantity and types of hazardous wastes 
being managed by various treatment, storage, and disposal facilities.  Because of a lack of data 
regarding the amount of waste burned in 2000, the 1995 estimate (1.5 million metric tons) was 
also used for determining TEQ emissions for 2000. 

The annual TEQ emissions for reference years 1987, 1995, and 2000 were estimated 
using eq 3-5. 

EHWI = EFHWI × AHWI (3-5) 
where: 

EHWI = annual emissions from all HWIs, tested and nontested (g TEQ/yr) 
EFHWI = mean emission factor for HWIs (ng TEQ/kg of waste burned) 
AHWI = annual activity level of all operating HWIs (million metric tons/yr) 
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Applying the average TEQ emission factor for dedicated HWIs (3.88 ng TEQDF 

WHO98/kg waste [3.83 ng I-TEQDF/kg waste]) to these production estimates yields estimated 



emissions of 5 g TEQ (TEQDF-WHO98 or I-TEQDF) in 1987 and 5.8 g TEQDF-WHO98 (5.7 g I
TEQDF) in 1995. For 2000, applying the average TEQ emission factors for dedicated HWIs (2.13 
ng TEQDF-WHO98/kg waste [2.12 ng I-TEQDF/kg waste]) to a production estimate of 1.5 million 
metric tons yields estimated emissions of 3.2 g TEQDF-WHO98 (3.18 g I-TEQDF). Medium 
confidence rating is assigned to these estimates because the emission factor was given a medium 
confidence rating. 

3.2.5. Recent EPA Regulatory Activities 

CDD/CDF emissions from HWIs are regulated by EPA (Federal Register, 1999a, 2004). 
The regulations are specific to the I-TEQ concentration in the combustion gases leaving the 
stack. Existing HWIs equipped with waste heat boilers and dry scrubbers (as APCDs) cannot 
emit more than 0.28 ng I-TEQ/dscm.  All other existing HWIs are limited to 0.4 ng I-TEQ/dscm 
of stack gas. Regulatory requirements are more strict for newly built HWIs:  those equipped with 
waste heat boilers and dry scrubbers (as APCDs) cannot emit more than 0.11 ng I-TEQ/dscm, 
and all others are limited to 0.2 ng I-TEQ/dscm of stack gas. 

3.2.6. Industrial Boilers and Furnaces Burning Hazardous Waste 

In 1991, EPA established rules that allow the combustion of some liquid hazardous waste 
in industrial boilers and furnaces (Federal Register, 1991b).  These facilities typically burn oil or 
coal for the primary purpose of generating electricity.  Liquid hazardous waste can be burned 
only as supplemental (auxiliary) fuel, and the rule limits use to no more than 5% of the primary 
fuels.  These facilities typically use an atomizer to inject the waste as droplets into the 
combustion chamber. They are equipped with particulate and acid gas emission controls and in 
general are sophisticated, well-controlled facilities that achieve good combustion. 

The national OSW database contains congener-specific emission concentrations for two 
boilers burning liquid hazardous waste as supplemental fuel tested from 1993 to 1996.  The 
average congener and congener group emission profiles for the industrial boiler data set are 
presented in Figure 3-14.  The database also contains congener-specific emission concentrations 
for four boilers tested in 2000. Of the boilers tested in 2000, sufficient data to calculate average 
TEQ emissions were available for only one boiler.  The average congener and TEQ emission 
factors are presented in Tables 3-14a and 3-14b.  The limited set of emissions data prevented 
subdividing this class to derive an emission factor.  The equation used to derive the emission 
factor is the same as eq 3-4. The TEQ emission factors for the industrial boiler are 0.65 ng 
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Ratio (congener emission factor/total CDD/CDF emission factor) 

0 0.05 0.1 0.15 0.2 

Ratio (congener emission factor/total CDD/CDF emission factor) 

0 0.05 0.1 0.15 0.2 0.25 

Figure 3-14.  Congener and congener group profiles for air emissions from 
boilers and industrial furnaces burning hazardous waste. 

3-52
 






TEQDF-WHO98/kg (0.64 ng I-TEQDF/kg) of waste feed for 1993 to 1996 and 1.212 ng TEQDF 
WHO98/kg (1.214 ng I-TEQDF/kg) of waste feed for 2000.  These emission factors are assigned a 
low confidence rating because they reflect testing at only 2 of 136 hazardous waste boilers and 
furnaces operating from 1993 to 1996 and only 1 of the 114 hazardous waste boilers and furnaces 
operating in 2000. 

Dempsey and Oppelt (1993) estimated that approximately 1.2 billion kg of hazardous 
waste were combusted in industrial boilers/furnaces in 1987.  EPA estimated that in each year in 
the early 1990s approximately 0.6 billion kg of hazardous waste were combusted in industrial 
boilers/furnaces (Federal Register, 1996a).  It is possible that cement kilns and light-weight 
aggregate kilns burning hazardous waste were included in the estimate by Dempsey and Oppelt 
for 1987; the estimate for 1995 does not appear to include these hazardous waste-burning kilns. 
A confidence rating of low is assigned to the estimated activity level for 1987, which was largely 
based on a review of state permits (Dempsey and Oppelt, 1993).  The activity level estimate for 
1995 is assigned a medium confidence rating because it was based on a review by EPA of the 
various studies and surveys conducted in the 1990s to assess the quantity and types of hazardous 
wastes being managed by various treatment, storage, and disposal facilities.  Because of a lack of 
data regarding the amount of waste burned in 2000, the 1995 estimate (1.5 million metric tons) 
was used as a surrogate for 2000. 

Equation 3-5, which was used to calculate annual TEQ emissions for dedicated HWIs, 
was also used to calculate annual TEQ emissions for industrial boilers/furnaces.  Multiplying the 
average TEQ emission factors by the total estimated kg of liquid hazardous waste burned in 
1987, 1995, and 2000 yields annual emissions in g-TEQ/yr.  From this procedure, the emissions 
from all industrial boilers/furnaces burning hazardous waste as supplemental fuel are estimated 
as 0.78 g TEQDF-WHO98 (0.77 g I-TEQDF) in 1987, 0.39 g TEQDF-WHO98 (0.38 g I-TEQDF) in 
1995, and 1.82 g TEQ (TEQDF-WHO98 or I-TEQDF) in 2000. Because of the low confidence 
rating for the emission factor, the overall confidence rating is low for the emission estimates for 
all three reference years. 

3.2.7. Halogen Acid Furnaces Burning Hazardous Waste 

Hazardous waste can be used in the production of halogen acids using an HAF. 
According to EPA rules, products that qualify as hazardous waste, as defined in 40 CFR 261.2 
must be regulated as such, even if the products are used in the production of halogen acids using 
an HAF (Federal Register, 1991c). 

The national OSW database contains congener-specific emission concentrations for two 
HAFs burning liquid hazardous waste as supplemental fuel tested in 2000.  Data from these two 
facilities were used to calculate an emission factor for HAFs.  The average congener and TEQ 
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emission factors are presented in Table 3-15. The equation used to derive the emission factor is 
the same as eq 3-4. The average TEQ emission factor for HAFs is 0.836 ng TEQDF-WHO98/kg 
(0.803 ng I-TEQDF/kg) of waste feed for reference year 2000.  This emission factor is assigned a 
low confidence rating because it reflects testing at only 12.5% of all HAFs operating in 2000 (2 
out of 16). 

Table 3-15. CDD/CDF emission factors for halogen acid furnaces tested in 
2000 

Congener/congener 
group 

Incinerator average mean emission factor (12 facilities) (ng/kg feed) 

Nondetect set to 
½ detection limit Nondetect set to zero 

2,3,7,8-TCDD 0.0274 0.0208 
1,2,3,7,8-PeCDD 0.1164 0.112 
1,2,3,4,7,8-HxCDD 0.0979 0.0913 
1,2,3,6,7,8-HxCDD 0.1663 0.1594 
1,2,3,7,8,9-HxCDD 0.1686 0.1293 
1,2,3,4,6,7,8-HpCDD 0.9868 0.9868 
OCDD 1.4944 1.4944 
2,3,7,8-TCDF 0.3821 0.3821 
1,2,3,7,8-PeCDF 0.583 0.583 
2,3,4,7,8-PeCDF 0.5689 0.5689 
1,2,3,4,7,8-HxCDF 1.1244 1.1244 
1,2,3,6,7,8-HxCDF 0.7172 0.7172 
1,2,3,7,8,9-HxCDF 0.4412 0.4412 
2,3,4,6,7,8-HxCDF 0.2685 0.2685 
1,2,3,4,6,7,8-HpCDF 3.4914 3.4914 
1,2,3,4,7,8,9-HpCDF 1.0429 1.0429 
OCDF 25.015 25.015 
Total I-TEQDF 
Total TEQDF-WHO98 

0.8176 
0.8519 

0.8034 
0.8356 

Total CDD/CDF 62.4773 62.4607 

Source:  U.S. EPA (2002a). 

The amount of hazardous waste combusted using HAFs in 2000 was conservatively 
estimated to be 375,600 metric tons.  This estimate is based on data provided by OSW that 
described activity levels for each individual HAF in 2000.  Activity data were available for 14 of 
the 16 facilities. By assuming that plants operate continuously throughout the year, that they are 
always running at 80% of maximum capacity, and that the activity levels represent the maximum 
capacity, a conservative estimate for the annual quantity burned per HAF was derived (23,480 
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kg/yr).  This quantity multiplied by the total universe of 16 facilities yields the final estimate of 
375,600 metric tons. This was assigned a low confidence rating because the data was possibly 
nonrepresentative. 

Equation 3-5, which was used to calculate annual TEQ emissions from dedicated HWIs, 
was also used to calculate annual TEQ emissions from HAFs. Multiplying the average TEQ 
emission factors by the total estimated kilograms of liquid hazardous waste burned in 2000 yields 
annual emissions in g I-TEQDF. From this procedure, the emissions from all industrial 
boilers/furnaces burning hazardous waste as supplemental fuel are estimated as 0.31 g TEQDF 
WHO98 (0.3 g I-TEQDF). Because of the low confidence rating for the emission factor, the 
overall confidence rating is low for the emission estimates. 

3.2.8. Solid Waste from Hazardous Waste Combustion 

U.S. EPA (1987a) contains limited data on ash generated from hazardous waste 
incineration. The study indicates that the mean concentrations of CDDs and CDFs from an HWI 
with an afterburner were 538 :g/kg and 2,853 :g/kg, respectively (Table 3-8 in U.S. EPA, 
1987a). Specific data for congeners and for ash quantities were not provided. 

3.3. MEDICAL WASTE INCINERATION 

Medical waste incineration is the controlled burning of solid wastes generated primarily 
by hospitals, veterinary facilities, and medical research facilities.  EPA defines medical waste as 
any solid waste generated in the treatment, diagnosis, or immunization of humans or animals or 
research pertaining thereto or in the production or testing of biologicals (Federal Register, 
1997a). The primary purposes of medical waste incineration are to reduce the volume and mass 
of waste in need of land disposal and to sterilize the infectious materials.  The following sections 
review the basic types of medical waste incinerator (MWI) designs used to incinerate medical 
waste and the distribution of APCDs used on MWIs and summarize the derivation of dioxin TEQ 
emission factors for MWIs and the national dioxin TEQ emission estimates for reference years 
1987, 1995, and 2000. 

3.3.1. Design Types of MWIs Operating in the United States 

For purposes of this document, EPA has classified MWIs into three broad technology 
categories: modular furnaces using controlled air, modular furnaces using excess air, and rotary 
kilns. Of the MWIs in use today, the vast majority are believed to be modular furnaces using 
controlled air. EPA has estimated that 97% are modular furnaces using controlled air, 2% are 
modular furnaces using excess air, and 1% are rotary kiln combustors (U.S. EPA, 1997a). 
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Modular furnaces using controlled air.  Modular furnaces have two separate 
combustion chambers mounted in series (one on top of the other).  The lower chamber is where 
the primary combustion of the medical waste occurs.  Medical waste is ram-fed into the primary 
chamber and underfire air is delivered beneath the incinerator hearth to sustain good burning of 
the waste. The primary combustion chamber is operated at below stoichiometric levels, hence 
the terms “controlled air” or “starved air.”  With substoichiometric conditions, combustion 
occurs at relatively low temperatures (760 to 985°C).  Under the conditions of low oxygen and 
low temperatures, partial pyrolysis of the waste occurs and volatile compounds are released. 

The combustion gases pass into a second chamber.  Auxiliary fuel (such as natural gas) is 
burned to sustain elevated temperatures (985 to 1,095°C) in this secondary chamber.  The net 
effect of exposing the combustion gases to an elevated temperature is more complete destruction 
of the organic contaminants entrained in the combustion gases emanating from the primary 
combustion chamber. Combustion air at 100 to 300% in excess of stoichiometric requirements is 
usually added to the secondary chamber.  Gases exiting the secondary chamber are directed to an 
incinerator stack (U.S. EPA, 1991b, 1997a; Buonicore, 1992b).  Because of its low cost and good 
combustion performance, this design has been the most popular choice for MWIs and has 
accounted for more than 95% of systems installed over the past two decades (U.S. EPA, 1990b, 
1991b; Buonicore, 1992b). 

Modular furnaces using excess air.  These systems use the same modular furnace 
configuration as described above for the controlled-air systems.  The difference is that the 
primary combustion chamber is operated at air levels of 100 to 300% in excess of stoichiometric 
requirements, hence the name “excess air.”  A secondary chamber is located on top of the 
primary unit.  Auxiliary fuel is added to sustain high temperatures in an excess-air environment. 
Excess-air MWIs typically have smaller capacity than do controlled-air units, and they are 
usually batch-fed operations.  This means that the medical waste is ram-fed into the unit and 
allowed to burn completely before another batch of medical waste is added to the primary 
combustion chamber. Figure 3-4 shows a schematic of a typical modular furnace using excess 
air. 

Rotary kiln.  In terms of design and operational features, the rotary kiln technology used 
in medical waste incineration is similar to that employed in both municipal and hazardous waste 
incineration (see description in Section 3.1).  Because of their relatively high capital and 
operating costs, few rotary kiln incinerators are in operation for medical waste treatment (U.S. 
EPA, 1990b, 1991b; Buonicore, 1992b). 

MWIs can be operated in three modes:  batch, intermittent, and continuous.  Batch 
incinerators burn a single load of waste, typically only once per day.  Waste is loaded and ashes 
are removed manually.  Intermittent incinerators, which are loaded continuously and frequently 
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with small waste batches, operate less than 24 hr/day, usually on a shift basis.  Either manual or 
automated charging systems can be used, but the incinerator must be shut down for ash removal. 
Continuous incinerators are operated 24 hr/day and use automatic charging systems to charge 
waste into the unit in small, frequent batches.  All continuous incinerators operate using a 
mechanism to automatically remove the ash from the incinerator (U.S. EPA, 1990b, 1991b). 

3.3.2. Characterization of MWIs for Reference Years 1987, 1995, and 2000 

Medical waste incineration remains a poorly characterized industry in the United States 
in terms of knowing the exact number of facilities in operation over time, the types of APCDs 
installed on these units, and the aggregate volume and weight of medical waste that is combusted 
in any given year (U.S. EPA, 1997a).  The primary reason for this lack of information is that 
permits were not generally required for the control of pollutant stack emissions from MWIs until 
the early 1990s, when state regulatory agencies began setting limits on emissions of PM and 
other contaminants (Federal Register, 1997a).  Prior to that, only opacity was controlled. 

The information available to characterize MWIs from 1987 and 1995 comes from 
national telephone surveys, stack emission permits, and data gathered by EPA during public 
hearings (Federal Register, 1997a).  For 2000, information was also provided by a memorandum 
on emissions from MWIs (Strong and Hanks, 1999) and a limited telephone survey (McAloon, 
2003). Strong and Hanks provided information on MWIs in the United States, including the 
APCD being used by each facility.  A telephone survey was conducted with the state agencies in 
each of these six states to obtain the number of MWIs that were operating in 2000.  EPA was 
able to obtain an updated list from four of the six states, which are shown below, along with the 
dates they were contacted, the number of MWIs operating in 1999, the updated number of MWIs 
for that state in 2000, and the percent of facilities closed over this time period for each state. 

State Date contacted 
No. of MWIs 

1999 2000 
Percentage of facilities 

closed from 1999 to 2000 
Illinois Jan. 16, 2003  97 13 86.6 
Louisiana Jan. 16, 2003  92 24 73.91 
Maryland Dec. 2, 2002 36 30 16.67 

Michigan Nov. 26, 2002 228 45 80.26 


The geometric mean of the closure percentages for the four states was determined to be 
54.09 and the arithmetic mean was 64.36.  Maryland had the lowest closure percent from 1999 to 
2000; however, through discussions with representatives of Maryland state agencies, it was 
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determined that close to 70% of the facilities operating in 1999 would be shut down as of 2003. 
It was therefore assumed that the average closure percent of 64.36 was a fairly good estimate for 
all states. This average was applied to the total number of facilities operating in 1999 from the 
Strong and Hanks (1999) memorandum to estimate the number of facilities operating in 2000. 

The information obtained from these sources suggests the following: 

•	 The number of MWIs in operation for each reference year was approximately 5,000  in 
1987 (U.S. EPA, 1987c), 2,375 in 1995 (Federal Register, 1997a), and 1,065 in 2000 
(Strong and Hanks, 1999; McAloon, 2003). 

•	 The amount of medical waste combusted annually in the United States was 
approximately 1.43 billion kg in 1987 (U.S. EPA, 1987c) and 0.77 billion kg in 1995 
(Federal Register, 1997a). 

These estimates indicate that between 1987 and 1995 the total number of operating MWIs 
and the total amount of waste combusted decreased by more than 50%.  From 1995 to 2000, the 
total number of operating MWIs decreased by approximately 55%.  A variety of factors probably 
contributed to the reduction in the number of operating facilities, including federal and state 
regulations and air pollution control requirements.  In 1997, EPA adopted emission guidelines 
for existing MWIs (incinerators constructed on or before June 20, 1996) and New Source 
Performance Standards for new MWIs (incinerators constructed after June 20, 1996).  The Clean 
Air Act requires that states implement the emission guidelines according to a state plan and that 
they submit the state plan to EPA within one year of EPA’s promulgation of the guidelines (i.e., 
by September 15, 1998).  The compliance schedule, however, allows up to three years from EPA 
approval of the state plan for MWIs to comply, provided the plan includes enforceable 
increments of progress.  All MWIs were required to be in compliance within three years of 
approval of their state plan or by September 15, 2002, whichever was earlier. 

Compliance is stated to be either completion of retrofit of air pollution controls or 
shutdown of the facility.  As a result, many facilities have closed down and hospitals have 
switched to less expensive medical waste treatment technologies, such as autoclaving (Federal 
Register, 1997a).  Autoclaving, or steam sterilization, is one of the most common waste 
management practices used today.  This process involves placing bags of infectious waste into a 
sealed chamber, sometimes pressurized, and then heating it by direct contact with steam to 
sterilize the waste. 

The actual controls used on MWIs on a facility-by-facility basis in 1987 are unknown, 
and EPA generally assumes that MWIs were mostly uncontrolled (U.S. EPA, 1987c).  However, 
the modular design does cause some destruction of organic pollutants within the secondary 
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combustion chamber. Residence time within the secondary chamber is key to inducing the 
thermal destruction of the organic compounds.  Residence time is the time that the organic 
compounds entrained within the flue gases are exposed to elevated temperatures in the secondary 
chamber.  EPA has demonstrated with full-scale MWIs that increasing residence time from 1/4 
sec to 2 sec in the secondary chamber can reduce organic pollutant emissions, including 
CDDs/CDFs, by up to 90% (Federal Register, 1997a).  In this regard, residence time can be 
viewed as a method of air pollution control. 

EPA estimates that about two-thirds of the medical waste burned in MWIs in 1995 went 
to facilities that had some method of air pollution control (Federal Register, 1997a).The types of 
APCDs installed and the methods used on MWIs include DSI, FFs, ESPs, WSs, and FFs 
combined with packed-bed scrubbers (composed of granular activated carbon).  Some organic 
constituents in the flue gases can be adsorbed by the packed bed.  Within the uncontrolled class 
of MWIs, about 12% of the waste was combusted in facilities with design capacities of less than 
200 lb/hr, with the majority of waste burned at facilities with capacities greater than 200 lb/hr.  In 
controlled facilities, an estimated 70% of the aggregate activity level is associated with facilities 
equipped with either WSs, FFs, or ESPs; 29.9% is associated with facilities that use DSI 
combined with FFs; and less than 1% is associated with facilities that have an FF/packed-bed 
APCD (AHA, 1995; Federal Register, 1997a). 

Strong and Hanks (1999) provided information on the types of APCDs used by facilities 
operating in 1999.  Ten types were included in the memorandum, which included residence time 
as a type of control technology.  The 10 types were 1/4-sec combustion, 1-sec combustion, 2-sec 
combustion, low-efficiency WS, moderate-efficiency WS, high-efficiency WS, dry lime inject-
FF, dry lime inject-FF with CI, WS/dry lime inject-FF, and SD/FF with CI.  Table 3-16 provides 
an estimated breakdown of these APCDs. 

3.3.3. Estimation of CDD/CDF Emissions from MWIs 

Emission tests reported for 22 MWIs (about 3% of the existing facilities operating in 
2000) were collected for use in this document; emission levels of dioxin-like compounds at most 
facilities are unmeasured.  Because so few facilities have been evaluated, the estimation of 
annual air emissions of CDDs/CDFs from MWIs is quite dependent on extrapolations, 
engineering judgment, and assumptions.  In addition, the information about the activity levels of 
these facilities is also quite limited. 

The analysis divided MWIs into three design types on the basis of mode of daily 
operation: batch, intermittent, or continuous.  This was done using the information from the 
inventory on design-rated annual incineration capacity of each facility.  The smaller capacity 
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Table 3-16. Estimated breakdown of facilities by air pollution control device 
(APCD) 

APCD 
Number of 

facilities 
Percent of 

total 

1/4-sec combustion 229 17.5 
1-sec combustion 259 19.8 
2-sec combustion 455 34.8 
Low-efficiency wet scrubber 208 15.9 
Moderate-efficiency wet scrubber 75 5.7 
High-efficiency wet scrubber 16 1.2 
Dry lime inject fabric filter 44 3.4 
Dry lime inject fabric filter with carbon injection 7 0.5 
Wet scrubber/dry lime inject fabric filter 14 1.1 
Spray dryer fabric filter with carbon injection 1 0.1 

Source:  Strong and Hanks (1999). 

units were assumed to be batch operations, and the others were classified as either intermittent or 
continuous, assuming a ratio of 3 to 1. 

The activity level of each facility was estimated by multiplying the design-rated annual 
incineration capacity of the MWI (kg/hr) by the hours of operation (hr/yr).  The annual hours of 
operation were determined by assuming a capacity factor (defined as the fraction of time that a 
unit operates over the year) for each design type of MWI (Randall, 1995).  Table 3-17 is a 
summary of the estimated annual operating hours for each MWI design type. 

In estimating dioxin emissions,  the MWIs were divided into two classes:  those having 
APCDs (controlled) and those lacking any APCD (uncontrolled).  These two classes of MWIs 
are discussed below. 

For 1987, it is assumed that every MWI was uncontrolled.  An EPA study of MWIs 
conducted at that time indicated that MWIs operating in 1987 did not need controls because they 
were not subject to state or federal limits on either PM or organic pollutant emissions (U.S. EPA, 
1987c). The activity level estimates were derived from data presented in that 1987 study.  This 
approach resulted in the following activity level assumptions for 1987:  (a) 15% of the activity 
level (0.22 billion kg) was incinerated annually by MWIs with capacities less than or equal to 
200 lb/hr, and (b) 85% of the activity level (1.21 billion kg) was incinerated annually by facilities 
with capacities greater than 200 lb/hr (see Table 3-18).  For 1995, the activity levels were then 
summed across facilities for each APCD subclass (see Table 3-19). 
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Table 3-17.  Summary of annual operating hours for each medical waste 
incinerator (MWI) type 

MWI type 

Capacity 
range 
(lb/hr) 

Annual 
charging 

hours 
(hr/yr) 

Maximum 
annual 

charging 
hours 
(hr/yr) 

Capacity 
factor 

Continuous commercial >1,000   7,776 8,760 0.89 

Continuous onsite 501–1,000 
>1,000 

1,826 
2,174 5,475 

0.33 
0.40 

Intermittent #500 1,250 4,380 0.29 

Batch Case by case Case by case Case by case 

Source:  U.S. EPA (1990c). 

In 1997, the amount of waste combusted by MWIs was estimated to be 0.8 million tons/yr 
(0.7 billion kg/yr) (NRC, 2000).  This number represents a 9% decrease from 1995. If we 
assume that this decrease occurred every two years from 1997 to 2000, the estimated amount of 
waste combusted by MWIs for 2000 would be 0.6 billion kg/yr.  This is a conservative estimate, 
considering the large number of facilities that have shut down or switched to less expensive 
medical waste treatment technologies.  For 2000 activity level estimates, the same distributions 
among APCD classes were assumed as for 1995.  These activity level estimates are presented in 
Table 3-20. For all years, these activity levels were assigned a rating of low confidence because 
the data were judged to be possibly nonrepresentative. 

The stack test results showing the air emissions of dioxin from 24 MWIs were obtained 
and used to calculate 1987 and 1995 emission estimates.  After reviewing these test reports, EPA 
determined that 20 met the criteria for acceptability (see Section 3.1.3).  In some cases, 
CDD/CDF congener-specific data were not reported or values were missing.  In other cases, the 
protocols used in the laboratory analysis were not described; therefore, no determination of the 
adequacy of the laboratory methods could be made. For 2000, two additional test reports from 
facilities operating in that year were obtained and were included with the previously obtained test 
reports in order to calculate updated emission estimates.  Each test report was included in its 
respective MWI subclass according to its APCD and was also included in the overall emission 
estimate. 
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Table 3-18.  TEQ emissions from medical waste incinerators (MWIs) for reference year 1987 

3-62
 

MWI classa 
No. of tested 

facilities 

Activity 
level 

(kg/yr) 

Total CDD/ 
CDF 

emission 
factorb 

(g/kg) 

I-TEQDF 

emission 
factor 
(g/kg) 

TEQDF 
WHO98 

emission 
factor 
(g/kg) 

Annual 
CDD/ 
CDF 

emissions 
(g/yr) 

Annual 
I-TEQDF 

emissions 
(g/yr) 

Annual 
WHO98 
TEQDF 

emissions 
(g/yr) 

#200 lb/hr 3 2.19e+08 9.25e!05 1.86e!06 1.98e!06 2.02e+04 4.08e+02 4.34e+02 

>200 lb/hr 5 1.21e+09 6.05e!05 1.68e!06 1.78e!06 7.32e+04 2.03e+03 2.14e+03 

TOTAL 8 1.43e+09 9.34e+04 2.44e+03 2.57e+03 

Table 3-19.  TEQ emissions from medical waste incinerators (MWIs) for reference year 1995 

MWI class 
(air pollution 
control device 

[APCD]) 

MWI 
subclass 

(capacity or 
APCDa) 

No. of 
tested 

facilities 

Total 
CDD/CDF 
emission 
 factor 
(ng/kg) 

I-TEQDF 

emission 
factor 
(ng/kg) 

TEQDF 
WHO98 

emission 
 factor (ng/kg) 

Activity 
level 

(kg/yr) 

Annual 
CDD/CDF 
emissions 

(g/yr) 

Annual 
I-TEQDF 

emissions 
(g/yr) 

Annual 
TEQDF 
WHO98 

emissions 
(g/yr) 

Uncontrolled #200 lb/hr 3 9.25e+04 1.86e+03 1.98e+03 3.06e+07 2.83e+03 5.71e+01 6.06e+01 

>200 lb/hr 5 6.05e+04 1.80e+03 1.78e+03 2.23e+08 1.35e+04 3.75e+02 3.97E+02 
Controlled WS/FF/ESP 9 4.67e+04 7.22e+01 6.63e+01 3.71e+08 1.73e+03 2.68e+01 2.76E+01 

DSI/FF 2 2.85e+02 6.78 4.61 1.46e+08 4.16e+01 9.90e!01 1.00E+00 
FF/PBS 1 1.11e+05 1.35e+03 1.49e+03 6.99e+05 7.76e+01 9.44e!01 1.04e+00 

TOTAL 7.71e+08 1.82e+04 4.59e+02 4.87E+02 
aSlash(es) indicates devices used in conjunction. 

APCD (air pollution control device): 
DSI = Dry sorbent injection 
ESP = Electrostatic precipitator 
FF = Fabric filter 
PBS = Packed-bed scrubber 
WS = Wet scrubber 






Table 3-20.  TEQ emissions from medical waste incinerators (MWIs) for reference year 2000 
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MWI class 
(air pollution 
control device 

[APCD]) 

MWI 
subclass 

(capacity or 
APCDa) 

No. of 
tested 

facilities 

Total 
CDD/CDF 
emission 

factor 
(ng/kg) 

I-TEQDF 

emission 
factor 
(ng/kg) 

TEQDF 
WHO98 

emission 
factor 
(ng/kg) 

Activity 
level 

(kg/yr) 

Annual 
CDD/CDF 
emissions 

(g/yr) 

Annual 
I-TEQDF 

emissions 
(g/yr) 

Annual 
TEQDF 
WHO98 

emissions 
(g/yr) 

Uncontrolled #200 lb/hr 3 9.25e+04 1.86e+03 1.98e+03 2.40e+07 2.22e+03 4.46e+01 4.75e+01 

>200 lb/hr 5 6.05e+04 1.68e+03 1.78e+03 1.74e+08 1.05e+04 3.13e+02 3.10e+02 

Controlled WS/FF/ESP 9 4.67e+04 6.44e+01 6.63e+01 2.88e+08 1.34e+04 2.08e+01 1.91e+01 
DSI/FF 2 2.85e+02 4.56 4.61 1.14e+08 3.25e+01 7.73e–01 5.26e–01 
FF/PBS 1 1.11e+05 1.35e+03 1.49e+03 5.40e+05 5.99e+03 7.29e+01 8.05e+01 

TOTAL 6.01e+08 3.22e+04 3.57e+02 3.78e+02 
aSlash(es) indicates devices used in conjunction.

 APCD:
 DSI = Dry sorbent injection
 ESP = Electrostatic precipitator
 FF = Fabric filter
 PBS = Packed-bed scrubber
 WS = Wet scrubber 



______ 




The EPA stack testing method (EPA Method 23) produces a measurement of CDDs/ 
CDFs in units of mass concentration (ng/dscm) at standard temperature and pressure and 1 atm 
and adjusted to a measurement of 7% oxygen in the flue gas (U.S. EPA, 1995a).  This 
concentration is assumed to represent conditions at the point of release from the stack into the air 
and to be representative of routine emissions.  The emission factors were derived by averaging 
the emission factors across each tested facility in a design class.  The emission factor for each 
tested MWI was calculated using the following equation: 

C × F v 

EFMWI  = (3-8) 
Iw 

where: 
EFMWI = emission factor per MWI (average ng TEQ per kg medical waste burned) 
C = average TEQ  concentration in flue gases of tested MWIs (ng TEQ/dscm)
       (20°C, 1 atm; adjusted to 7% O2) 
Fv = average volumetric flue gas flow rate (dscm/hr) (20°C, 1 atm; adjusted

 to 7% O2) 
Iw = average medical waste incineration rate of the tested MWI (kg/hr) 

3.3.4. Summary of CDD/CDF Emissions from MWIs 

Annual dioxin emissions were estimated by multiplying the emission factor and activity 
level developed for each design class and then summing the calculated emissions for all classes. 
Tables 3-18, 3-19, and 3-20 summarize the resulting national TEQ air emissions for reference 
years 1987, 1995, and 2000, respectively.  These tables also indicate the activity level and the 
TEQ emission factor used in estimating annual TEQ emissions. 

In estimating annual TEQ emissions for each reference year, a low confidence rating was 
assigned to the estimate of the activity level, primarily because very limited information is 
available on a facility-level basis for characterizing MWIs in terms of the frequency and duration 
of operation, the actual waste volume handled, and the level of pollution control.  The 1987 
inventory of facilities was based on very limited information.  Although the 1995 OAQPS 
inventory was more comprehensive than the 1987 inventory, it was still based on a fairly limited 
survey of operating facilities (approximately 6%).  The 2000 inventory included only two 
additional facilities and estimated an activity level based on a 1997 value and the distribution 
among APCDs from the 1995 estimates. 

The emission factor estimates were given a low confidence rating because the reports of 
only 20 tested MWI facilities could be used to derive emission factors representing the 2,375 
facilities operating in 1995 (i.e., less than 1% of the estimated number of operating facilities) and 
only two additional test reports were obtained for 2000.  Even fewer tested facilities could be 
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used to represent the larger number of facilities operating in 1987 (8 tested facilities were used to 
represent 5,000 facilities). The limited emission tests available cover all design categories used 
here to develop emission factors.  However, because of the large number of facilities in each of 
these classes, it is very uncertain whether the few tested facilities in each class capture the true 
variability in emissions.  


Table 3-20 shows the 2000 emissions estimate as being 378 g TEQDF-WHO98 (357 g I
TEQDF). The TEQ emissions are estimated to have been 487 g TEQDF-WHO98 (459 g I-TEQDF) 
in 1995 (Table 3-19) and 2,590 g TEQDF-WHO98 (2,440 g I-TEQDF) in 1987 (Table 3-18). 
Because the activity level and emission factors had low confidence ratings, the emission 
estimates for all years were assigned a low confidence rating, i.e., a Category C.  Figures 3-15 
and 3-16 display the congener and congener group profiles of MWIs without APCDs and those 
equipped with WSs and FFs, respectively. 

3.3.5. Recent EPA Regulatory Activities 

In September 1997, EPA promulgated final regulations under the Clean Air Act 
Amendments limiting CDD/CDF stack emissions from MWIs (Federal Register, 1997a).  These 
emission limits are specific to the sum of  CDD and CDF emissions (the sum of tetra- through 
octa-CDDs and CDFs).  For either new or existing MWIs that were operational before or after 
June 20, 1996, EPA limits the total CDD/CDF concentration in the stack gases to 2.3 ng/dscm. 
This would require the application of WSs, DSI of activated carbon combined with FFs and/or 
SDs/FFs. EPA expects that many facilities that currently operate on-site incinerators will switch 
to less expensive methods of treatment and disposal of medical and infectious waste when faced 
with the compliance costs associated with the emission standards for MWIs.  EPA projects that, 
following full compliance with these standards, annual emissions from MWIs will be 5 to 7 g I-
TEQDF/yr. 

3.4. CREMATORIA 

3.4.1. Human Crematoria 

3.4.1.1 Emissions Data 

Bremmer et al. (1994) measured CDD/CDF emissions at two crematoria in the 
Netherlands.  The first, a “cold”-type furnace with direct, uncooled emissions, was calculated to 
yield 2,400 ng I-TEQDF per body.  In the cold-type furnaces, the coffin is placed inside at a 
temperature of about 300°C. The temperature of the chamber is then increased to 800 to 900°C 
using a burner and kept there for 2 to 2.5 hr.  The second furnace, a “warm” type in which flue 
gases are cooled to 220°C prior to discharge, was calculated to yield 4,900 ng I-TEQDF per body. 
In the warm-type furnace, the coffin is placed in a chamber preheated to 800°C or higher for 1.2 
to 1.5 hr. The chamber exhausts from both furnace types were incinerated in an afterburner at a 
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Ratio (congener emission factor/total CDD/CDF emission factor) 

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 

Ratio (congener emission factor/total CDD/CDF emission factor) 

0 0.05 0.1 0.15 0.2 0.25 

Figure 3-15.  Congener and congener group profiles for air emissions from 
medical waste incinerators without air pollution control devices (nondetects 
set equal to zero). 
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Ratio (congener emission factor/total CDD/CDF emission factor) 

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 

Ratio (congener emission factor/total CDD/CDF emission factor) 

0 0.05 0.1 0.15 0.2 

Figure 3-16.  Congener and congener group profiles for air emissions from 
medical waste incinerators equipped with a wet scrubber and fabric filter. 
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temperature of about 850°C. The higher emission rate for the warm-type furnace was attributed 
by the authors to the formation of CDDs/CDFs during the intentional cooling of the flue gases to 
220°C. 

Jager et al. (1992) (as reported in Bremmer et al., 1994) measured an emission rate of 
28,000 ng I-TEQDF per body for a crematorium in Berlin, Germany.  No operating process 
information was provided by Bremmer et al. for the facility. 

Mitchell and Loader (1993) reported even higher emission factors for two crematoria in 
the United Kingdom.  The first facility tested was manually operated and had primary and 
secondary combustion chambers preheated to 650°C and a residence time of 1 sec in the 
secondary combustion chamber.  The second tested facility was computer controlled and had 
primary and secondary combustion chambers heated to 850°C and a residence time of 2 sec in 
the secondary combustion chamber. The measured stack gas TEQ concentrations ranged from 42 
to 71.3 ng I-TEQDF/m3 (at 11% oxygen) at the first facility and from 25.4 to 45.5 ng I-TEQ /m3 

DF 

(at 11% oxygen) at the second facility.  Emission factors based on these test results and gas 
generation rates reported by Bremmer et al. (1994) were calculated to range from 70,000 to 
80,000 ng I-TEQDF/body (HMIP, 1995). 

Takeda et al. (1998) measured CDD/CDF emissions at 10 crematoria in Japan.  Although 
there are more than 1,600 crematoria in Japan, the 10 tested facilities handle 4% of the 
cremations carried out in Japan annually.  A wide range of CDD/CDF emissions were observed. 


When nondetect values were treated as zero, the emission factor range was 42 to 62,000 ng I
TEQDF/body (mean of 9,200 ng I-TEQDF/body).  When nondetect values were treated as one-half 
the DL, the range was 450 to 63,000 ng I-TEQDF/body (mean of 11,000 ng I-TEQDF/body). 

To obtain more data on CDD/CDF emissions from crematoria in Japan, Takeda et al. 
(2001) measured CDD/CDF emissions at 17 additional crematoria.  In that study, all the 
crematoria except one had secondary combustion chambers.  Additionally, one crematorium had 
a secondary combustion chamber but did not use it.  One to four main chambers were connected 
to the secondary chambers, and the temperature of the main chambers ranged from 
approximately 650 to 1,150°C.  In most cases, only one body was cremated at time.  However, 
between two and four bodies were cremated at four sampling events. A coffin and any 
accompanying materials were combusted along with the body.  Emission factors ranged  from 120 
to 24,000 ng I-TEQDF/body.  In general, as the average temperature in the main combustion 
chamber increased, CDD/CDF emissions decreased.  However, the crematorium that had a 
secondary combustion chamber but did not use it had both high temperatures in the main 
combustion chamber and high CDD/CDF emissions.  Additionally, with the rise of the average 
temperature in the secondary combustion chamber of the eight crematoria without dust 
collectors, CDD/CDF emissions decreased.  For crematoria with dust collectors, the relationship 
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between the average temperature in the secondary combustion chamber and CDD/CDF emissions 
was not clear. 

EPA obtained test data from two crematoria for humans operating in the United States, 
one at Camellia Memorial Lawn in California (CARB, 1990a) and one at Woodlawn Cemetery in 
New York (U.S. EPA, 1999a). Additionally, EPA obtained test data from one crematorium for 
animals operating in the United States: University of Georgia Veterinary School (U.S. EPA, 
2000a); however, it is not appropriate to use the emission factors from this facility to characterize 
emissions associated with human cremation. 

Testing at the Camellia Memorial Lawn crematorium, which is classified as a warm-type 
facility using the criteria of Bremmer et al. (1994), was conducted in 1990 (CARB, 1990a).  The 
combusted material at this facility consisted of the body, as well as 4 lb of cardboard, up to 6 lb 
of wood, and an unquantified amount of unspecified plastic wrapping.  The three emissions tests 
conducted at this facility, which operates using an afterburner, yielded an average emission factor 
of 543 ng TEQDF-WHO98/body (501 ng I-TEQDF/body).  Table 3-21 presents the congener-
specific emission factors for this facility. 

Testing at Woodlawn Cemetery, which has a crematorium with a primary combustion 
chamber, a secondary combustion chamber, and a scrubber APCD, was conducted in 1995.  Tests 
were run at three secondary combustion chamber temperatures:  675, 870, and 980°C (U.S. EPA, 
1999a). The combusted material consisted of the body, as well as a 10- to 100-lb casket 
constructed of fiberboard, particle board, or wood and various body wrappings and articles such 
as a plastic sheet, a cloth sheet, or clothes.  For this facility, average emission factors of 362 and 
709 ng TEQDF-WHO98/body cremated (348 and 638 ng I-TEQDF/body cremated) were calculated, 
based on emissions collected at the scrubber inlet and outlet, respectively. The congener-specific 
emission factors for this facility are shown in Table 3-22. 

In 1995, 1,155 crematoria were reported to be operating in the United States; this number 
had decreased to approximately 1,060 by 2000.  To determine whether the emissions data 
collected at the Woodlawn Cemetery facility are representative of a typical crematorium 
operating in the United States, representatives from the Cremation Association of North America 
(CANA) were contacted to identify the typical operating conditions at U.S. crematoria. 
According to the CANA representatives, all crematoria operating in the United States have 
primary and secondary combustion chambers.  Additionally, crematoria with operating 
conditions that indicate the presence of an afterburner are considered to contain secondary 
combustion chambers. The primary and secondary combustion chambers at U.S. crematoria 
typically operate at between 675 and 870°C, but many operate at 980°C, as required by their 
respective states. 
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Table 3-21. Congener-specific profile for Camellia Memorial Lawn 
crematorium 

Congener/congener 
group 

Mean facility emission factor (ng/body) 

Assuming nondetect 
set to zero 

Assuming nondetect set to 
½ detection limit 

2,3,7,8-TCDD 28.9 28.9 
1,2,3,7,8-PeCDD 89.6 89.6 
1,2,3,4,7,8-HxCDD 108 108 
1,2,3,6,7,8-HxCDD 157 157 
1,2,3,7,8,9-HxCDD 197 197 
1,2,3,4,6,7,8-HpCDD 1,484 1,484 
OCDD 2,331 2,331 

2,3,7,8-TCDF 206 206 
1,2,3,7,8-PeCDF 108 117 
2,3,4,7,8-PeCDF 339 349 
1,2,3,4,7,8-HxCDF 374 374 
1,2,3,6,7,8-HxCDF 338 338 
1,2,3,7,8,9-HxCDF 657 657 
2,3,4,6,7,8-HxCDF 135 135 
1,2,3,4,6,7,8-HpCDF 1,689 1,813 
1,2,3,4,7,8,9-HpCDF 104 112 
OCDF 624 624 

Total 2,3,7,8-CDD 4,396 4,396 
Total 2,3,7,8-CDF 4,574 4,725 
Total I-TEQDF 501.8 508.6 
Total TEQDF-WHO98 544.1 550.9 

Total TCDD 554 554 
Total PeCDD 860 860 
Total HxCDD 2,224 2,224 
Total HpCDD 3,180 3,180 
Total OCDD 2,331 2,331 
Total TCDF 4,335 4,335 
Total PeCDF 2,563 2,563 
Total HxCDF 4,306 4,306 
Total HpCDF 2,030 2,154 
Total OCDF 624 624 

Total CDD/CDF 23,007 23,131 

Source:  CARB (1990a). 
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Table 3-22. Congener-specific profile for the Woodlawn Cemetery 
crematorium 

Congener 

Mean emission factor, 
scrubber inlet (ng/body) 

Mean emission factor, 
scrubber outlet (ng/body) 

Nondetect set 
to zero 

Nondetect set to ½ 
detection limit 

Nondetect 
set to zero 

Nondetect set to ½ 
detection limit 

2,3,7,8-TCDD 11 12 39 45 
1,2,3,7,8-PeCD 31 44 168 364 
1,2,3,4,7,8-HxCDD 74 74 239 258 
1,2,3,6,7,8-HxCDD 115 115 565 603 
1,2,3,7,8,9-HxCDD 83 83 524 553 
1,2,3,4,6,7,8-HpCDD 724 724 1,253 1,302 
OCDD 1,120 1,120 10,698 1,154 

2,3,7,8-TCDF 106 106 256 279 
1,2,3,7,8-PeCDF 116 116 150 170 
2,3,4,7,8-PeCDF 285 285 409 463 
1,2,3,4,7,8-HxCDF 263 264 252 280 
1,2,3,6,7,8-HxCDF 278 278 253 282 
1,2,3,7,8,9-HxCDF 146 146 139 148 
2,3,4,6,7,8-HxCDF 466 466 429 474 
1,2,3,4,6,7,8-HpCDF 962 963 872 948 
1,2,3,4,7,8,9-HpCDF 165 165 142 148 
OCDF 435 435 3,499 363 

Total I-TEQDF 
Total TEQDF-WHO98 

348 
362 

356 
376 

638 
709 

780 
961 

Source:  U.S. EPA (1999a). 

Only one or two facilities in the United States incorporate the use of an APCD, such as a 
scrubber. Therefore, the inlet dioxin emission factors rather than the outlet dioxin emission 
factors at the Woodlawn crematorium would be representative of a typical crematorium operating 
in the United States (telephone conversation between Allen Krobath, CANA, and K. Riley, 
Versar, Inc., February 12, 2003, and telephone conversation between Dale Walter, Matthews 
Cremation, and K. Riley, Versar Inc., February 13, 2003). 

In the previous inventory, an average emission factor of 17,000 ng I-TEQDF/body 
(assuming nondetect values were zero) was developed, based on emission factors measured for 
16 of the tested facilities, including the one at Camellia Memorial Lawn (CARB, 1990a), the 10 
Japanese facilities (Takeda et al., 1998), the two Dutch facilities (Bremmer et al., 1994), the one 
German facility (Jager et al., 1992), and the two British facilities (Mitchell and Loader, 1993). 
The more recent data provided by Takeda et al. (2001) for the 17 Japanese facilities support the 
emission factor of 17,000 ng I-TEQDF/body.  However, an average emission factor developed 

3-71
 






using the data reported for the two U.S. crematoria (i.e., the outlet values for the Camellia 
Memorial Lawn facility and the inlet values for the Woodlawn Cemetery facility) is 453 ng 
TEQDF-WHO98/body (425 I-TEQDF/body cremated), assuming nondetect values were zero. 
These values are two orders of magnitude less than the overall average calculated above.  An 
examination of the differences in U.S. and foreign operating practices may provide a rationale 
for the large discrepancies. 

Bremmer et al. (1994) reported an emission factor of 2,400 ng I-TEQDF/body for a Dutch 
facility with a cold-type furnace and an emission factor of 4,900 ng I-TEQDF/body for another 
Dutch facility with a warm-type furnace where flue gases were cooled to 220°C.  Neither of the 
U.S. facilities are considered to have cold-type furnaces.  Additionally, the flue gases at the 
Camellia Memorial Lawn crematorium were not cooled prior to exiting the furnace.  At the 
Woodlawn Cemetery facility, the flue gases were cooled from 681 to 860°C prior to entering the 
scrubber to 271 to 354°C by the time they exited the scrubber and the furnace.  The emissions 
were higher at the scrubber outlet than at the inlet (961 vs. 325 ng TEQDF-WHO98/body [780 vs. 
319 I-TEF/body]); however, the emissions were not of the same magnitude as those reported by 
Bremmer for the warm-type facility (4,900 ng I-TEQDF/body).  The Jager et al. (1992) report did 
not include operating process information; therefore, the German facility could not be compared 
with the U.S. facilities.  Additionally, the emission values derived from the Mitchell and Loader 
(1993) emission concentrations were calculated using gas generation rates from the Bremmer et 
al. report and, as such, may not be indicative of crematoria in the United States. 

In the Takeda et al. (1998, 2001) reports, the burn time for the cremations varied from 47 
to 117 min. The average burn time in the U.S. studies was 120 min.  This shorter burn time may 
not be optimal for dioxin reduction, resulting in higher dioxin emissions.  Also, the secondary 
combustion chamber temperatures ranged from 250 to 950°C in the Takeda studies, again 
resulting in higher emission rates.  In fact, in Takeda et al. (2001) two of the three runs that had 
the highest TEQ concentrations per body came from a crematorium that did not use a secondary 
combustion chamber. Of the 31 crematoria sampled in Takeda et al. (2001), 26 had lower than 
5,000 ng I-TEQDF/body. 

Because the Woodlawn facility is unique in that it incorporates an APCD, the sample data 
for the air stream entering the scrubber versus the stream exiting the scrubber should be analyzed. 
A comparison of the dioxin concentrations of these air streams shows a significant increase in 
dioxin concentrations in the stream exiting the scrubber.  This increase can be attributed to the 
decrease in temperature that occurred in the scrubber.  Upon exiting the scrubber, the flue gas 
temperatures were in the range of 271 to 354°C, compared with temperatures of between 681 and 
860°C at the scrubber inlet. As discussed in Section 2, these exit flue gas temperatures lie in the 
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optimum temperature range for dioxin formation; therefore, an increase in dioxin concentrations 
would be expected. 

An analysis of scrubber inlet dioxin data indicates that the average dioxin concentrations 
increased with temperature (189, 445, and 503 ng TEQDF-WHO98/body at 681, 772, and 860°C, 
respectively).  Because the operating temperatures are outside the temperature range for the 
formation of dioxin (200 to 400°C),  dioxin concentrations should decrease as temperatures 
increase. Further analysis of the data shows that as temperatures at the scrubber inlet increased, 
so did concentrations of PM, HCl, and lead (Table 3-23).  The data also indicate that oxygen 
levels decreased as the temperature increased (U.S. EPA, 1999a).  Given these data, one could 
speculate that as the temperature increased, incomplete combustion conditions arose, leading to 
an increase in dioxin formation. 

Table 3-23.  Operational data for the Woodlawn  Cemetery crematorium, 
scrubber inlet 

Parameter 

Mean value 

675°C 870°C 980°C 

Particulate matter (gr/dscf @ 7% O2) 
Hydrochloric acid (lb/hr) 
Lead (g/hr) 
Oxygen (%) 

0.015 
0.053 
0.1 
9.9 

0.033 
0.14 
0.32 
8.6 

0.068 
0.26 
0.59 
7.5 

 Source:  U.S. EPA (1999a). 

Using data from U.S. crematoria, EPA recommends an average emission factor of 453 ng 
TEQDF-WHO98/body (425 ng I-TEQDF/body).  This is derived from the scrubber inlet dioxin 
concentrations from the Woodlawn Cemetery study and the results from the Camellia Memorial 
Lawn study.  These average congener-specific emission are presented in Table 3-24, and the 
CDD/CDF congener and congener group emission profiles are presented in Figure 3-17. 
Because the emission factor was derived using emissions data from only 2 of 1,060 crematoria, 
the average emission factor is assigned a low confidence rating. 

3.4.1.2. Activity Level Information 

A total of 323,371 cremations were performed in reference year 1987, 488,224 in 1995, 
and 629,362 in 2000. A high confidence rating is assigned to these activity level estimates 
because they are based on comprehensive data provided by CANA (CANA, 2006). 
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Table 3-24. Congener-specific profile for the Camellia Memorial Lawn 
crematorium and the Woodlawn Cemetery crematorium 

Congener/congener 
group 

Mean facility emission factor (ng/body) 

Nondetect set to zero Nondetect set to ½ detection limit 

2,3,7,8-TCDD 20 20.5 
1,2,3,7,8-PeCDD 60.3 66.8 
1,2,3,4,7,8-HxCDD 91 91 
1,2,3,6,7,8-HxCDD 136 136 
1,2,3,7,8,9-HxCDD 140 140 
1,2,3,4,6,7,8-HpCDD 1,104 1,104 
OCDD 1,725.5 1,725.5 

2,3,7,8-TCDF 156 156 
1,2,3,7,8-PeCDF 112 116.5 
2,3,4,7,8-PeCDF 312 317 
1,2,3,4,7,8-HxCDF 318.5 319 
1,2,3,6,7,8-HxCDF 308 308 
1,2,3,7,8,9-HxCDF 401.5 401.5 
2,3,4,6,7,8-HxCDF 300.5 300.5 
1,2,3,4,6,7,8-HpCDF 1,325.5 1,388 
1,2,3,4,7,8,9-HpCDF 134.5 138.5 
OCDF  529.5 529.5 

Total I-TEQDF 
Total TEQDF-WHO98

 424.8 
452.9 

431.9 
463.3 

Total TCDD 330  330 
Total PeCDD 488 488 
Total HxCDD 1,254.5 1,254.5 
Total HpCDD 1,721.5 1,721.5 
Total OCDD 1,304.5 1,304.5 
Total TCDF 2,240.5 2,240.5 
Total PeCDF 1,514.5 1,514.5 
Total HxCDF 2,634 2,634 
Total HpCDF 1,097.5 1,097.5 
Total OCDF 529.5 529.5 

Total CDD/CDF 13,114.5 13,114.5 

Sources:  CARB (1990a); U.S. EPA (1999a). 
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Figure 3-17.  Congener and congener group profiles for air emissions from 
the Camellia Memorial Lawn crematorium and Woodlawn Cemetery 
crematorium. 

Sources: CARB (1990a); U.S. EPA (1999a). 
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3.4.1.3. Emission Estimates 

Combining the average emission rate of 453 ng WHO-TEQ98/body (425 ng I
TEQDF/body) with the number of cremations in 1987, 1995, and 2000 (323,371; 488,224; and 
629,362, respectively) yields an estimated annual release of 0.15 g TEQDF-WHO98 (0.14 g I
TEQDF) in 1987, 0.22 g TEQDF-WHO98 (0.2 g I-TEQDF) in 1995, and 0.29 g TEQDF-WHO98 (0.27 
g I-TEQDF) in 2000. An overall confidence rating of low was assigned to the emissions because 
the emission factor had a low rating. 

3.4.2. Animal Crematoria 

3.4.2.1. Emissions Data 

Only one study that measured CDD/CDF emissions from animal cremation could be 
located. In 1999, CDD/CDF emissions from a newly installed animal incineration unit located at 
the University of Georgia Veterinary School were measured (U.S. EPA, 2000a).  The 
incineration unit, which consists of a primary and a secondary combustion chamber, is used to 
dispose of animals (mostly cows and horses) used in experimentation.  Emissions are 
uncontrolled, with the exception of an NFPA spark screen located at the stack outlet.  Based on 
four test runs, the average TEQ emission factor was 0.12 TEQDF-WHO98/kg (0.11 ng I-TEQDF/kg) 
of animal cremated.  The average emission factors for these test runs are provided in Table 3-25 
and a congener-specific profile based on these data is provided as Figure 3-18. 

3.4.2.2. Activity Level Information 

As part of the 2000 inventory, OAQPS calculated a national animal cremation activity 
level estimate of 81.9 million kg/yr for reference year 2000.  This estimate was scaled from the 
1999 activity level estimate by applying the ratio of the 2000 national human population 
(281,421,906) to the 1999 national human population (249,440,000).  The 1999 national activity 
level was based on 1990 data provided by OAQPS’ Emission Standards Division.  The 1999 and 
2000 activity level estimates assume that animal mortality and cremation rates are constant and 
that the animal population is directly proportional to human population. 

3.4.2.3. Emission Estimates 

Applying the TEQ emission factor of 0.12 ng TEQDF-WHO98/kg (0.11 ng I-TEQDF/kg) of 
animal combusted to the activity level estimated by OAQPS (81.9 million kg/yr) yields estimated 
annual emissions of 0.0098 g TEQDF-WHO98 (0.009 g I-TEQDF) in 2000. This estimate does not 
include events such as the mass burning of animals affected by mad cow disease.  These 
estimates are based on extremely limited data and should be regarded as preliminary indications 
of possible emissions from this source; further testing is needed to confirm the true magnitude of 
the emissions. 
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Table 3-25. Congener-specific profile for the University of Georgia 
Veterinary School 

Congener/congener group 

Mean facility emission factor (ng/kg of animal) 

Nondetect set to zero Nondetect set to ½ detection limit

  2,3,7,8-TCDD 7.51e!03 7.51e!03 
  1,2,3,7,8-PeCDD 2.13e!02 2.13e!02 
  1,2,3,4,7,8-HxCDD 4.46e!03 4.46e!03 
  1,2,3,6,7,8-HxCDD 8.86e!03 8.86e!03 
  1,2,3,7,8,9-HxCDD 7.17e!03 7.17e!03 
  1,2,3,4,6,7,8-HpCDD 5.03e!03 5.03e!03 

OCDD 1.01e!03 1.01e!03

  2,3,7,8-TCDF 1.79e!02 1.79e!02 
  1,2,3,7,8-PeCDF 6.70e!03 6.70e!03 
  2,3,4,7,8-PeCDF 1.41e!01 1.41e!01 
  1,2,3,4,7,8-HxCDF 2.93e!02 2.93e!02 
  1,2,3,6,7,8-HxCDF 1.85e!02 1.85e!02 
  1,2,3,7,8,9-HxCDF 7.44e!02 7.44e!02 
  2,3,4,6,7,8-HxCDF 2.35e!02 2.35e!02 
  1,2,3,4,6,7,8-HpCDF 4.20e!03 4.20e!03 
  1,2,3,4,7,8,9-HpCDF 3.16e!03 3.16e!03 

OCDF 2.00e!04 2.00e!04

  Total CDD/CDF 0.37         0.37 

  Total I-TEQDF 
  Total TEQDF-WHO98 

0.11 
0.12 

0.11 
0.12 

 Source:  U.S. EPA (2000a). 

3.5. SEWAGE SLUDGE INCINERATION 

The three principal combustion technologies used to incinerate sewage sludge in the 
United States are multiple-hearth incineration, fluidized-bed incineration, and electric furnace 
incineration (Brunner, 1992; U.S. EPA, 1995a).  All of these technologies are excess-air 
processes (i.e., they combust sewage sludge with oxygen in excess of theoretical requirements). 
Approximately 80% of operating sludge incinerators are multiple-hearth design, about 20% are 
fluidized-bed incinerators, and fewer than 1% are electric incinerators.  Other types of furnaces 
not widely used in the United States are single-hearth cyclones, rotary kilns, and high-pressure, 
wet-air oxidation units (U.S. EPA, 1997a; e-mail dated July 13, 1998, from K. Maw, Pacific 
Environmental Services, to G. Schweer, Versar, Inc.). 

Multiple-hearth incinerators.  These types of furnaces consist of refractory hearths 
arranged vertically in series, one on top of the other.  Dried sludge cake is fed to the top hearth of 
the furnace.  The sludge is mechanically moved from one hearth to another through the length of 
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Figure 3-18.  Congener profile for air emissions from the University of 
Georgia animal crematorium. 

Source:  U.S. EPA (2000a). 

the furnace. Moisture is evaporated from the sludge cake in the upper hearths.  The center 
hearths are the burning zone, where gas temperatures reach 871°C.  The bottom hearths are the 
burn-out zone, where the sludge solids become ash.  A waste-heat boiler is usually included in 
the burning zone, where steam is produced to provide supplemental energy at the sewage 
treatment plant. Air pollution control measures typically include a venturi scrubber, an 
impingement tray scrubber, or a combination of both.  Wet cyclones and dry cyclones are also 
used (U.S. EPA, 1995a). 

Fluidized-bed incinerators.  A fluidized-bed incinerator is a cylindrical refractory-lined 
shell with a steel plate structure that supports a sand bed near the bottom of the furnace (Brunner, 
1992). Air is introduced through openings in the bed plate supporting the sand.  This causes the 
sand bed to undulate in a turbulent air flow; hence, the sand appears to have a fluid motion when 
observed through furnace portals.  Sludge cake is added to the furnace at a position just above 
this fluid motion of the sand bed. The fluid motion promotes mixing in the combustion zone. 
Sludge ash exits the furnace with the combustion gases; therefore, air pollution control systems 
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typically consist of high-energy venturi scrubbers or venturi/impingement tray combinations 
(U.S. EPA, 1995a). 

Electric furnaces.  Also called infrared furnaces, these consist of a long, rectangular, 
refractory-lined chamber.  A belt conveyer system moves the sludge cake through the length of 
the furnace. To promote combustion of the sludge, supplemental heat is added by electric 
infrared heating elements located just above the traveling belt within the furnace.  Electric power 
is required to initiate and sustain combustion. Emissions are usually controlled with a venturi 
scrubber or some other WS (Brunner, 1992; U.S. EPA, 1995a). 

3.5.1. Emissions Estimates from Sewage Sludge Incinerators 

EPA measured CDD/CDF emissions at three multiple-hearth incinerators as part of Tier 4 
of the National Dioxin Survey (U.S. EPA, 1987a).  During the pretest surveys, two of the 
facilities were judged to have “average” potential and one facility was judged to have “high” 
potential for CDD/CDF emissions with respect to other sewage sludge incinerators. The results 
of these tests include congener group concentrations in stack gas but lack measurements for 
specific congeners other than 2,3,7,8-TCDD and 2,3,7,8-TCDF.  The results show a wide 
variability in the emission factors at these three facilities; total CDD/CDF emission factors 
ranged from 90 to 3,400 ng/kg (average of 1,266 ng/kg).  Total TEQ emissions could not be 
determined for these facilities because of the lack of congener-specific data. 

In 1990, EPA measured CDD/CDF emissions (including all 17 toxic congeners) at 
another multiple-hearth incinerator and also at a fluidized-bed incinerator (U.S. EPA, 1990d). 
Assuming nondetects were zero, the total CDD/CDF emission factors for these two facilities 
were 79 and 846 ng/kg, and the total average TEQ emission factors were 3.6 and 43.2 ng TEQDF 
WHO98/kg (2.4 and 43.3 ng I-TEQDF/kg) of dry sludge.  In 1995, the Association of Metropolitan 
Sewerage Agencies (AMSA) submitted to EPA the results of stack tests conducted at an 
additional 13 sewage sludge incinerators (Green et al., 1995).  Two of these data sets were 
considered not usable by EPA because either DLs or feed rates and stack flow rates were not 
provided. As with the EPA-tested facilities (U.S. EPA, 1987a, 1990d), wide variability was 
observed in the emission factors for the 11 AMSA facilities.  Assuming nondetects were zero, 
total CDD/CDF emission factors ranged from 0 to 1,392 ng/kg (average of 217 ng/kg), and total 
average TEQ emission factors ranged from 0 to 16 ng TEQDF-WHO98/kg (average, 3.47 ng) (3.46 
ng I-TEQDF/kg) of dry sludge. 

In 1999, stack tests were conducted at a multiple-hearth incinerator equipped with a 
venturi scrubber and a three-tray impingement conditioning tower (U.S. EPA, 2000b).  Four test 
runs were conducted; however, the first test run was aborted, and the CDD/CDF results from the 
fourth test run were determined to be statistical outliers (p>0.05). The back-half emission 
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concentrations for test run 4 were 50 to 60% lower than those for test runs 2 and 3.  Overall, total 
CDD/CDF emissions measured during test run 4 were 48 ng/kg, whereas total CDD/CDF 
emissions measured during test runs 2 and 3 were 120 and 116 ng/kg, respectively.  It could not 
be determined whether the lower concentrations associated with test run 4 were due to analyte 
loss or whether they represented an accurate reflection of a change in incinerator emission 
releases. 

The average TEQ emission factor, excluding test run 4, was 3.28 ng TEQDF-WHO98/kg 
(3.23 ng I-TEQDF/kg).  The average TEQ emission factor based on the data for the 11 AMSA 
facilities (Green et al., 1995) and the three facilities reported by EPA (U.S. EPA, 2000b, 1990d) 
is 6.74 ng TEQDF-WHO98/kg (6.65 ng I-TEQDF/kg) of dry sludge, assuming nondetect values are 
zero.  Figure 3-19 presents the average congener and congener group profiles based on these 
data. Additionally, Table 3-26 presents the average congener and congener-specific group 
emission factors and the average TEQ emission factors for these facilities.  Table 3-26 also 
presents 2,3,7,8-TCDD, 2,3,7,8-TCDF, and congener-specific group emission factors for the 
three facilities reported by EPA (U.S. EPA, 1987a). 

Studies from other countries have reported similar results.  Bremmer et al. (1994) 
reported an emission rate of 5 ng I-TEQDF/kg for a fluidized-bed sewage sludge incinerator in the 
Netherlands that was equipped with a cyclone and a WS.  Cains and Dyke (1994) measured 
CDD/CDF emissions at two sewage sludge incinerators in the United Kingdom.  The emission 
rate at an incinerator equipped with an ESP and a WS ranged from 2.75 to 28 ng I-TEQDF/kg. 
The emission rate measured at a facility equipped with only an ESP was 43 ng I-TEQDF/kg. 

In 1988, approximately 199 sewage sludge incineration facilities combusted abo 0.865 
million metric tons of dry sewage sludge (Federal Register, 1993a).  In 1995, approximately 257 
sewage sludge incinerators (some of which were backup or alternate incinerators) combusted 
about 2.11 million dry metric tons of sewage sludge (e-mail dated July 13, 1998, from K. Maw, 
Pacific Environmental Services, to G. Schweer, Versar, Inc.).  Using trends in wastewater flow 
rates from the 1988 National Sewage Sludge Survey and the 1984 to 1996 Needs Surveys, EPA 
estimated that in 2000 approximately 6.4 million metric tons of dry sewage sludge would be 
generated (U.S. EPA, 1999b).  Of this amount, EPA projected that 22% (1.42 million metric 
tons) would be incinerated. 

According to EPA, sewage sludge generation would increase to 6.9 million dry tons in 
2005 and 7.4 million dry tons in 2010; however, the percentage of sewage sludge incinerated 
will decrease slightly, to 20% in 2005 and 19% in 2010.  EPA estimates that approximately 1.38 
million metric tons of dry sewage sludge would be incinerated in 2005 and 1.41 million metric 
tons will be incinerated in 2010.  EPA believes that incineration as a disposal method for sewage 
sludge will decrease as a result of increasing costs and public concerns about the environmental 
and health impacts associated with incineration. 
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Figure 3-19. Congener and congener group profiles for air emissions from 
sewage sludge incinerators. 
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Table 3-26. CDD/CDF emission factors for sewage sludge incinerators 

Congener 

Mean emission factor 
(ng/kg) 

for U.S. EPA (1987a) 
(3 facilities) 

Mean emission factor (ng/kg) for 
Green et al. (1995) (11 facilities) 
U.S. EPA (1990d) (2 facilities) 
U.S. EPA (1999b) (1 facility) 

Nondetect 
set to zero 

Nondetect set to 
½ detection 

limit 
Nondetect set 

to zero 
Nondetect set to 
½ detection limit

 2,3,7,8-TCDD  0.39 0.44 0.16  0.26
 1,2,3,7,8-PeCDD NR NR 0.22  0.3 
  1,2,3,4,7,8-HxCDD NR NR 0.04 0.11
  1,2,3,6,7,8-HxCDD NR NR 0.12  0.17
  1,2,3,7,8,9-HxCDD NR NR 0.29  0.35
 1,2,3,4,6,7,8-HpCDD NR NR 2.46  2.59
  OCDD 46.2 46.2 12.78  13.16

 2,3,7,8-TCDF 179 179 25.41  25.41
 1,2,3,7,8-PeCDF NR NR 1.92  1.92
 2,3,4,7,8-PeCDF NR NR 6.47  6.47
  1,2,3,4,7,8-HxCDF NR NR 2.11  2.11
  1,2,3,6,7,8-HxCDF NR NR 0.77  0.77
  1,2,3,7,8,9-HxCDF NR NR 0.03  0.03
  2,3,4,6,7,8-HxCDF NR NR 1.22  1.22
 1,2,3,4,6,7,8-HpCDF NR NR 1.46  1.46
 1,2,3,4,7,8,9-HpCDF NR NR 0.17  0.17
  OCDF 109 109 1.17  1.17

  Total TCDD 37.6 37.7 35.8 37.81
  Total PeCDD 2.66 2.81 1.11  1.63
  Total HxCDD 16.6 16.9 1.74  2.25
  Total HpCDD 53.9 54 4.39  5.03
  Total OCDD 46.2 46.2 12.78 13.16 
  Total TCDF 528 528 123.85 124.1 
  Total PeCDF 253 253 59.94 60.16
  Total HxCDF 75.4 75.9 12.69  13.5 
  Total HpCDF 144 144 2.63 3.12
  Total OCDF 109 109 1.17  1.55

  Total I-TEQDF
 Total TEQDF-WHO98 

NR 
NR 

NR 
NR

 6.65
 6.74 

6.87
 7.01

 Total CDD/CDF 1,266 1,268 256 262 
NR = Not reported 
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A medium confidence rating is assigned to the average TEQ emission factor because it 
was derived from stack testing at 14 U.S. sewage sludge incinerators.  The 1988 activity level 
estimate (used as a surrogate for the 1987 activity level) and the 2000 activity level estimate are 
assigned a high confidence rating because they are based on extensive EPA surveys to support 
rule-making activities.  The 1995 activity level estimate is assigned a medium confidence rating 
because assumptions were made for numerous facilities concerning hours of operation, operating 
capacity, and design capacity. 

Using the above estimated amounts of sewage sludge incinerated per year and the average 
TEQ emission factor of 6.74 ng TEQDF-WHO98/kg (6.65 ng I-TEQDF/kg), the estimate of TEQ 
emissions to air is 5.8 g TEQDF-WHO98 (5.8 g I-TEQDF) in 1987, 14.2 g TEQDF-WHO98 (14 g I
TEQDF) in 1995, and 9.6 g TEQDF-WHO98/kg (9.4 g I-TEQDF/kg) in 2000.  Because the emission 
factor had a medium confidence rating, the overall emission estimates were assigned a medium 
confidence rating for all years. 

3.5.2. Solid Waste from Sewage Sludge Incinerators 

In Table 5-16 of U.S. EPA (1987a), data are presented indicating that 2,3,7,8-TCDD was 
not detected in the bottom ash or scrubber water filtrate from three sewage sludge incinerators. 
However, total CDDs for the three incinerators and the filtrate were nondetects, 20 ng/kg, 10 
ng/kg, and 0.3 ng/kg, respectively.  For total CDFs, the respective values were nondetects, 70 
ng/kg, 50 ng/kg, and 4 ng/kg.  No data were given for any congeners (other than 2,3,7,8-TCDD), 
nor were there any data on the quantities of ash or filtrate. 

3.6. TIRE COMBUSTION 

Most discarded tires are combusted in dedicated tire incinerators or cement kilns.  Some 
are combusted as auxiliary fuel in industrial boilers and in pulp and paper mill combustion 
facilities.  Additionally, tires may be unintentionally burned in an uncontrolled fashion at 
landfills (open burning).  This section addresses the total TEQ emissions that may result from the 
combustion of tires in dedicated tire incinerators, industrial boilers, and pulp and paper mill 
combustion facilities, but excludes cement kilns (addressed in Section 5.1).  The open burning of 
tires is not discussed in this report due to the lack of information.  

Emissions of CDDs/CDFs from the incineration of discarded automobile tires were 
measured at a dedicated tire incinerator tested by the California Air Resources Board (CARB, 
1991). The facility consists of two excess air furnaces equipped with steam boilers to recover the 
energy from the heat of combustion.  Whole tires were fed to the incineration units at rates 
ranging from 2,800 to 5,700 kg/hr during the three test days.  The facility was equipped with a 
DS and an FF for the control of emissions prior to exiting the stack.  Table 3-27 presents the 
congener-specific emission factors for this facility.  Figure 3-20 presents CDD/CDF congener 
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Table 3-27. CDD/CDF air emission factors for a tire combustion facility 

Congener/congener 
group 

Mean facility emission factor (ng/kg) 

Assuming nondetect set to zero 
Assuming nondetect set to 

½ detection limit

 2,3,7,8-TCDD  0.149  0.149
 1,2,3,7,8-PeCDD  0.006  0.026
  1,2,3,4,7,8-HxCDD  0.018  0.023
  1,2,3,6,7,8-HxCDD  0.055  0.062
  1,2,3,7,8,9-HxCDD  0.036  0.048
 1,2,3,4,6,7,8-HpCDD  0.379  0.379
  OCDD  4.156  4.156

 2,3,7,8-TCDF  0.319  0.319
 1,2,3,7,8-PeCDF  0.114  0.118
 2,3,4,7,8-PeCDF  0.086  0.091
  1,2,3,4,7,8-HxCDF  0.103  0.111
  1,2,3,6,7,8-HxCDF  0.059  0.09
  1,2,3,7,8,9-HxCDF  0.036  0.068
  2,3,4,6,7,8-HxCDF  0.1  0.148
 1,2,3,4,6,7,8-HpCDF  0.0  0.166
 1,2,3,4,7,8,9-HpCDF  0.027  0.095
  OCDF  0.756  0.756

 Total 2,3,7,8-CDD  4.799  4.843
 Total 2,3,7,8-CDF  1.6  1.962
  Total I-TEQDF  0.282  0.312
 Total TEQDF-WHO98  0.281  0.320

  Total TCDD  0.153  0.153
  Total PeCDD  0.032  0.032
  Total HxCDD  0.391  0.391
  Total HpCDD  0.695  0.695
  Total OCDD  4.156  4.156
  Total TCDF  1.204  1.204
  Total PeCDF  0.737  0.737
  Total HxCDF  0.71  0.71
  Total HpCDF  0.119  0.186
  Total OCDF  0.802  0.802

 Total CDD/CDF  8.999  9.067

 Source:  CARB (1991). 
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Figure 3-20.  Congener and congener group profiles for air emissions from a 
tire combustor. 
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and congener group profiles based on these TEQ emission factors.  From these data, the average 
emission factor is estimated to be 0.281 ng TEQDF-WHO98/kg (0.282 ng I-TEQDF/kg) of tires 
incinerated (when all nondetect values are treated as zero).  This emission factor was used to 
estimate annual TEQ releases from the tire combustion source category for the years 1987, 1995, 
and 2000. 

EPA assigned a low confidence rating to the estimated TEQ emission factor because it is 
possible that it is not representative of TEQ emissions from all tire combustion facilities.  It is 
also possible that this emission factor is an underestimation of emissions from this source 
category because it was derived from the emissions of a facility equipped with very advanced air 
pollution control technology specific for the control of dioxin emissions.  These devices (DS/FF) 
are capable of greater than 95% reduction and control of dioxin-like compounds prior to 
discharge from the stack into the air.  Because other facilities may not be equipped with similar 
air pollution control systems, the TEQ emissions could be higher than the estimates shown 
above. For example, Cains and Dyke (1994) reported much higher emission rates for two tire 
incinerators in the United Kingdom that were equipped with only simple grit arrestors.  These 
emissions produced emission factors of 188 and 228 ng I-TEQDF/kg of tires combusted. 

EPA estimated that approximately 500 million kg of tires were combusted in 1990 
(U.S. EPA, 1992b). Of this total, 23% (115 million kg) were combusted in cement kilns, and it 
is assumed that the remaining 385 million kg were combusted in dedicated tire combustion 
facilities, industrial boilers, and pulp and paper mill combustion facilities.  This activity level 
was adopted for the years 1987 and 1995 and is assigned a medium confidence rating. 

The Rubber Manufacturers Association (2002) reported that 281 million scrap tires 
weighing approximately 5.68 million metric tons were generated in the United States in 2001. 
Approximately 115 million of these scrap tires were combusted as tire-derived fuel, or roughly 
2.32 million metric tons (2.32 billion kg) of tires.  Subtracting the 23% of the tires burned in 
cement kilns yields a total of 1.8 billion kg of tires estimated to have been combusted in facilities 
other than cement kilns in 2001. This figure is used to represent the activity level for tire 
combustion in 2000. This activity level is assigned a medium confidence rating. 

Annual emissions for the reference years were estimated by multiplying the activity level 
times the TEQ emission factor. The TEQ emission factor of 0.281 ng TEQDF-WHO98/kg (0.282 
ng I-TEQDF /kg) of tires combusted was used to estimate annual emissions for all years. 
Multiplying the emission factor by the activity level (385 million kg of tires) yields an estimate 
of 0.11 g TEQDF-WHO98/yr (0.11 g I-TEQDF/yr) emitted to the air in 1987 and 1995.  Using the 
same emission factor multiplied by the estimated activity level of 1.8 billion kg tires combusted 
in 2000 gives an estimate of 0.51 g TEQDF-WHO98/yr (0.51 g I-TEQDF/yr).  The estimated TEQ 
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emissions to air from tire combustion for 1987, 1995, and 2000 are given a low confidence rating 
because of the low confidence rating of the emission factor. 

3.7. COMBUSTION OF WASTEWATER SLUDGE AT BLEACHED CHEMICAL PULP 
MILLS 

Approximately 20.5% of the wastewater sludges generated at bleached chemical pulp 
mills are dewatered and burned in bark boilers at the mills.  These sludges can contain 
CDDs/CDFs and elevated levels of chloride.  However, the level of heat input from sludge in the 
mixed feed to bark boilers rarely exceeds 10% (NCASI, 1995). 

NCASI (1995) provided congener-specific test results for four wood residue/sludge 
boilers tested between 1987 and 1993. Sludge comprised 6 to 10% of the solids in the feed.  The 
average congener-specific emission factors derived from the stack test results obtained from 
these facilities are presented in Table 3-28. The average TEQ emission factor derived from the 
test results is 0.062 ng I-TEQDF-WHO98 (0.061 ng I-TEQDF/kg) of feed (i.e., sludge and wood 
residue), assuming nondetect values were zero.  The range in facility-specific emission factors 
was wide (0.0004 to 0.118 ng I-TEQDF/kg, assuming nondetect values are zero). 

NCASI (1995) also presented stack emission test results for five other bark boilers. 
These boilers combusted only bark during the tests even though the boilers normally fire bark in 
combination with sludge and coal.  These boilers are discussed in Section 4.2.2 as industrial 
facilities burning wood scrap/residues.  The average TEQ emission factor for these facilities was 
0.4 ng I-TEQDF/kg of feed.  The emissions test data presented in NCASI (1995), and discussed 
above, indicate that the CDD/CDF emission factors for bark/sludge combustors are similar to the 
emission factor developed in Section 4.2.2 for industrial facilities burning only wood 
residues/scrap. Based on the fact that wood residues comprise a far greater fraction of the feed to 
these bark/sludge burners than does sludge, the national TEQ emission estimates derived in 
Section 4.2.2 for industrial wood-burning facilities are assumed to include emissions from these 
bark/sludge combustion units. 

3.8. BIOGAS COMBUSTION 

Using a specially developed sampling apparatus, Schreiner et al. (1992) measured the 
CDD/CDF content of a flare combusting exhaust gases from an anaerobic sewage sludge digestor 
in Germany.  The nozzle of the apparatus was moved through three cross-sections of the flame 
and cooling zone.  The CDD/CDF content was 1.4 pg I-TEQDF/standard cubic meter (Nm3) at the 
bottom of the flare, 3.3. pg I-TEQDF/Nm3 at the top of the flare, and 13.1 pg I-TEQDF/Nm3 in the 
middle of the flare.  Congener-specific results were not reported.  Using the theoretical ratio of 
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Table 3-28. CDD/CDF emission factors for combustion of bleached-kraft 
mill sludge in wood residue boilers 

Congener 

Mean emission factors 
(ng/kg feed) 

Nondetect set to zero 
Nondetect set to 
½ detection limit 

2,3,7,8-TCDD 0.005  0.013
1,2,3,7,8-PeCDD 0.005  0.012
1,2,3,4,7,8-HxCDD 0.012  0.022
1,2,3,6,7,8-HxCDD 0.05  0.056
1,2,3,7,8,9-HxCDD 0.035  0.043
1,2,3,4,6,7,8-HpCDD  0.301  0.302
OCDD  1.189  1.192 
2,3,7,8-TCDF 0.104  0.107
1,2,3,7,8-PeCDF 0.022  0.029
2,3,4,7,8-PeCDF 0.019  0.027
1,2,3,4,7,8-HxCDF 0.069  0.071
1,2,3,6,7,8-HxCDF 0.043  0.046
1,2,3,7,8,9-HxCDF 0.036  0.041
2,3,4,6,7,8-HxCDF 0.004  0.012
1,2,3,4,6,7,8-HpCDF  0.274  0.275
1,2,3,4,7,8,9-HpCDF  0.081  0.083
OCDF  0.187  0.188 
Total TCDD 0.101  0.108 
Total PeCDD 0.03 0.109 
Total HxCDD 0.599 0.6 
Total HpCDD  0.956 0.958
Total OCDD 1.189  1.192 
Total TCDF 0.56 0.56 
Total PeCDF 0.469 0.47 
Total HxCDF 0.748 0.748 
Total HpCDF  1.102 1.102
Total OCDF  0.187  0.188 
Total I-TEQDF 
Total TEQDF-WHO98

 0.061
 0.062

 0.082
 0.087 

Total CDD/CDF  5.941  6.035 

Source:  NCASI (1995). 

flare gas volume to digestor gas volume combusted, 78.6:1, and the average CDD/CDF content 
of the three measurements, 5.9 pg I-TEQDF/Nm3, yields an emission rate of 0.46 ng I-TEQ DF/Nm3 

of digestor gas combusted. 
During 1996, publicly owned treatment works (POTWs) in the United States treated 

approximately 122 billion L of wastewater daily (U.S. EPA, 1997b).  Although reliable data are 
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not readily available on the amount of sewage sludge generated by POTWs that is subjected to 
stabilization by anaerobic digestion, a reasonable approximation is 25% of the total sludge 
generated (i.e., the sludge generated from treatment of about 30 trillion L per day of wastewater). 
An estimated 196 kg of sludge solids are generated for every 1 million L of wastewater subjected 
to primary and secondary treatment (Water Pollution Control Federation, 1990).  Thus, 
multiplying 30 billion L/day (25% of 122 billion L) by 196 kg/million L and 365 days/yr yields 
an annual estimate of 2 million metric tons of sludge solids that may be anaerobically digested in 
POTWs annually. 

The volume of sludge digestor gas combusted in flares annually can be estimated using 
operation parameters for a “typical” anaerobic digestor system, as described in Water Pollution 
Control Federation (1990).  Multiplying the annual amount of sludge solids of 2 million metric 
tons by the following parameters and appropriate conversion factors yields an annual flared 
digestor gas volume of 467-million Nm3: 

• Fraction of total solids that are volatile solids is 75%. 
• Reduction of volatile solids during digestion is 50%. 
• Specific gas production is 0.94 m3/kg volatile solids reduced. 
• Fraction of produced gas that is flared is 66%. 

Because there are no direct measurements of CDD/CDF emissions from U.S. anaerobic 
sludge digestor flares and because of uncertainties about the activity level for biogas combustion, 
no national emissions estimate has been developed for inclusion in the national inventory. 
However, a preliminary estimate of the potential annual TEQ emissions from this source can be 
obtained by multiplying the emission factor of 0.46 ng I-TEQDF/Nm3 of digestor gas flared by the 
estimated volume of gas flared annually in the United States, 467 million Nm3 . This calculation 
yields an annual potential release in 2000 of 0.22 g.  This estimate should be regarded as a 
preliminary indication of possible emissions from this source category; further testing is needed 
to confirm the true magnitude of these emissions. 
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Table 3-5.  National CDD/CDF TEQ emissions (g/yr) for large and small municipal waste combustors (MWCs) 
operating in 2000 

3-90
 

Facility name State County/city MWC type 
Unit 
no. 

MSW 
capacity 

(tons/day) 

MSW 
combusted 
(tons/yr) APCD 

Emission 
s (g I

TEQ/yr) 

Emissions 
(g WHODF 

TEQ/yr) 

I. Large MWCs (>250 tpd/unit) 

Huntsville AL Madison MB/WW 1 345 88,154.49 SD/FF/CI/SNCR 0.004 0.004 
Huntsville AL Madison MB/WW 2 345 88,633.51 SD/FF/CI/SNCR 0.008 0.008 
Long Beach SERRF CA Los Angeles MB/WW 1 360 95,572.00 SD/FF/SNCR 0.028 0.031 
Long Beach SERRF CA Los Angeles MB/WW 1 460 154,264.93 SD/FF/SNCR 0.014 0.015 
Long Beach SERRF CA Los Angeles MB/WW 2 460 164,072.92 SD/FF/SNCR 0.031 0.033 
Long Beach SERRF CA Los Angeles MB/WW 3 460 160,371.15 SD/FF/SNCR 0.018 0.023 
Stanislaus (Modesto) CA Stanislaus MB/WW 1 400 131,607.90 SD/FF/CI/SNCR 0.013 0.014 
Stanislaus (Modesto) CA Stanislaus MB/WW 2 400 129,798.10 SD/FF/CI/SNCR 0.009 0.01 
Wheelabrator Bridgeport, L.P. CT Fairfield MB/WW 1 750 238,974.40 SD/FF/CI 0.019 0.021 
Wheelabrator Bridgeport, L.P. CT Fairfield MB/WW 2 750 237,183.53 SD/FF/CI 0.02 0.021 
Wheelabrator Bridgeport, L.P. CT Fairfield MB/WW 3 750 231,472.07 SD/FF/CI 0.024 0.027 
Bristol RRF CT Hartford MB/WW 2 325 92,453.00 SD/FF/CI/SNCR 0.004 0.004 
Bristol RRF CT Hartford MB/WW 2 325 93,627.93 SD/FF/CI/SNCR 0.004 0.004 
Mid-Connecticut RRF CT Hartford RDF 1 675 246,570.00 SD/FF/SNCR 0.019 0.022 
Mid-Connecticut RRF CT Hartford RDF 2 675 251,454.04 SD/FF/SNCR 0.041 0.046 
Mid-Connecticut RRF CT Hartford RDF 3 675 252,415.96 SD/FF/SNCR 0.048 0.048 
Southeastern Connecticut RRF CT New London MB/WW 1 345 122,528.01 SD/FF/CI 0.015 0.016 
Southeastern Connecticut RRF CT New London MB/WW 2 345 121,053.99 SD/FF/CI 0.046 0.051 
Wheelabrator Lisbon Inc. CT New London MB/WW 1 250 89,556.15 SD/FF/CI/SNCR 0.001 0.001 
Wheelabrator Lisbon Inc. CT New London MB/WW 2 250 89,452.85 SD/FF/CI/SNCR 0.025 0.028 
Wheelabrator South Broward FL Ft. Lauderdale MB/WW 1 750 259,426.57 SD/FF/SNCR 0.023 0.025 
Wheelabrator South Broward FL Ft. Lauderdale MB/WW 2 750 244,492.13 SD/FF/SNCR 0.078 0.085 
Wheelabrator South Broward FL Ft. Lauderdale MB/WW 3 750 252,013.30 SD/FF/SNCR 0.046 0.051 






Table 3-5. National CDD/CDF TEQ emissions (g/yr) for large and small municipal waste combustors (MWCs) 
operating in 2000 (continued) 
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Facility name State County/city MWC type 
Unit 
no. 

MSW 
capacity 

(tons/day) 

MSW 
combusted 
(tons/yr) APCD 

Emission 
s (g I

TEQ/yr) 

Emissions 
(g WHODF 

TEQ/yr) 

Wheelabrator North Broward FL Broward MB/WW 1 750 260,456.43 SD/FF/SNCR 0.018 0.02 
Wheelabrator North Broward FL Broward MB/WW 2 750 255,371.04 SD/FF/SNCR 0.018 0.02 
Wheelabrator North Broward FL Broward MB/WW 3 750 259,802.53 SD/FF/SNCR 0.07 0.076 
Dade Co. RRF FL Dade RDF 1 672 172,792.98 SD/FF/CI/SNCR 0.384 0.406 
Dade Co. RRF FL Dade RDF 2 672 171,880.39 SD/FF/CI/SNCR 0.393 0.419 
Dade Co. RRF FL Dade RDF 3 672 167,673.72 SD/FF/CI/SNCR 0.062 0.066 
Dade Co. RRF FL Dade RDF 4 672 155,352.91 SD/FF/CI/SNCR 0.444 0.475 
Hillsborough Co. RRF FL Hillsborough MB/WW 1 400 116,426.35 SD/FF/CI/SNCR 0.019 0.02 
Hillsborough Co. RRF FL Hillsborough MB/WW 2 400 120,265.74 SD/FF/CI/SNCR 0.023 0.025 
Hillsborough Co. RRF FL Hillsborough MB/WW 3 400 121,674.90 SD/FF/CI/SNCR 0.039 0.042 
McKay Bay REF FL Hillsborough MB/WW 1 250 90,232.04 SD/FF/CI/SNCR 0.014 0.015 
McKay Bay REF FL Hillsborough MB/WW 2 250 90,232.04 SD/FF/CI/SNCR 0.016 0.017 
McKay Bay REF FL Hillsborough MB/WW 3 250 90,413.44 SD/ESP/CI/SNCR 0.002 0.002 
McKay Bay REF FL Hillsborough MB/WW 4 250 90,050.47 SD/ESP/CI/SNCR 0.003 0.003 
Lake Co. RRF FL Lake MB/WW 1 264 82,586.03 SD/FF/CI/SNCR 0.034 0.036 
Lake Co. RRF FL Lake MB/WW 2 264 83,262.97 SD/FF/CI/SNCR 0.036 0.038 
Lee County Solid Waste RRF FL Lee MB/WW 1 600 197,620.93 SD/FF/CI/SNCR 0.101 0.11 
Lee County Solid Waste RRF FL Lee MB/WW 2 600 197,203.07 SD/FF/CI/SNCR 0.11 0.12 
Pasco County Solid Waste RRF FL Pasco MB/WW 1 350 98,891.97 SD/FF/CI/SNCR 0.012 0.012 
Pasco County Solid Waste RRF FL Pasco MB/WW 2 350 102,727.33 SD/FF/CI/SNCR 0.008 0.009 
Pasco County Solid Waste RRF FL Pasco MB/WW 3 350 108,759.70 SD/FF/CI/SNCR 0.004 0.004 
Pinellas County RRF FL Pinellas MB/WW 1 1000 299,275.82 SD/FF/CI/SNCR 0.013 0.015 
Pinellas County RRF FL Pinellas MB/WW 2 1000 289,763.18 SD/FF/CI/SNCR 0.074 0.083 
Pinellas County RRF FL Pinellas MB/WW 3 1000 301,717.00 SD/FF/CI/SNCR 0.043 0.047 






Table 3-5. National CDD/CDF TEQ emissions (g/yr) for large and small municipal waste combustors (MWCs) 
operating in 2000 (continued) 

3-92
3-92
 

Facility name State County/city MWC type 
Unit 
no. 

MSW 
capacity 

(tons/day) 

MSW 
combusted 
(tons/yr) APCD 

Emission 
s (g I

TEQ/yr) 

Emissions 
(g WHODF 

TEQ/yr) 

North County RRF FL West Palm 
Beach 

RDF 1 1000 273,939.00 SD/ESP 0.279 0.302 

North County RRF FL West Palm 
Beach 

RDF 2 1000 288,988.00 SD/ESP 0.681 0.747 

Savannah RRF GA Chatham MB/WW 1 250 61,886.44 SD/FF/CI/SNCR 0.029 0.032 
Savannah RRF GA Chatham MB/WW 2 250 58,830.56 SD/FF/CI/SNCR 0.023 0.025 
Honolulu RRF HI Honolulu RDF 1 1080 258,726.76 SD/ESP 0.802 0.888 
Honolulu RRF HI Honolulu RDF 2 1080 256,019.24 SD/ESP 1.181 1.318 
Indianapolis RRF IN Marion MB/WW 1 787 209,507.33 SD/FF/CI/SNCR 0.025 0.027 
Indianapolis RRF IN Marion MB/WW 2 787 220,779.62 SD/FF/CI/SNCR 0.025 0.028 
Indianapolis RRF IN Marion MB/WW 3 787 224,095.05 SD/FF/CI/SNCR 0.005 0.005 
Haverhill RRF MA Essex MB/WW 1 825 281,121.60 SD/FF/CI/SNCR 0.048 0.051 
Haverhill RRF MA Essex MB/WW 2 825 286,516.40 SD/FF/CI/SNCR 0.063 0.067 
Wheelabrator North Andover MA Essex MB/WW 1 750 202,456.92 SD/FF/CI/SNCR 0.006 0.007 
Wheelabrator North Andover MA Essex MB/WW 2 750 180,415.08 SD/FF/CI/SNCR 0.006 0.006 
Wheelabrator Saugus MA Essex MB/WW 1 750 217,656.46 SD/FF/CI/SNCR 0.006 0.006 
Wheelabrator Saugus MA Essex MB/WW 2 750 214,057.54 SD/FF/CI/SNCR 0.004 0.005 
SEMASS RRF MA Plymouth RDF 1 1000 368,821.00 SD/ESP/FF/CI 0.045 0.051 
SEMASS RRF MA Plymouth RDF 2 1000 372,224.92 SD/ESP/FF/CI 0.048 0.052 
SEMASS RRF MA Plymouth RDF 3 1000 364,595.08 SD/FF/SNCR 0.033 0.036 
Wheelabrator Millbury MA Worcester MB/WW 1 750 230,829.25 SD/ESP/CI/SNCR 0.038 0.042 
Wheelabrator Millbury MA Worcester MB/WW 2 750 233,033.75 SD/ESP/CI/SNCR 0.017 0.019 
Wheelabrator Baltimore MD Independent 

City 
MB/WW 1 750 242,224.16 SD/ESP/CI/SNCR 0.043 0.047 






Table 3-5. National CDD/CDF TEQ emissions (g/yr) for large and small municipal waste combustors (MWCs) 
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Facility name State County/city MWC type 
Unit 
no. 

MSW 
capacity 

(tons/day) 

MSW 
combusted 
(tons/yr) APCD 

Emission 
s (g I

TEQ/yr) 

Emissions 
(g WHODF 

TEQ/yr) 

Wheelabrator Baltimore MD Independent 
City 

MB/WW 2 750 241,753.99 SD/ESP/CI/SNCR 0.176 0.179 

Wheelabrator Baltimore MD Independent 
City 

MB/WW 3 750 231,232.85 SD/ESP/CI/SNCR 0.177 0.186 

Montgomery Co. RRF MD Montgomery MB/WW 1 600 178,986.24 SD/FF/CI/SNCR 0.096 0.107 
Montgomery Co. RRF MD Montgomery MB/WW 2 600 170,879.15 SD/FF/CI/SNCR 0.09 0.091 
Montgomery Co. RRF MD Montgomery MB/WW 3 600 170,131.61 SD/FF/CI/SNCR 0.099 0.108 
Greater Portland Region RRF ME Cumberland MB/WW 1 250 87,323.81 SD/ESP/CI/SNCR 0.051 0.055 
Greater Portland Region RRF ME Cumberland MB/WW 2 250 85,676.19 SD/ESP/CI/SNCR 0.108 0.115 
Penobscot Energy Recovery ME Penobscot RDF 1 360 108,975.08 SD/FF 0.008 0.008 
Penobscot Energy Recovery ME Penobscot RDF 2 360 110,899.92 SD/FF 0.008 0.008 
Maine Energy Recovery ME York RDF 1 300 123,654.50 SD/FF/SNCR 0.018 0.02 
Maine Energy Recovery ME York RDF 2 300 123,654.50 SD/FF/SNCR 0.019 0.02 
Kent Co. WTE Facility MI Kent MB/WW 1 313 90,813.23 SD/FF/CI/SNCR 0.006 0.007 
Kent Co. WTE Facility MI Kent MB/WW 2 313 88,925.77 SD/FF/CI/SNCR 0.013 0.013 
Central Wayne Energy MI Wayne MB/WW 3 300 61,800.00 SD/FF/CI/SNCR 0.005 0.005 
Greater Detroit RRF MI Wayne RDF 1 1100 279,883.11 SD/FF 0.259 0.287 
Greater Detroit RRF MI Wayne RDF 2 1100 212,094.32 SD/FF 0.01 0.011 
Greater Detroit RRF MI Wayne RDF 3 1100 201,288.58 SD/FF 0.193 0.218 
Wilmarth Plant MN Blue Earth RDF 1 360 94,983.00 SD/FF/SNCR 0.028 0.03 
Wilmarth Plant MN Blue Earth RDF 2 360 108,339.00 SD/FF/SNCR 0.032 0.034 
Red Wing Plant MN Goodhue RDF 1 360 92,993.00 DSI/FF 0.017 0.017 
Red Wing Plant MN Goodhue RDF 2 360 89,211.00 DSI/FF 0.066 0.069 
Covanta Hennepin MN Hennepin MB/WW 1 600 182,903.45 SD/FF/CI/SNCR 0.009 0.01 
Covanta Hennepin MN Hennepin MB/WW 2 600 182,190.55 SD/FF/CI/SNCR 0.049 0.052 
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Facility name State County/city MWC type 
Unit 
no. 

MSW 
capacity 

(tons/day) 

MSW 
combusted 
(tons/yr) APCD 

Emission 
s (g I

TEQ/yr) 

Emissions 
(g WHODF 

TEQ/yr) 

Great River Energy MN Sherburne RDF 1 250 75,878.19 SD/FF 0.013 0.014 
Great River Energy MN Sherburne RDF 2 250 75,122.55 SD/FF 0.013 0.013 
Great River Energy MN Sherburne RDF 3 500 133,529.26 SD/FF 0.022 0.024 
New Hanover Co. WTE NC New Hanover MB/WW 3 301 126,709.00 SD/FF/CI/SNCR 0.016 0.017 
Wheelabrator Concord NH Merrimack MB/WW 1 250 91,065.04 SD/FF/CI/SNCR 0.001 0.001 
Wheelabrator Concord NH Merrimack MB/WW 2 250 92,550.96 SD/FF/CI/SNCR 0.006 0.007 
Camden RRF NJ Camden MB/WW 1 350 97,654.44 SD/ESP/CI/SNCR 0.098 0.106 
Camden RRF NJ Camden MB/WW 2 350 93,330.56 SD/ESP/CI/SNCR 0.218 0.252 
Camden RRF NJ Camden MB/WW 3 350 85,658.00 SD/ESP/CI/SNCR 0.062 0.068 
Essex Co. RRF NJ Essex MB/WW 1 900 322,862.32 SD/ESP/CI/SNCR 0.07 0.078 
Essex Co. RRF NJ Essex MB/WW 2 900 327,332.25 SD/ESP/CI/SNCR 0.049 0.054 
Essex Co. RRF NJ Essex MB/WW 3 900 335,288.43 SD/ESP/CI/SNCR 0.039 0.043 
Gloucester County NJ Gloucester MB/WW 1 288 90,774.74 SD/FF/CI/SNCR 0.008 0.009 
Gloucester County NJ Gloucester MB/WW 2 288 90,397.26 SD/FF/CI/SNCR 0.009 0.01 
Union Co. RRF NJ Union MB/WW 1 480 169,630.18 SD/FF/CI/SNCR 0.005 0.005 
Union Co. RRF NJ Union MB/WW 2 480 171,047.55 SD/FF/CI/SNCR 0.01 0.011 
Union Co. RRF NJ Union MB/WW 3 480 167,844.27 SD/FF/CI/SNCR 0.01 0.011 
Hempstead NY Nassau MB/WW 1 835 294,685.61 SD/FF/SNCR 0.015 0.017 
Hempstead NY Nassau MB/WW 2 835 299,122.26 SD/FF/SNCR 0.431 0.471 
Hempstead NY Nassau MB/WW 3 835 293,532.12 SD/FF/SNCR 0.011 0.012 
Niagara Falls NY Niagara MB/WW 3 1100 358,183.15 SD/FF/CI/SNCR 0.209 0.225 
Niagara Falls NY Niagara MB/WW 4 1100 355,338.85 SD/FF/CI/SNCR 0.197 0.214 
Onondaga Co. RRF NY Onondaga MB/WW 1 330 117,389.13 SD/FF/CI/SNCR 0.002 0.002 
Onondaga Co. RRF NY Onondaga MB/WW 2 330 99,956.76 SD/FF/CI/SNCR 0.004 0.004 
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Facility name State County/city MWC type 
Unit 
no. 

MSW 
capacity 

(tons/day) 

MSW 
combusted 
(tons/yr) APCD 

Emission 
s (g I

TEQ/yr) 

Emissions 
(g WHODF 

TEQ/yr) 

Onondaga Co. RRF NY Onondaga MB/WW 3 330 117,794.12 SD/FF/CI/SNCR 0.007 0.007 
Babylon RRF NY Suffolk MB/WW 1 375 112,323.03 SD/FF/CI/SNCR 0.002 0.002 
Babylon RRF NY Suffolk MB/WW 2 375 107,951.97 SD/FF/CI/SNCR 0.007 0.008 
Huntington RRF NY Suffolk MB/WW 1 250 102,526.89 SD/FF/CI/SNCR 0.003 0.003 
Huntington RRF NY Suffolk MB/WW 2 250 102,744.63 SD/FF/CI/SNCR 0.007 0.008 
Huntington RRF NY Suffolk MB/WW 3 250 110,853.48 SD/FF/CI/SNCR 0.007 0.008 
Adirondack RRF NY Washington MB/WW 1 250 82,458.60 SD/ESP/CI 0.509 0.556 
Adirondack RRF NY Washington MB/WW 2 250 79,860.40 SD/ESP/CI 0.437 0.477 
Wheelabrator Westchester, L.P. NY Westchester MB/WW 1 750 226,329.03 SD/FF/CI/SNCR 0.025 0.027 
Wheelabrator Westchester, L.P. NY Westchester MB/WW 2 750 217,185.24 SD/FF/CI/SNCR 0.017 0.019 
Wheelabrator Westchester, L.P. NY Westchester MB/WW 3 750 206,044.73 SD/FF/CI/SNCR 0.026 0.029 
Walter B. Hall RRF (Tulsa) OK Tulsa MB/WW 1 375 111,998.10 SD/FF/CI/SNCR 0.012 0.013 
Walter B. Hall RRF (Tulsa) OK Tulsa MB/WW 2 375 113,501.52 SD/FF/CI/SNCR 0.006 0.006 
Walter B. Hall RRF (Tulsa) OK Tulsa MB/WW 3 375 113,849.38 SD/FF/CI/SNCR 0.003 0.003 
Marion Co. WTE OR Marion MB/WW 1 275 92,091.75 SD/FF/CI/SNCR 0.004 0.005 
Marion Co. WTE OR Marion MB/WW 2 275 92,288.25 SD/FF/CI/SNCR 0.003 0.003 
Lancaster County PA Bainbridge MB/WW 1 400 125,595.02 SD/FF/CI/SNCR 0.017 0.018 
Lancaster County PA Bainbridge MB/WW 2 400 127,240.06 SD/FF/CI/SNCR 0.015 0.016 
Lancaster County PA Bainbridge MB/WW 3 400 128,049.91 SD/FF/CI/SNCR 0.028 0.029 
Wheelabrator Falls RRF PA Bucks MB/WW 1 750 264,839.58 SD/FF/CI/SNCR 0.015 0.016 
Wheelabrator Falls RRF PA Bucks MB/WW 2 750 259,729.42 SD/FF/CI/SNCR 0.025 0.027 
American Ref-fuel of Delaware 
Valley 

PA Delaware MB/RC 1 448 179,845.19 SD/FF 0.126 0.138 

American Ref-fuel of Delaware 
Valley 

PA Delaware MB/RC 2 448 190,795.79 SD/FF 0.052 0.055 
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Facility name State County/city MWC type 
Unit 
no. 

MSW 
capacity 

(tons/day) 

MSW 
combusted 
(tons/yr) APCD 

Emission 
s (g I

TEQ/yr) 

Emissions 
(g WHODF 

TEQ/yr) 

American Ref-fuel of Delaware 
Valley 

PA Delaware MB/RC 3 448 186,088.66 SD/FF 0.181 0.197 

American Ref-fuel of Delaware 
Valley 

PA Delaware MB/RC 4 448 189,206.50 SD/FF 0.045 0.05 

American Ref-fuel of Delaware 
Valley 

PA Delaware MB/RC 5 448 176,939.66 SD/FF 0.023 0.025 

American Ref-fuel of Delaware 
Valley 

PA Delaware MB/RC 6 448 191,389.21 SD/FF 0.029 0.032 

Montenay Montgomery PA Montgomery MB/WW 1 600 204,290.69 SD/FF/CI/SNCR 0.169 0.179 
Montenay Montgomery PA Montgomery MB/WW 2 600 198,884.31 SD/FF/CI/SNCR 0.354 0.372 
York County PA York MB/RC 1 448 135,266.80 SD/FF/CI/SNCR 0.023 0.025 
York County PA York MB/RC 2 448 135,104.31 SD/FF/CI/SNCR 0.025 0.028 
York County PA York MB/RC 3 448 126,412.88 SD/FF/CI/SNCR 0.023 0.025 
Foster Wheeler Charleston RRF SC Charleston MB/WW 1 300 112,950.14 SD/ESP/CI 0.151 0.16 
Foster Wheeler Charleston RRF SC Charleston MB/WW 2 300 98,453.86 SD/ESP/CI 0.15 0.16 
Nashville Thermal Transfer Corp. TN Davidson MB/WW 1 330 67,181.87 SD/FF/CI/SNCR 0 0 
Nashville Thermal Transfer Corp. TN Davidson MB/WW 2 330 72,257.44 SD/FF/CI/SNCR 0 0 
Nashville Thermal Transfer Corp. TN Davidson MB/WW 3 390 85,979.69 SD/FF/CI/SNCR 0 0 
Alexandria/Arlington RRF VA Alexandria MB/WW 1 325 113,578.13 SD/FF/CI/SNCR 0.007 0.008 
Alexandria/Arlington RRF VA Alexandria MB/WW 2 325 109,442.21 SD/FF/CI/SNCR 0.022 0.024 
Alexandria/Arlington RRF VA Alexandria MB/WW 3 325 109,410.66 SD/FF/CI/SNCR 0.02 0.021 
I-95 Energy RRF VA Fairfax MB/WW 1 750 270,077.99 SD/FF/CI/SNCR 0.011 0.011 
I-95 Energy RRF VA Fairfax MB/WW 2 750 271,967.16 SD/FF/CI/SNCR 0.012 0.013 
I-95 Energy RRF VA Fairfax MB/WW 3 750 272,396.24 SD/FF/CI/SNCR 0.006 0.006 
I-95 Energy RRF VA Fairfax MB/WW 4 750 271,628.61 SD/FF/CI/SNCR 0.012 0.012 
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Facility name State County/city MWC type 
Unit 
no. 

MSW 
capacity 

(tons/day) 

MSW 
combusted 
(tons/yr) APCD 

Emission 
s (g I

TEQ/yr) 

Emissions 
(g WHODF 

TEQ/yr) 

SPSA Waste To Energy VA Portsmouth RDF 1 500 122,153.75 SD/FF 0.123 0.133 
SPSA Waste To Energy VA Portsmouth RDF 2 500 122,153.75 SD/FF 0.111 0.12 
SPSA Waste To Energy VA Portsmouth RDF 3 500 122,153.75 SD/FF 0.103 0.111 
SPSA Waste To Energy VA Portsmouth RDF 4 500 122,153.75 SD/FF 0.13 0.141 
Spokane Regional Disposal Facility WA Spokane MB/WW 1 400 141,392.12 SD/FF/CI/SNCR 0.009 0.01 
Spokane Regional Disposal Facility WA Spokane MB/WW 2 400 143,927.88 SD/FF/CI/SNCR 0.008 0.009 
LaCrosse Co. WI LaCrosse RDF 1 288 22,727.86 DSI/FF/H2O/SNCR 0.344 0.36 
LaCrosse Co. WI LaCrosse RDF 2 288 21,718.14 DSI/FF/H2O/SNCR 0.344 0.36 
Large MWC totals 2.80e+007 12.73 13.815 

II. Small MWCs (<250 tpd/unit) 

Juneau RRF AK Juneau 
Borough 

MOD/SA 1 35 10,975.85 ESP 0.484 0.533 

Juneau RRF AK Juneau 
Borough 

MOD/SA 2 35 10,975.85 ESP 0.484 0.533 

Wallingford RRF CT New Haven MOD/EA 1 140 43,903.39 SD/FF 0.064 0.07 
Wallingford RRF CT New Haven MOD/EA 2 140 43,903.39 SD/FF 0.021 0.023 
Wallingford RRF CT New Haven MOD/EA 3 140 43,903.39 SD/FF 0.006 0.007 
Bay Resource Management Center FL Bay MB/RC 1 245 76,830.94 ESP 3.442 3.786 
Bay Resource Management Center FL Bay MB/RC 2 245 76,830.94 ESP 4.633 5.096 
Miami International Airport FL Dade MOD/SA 1 60 18,815.74 Unc 0.649 0.714 
Southernmost WTE FL Monroe MB/WW 1 75 23,519.67 ESP 0.322 0.355 
Southernmost WTE FL Monroe MB/WW 2 75 23,519.67 ESP 0.322 0.355 
Pittsfield RRF MA Berkshire MOD/EA 1 120 37,631.48 WS/ESP 0.978 1.076 
Pittsfield RRF MA Berkshire MOD/EA 2 120 37,631.48 WS/ESP 0.978 1.076 
Pittsfield RRF MA Berkshire MOD/EA 3 120 37,631.48 WS/ESP 0.978 1.076 
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Facility name State County/city MWC type 
Unit 
no. 

MSW 
capacity 

(tons/day) 

MSW 
combusted 
(tons/yr) APCD 

Emission 
s (g I

TEQ/yr) 

Emissions 
(g WHODF 

TEQ/yr) 

Springfield RRF MA Hampden MOD/EA 1 120 37,631.48 DSI/FF 0.028 0.03 
Springfield RRF MA Hampden MOD/EA 2 120 37,631.48 DSI/FF 0.028 0.03 
Springfield RRF MA Hampden MOD/EA 3 120 37,631.48 DSI/FF 0.028 0.03 
Harford Co. WTE Fac. MD Harford MOD/SA 1 90 28,223.61 DSI/ESP 1.352 1.488 
Harford Co. WTE Fac. MD Harford MOD/SA 2 90 28,223.61 DSI/ESP 1.352 1.488 
Harford Co. WTE Fac. MD Harford MOD/SA 3 90 28,223.61 DSI/ESP 1.352 1.488 
Harford Co. WTE Fac. MD Harford MOD/SA 4 90 28,223.61 DSI/ESP 1.352 1.488 
Mid Maine Waste Action Corp. ME Androscoggin MB 1 100 31,359.57 SD/FF 0.024 0.027 
Mid Maine Waste Action Corp. ME Androscoggin MB 2 100 31,359.57 SD/FF 0.024 0.027 
Jackson Co. RRF MI Jackson MB/WW 1 100 31,359.57 SD/FF 1.135 1.249 
Jackson Co. RRF MI Jackson MB/WW 2 100 31,359.57 SD/FF 1.135 1.249 
Central Wayne Co. MI Wayne RDF 1 249 78,085.32 ESP 0.061 0.067 
Central Wayne Co. MI Wayne RDF 2 249 78,085.32 ESP 0.061 0.067 
Pope-Douglas Waste MN Douglas MOD/EA 1 36 11,289.44 ESP 0.293 0.323 
Pope-Douglas Waste MN Douglas MOD/EA 2 36 11,289.44 ESP 0.293 0.323 
Red Wing Solid Waste Boiler 
Facility 

MN Goodhue MOD/EA 1 36 11,289.44 ESP 0.287 0.316 

Red Wing Solid Waste Boiler 
Facility 

MN Goodhue MOD/EA 2 36 11,289.44 ESP 0.287 0.316 

Olmstead WTE Facility MN Olmstead MB/WW 1 100 31,359.57 ESP 1.449 1.594 
Olmstead WTE Facility MN Olmstead MB/WW 2 100 31,359.57 ESP 1.449 1.594 
Fergus Falls MN Otter Tail MOD/SA 1 47 14,739.00 WS 0.621 0.683 
Fergus Falls MN Otter Tail MOD/SA 2 47 14,739.00 WS 0.621 0.683 
Perham Renewable RF MN Otter Tail MOD/SA 1 57 17,874.95 ESP 0.37 0.407 
Perham Renewable RF MN Otter Tail MOD/SA 2 57 17,874.95 ESP 0.37 0.407 
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Facility name State County/city MWC type 
Unit 
no. 

MSW 
capacity 

(tons/day) 

MSW 
combusted 
(tons/yr) APCD 

Emission 
s (g I

TEQ/yr) 

Emissions 
(g WHODF 

TEQ/yr) 

Polk Co. MN Polk MOD/SA 1 40 12,543.83 ESP 0.433 0.476 
Polk Co. MN Polk MOD/SA 2 40 12,543.83 ESP 0.433 0.476 
Pascagoula MS Jackson MOD/EA 1 75 23,519.67 ESP 0.611 0.672 
Pascagoula MS Jackson MOD/EA 2 75 23,519.67 ESP 0.611 0.672 
Livingston/Park County MT Park MOD/SA 1 36 11,289.44 Unc 0.389 0.428 
Livingston/Park County MT Park MOD/SA 2 36 11,289.44 Unc 0.389 0.428 
New Hanover Co. NC New Hanover MB/WW 1 100 31,359.57 SD/FF 0.024 0.027 
New Hanover Co. NC New Hanover MB/WW 2 100 31,359.57 SD/FF 0.024 0.027 
SES Claremont NH Sullivan MB/WW 1 100 31,359.57 DSI/FF 0.113 0.124 
SES Claremont NH Sullivan MB/WW 2 100 31,359.57 DSI/FF 0.095 0.104 
Warren Energy RF NJ Warren MB/WW 1 200 62,719.13 SD/FF/CI 0.001 0.002 
Warren Energy RF NJ Warren MB/WW 2 200 62,719.13 SD/FF/CI 0.001 0.002 
Dutchess Co. RRF NY Dutchess MB/RC 1 200 62,719.13 DSI/FF 0.015 0.016 
Dutchess Co. RRF NY Dutchess MB/RC 2 200 62,719.13 DSI/FF 0.027 0.029 
Oswego Co. WTE NY Oswego MOD/SA 3 50 15,679.78 SD/FF/CI 0.007 0.008 
Oswego Co. WTE NY Oswego MOD/SA 4 50 15,679.78 SD/FF/CI 0.024 0.026 
Oswego Co. WTE NY Oswego MOD/SA 1 50 15,679.78 SD/FF/CI 0.015 0.017 
Oswego Co. WTE NY Oswego MOD/SA 2 50 15,679.78 SD/FF/CI 0.015 0.017 
MacArthur WTE NY Suffolk MB/RC 1 243 76,203.74 DSI/FF 0.001 0.001 
MacArthur WTE NY Suffolk MB/RC 2 243 76,203.74 DSI/FF 0.001 0.001 
Miami RRF OK Ottawa MOD/SA 1 35 10,975.85 Unc 0.379 0.417 
Miami RRF OK Ottawa MOD/SA 2 35 10,975.85 Unc 0.379 0.417 
Miami RRF OK Ottawa MOD/SA 3 35 10,975.85 Unc 0.379 0.417 
Coos Bay Incinerator OR Coos MOD/SA 1 50 15,679.78 DSI/FF 0 0 
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Facility name State County/city MWC type 
Unit 
no. 

MSW 
capacity 

(tons/day) 

MSW 
combusted 
(tons/yr) APCD 

Emission 
s (g I

TEQ/yr) 

Emissions 
(g WHODF 

TEQ/yr) 

Coos Bay Incinerator OR Coos MOD/SA 2 50 15,679.78 DSI/FF 0 0 
Coos Bay Incinerator OR Coos MOD/SA 3 50 15,679.78 DSI/FF 0 0 
Harrisburg WTE PA Dauphin MB/WW 1 245 76,830.94 ESP 12.894 14.184 
Harrisburg WTE PA Dauphin MB/WW 2 245 76,830.94 ESP 8.29 9.119 
Sumner Co. TN Sumner MB/RC 1 100 31,359.57 ESP 0.43 0.473 
Sumner Co. TN Sumner MB/RC 2 100 31,359.57 ESP 0.43 0.473 
City of Cleburne TX Johnson MOD/SA 1 38 11,916.63 DSI/ESP 0.526 0.579 
City of Cleburne TX Johnson MOD/SA 2 38 11,916.63 DSI/ESP 0.526 0.579 
City of Cleburne TX Johnson MOD/SA 3 38 11,916.63 DSI/ESP 0.411 0.452 
Panola Co. WTE TX Panola MOD/SA 1 40 12,543.83 WS 0.433 0.476 
Center RRF TX Shelby MOD/SA 1 40 12,543.83 WS 0.554 0.609 
Davis/Wasatch UT Davis MB/REF 1 200 62,719.13 DSI/ESP 1.275 1.403 
Davis/Wasatch UT Davis MB/REF 2 200 62,719.13 DSI/ESP 1.384 1.522 
Arlington -Pen tagon VA Arlington MOD/SA 1 50 15,679.78 FF 0.697 0.766 
Arlington -Pen tagon VA Arlington MOD/SA 2 50 15,679.78 FF 0.697 0.766 
Galax City SW VA Grayson MB/WW/RC 1 56 17,561.36 FF 0.241 0.265 
NASA Refuse-fired Steam 
Generator 

VA Hampton City MB/WW 1 100 31,359.57 ESP 0.614 0.675 

NASA Refuse-fired Steam 
Generator 

VA Hampton City MB/WW 2 100 31,359.57 ESP 0.614 0.675 

Harrisonburg VA Rockingham MB/WW 1 50 15,679.78 Unc 0.151 0.166 
Harrisonburg VA Rockingham MB/WW 2 50 15,679.78 Unc 0.151 0.166 
Tacoma WA Pierce FB/RDF 1 150 47,039.35 DSI/FF 0.089 0.098 
Tacoma WA Pierce FB/RDF 2 150 47,039.35 DSI/FF 0.089 0.098 
Barron Co. WI Barron MOD/SA 1 50 15,679.78 ESP 0.692 0.761 
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Facility name State County/city MWC type 
Unit 
no. 

MSW 
capacity 

(tons/day) 

MSW 
combusted 
(tons/yr) APCD 

Emission 
s (g I

TEQ/yr) 

Emissions 
(g WHODF 

TEQ/yr) 

Barron Co. WI Barron MOD/SA 2 50 15,679.78 ESP 0.692 0.761 
Small MWC totals 2.60e+006 63.583 69.941 

All MWCs operating in 2000 
(totals) 

3.06e+007 76.3 83.8 

RRF = Resource recovery facility (steam-generating facility)
 
MSW = Municipal solid waste
 
WTE = Waste-to-energy (facility)
 

APCD (air pollution control device): MWC type:
 
CI = Carbon injection FB/RDF = Fluidized-bed refuse-derived fuel 
DS = Dry scrubber MB/REF = Mass burn refractory 
DSI = Dry sorbent injection MB/WW = Mass burn waterwall 
ESP = Electrostatic precipitator MB = Mass burn 
FF = Fabric filter MB/RC = Mass burn rotary kiln 
SD = Spray dryer MOD/EA = Modular excess air 
SNRL = Selective noncatalytic reduction MOD/SA = Modular starved air 
Unc = Uncontrolled RDF = Refuse-derived fuel 
WS = Wet scrubber 



 

 


 


4. COMBUSTION SOURCES OF CDDs/CDFs:  POWER/ENERGY GENERATION 

4.1. MOTOR VEHICLE FUEL COMBUSTION 

Ballschmiter et al. (1986) reported detecting CDDs/CDFs in used motor oil, thus 
providing some of the first evidence that CDDs/CDFs might be emitted by the combustion 
processes in gasoline- and diesel-fueled engines.  Incomplete combustion and the presence of a 
chlorine source in the form of additives such as dichloroethane or pentachlorophenate in the oil 
or the fuel were speculated to lead to the formation of CDDs/CDFs. The congener patterns found 
in the used oil samples were characterized by Ballschmiter et al. as being similar to the patterns 
found in fly ash and stack emissions from municipal waste incinerators. 

Since 1986, several studies have been conducted to measure or estimate CDD/CDF 
concentrations in emissions from vehicles. Although there is no standard approved protocol for 
measuring CDDs/CDFs in vehicle exhaust, some researchers have developed and implemented 
several approaches for collecting and analyzing tailpipe emissions.  Other researchers have 
estimated vehicle exhaust emissions of CDDs/CDFs indirectly from studies of tunnel air.  The 
results of these two types of studies are summarized in Sections 4.1.1 and 4.1.2.  

Estimates of national annual CDD/CDF TEQ emissions from on-road and off-road motor 
vehicles fueled with leaded gasoline, unleaded gasoline, and diesel fuel based on the results of 
those studies are presented in Section 4.1.3. It should be noted, however, that relatively few tests 
on emissions from diesel- and unleaded gasoline-fueled vehicles are available, considering the 
variety and number of such vehicles currently in operation and the range of operational, 
technical, and environmental conditions in which they are operated.  As a result, the emission 
factors developed in this report for on-road and off-road motor vehicles are quite uncertain. 

4.1.1. Tailpipe Emission Studies 

Marklund et al. (1987) provided the first direct evidence of the presence of CDDs/CDFs 
in car exhaust by measuring emissions from tailpipes of Swedish cars.  Approximately 20 to 220 
pg I-TEQDF/km driven from tetra- and penta-CDDs/CDFs were reported for four cars running on 
leaded gasoline.  For this study, an unleaded gasoline was used, with tetramethyl lead (0.15 g/L 
[0.57 g/gal]) and 1,2-dichloroethane (0.1 g/L as a scavenger) added.  The fuel used may not have 
accurately represented commercial fuels at that time, which typically contained a mixture of 
chlorinated and brominated scavengers (Marklund et al., 1990). Also, the lead content of the fuel 
used (0.15 g lead/L) was the normal content for Swedish fuels at the time, but it was higher than 
that of leaded gasoline in the United States during the late 1980s (lowered to 0.1 g lead/gal 
[0.026 g lead/L] effective January 1, 1986).  The authors reported a striking similarity between 
the TCDF and PeCDF congener profiles in the car exhausts and those found in emissions from 
municipal waste incinerators. For two cars running on unleaded gasoline, CDD/CDF emissions 
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were below the detection limit (DL), which corresponded to approximately 13 pg I-TEQDF/km 
driven. 

Table 4-1 presents a summary of the results of Marklund et al. (1987) and subsequent 
studies, which are discussed below.  Tables 4-2 and 4-3 present the results of tailpipe emission 
studies reported for diesel-fueled cars and trucks, respectively.  The results of studies of leaded 
gasoline-fueled cars are shown in Table 4-4 and those for unleaded gasoline-fueled cars in Tables 
4-5 and 4-6. Figures 4-1, 4-2, and 4-3 present congener and congener group profiles for 
emissions from diesel-fueled vehicles, leaded gasoline-fueled vehicles, and unleaded gasoline-
fueled vehicles, respectively. 

Virtually no testing of vehicle emissions for CDDs/CDFs in the United States has been 
reported. In 1987, the California Air Resources Board (CARB) produced a draft report on the 
testing of exhausts from four gasoline-fueled cars and three diesel-fueled vehicles (one truck, one 
bus, and one car) (CARB, 1987).  However, CARB indicated to EPA that the draft report should 
not be cited or quoted to support general conclusions about CDDs/CDFs in motor vehicle 
exhausts because of the small sample size of the study and because the use of low-resolution 
rather than high-resolution mass spectrometry in the study resulted in high DLs and inadequate 
selectivity in the presence of interferences (letter dated July 1993, from G. Lew, California Air 
Resources Board, to J. Schaum, U.S. EPA). 

CARB stated that the results of a single sample from the heavy-duty diesel truck could be 
reported because congeners from most of the homologue groups were present in the sample at 
levels that could be detected by the analytical method and there were no identified interferences 
in this sample. This test was conducted under steady-state conditions (50 km/hr) for 6 hr with an 
engine with a fuel economy of 5.5 km/L.  The TEQ emission factor of this one sample was 
equivalent to 7,190 pg TEQDF-WHO98/L (7,290 pg I-TEQDF/L) fuel burned.  An assumed fuel 
economy of 5.5 km/L yields an emission factor of 1,307 pg TEQDF-WHO98/km (1,325 pg I
TEQDF/km). Assuming that nondetect values were zero, the TEQ emission factors were 3,280 pg 
TEQDF-WHO98/L (3,720 pg I-TEQDF/L) fuel burned and 596 pg TEQDF-WHO98/km (676 pg I
TEQDF/km) driven (letter dated January 11, 1996, from G. Lew, California Air Resources Board, 
to G. Schweer, Versar, Inc.). 

Haglund et al. (1988) sampled exhaust gases from three vehicles (one car fueled with 
leaded gasoline and one with unleaded gasoline and a heavy-duty diesel truck) for the presence 
of brominated dibenzo-p-dioxins (BDDs) and ethylene dibromide dibenzofurans (BDFs).  The 
authors concluded that the ethylene dibromide scavenger added to the tested gasoline probably 
acted as a halogen source.  Tetra-BDF emissions were measured as 23,000 pg/km in the car with 
leaded gasoline and 240 pg/km in the car with unleaded gasoline.  Tetra- and penta-emissions 
were measured as 3,200 and 980 pg/km, respectively, in the car with leaded gasoline.  All 
BDDs/BDFs were below DLs in the diesel truck emissions. 
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Table 4-1.  Description and results of vehicle emission testing studies for CDDs and CDFs 
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Study Country Fuel type Scavengera 
Catalyst 
equipped 

Number 
of test 

vehicles 

TEQ emission factorb 

(pg/km driven) 
Driving cycle; sampling location 

CARB (1987); letter United States Diesel (truck) No NR 1 676–1325c [597–1307] 6-hr dynamometer test at 50 km/hr 
dated January 11, 1996, 
from G. Lew, 
California Air 
Resources Board, to G. 
Schweer, Versar, Inc. 

Marklund et al. (1987) Sweden Unleaded No Yes 2 Not detected (<13) A10 (2 cycles); muffler exhaust 
Leaded Yes No 4 Approx. 20–220 A10 (2 cycles); muffler exhaust 

Bingham et al. (1989) New Zealand Unleaded No NR 1 Not detected (<20) A10 (3 or 4 cycles); muffler exhaust 
Leaded Yes NR 4 1–39 A10 (3 or 4 cycles); muffler exhaust 

Marklund et al. (1990) Sweden Unleaded 
Leaded 

Unleaded 
Leaded 

Diesel (truck) 

No 
Yes 

No 
Yes 

No 

No 
No 

Yes 
No 

NR 

2 
2 

1 
2 

1 

0.36–0.39 
2.4–6.3 

0.36 
1.1–2.6d 

Not detected (<18)c 

FTP-73 test cycle; before muffler 
FTP-73 test cycle; before muffler 

FTP-73 test cycle; in tailpipe 
FTP-73 test cycle; in tailpipe 

U.S. federal mode 13 cycle; before muffler 

Hagenmaier et al. Germany Unleaded No No 1 5.1c [6.0] Comparable to FTP-73 test cycle; in tailpipe 
(1990) Unleaded No Yes 1 0.7c [0.8] Comparable to FTP-73 test cycle; in tailpipe 

Leaded Yes No 1 108c [129] Comparable to FTP-73 test cycle; in tailpipe 
Diesel (car) No NR 1 2.1c [2.5] Comparable to FTP-73 test cycle; in tailpipe 

Oehme et al. (1991) 
(tunnel study) 

Norway – – – e 520f 

38f 

Cars moving uphill (3.5% incline) at 
60 km/hr 

Cars moving downhill (3.5% decline) at 

Avg = 280 
9500f 

70 km/hr 
Car average 
Trucks moving uphill (3.5% incline) at 

720f 
60 km/hr 

Trucks moving downhill (3.5% decline) at 

Avg = 5,100 
70 km/hr 

Truck average 




 


 

Table 4-1.  Description and results of vehicle emission testing studies for CDDs and CDFs (continued) 
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Study Country Fuel type Scavengera 
Catalyst
equipped 

Number 
of test 

vehicles 

TEQ emission factorb 

(pg/km driven) 
Driving cycle; sampling location 

Schwind et al. (1991) 
Hutzinger et al. (1992) 

Germany Leaded 
Unleaded 

Yes 
No 

No 
No 

1 
1 

5.2–118c [7.2–142] 
9.6–17.7c [10.2–18.1] 

Various test conditions (loads and speeds) 
Various test conditions (loads and speeds) 

Unleaded 
Diesel (car) 

No 
No 

Yes 
No 

1 
1 

1–2.6c [1–2.8] 
1–13c [1.2–14] 

Various test conditions (loads and speeds) 
Various test conditions (loads and speeds) 

Diesel (truck) No No 1 13–15c [14–15] Various test conditions (loads and speeds) 

Gertler et al. (1996, 
1998) (tunnel study) 

United States Diesel (truck) – – 
g 

Mean = 172 Mean of seven 12-hr samples 

Gullett and Ryan 
(1997) 

United States Diesel (truck) No – 1 Mean = 29 Mean of five sample routes 

aExcept in Marklund et al. (1987), dichloroethane and dibromoethane were used as scavengers. 
bValues are in units of I-TEQDF; values in brackets are in units of TEQDF-WHO98. 
cResults reported were in units of pg TEQ/L of fuel.  For purposes of this table, the fuel economy factor used by Marklund et al. (1990), 10 km/L (24
 miles/gal), was used to convert the emission rates into units of pg TEQ/km driven for the cars.  For the diesel-fueled truck, the fuel economy factor reported in
 CARB (1987) for a 1984 heavy-duty diesel truck, 5.5 km/L (13.2 miles/gal), was used. 
dTable reflects the range of summary results reported in Marklund et al. (1990); however, the congener-specific results for the single run reported indicate an
 emission rate of about 7.3 pg I-TEQDF/km. 
eTests were conducted over portions of 4 days, with traffic rates of 8,000–14,000 vehicles/day.  Heavy-duty vehicles (defined as vehicles over 7 m in length)
 ranged from 4 to 15% of total. 
fEmission factors are reported in units of pg Nordic TEQ/km driven; the values in units of I-TEQDF/km are expected to be about 3 to 6% higher. 
gTests were conducted over 5 days, with heavy-duty vehicle rates of 1,800–8,700 vehicles per 12-hr sampling event.  Heavy-duty vehicles accounted for 21
 to 28% of all vehicles. 

NR = Not reported 
– = No data 




 


Table 4-2.  CDD/CDF congener emission factors (pg/L) for diesel-fueled automobiles 
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Automobile tailpipe emission study results Mean emission factors 

57 km/hr Assuming 
Assuming 

nondetect set to 
Idling 57 km/hr (full load) nondetect set ½ detection 

Congener/congener group 63 km/hra (test no. 25)b (test no. 24)b (test no. 28)b to zero limit (DL) 

2,3,7,8-TCDD 7.9 13.1 2.4 22 11.4 11.4 
1,2,3,7,8-PeCDD 9 6.3 4.1 23 10.6 10.6 
1,2,3,4,7,8-HxCDD ND (5.1) 21.4 1 7.8 7.6 8.2 
1,2,3,6,7,8-HxCDD ND (5.1) 36 1.4 21 14.6 15.2 
1,2,3,7,8,9-HxCDD ND (5.1) 28 2 10 10 10.6 
1,2,3,4,6,7,8-HpCDD 44.1 107 22.9 166 85 85 
OCDD 440 635 525 560 540 540 

2,3,7,8-TCDF 20.5 79 18.1 236 88.4 88.4 
1,2,3,7,8-PeCDF ND (5.1) 171 1.8 111 71 71.6 
2,3,4,7,8-PeCDF 7.1 58.7 3.4 85 38.6 38.6 
1,2,3,4,7,8-HxCDF 6.5 121 4.1 68 49.9 49.9 
1,2,3,6,7,8-HxCDF 6.7 75 3 55 34.9 34.9 
1,2,3,7,8,9-HxCDF ND (5.1) 17.1 0.8 4.7 5.7 6.3 
2,3,4,6,7,8-HxCDF ND (5.1) 52 ND (0.4) 31 20.8 21.4 
1,2,3,4,6,7,8-HpCDF 40.7 159 18.9 214 108.2 108.2 
1,2,3,4,7,8,9-HpCDF 8.5 11.9 7.1 7.8 8.8 8.8 
OCDF 94.4 214 101 305 178.6 178.6 

Total 2,3,7,8-CDD 501 846.8 558.8 809.8 679.1 681 
Total 2,3,7,8-CDF 184.4 958.7 158.2 1117.5 604.9 606.7 
Total I-TEQDF (nondetect set to 0) 20.8 100.7 10.4 129.6 65.5 
Total I-TEQDF (nondetect set to ½ DL) 22.2c 100.7 10.4 129.6 65.8 
Total TEQDF-WHO98 (nondetect set to 0) 24.8 103.1 11.9 140.4 70.1 
Total TEQDF-WHO98 (nondetect set to ½ DL) 26.2 103.1 1.9 140.4 70.5 




 


Table 4-2.  CDD/CDF congener emission factors (pg/L) for diesel-fueled automobiles (continued) 
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Automobile tailpipe emission study results Mean emission factors 

57 km/hr Assuming 
Assuming

nondetect set to 
Idling 57 km/hr (full load) nondetect set ½ detection 

Congener/congener group 63 km/hra (test no. 25)b (test no. 24)b (test no. 28)b to zero limit (DL) 

Total TCDD 37.4 317 31 394 195 195 
Total PeCDD 19.7 214 22 228 121 121 
Total HxCDD 23.6 256 20 164 116 116 
Total HpCDD 88.5 187 77 356 177 177 
Total OCDD 440.5 635 525 560 540 540 
Total TCDF 76.7 436 58 3,093 916 916 
Total PeCDF 39.3 821 36 1,205 525 525 
Total HxCDF 25.6 556 26 472 270 270 
Total HpCDF 80.6 321 72 241 179 179 
Total OCDF 94.4 214 101 305 179 179 

Total CDD/CDF (nondetect set to 0) 
Total CDD/CDF (nondetect set to ½ DL) 

926.3 
926.3 

3,957 
3,957 

968 
968 

7,018 
7,018 

3,218 
3,218 

aSource:  Hagenmaier et al. (1990). 
bSource:  Schwind et al. (1991); Hutzinger et al. (1992). 
cAn I-TEQDF emission factor of 23.6 pg/L is reported in Hagenmaier et al. (1990); however, an I-TEQDF emission factor of 22.2 pg/L is calculated, based on
 reported congener levels. 

ND = Not detected (value in parenthesis is the detection limit) 




 


Table 4-3.  CDD/CDF congener emission factors (pg/L) for diesel-fueled trucks 
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Congener/congener group 

Truck tailpipe study results Mean emission factors 

50 km/hr
(test no. 40)a 

90 km/hr 
(full load)

(test no. 42)a 50 km/hr b 

Assuming 
nondetect set to 

zero 

Assuming 
nondetect set to ½ 

detection limit (DL) 

2,3,7,8-TCDD 25 16 ND (560) 13.7 107 
1,2,3,7,8-PeCDD 5 18 ND (1,340) 7.7 231 
1,2,3,4,7,8-HxCDD 14 5.7 ND (2,160) 6.6 367 
1,2,3,6,7,8-HxCDD 28 6 ND (1,770) 11.3 307 
1,2,3,7,8,9-HxCDD 14 6 ND (2,640) 6.7 446 
1,2,3,4,6,7,8-HpCDD 119 74 116,000 38,731 38,731 
OCDD 1355 353 344,400 115,369 115,369 

2,3,7,8-TCDF 87 53 ND (605) 46.7 148 
1,2,3,7,8-PeCDF 45 34 ND (4,750) 26.3 819 
2,3,4,7,8-PeCDF 18 51 ND (5,190) 23 887 
1,2,3,4,7,8-HxCDF 56 29 ND (8,210) 28.3 1,397 
1,2,3,6,7,8-HxCDF 84 31 ND (6,480) 38.3 1,119 
1,2,3,7,8,9-HxCDF 4.7 5.1 13,400 4,469 4,469 
2,3,4,6,7,8-HxCDF 63 23 ND (7,780) 28.7 1,325 
1,2,3,4,6,7,8-HpCDF 375 71 73,460 24,636 24,636 
1,2,3,4,7,8,9-HpCDF 40 5.4 ND (11,700) 15.1 1,960 
OCDF 397 104 140,400 46,981 46,981 

Total 2,3,7,8-CDD 1,560 478.7 460,400 154,146 155,558 
Total 2,3,7,8-CDF 1,169.7 406.5 227,260 76,292.4 83,741 
Total I-TEQDF (nondetect set to 0) 81 70 3,720 1,290 
Total I-TEQDF (nondetect set to ½ DL) 81 70 7,290 2,480 
Total TEQDF-WHO98 (nondetect set to 0) 82 79 3,280 1,150 
Total TEQDF-WHO98 (nondetect set to ½ DL) 82 79 7,190 2,450 




 


Table 4-3.  CDD/CDF congener emission factors (pg/L) for diesel-fueled trucks (continued) 
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Congener/congener group 

Truck tailpipe study results Mean emission factors 

50 km/hr 
(test no. 40)a 

90 km/hr
(full load) 

(test no. 42)a 50 km/hr b 

Assuming
nondetect set to 

zero 

Assuming
nondetect set to ½ 

detection limit (DL) 

Total TCDD 200 208 ND (3,760) 136 762 
Total PeCDD 32 117 ND (3,020) 49.7 553 
Total HxCDD 130 67 ND (45,300) 65.7 7,620 
Total HpCDD 200 155 203,300 67,892 67,892 
Total OCDD 1,355 353 344,000 115,252 115,252 
Total TCDF 763 694 25,000 8,831 8,831 
Total PeCDF 230 736 47,900 16,294 16,294 
Total HxCDF 524 268 169,200 56,670 56,670 
Total HpCDF 509 76 150,700 50,414 50,414 
Total OCDF 397 104 140,300 46,932 46,932 

Total CDD/CDF (nondetect set to 0) 
Total CDD/CDF (nondetect set to ½ DL) 

4,340 
4,340 

2,778 
2,778 

1,080,400 
1,106,440 

362,536.4 
371,220 

aSource:  Schwind et al. (1991); Hutzinger et al. (1992). 
bSource:  Letter dated July 1993, from G. Lew, California Air Resources Board, to J. Schaum, U.S. EPA; letter dated January 11, 1996, from G. Lew, California 
Air Resources Board, to G. Schweer, Versar, Inc.. 

ND = Not detected (value in parenthesis is the detection limit) 




 


Table 4-4.  CDD/CDF congener emission factors (pg/L) for leaded gasoline-fueled automobiles 
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Congener/congener group 

Automotive tailpipe emission study results Mean emission factors 

FTP cyclea 63 km/hrb 

Idling 
(test no.

12)c 

Full load 
(test no.

13)c 

64 km/hr 
(test no.

14)c 

Rated 
power 

(test no.
15)c 

FTP cycle 
(test no.

22)c 

Assuming 
nondetect 

set to 
zero 

Assuming 
nondetect 
set to ½ 
detection 
limit (DL) 

2,3,7,8-TCDD ND (14.4) 128 NR 60 141 NR 5 67 68 
1,2,3,7,8-PeCDD ND (36) 425 43 106 468 40 73 165 168 
1,2,3,4,7,8-HxCDD ND (54) 188 17 15 206 16 41 69 73 
1,2,3,6,7,8-HxCDD ND (54) 207 32 35 228 30 62 85 89 
1,2,3,7,8,9-HxCDD ND (54) 188 NR NR 206 NR 35 107 114 
1,2,3,4,6,7,8-HpCDD ND (54) 503 119 136 554 111 518 277 281 
OCDD ND (90) 498 380 513 549 1,166 1,581 670 676 

2,3,7,8-TCDF 432 1,542 NR 678 1,697 78 214 774 774 
1,2,3,7,8-PeCDF 21.6 1,081 49 367 1,190 45 218 425 425 
2,3,4,7,8-PeCDF 43.2 447 26 156 492 24 225 202 202 
1,2,3,4,7,8-HxCDF ND (54) 856 33 70 942 31 381 330 334 
1,2,3,6,7,8-HxCDF ND (54) 856 22 60 942 20 375 325 329 
1,2,3,7,8,9-HxCDF ND (54) ND (76) NR NR NR NR 85 28 50 
2,3,4,6,7,8-HxCDF ND (54) 273 NR 25 301 NR 1,033 326 332 
1,2,3,4,6,7,8-HpCDF ND (54) 4,051 170 NR 4,460 158 2,301 1,857 1,861 
1,2,3,4,7,8,9-HpCDF ND (54) ND (76) NR NR NR NR 109 36 58 
OCDF ND (90) 230 1115 NR 253 447 1,128 529 536 

Total 2,3,7,8-CDD ND 2,137 $591 $865 2,352 $1,363 2,315 1,440 1,469 
Total 2,3,7,8-CDF 496.8 9,336 $1,415 $1,356 $10,277 $803 6,069 4,832 4,901 
Total I-TEQDF ( nondetect set to 0) 
Total I-TEQDF (nondetect set to 

65.9 1,075 $52 $300 $1,184 $56 419 $450 

½ DL) 
Total TEQDF-WHO98 (nondetect 

102 1,080 $52 $300 $1,184 $56 419 $456 

set to 0) 
Total TEQDF-WHO98 (nondetect 

65.9 1,287 $72 $352 $1,417 $75 454 $532 

set to  ½ DL) 111 1,291 $72 $352 $1,417 $75 454 $539 




 


Table 4-4.  CDD/CDF congener emission factors (pg/L) for leaded gasoline-fueled automobiles (continued) 
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Congener/congener group 

Automotive tailpipe emission study results Mean emission factors 

FTP cyclea 63 km/hrb 

Idling
(test no. 

12)c 

Full load 
(test no. 

13)c 

64 km/hr 
(test no. 

14)c 

Rated 
power 

(test no. 
15)c 

FTP cycle 
(test no. 

22)c 

Assuming 
nondetect 

set to 
zero 

Assuming 
nondetect 
set to ½ 
detection 
limit (DL) 

Total TCDD 5,220 4,555 517 8,134 5,012 4,558 921 4,131 4,131 
Total PeCDD ND (360) 3,338 658 2,161 3,675 6,389 359 2,369 2,394 
Total HxCDD ND (540) 1,868 354 623 2,056 1,973 996 1,124 1,163 
Total HpCDD ND (90) 1,164 194 297 1,281 2,374 988 900 906 
Total OCDD ND (90) 498 380 513 549 1,166 1,581 670 676 
Total TCDF 15,300 50,743 2,167 20,513 55,857 29,353 4,290 25,460 25,460 
Total PeCDF 2,430 11,591 452 3,608 12,757 10,580 3,165 6,369 6,369 
Total HxCDF ND (540) 6,308 192 477 6,947 12,553 3,132 4,230 4,268 
Total HpCDF ND (270) 5,642 170 NR 6,210 4,767 2,920 3,285 3,307 
Total OCDF ND (90) 230 1,115 NR 253 447 1,128 529 536 

Total CDD/CDF (nondetect set 
to 0) 

22,950 85,937 6,199 $36,326 94,597 74,160 19,480 49,067 

Total CDD/CDF (nondetect set to 
½ DL) 

23,940 85,937 6,199 $36,326 94,597 74,160 19,480 49,210 

aSource: Marklund et al. (1990); values in the table were calculated from the reported units of pg/km to pg/L using a fuel economy of 9 km/L for leaded gas as
 reported in Marklund et al. (1990). 
bSource: Hagenmaier et al. (1990). 
cSource: Schwind et al. (1991); Hutzinger et al. (1992). 

ND = Not detected (value in parenthesis is the reported detection limit) 
NR = Not reported 




 


Table 4-5.  CDD/CDF congener emission factors (pg/L) for unleaded gasoline-fueled automobiles without catalytic 
converters 
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Congener/congener group 

Automotive tailpipe emission study results Mean emission factors 

FTP cyclea 63 km/hrb 

FTP cycle
(test no. 

21)c 

64 km/hr
(test no. 

17)c 

64 km/hr
(test no. 

20)c 

64 km/hr
(test no. 

31/2)c 

Assuming
nondetect 
set to zero 

Assuming
nondetect 
set to ½ 

detection 
limit (DL) 

2,3,7,8-TCDD ND (5) 2.6 24 44 7 8.9 14.4 14.8 
1,2,3,7,8-PeCDD ND (3) 19.1 14 31 11 14.1 14.9 15.1 
1,2,3,4,7,8-HxCDD ND (40) 16.6 24 26 25 16.3 18 21.3 
1,2,3,6,7,8-HxCDD ND (40) 17.1 84 28 42 60.1 38.5 41.9 
1,2,3,7,8,9-HxCDD ND (40) 17.6 15 29 23 17.1 17 20.3 
1,2,3,4,6,7,8-HpCDD ND (40) 40.4 192 66 121 197.8 103 106 
OCDD ND (50) 176 868 280 685 2,634 774 778 

2,3,7,8-TCDF 64 44 70 71 77 295.2 104 104 
1,2,3,7,8-PeCDF ND (7) 44.5 40 72 69 161.8 64.6 65.1 
2,3,4,7,8-PeCDF ND (7) 20.7 30 34 184 135.2 67.3 67.9 
1,2,3,4,7,8-HxCDF ND (40) 41.9 68 68 88 129.1 65.8 69.2 
1,2,3,6,7,8-HxCDF ND (40) 21.2 62 34 35 113.2 44.2 47.6 
1,2,3,7,8,9-HxCDF ND (40) 37.8 47 61 ND (1) 36.9 30.5 33.9 
2,3,4,6,7,8-HxCDF ND (40) 54.3 55 88 42 82.1 53.6 56.9 
1,2,3,4,6,7,8-HpCDF ND (40) 27.9 278 45 22 418 132 135 
1,2,3,4,7,8,9-HpCDF ND (40) 16.6 ND (1) 27 24 54.5 20.4 23.8 
OCDF ND (70) 119 374 194 288 991 328 334 

Total 2,3,7,8-CDD ND 289.4 1,221 504 914 2,948.3 979 997.4 
Total 2,3,7,8-CDF 64 427.9 1,024 694 829 2,417 910.4 937.4 
Total I-TEQDF (nondetect set to 0) 6.4 50.9 96.4 122 144 177 99.5 
Total I-TEQDF (nondetect set to 

½ DL) 
26.2 50.9 96.4 122 144 177 103 

Total TEQDF-WHO98 (nondetect set 
to 0) 

6.4 60.2 102 138 148 181 106 

Total TEQDF-WHO98 (nondetect set 
to ½ DL) 

26.9 60.2 102 138 148 181 109 




 


Table 4-5.  CDD/CDF congener emission factors (pg/L) for unleaded gasoline-fueled automobiles without catalytic 
converters (continued) 

4-12
 

Congener/congener group 

Automotive tailpipe emission study results Mean emission factors 

FTP cyclea 63 km/hrb 

FTP cycle 
(test no. 

21)c 

64 km/hr 
(test no. 

17)c 

64 km/hr 
(test no. 

20)c 

64 km/hr 
(test no. 

31/2)c 

Assuming 
nondetect 
set to zero 

Assuming 
nondetect 
set to ½ 

detection 
limit (DL) 

Total TCDD 13 435 429 706 500 304 398 398 
Total PeCDD ND (3) 481 837 784 542 170 469 469 
Total HxCDD ND (40) 305 484 496 563 114 327 330 
Total HpCDD ND (10) 93 392 147 225 301 193 194 
Total OCDD ND (5) 176 868 280 685 2,634 774 774 
Total TCDF 170 569 718 923 478 6,379 1,540 1,540 
Total PeCDF ND (7) 931 531 1,513 437 1,969 897 897 
Total HxCDF ND (40) 378 165 615 258 1,226 440 444 
Total HpCDF ND (20) 476 278 773 445 1,088 510 512 
Total OCDF ND (7) 119 374 194 288 991 328 328 

Total CDD/CDF (nondetect set to 0) 
Total CDD/CDF (nondetect set to 

½ DL 

183 
249 

3,963 
3,963 

5,076 
5,076 

6,431 
6,431 

4,421 
4,421 

15,176 
15,176 

5,876 
5,886 

aSource:  Marklund et al. (1990); the pg/L values in the table were calculated from the reported units of pg/km assuming a fuel economy of 10 km/L for 
 unleaded gas. 
bSource:  Hagenmaier et al. (1990). 
cSource:  Schwind et al. (1991); Hutzinger et al. (1992). 

ND = Not detected (value in parenthesis is the reported detection limit) 




 


Table 4-6.  CDD/CDF congener emission factors (pg/L) for unleaded gasoline-fueled automobiles with catalytic 
converters 

4-13
 

Automotive tailpipe emission study test results Mean emission factors 

Assuming 
Assuming

nondetect set 
64 km/hr 64 km/hr 64 km/hr nondetect to ½ detection 

Congener/congener group 63 km/hra (test no. 29)b (test no. 30)b (test no. 18)b set to zero limit (DL) 

2,3,7,8-TCDD 1.6 3 ND (7.9) 14 4.7 5.6 
1,2,3,7,8-PeCDD 1.6 2.6 ND (7.9) 4 2.1 3 
1,2,3,4,7,8-HxCDD 2.4 5.3 ND (7.9) 1 2.2 3.2 
1,2,3,6,7,8-HxCDD 3.5 6 6.4 2 4.5 4.5 
1,2,3,7,8,9-HxCDD 3.1 6 ND (7.9) 2 2.8 3.8 
1,2,3,4,6,7,8-HpCDD 15.3 27.8 78.1 14 33.8 33.8 
OCDD 170 275 427 197 267 267 

2,3,7,8-TCDF 4.3 10.6 12.7 35 15.7 15.7 
1,2,3,7,8-PeCDF 3.3 8.7 5.1 13 7.5 7.5 
2,3,4,7,8-PeCDF 2.4 7.2 6.2 6 5.5 5.5 
1,2,3,4,7,8-HxCDF 4.8 10.6 4.5 5 6.2 6.2 
1,2,3,6,7,8-HxCDF 6.3 9.1 3.9 7 6.6 6.6 
1,2,3,7,8,9-HxCDF 0.2 ND (3.8) 2.1 5 1.8 2.3 
2,3,4,6,7,8-HxCDF 4.6 18.1 8.2 ND (1) 7.7 7.9 
1,2,3,4,6,7,8-HpCDF 16.3 54.3 154.2 51 69 69 
1,2,3,4,7,8,9-HpCDF ND (0.2) ND (3.8) 7.9 1 2.2 2.7 
OCDF 27.9 38 106 140 78 78 

Total 2,3,7,8-CDD 197.5 325.7 511.5 234 317.1 320.9 
Total 2,3,7,8-CDF 70.1 156.6 310.8 263 200.2 201.4 
Total I-TEQDF (nondetect set to 0) 7.2 16 10.1 26.3 14.9 
Total I-TEQDF (nondetect set to ½ DL) 7.2 16.2 16.8 26.4 16.6 
Total TEQDF-WHO98 (nondetect set to 0) 7.8 17.1 9.6 28 15.6 
Total TEQDF-WHO98 (nondetect set to ½ DL) 7.8 17.3 18.3 28.1 17.9 




 


Table 4-6.  CDD/CDF congener emission factors (pg/L) for unleaded gasoline-fueled automobiles with catalytic 
converters (continued) 
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Automotive tailpipe emission study test results Mean emission factors 

Assuming 
Assuming 

nondetect set 
64 km/hr 64 km/hr 64 km/hr nondetect to ½ detection 

Congener/congener group 63 km/hra (test no. 29)b (test no. 30)b (test no. 18)b set to zero limit (DL) 

Total TCDD 28.6 51 13 82 43.7 43.7 
Total PeCDD 25.5 51 ND (15) 101 44.4 46.3 
Total HxCDD 26.3 56 36 50 42.1 42.1 
Total HpCDD 38.7 50 163 25 69.2 69.2 
Total OCDD 170 275 427 197 267.3 267.3 
Total TCDF 52.6 152 79 332 153.9 153.9 
Total PeCDF 53.4 122 29 84 72.1 72.1 
Total HxCDF 33.3 71 60 39 50.8 50.8 
Total HpCDF 27.1 62 174 83 86.5 86.5 
Total OCDF 27.9 38 106 140 78 78 

Total CDD/CDF (nondetect set to 0) 
Total CDD/CDF (nondetect set to ½ DL) 

483.4 
483.4 

928 
928 

1,087 
1,087 

1,133 
1,133 

908 
909.9 

aSource:  Hagenmaier et al. (1990). 
bSource:  Schwind et al. (1991); Hutzinger et al. (1992). 

ND = Not detected (value in parenthesis is the reported detection limit) 
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Figure 4-1.  Congener and congener group profiles for air emissions from 
diesel-fueled vehicles (based on profiles calculated from emission factors 
[nondetects equal one-half the detection limit] from Tables 4-2 and 4-3). 
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Figure 4-2.  Congener and congener group profiles for air emissions from 
leaded gas-fueled vehicles (based on profiles calculated from emission factors 
[nondetects equal one-half the detection limit] from Table 4-4). 
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Figure 4-3.  Congener and congener group profiles for air emissions from 
unleaded gas-fueled vehicles (catalytic converter equipped vehicles; based on 
data from Table 4-6). 
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Bingham et al. (1989) analyzed the exhausts of four cars using leaded gasoline (uniform 
lead and organics content of 0.45 g/L tetramethyl lead, 0.22 g/L dichloroethane, and 0.2 g/L 
dibromoethane) and the exhaust of one car using unleaded gasoline.  Analytical results and DLs 
were reported for only 5 of the 17 toxic CDD/CDF congeners.  TEQ emission rates for the cars 
using leaded fuel, based on detected congeners only, ranged from 1 to 39 pg I-TEQDF/km. 
CDDs/CDFs were not detected in the exhaust from the vehicle using unleaded fuel; the total TEQ 
emission rate for this car, based on one-half the DLs for the five reported congeners, was 20 pg I
TEQDF/km. 

Marklund et al. (1990) tested Swedish cars fueled with commercial fuels, measuring 
CDD/CDF emissions before and after the muffler.  Both new and old vehicles were tested.  The 
tests were done on three cars using unleaded gasoline and two cars using leaded gasoline (0.15 g 
Pb/L with 1,2-dichloroethane and ethylene dibromide scavengers).  CDDs/CDFs were not 
detected in the fuels at a DL of 2 pg I-TEQDF/L but were detected at a level of 1,200 pg I-TEQDF/L 
in the new semisynthetic engine lube oil used in the engines.  The test driving cycle used (31.7 
km/hr as a mean speed, 91.2 km/hr as a maximum speed, and 17.9% of time spent idling) yielded 
fuel economies ranging from approximately 9 to 10 km/L (22 to 24 miles/gal) in the various cars. 
The reported ranges of emission factors were 

•	 Leaded gas, measured before muffler: 2.4 to 6.3 pg I-TEQDF/km (21 to 60 pg I
TEQDF/L fuel consumed) 

•	 Leaded gas, measured in tailpipe:  1.1 to 2.6 pg I-TEQDF/km (10 to 23 pg I-TEQDF/L) 

•	 Unleaded gas, catalyst-equipped, measured in tailpipe:  0.36 pg I-TEQDF/km (3.5 pg 
I-TEQDF/L) 

•	 Unleaded gas, measured before muffler:  0.36 to 0.39 pg I-TEQDF/km (3.5 pg I
TEQDF/L) 

The TEQ levels in exhaust gases from older cars using leaded gasoline were up to six 
times greater when measured before the muffler than when measured after the muffler.  No 
muffler-related difference was observed in new cars running on leaded gasoline or in old or new 
cars running on unleaded gasoline. 

Marklund et al. (1990) also analyzed the emissions of a heavy-duty, diesel-fueled truck for 
CDDs/CDFs.  None were detected; however, the authors pointed out that the test fuel was a 
reference fuel and may not have been representative of commercial diesel fuel.  Also, due to 
analytical problems, a much higher DL (about 100 pg I-TEQDF/L) was realized in this diesel fuel 
test than in the gasoline tests conducted (5 pg I-TEQDF/L).  Further uncertainty was introduced 
because the diesel emission samples were collected only before the muffler. 
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Hagenmaier et al. (1990) ran a set of tests using conditions comparable to the FTP-73 test 
cycle on gasoline- and diesel-fueled engines for light-duty vehicles in Germany.  The following 
average TEQ emission rates per liter of fuel consumed were reported: 

•	 Leaded fuel:  1,287 pg TEQDF-WHO98/L (1,080 pg I-TEQDF/L) 
•	 Unleaded fuel (catalyst equipped):  7.9 pg TEQDF-WHO98/L (7.2 pg I-TEQDF/L) 
•	 Unleaded fuel (not catalyst equipped):  60.2 pg TEQDF-WHO98/L (50.9 pg I-TEQDF/L) 
•	 Diesel fuel:  24.8 pg TEQDF-WHO98/L (20.8 pg I-TEQDF/L) 

Schwind et al. (1991) published the major findings of a German study of emissions of 
halogenated dibenzo-p-dioxins and dibenzofurans from internal combustion engines running on 
commercial fuels. The full report was published in 1992 (Hutzinger et al., 1992).  The study was 
conducted by the universities of Stuttgart, Tübingen, and Bayreuth for the Federal Ministry for 
Research and Technology, the Research Association for Internal Combustion Engines, and the 
German Association for the Petroleum Industry and Coal Chemistry.  Tests were conducted using 
engine test benches and rolling test benches under representative operating conditions. Tests were 
performed on leaded gasoline engines, unleaded gasoline engines, diesel car engines, and diesel 
truck engines. The reported range of CDD/CDF emission rates across the test conditions in units 
of pg I-TEQ/L of fuel consumed are presented below. 

•	 Leaded fuel:  72 to 1,417 pg TEQDF-WHO98/L (52 to 1,184 pg I-TEQDF/L) 

•	 Unleaded fuel (not catalyst equipped):  102 to 181 pg TEQDF-WHO98/L (96 to 177 pg 
I-TEQDF/L) 

•	 Unleaded fuel (catalyst equipped):  9.6 to 28 pg TEQDF-WHO98/L (10 to 26 pg I
TEQDF/L) 

•	 Diesel fuel (cars):  12 to 140 pg TEQDF-WHO98/L (10 to 130 pg I-TEQDF/L) 

•	 Diesel fuel (trucks):  79 to 82 pg TEQDF-WHO98/L (70 to 81 pg I-TEQDF/L 

Tables 4-2 through 4-6 show the results from tests with commercial fuels that were not 
conducted under normal operating conditions and for which congener-specific emission results 
were presented in Hutzinger et al. (1992). 

Although no specific details on the methodology used were provided, Hagenmaier (1994) 
reported that analyses of emissions of a diesel-fueled bus run on either the steady-state or the 
“Berlin cycle” showed no CDDs/CDFs present at a DL of 1 pg/L of fuel consumed for individual 
congeners. 
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Gullett and Ryan (1997) reported the results of the first program to sample diesel engine 
emissions for CDDs/CDFs during actual highway and city driving.  The exhaust emissions from a 
1991 Freightliner diesel tractor with a 10.3 L, six-cylinder Caterpillar engine—representative of 
the first generation of computerized fuel-controlled vehicles manufactured in the United 
States—were sampled during both highway and city routes.  The average emission factor for the 
three highway tests conducted (15.1 pg I-TEQDF/km; range, 11.7 to 18.7 pg I-TEQDF/km; standard 
deviation, 3.5 pg I-TEQDF/km) was below the average of the two city driving tests by a factor of 3 
(49.9 pg I-TEQDF/kg; range, 3 to 96.8 pg I-TEQDF/km). DLs were considered to be zero in the 
calculation of these emission factors.  The average of all five tests was 29 pg I-TEQDF/km, with a 
standard deviation of 38.3 pg I-TEQDF/km. This standard deviation reflects the 30-fold variation 
in the two city driving route tests. 

Geueke et al. (1999) analyzed dioxin emissions from heavy-duty vehicle diesel engines in 
Germany.  Table 4-7 shows the results of the analysis.  I-TEQ values ranged from 2 to 18 pg I 
TEQ/m3, including one value so high that it could not be reproduced.  Miyabara et al. (1999) 
analyzed CDDs/CDFs found in vehicle exhaust particles from a gasoline engine and a diesel 
engine in Japan.  Table 4-8 presents the data from three tests conducted on the exhaust particles 
deposited on the tailpipe of the gasoline engine.  TEQ values ranged from 3.44 to 5.32 pg TEQDF 
WHO98/g (3.46 to 5.33 pg I-TEQ/g) exhaust particles.  Suspended particulate matter (PM) was 
also collected from an electrostatic precipitator (ESP) connected to a highway tunnel.  The I-TEQ 
for the suspended PM was 257.5 pg TEQDF-WHO98/g (241.6 pg I-TEQ/g), two orders of 
magnitude higher than the TEQ for exhaust particles deposited on the tailpipes.  Table 4-9 depicts 
the data from three tests conducted on the exhaust particles deposited on the tailpipe of the diesel 
engine.  TEQ values ranged from 7.14 to 18.1 pg TEQDF-WHO98/g (7.13 to 14 pg I-TEQ/g) soot. 

4.1.2. Tunnel Emission Studies 

Several European studies and one U.S. study evaluated CDD/CDF emissions from 
vehicles by measuring the presence of CDDs/CDFs in tunnel air. This approach has the advantage 
of allowing the random sampling of exhaust from large numbers of cars with a range of ages and 
maintenance levels.  The disadvantage of this approach is that it relies on indirect measurements 
(rather than tailpipe measurements), which may introduce bias and make interpretation of the 
findings difficult.  Concerns have been raised that tunnel monitors detect resuspended particulates 
that have accumulated over time, leading to overestimates of emissions. Also, the driving patterns 
encountered in these tunnel studies are more or less steady-state driving conditions, which may 
produce emission levels different from those of the transient driving cycle and cold engine starts 
that are typical of urban driving conditions. These studies are summarized below in chronological 
order. 
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Table 4-7. Total dioxin emission concentrations from heavy-duty diesel 
engines in Germany 

Sample 
Concentration in exhausta 

(pg I-TEQ/m3) 
Sample volume 

(m3) 

Stationary engine 1 (S1) 6.1 32.89 

Stationary engine 2 (S2)  61b 10.35 

Stationary engine 3 (S3)  18c 10.73 

Stationary engine 4 (S4) 6.9 10.06 

Stationary engine 5 (S5) 6.6 10.06 

Truck engine 1 (V1) 9.7 10.03 

Truck engine 2 (V2) 2.1 10.07 

Truck engine 3 (V3) 2 9.99 
aDetection limit for sampling: 4.1 pg/m3 for stationary samples, 4.5 pg/m3 for truck samples.
 
bAnalysis could not be confirmed.
 
cHigh analytical detection limit (11 pg/m3).
 

Source:  Geueke et al. (1999). 

Rappe et al. (1988) reported the CDD/CDF content of two air samples (60 m3/sample) 
collected from a tunnel in Hamburg, Germany, in January 1986 to be 0.44 and 0.59 pg TEQDF 
WHO98/m3 (0.42 and 0.58 pg I-TEQDF/m3). Each sample was collected over a period of about 
60 hr. The tunnel handled 65,000 vehicles per day, of which 17% were classified as “heavy 
traffic.” The congener-specific results of the two samples are presented in Table 4-10.  Ambient 
air measured in September 1986 at a nearby highway in Hamburg was reported to contain 
CDD/CDF levels two to six times lower than those measured in the tunnel. 

Larssen et al. (1990) and Oehme et al. (1991) reported the results of a tunnel study in Oslo, 
Norway, performed during April and May of 1988. Oehme et al. estimated total vehicle emissions 
by measuring CDD/CDF concentrations in tunnel inlet and outlet air of both the uphill and the 
downhill lanes.  Emission rates for light-duty and heavy-duty vehicle classes were estimated by 
counting the number of light-duty and heavy-duty vehicles passing through the tunnel on 
workdays and a weekend and assuming a linear relationship between the percentage of the light-
or heavy-duty traffic and the overall emission rate.  Thus, the linear relationship for each emission 
rate was based on only two points (i.e., the weekday and the weekend measurements).  
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Table 4-8. Levels of 2,3,7,8-chlorine-substituted congeners and total 
CDDs/CDFs in vehicle exhaust particles (pg/g) for gasoline engines and 
suspended particulate matter (SPM) 

Congener 

Gasoline 

SPMSample 1 Sample 2 Sample 3 

2,3,7,8-TCDD 
Other TCDD 

<4.4 
6.21 

<2.1 
19 

<1.2 
7.41 

<5.2 
4,580 

2,3,7,8-TCDF 
Other TCDF 

3.98 
36.8 

5.17 
68.8 

3.53 
41.9 

108 
2,830 

1,2,3,7,8-PeCDD 
Other PeCDD 

<7.6 
<7.6 

<3.6 
11.5 

<2.1 
4.25 

40.8 
1,240 

1,2,3,7,8-PeCDF 
2,3,4,7,8-PeCDF 
Other PeCDF 

5.58 
2.87 

24.4 

6.46 
5.24 

53.9 

3.07 
3.66 

38.3 

184 
107 

29,700 

1,2,3,4,7,8-HxCDD 
1,2,3,6,7,8-HxCDD 
1,2,3,7,8,9-HxCDD 
Other HxCDD 

4.3 
<3.8 
<3.8 

4.14 

<1.8 
2.66 

<1.8 
20.5 

0.86 
1.36 
0.63 

10.5 

42.3 
96.7 
71 

1,100 

1,2,3,4,7,8-HxCDF 
1,2,3,6,7,8-HxCDF 
1,2,3,7,8,9-HxCDF 
2,3,4,6,7,8-HxCDF 
Other HxCDF 

6.85 
4.94 

<1.9 
<1.9 
47.2 

3.95 
4.48 

<0.9 
4.94 

23.7 

2.26 
2.35 

<0.5 
1.99 

15.2 

243 
231 

38.6 
387 

1,600 

1,2,3,4,6,7,8-HpCDD 
Other HpCDD 

<8.2 
<8.2 

11.4 
11.3 

7.64 
9 

1,700 
1,360 

1,2,3,4,6,7,8-HpCDF 
1,2,3,4,7,8,9-HpCDF 
Other HpCDF 

<1.9 
<1.9 
<1.9 

12.7 
1.06 
8.36 

7.41 
0.5 
4.88 

1,330 
143 
778 

OCDD 
OCDF 

8.76 
4.78 

13.8 
5.09 

17 
3.03 

3,650 
1450 

Total CDD/CDF 160.8 294 186.7 53,010.4 

I-TEQ 3.73 5.33 3.46 241.6 

TEQDF-WHO98 3.72 5.32 3.44 257.5 

Source:  Miyabara et al. (1999). 

The emission rates estimated in this study, in units of Nordic TEQ, are as follows: 

•	 Light-duty vehicles using gasoline (approximately 70 to 75% using leaded gas): 
uphill, 520 pg TEQ/km; downhill, 38 pg TEQ/km; mean, 280 pg TEQ/km 

4-22
 



	 


 


Table 4-9. Levels of 2,3,7,8-chlorine-substituted congeners and total 
CDDs/CDFs in vehicle exhaust particles (pg/g) for diesel engines 

Congener 

Diesel 

Sample 1 Sample 2 Sample 3 

2,3,7,8-TCDD 
Other TCDD 

2.81 
267 

<14.4 
117 

<2 
86.9 

2,3,7,8-TCDF 
Other TCDF 

5.71 
84.2 

15.9 
335 

7.5 
313 

1,2,3,7,8-PeCDD 
Other PeCDD 

10.5 
165 

<28.8 
73.5 

8.15 
83.6 

1,2,3,7,8-PeCDF 
2,3,4,7,8-PeCDF 
Other PeCDF 

3.17 
1.11 

27.3 

16.6 
<11.5 
211 

15.1 
9.52 

243 

1,2,3,4,7,8-HxCDD 
1,2,3,6,7,8-HxCDD 
1,2,3,7,8,9-HxCDD 
Other HxCDD 

3.39 
4.59 
2.14 

40.9 

<17.3 
<17.3 
<17.3 

28.1 

4.01 
4.6 

<1.5 
26.9 

1,2,3,4,7,8-HxCDF 
1,2,3,6,7,8-HxCDF 
1,2,3,7,8,9-HxCDF 
2,3,4,6,7,8-HxCDF 
Other HxCDF 

1.29 
<1.2 
<1.2 
<1.2 

3.7 

15.9 
31.3 

<10.1 
<10.1 
182 

9.03 
8.22 
0.86 
9.58 

79 

1,2,3,4,6,7,8-HpCDD 
Other HpCDD 

8.78 
10.1 

<36 
<36 

1.24 
<1 

1,2,3,4,6,7,8-HpCDF 
1,2,3,4,7,8,9-HpCDF 
Other HpCDF 

<1 
<1 
<1 

<8.6 
<8.6 
<8.6 

4.69 
<1 

6.28 

OCDD 
OCDF 

<2.8 
<4.4 

<23 
<36 

<0.5 
4.25 

Total CDD/CDF 641.7 1,026.3 925.4 

I-TEQ 10.6 7.14 14 

TEQDF-WHO98 13.0 7.14 18.1 

Source:  Miyabara et al. (1999). 

•	 Heavy-duty diesel trucks:  uphill, 9,500 pg TEQ/km; downhill, 720 pg TEQ/km; 
mean, 5,100 pg TEQ/km 

The mean values are the averages of the emission rates corresponding to the two operating 
modes: vehicles moving uphill on a 3.5% incline at an average speed of 37 mph and vehicles 
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Table 4-10. CDD/CDF concentrations (pg/m3) from European tunnel air studies 

Congener/congener group Germanya Germanya Belgiumb 
Norway 

(workdays)c,d 
Norway 

(weekend)c,d 

2,3,7,8-TCDD ND (0.01) 0.06 0.002 0.02 0.02 
1,2,3,7,8-PeCDD 0.31 0.28 0.025 0.18 0.04 
1,2,3,4,7,8-HxCDD 0.37 ND (0.17) 0.025 0.06 0.03 
1,2,3,6,7,8-HxCDD 1.19 0.66 0.042 0.29 0.03 
1,2,3,7,8,9-HxCDD 0.44 ND (0.17) 0.03 0.25 0.06 
1,2,3,4,6,7,8-HpCDD 1.9 2 0.468 1.41 0.16 
OCDD 6.3 6.4 2.19 0.1 0.5 

2,3,7,8-TCDF 0.17 0.72 0.013 0.58 0.07 
1,2,3,7,8-PeCDF 0.4 0.36 0.143 0.83 0.75 
2,3,4,7,8-PeCDF 0.19 NR 0.039 0.78 0.58 
1,2,3,4,7,8-HxCDF 0.26 0.13 0.073 0.79 0.34 
1,2,3,6,7,8-HxCDF 0.16 0.15 0.093 0.62 0.31 
1,2,3,7,8,9-HxCDF ND (0.04) ND (0.05) 0.143 0.04 0.03 
2,3,4,6,7,8-HxCDF 0.12 ND (0.05) 0.004 0.74 0.13 
1,2,3,4,6,7,8-HpCDF 1.2 0.98 0.499 1.78 0.93 
1,2,3,4,7,8,9-HpCDF ND (0.16) ND (0.17) 0.074 0.22 0.14 
OCDF ND (1.3) ND (1) 0.25 1.62 2.54 

Total 2,3,7,8-CDD 10.51 9.40 2.78 2.31 0.84 
Total 2,3,7,8-CDF 2.5 2.34 1.33 8.0 5.82 
Total I-TEQDF (nondetect set to 0) 0.58 0.42 0.096 0.91 0.48 
Total I-TEQDF (nondetect set to ½ DL) 0.59 0.44 0.096 0.91 0.48 
Total TEQDF-WHO98 (nondetect set to 0) 0.73 0.55 0.106 1 0.49 
Total TEQDF-WHO98 (nondetect set to 0.74 0.58 0.106 1 0.49 
   ½ DL) 

Total TCDD 0.23 0.22 NR 0.26 0.16 
Total PeCDD 2.5 1.3 NR 1.78 0.41 
Total HxCDD 7.8 2.7 NR 1.32 0.12 
Total HpCDD 3.4 3.4 NR 1.31 0.23 
Total OCDD 6.3 6.4 NR 0.1 0.5 
Total TCDF 3.5 6.2 NR 13.20 1.7 
Total PeCDF 3.6 4.1 NR 10.17 7.91 
Total HxCDF 2. 1.1 NR 6.42 2.08 
Total HpCDF 1.9 1.2 NR 2.62 1.41 
Total OCDF ND (1.3) ND (1) NR 1.62 2.54 

Total CDD/CDF (nondetect set to 0) 
Total CDD/CDF (nondetect set to ½ DL) 

31.2 
31.9 

26.6 
27.1 

NR 
NR 

38.8 
38.8 

17.06 
17.06 

aSource:  Rappe et al. (1988).
 
bSource:  Wevers et al. (1992).
 
cSource:  Oehme et al. (1991).
 
dListed values are the differences between the concentrations at the inlet and the outlet of the northbound tunnel lanes.
 

DL = Detection limit
 
ND = Not detected (value in parenthesis is the detection limit)
 
NR = Not reported
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moving downhill on a 3.5% decline at an average speed of 42 mph.  Although Oehme et al. 
reported results in units of Nordic TEQ, the results in I-TEQDF should be nearly identical (only 
about 3 to 6% higher) because the only difference between the two TEQ schemes is the TEF 
assigned to 1,2,3,7,8-PeCDF (0.1 in Nordic TEQ and 0.05 in I-TEQDF), a minor component of the 
toxic CDDs/CDFs measured in the tunnel air.  Table 4-10 presents the congener-specific 
differences in concentrations between the tunnel inlet and outlet concentrations. 

Wevers et al. (1992) measured the CDD/CDF content of air samples taken during the 
winter of 1991 inside a tunnel in Antwerp, Belgium.  Background concentrations outside the 
tunnel were also determined.  Two to four samples were collected from each location with two 
devices:  a standard high-volume sampler with a glass fiber filter and a modified two-phase, high-
volume sampler equipped with a glass fiber filter and a polyurethane foam (PUF) plug.  The 
I-TEQDF concentration in the air sampled with the filter with the PUF plug was 74 to 78% of the 
value obtained with the standard high-volume sampler.  However, the results obtained from both 
sets of devices indicated that the tunnel air had a CDD/CDF TEQ concentration about twice as 
high as that of the outside air (filter with PUF:  80.3 fg I-TEQDF/m3 for tunnel air vs. 35 fg I 
TEQDF/m3 for outside air; filter only: 100 fg I-TEQDF/m3 for tunnel air vs. 58 fg I-TEQDF/m3 for 
outside air). The authors presented the congener-specific results for only one tunnel air 
measurement; these results are presented in Table 4-10. 

During October and November of 1995, Gertler et al. (1996, 1998) conducted a study at 
the Fort McHenry Tunnel in Baltimore, MD.  Their stated objective was to measure CDD/CDF 
emission factors from in-use vehicles operating in the United States, with particular emphasis on 
heavy-duty trucks.  The air volume entering and leaving the tunnel bore (the area that the traffic 
goes through) that is used by most of the heavy-duty trucks (i.e., approximately 25% of the 
vehicles using the bore are heavy-duty trucks) was measured, and the air was sampled for 
CDDs/CDFs during seven 12-hr sampling periods.  Three of the samples were collected during 
daytime (6 a.m. to 6 p.m.) and four samples were collected during the night (6 p.m. to 6 a.m.). 
The air volume and concentration measurements were combined with information on vehicle 
counts (obtained from videotapes) and tunnel length to determine average emission factors. 

A total of 33,000 heavy-duty trucks passed through the tunnel during the seven sample 
runs (21.2 to 28.8% of all vehicles).  The emission factors, calculated on the assumption that all 
CDDs/CDFs emitted in the tunnel were from heavy-duty trucks, are presented in Table 4-11.  The 
average TEQ emission factor was reported to be 181.8 pg TEQDF-WHO98/km (172 pg I
TEQDF/km). The major uncertainties identified by the study authors were tunnel air volume 
measurement, sampler flow volume control, and analytical measurement of CDDs/CDFs. 
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Table 4-11.  Baltimore Harbor tunnel study:  estimated emission factors (pg/km) for heavy-duty diesel trucksa 
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Congener/congener group 

Run-specific emission factors Mean 

emission 

factorsRun 2 Run 3 Run 5 Run 6 Run 8 Run 9 Run 10 

2,3,7,8-TCDD 24.5 61.6 0 21.2 37.8 40.1 54.9 34.3 
1,2,3,7,8-PeCDD 40.2 20.6 15.4 5.6 38.4 0 83 29 
1,2,3,4,7,8-HxCDD 18.2 25.2 46.5 8.3 64.5 0 123 40.8 
1,2,3,6,7,8-HxCDD 37.5 28.2 64.3 19.6 153 71.1 186 80 
1,2,3,7,8,9-HxCDD 53.6 56.5 91.6 48.4 280 126 370 146.6 
1,2,3,4,6,7,8-HpCDD 0 401 729 111 2,438 963 2,080 960.3 
OCDD 0 3,361 3,382 1,120 9,730 5,829 7,620 4,434.6 
2,3,7,8-TCDF 0 94.3 67.6 152.8 155.8 73.4 61.7 86.5 
1,2,3,7,8-PeCDF 0 48.9 72.6 23.6 53.3 0 43.3 34.5 
2,3,4,7,8-PeCDF 24.5 75.7 131 46.6 85 63.9 108 76.4 
1,2,3,4,7,8-HxCDF 15.4 139 204 93.8 124 164 166 129.5 
1,2,3,6,7,8-HxCDF 0.3 75.1 73.7 51 61.3 54.4 95.5 58.8 
1,2,3,7,8,9-HxCDF 27.7 14.8 75.6 0 20.6 37.2 63.5 34.2 
2,3,4,6,7,8-HxCDF 15.2 82.5 152 55.7 93 86.8 111 85.2 
1,2,3,4,6,7,8-HpCDF 12.6 280 445 154 313 354 308 266.7 
1,2,3,4,7,8,9-HpCDF 0 58.5 60.8 31.1 25 2.3 34.9 30.4 
OCDF 0 239 401 175 416 534 370 305 
Total 2,3,7,8-CDD 174 3,954 4,328.8 4,328 1,334.1 7,029 10,516.9 5,725.6 
Total 2,3,7,8-CDF 95.7 1,107.8 1,683.3 1,684 783.6 1,370 1,361.9 1,107.2 
Total I-TEQDF 73.8 174.8 170.5 170 95.7 152.9 302.5 172.2 
Total TEQDF-WHO98 93.9 181.8 174.8 175 97.3 147.2 336.8 182.4 




 


Table 4-11.  Baltimore Harbor tunnel study: estimated emission factors (pg/km) for heavy-duty diesel trucksa 

(continued) 
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Congener/congener group 

Run-specific emission factors Mean 

emission 

factorsRun 2 Run 3 Run 5 Run 6 Run 8 Run 9 Run 10 

Total TCDD 245 0 140 165 311 109 97.3 152.5 
Total PeCDD 110 21.9 83.3 35.6 174 0 165 84.3 
Total HxCDD 677 0 753 54.5 2,009 1,666 2,971 1,161.5 
Total HpCDD 0 802 1,498 142 5,696 1,933 4,377 2,064 
Total OCDD 0 3,361 3,382 1,120 9,730 5,829 7,620 4,434.6 
Total TCDF 0 901 1,314 656 2,416 1,007 687 997.3 
Total PeCDF 124 119 1,152 78.4 1,055 282 626 490.9 
Total HxCDF 136 319 852 67.6 444 719 619 450.9 
Total HpCDF 0 223 814 144 513 354 637 383.6 
Total OCDF 0 239 401 175 416 534 370 305 
Total CDD/CDF 1,292 5,985.9 10,389.3 2,638.1 22,764 12,433 18,169.3 10,524.5 
Heavy-duty vehicles as % of total 

vehicles 
21.2 22 22.6 34 28.8 24.2 27.4 25.7 

aValues are based on the difference between the calculated chemical mass entering the tunnel and the mass exiting the tunnel.  All calculated negative
 emission factors were set equal to zero.  All CDD/CDF emissions were assumed to result from heavy-duty diesel-fueled vehicles. 

Source:  Gertler et al. (1996, 1998). 




 


EPA’s Office of Transportation and Air Quality (OTAQ) reviewed the Gertler et al. (1996) 
study (Lorang, 1996) and found it to be technologically well done; no major criticisms or 
comments on the test methodology or protocol were offered, nor did OTAQ find any reason to 
doubt the validity of the emission factor determined by the study.  OTAQ noted that the 
particulate emission rate for heavy-duty vehicles measured in the study (0.32 g/mile) was lower 
than the general particulate emission rate used by EPA (about 1 g/mile) and, thus, may 
underestimate CDD/CDF emissions under different driving conditions.  OTAQ cautioned that the 
reported emission factor should be regarded only as a conservative estimate of the mean emission 
factor for the interstate trucking fleet under the driving conditions of the tunnel (i.e., speeds on the 
order of 50 mph, with those of the entering traffic slightly higher and those of the exiting traffic 
slightly lower). 

Figure 4-4 graphically presents the results of the studies by Rappe et al. (1988), Oehme et 
al. (1991), Wevers et al. (1992), and Gertler et al. (1996, 1998).  The figure compares the 
congener profiles (i.e., congener concentrations or emission factors normalized to total 
concentration or emission factor of 2,3,7,8-substituted CDDs and CDFs) reported in the four 
studies. The dominant congeners in the Rappe et al., Wevers et al., and Gertler et al. studies are 
OCDD; 1,2,3,4,6,7,8-HpCDD; OCDF; and 1,2,3,4,6,7,8-HpCDF.  With the exception of OCDD, 
these congeners are also the major congeners reported by Oehme et al.  The Oehme et al. study 
also differs from the other tunnel studies in that the total of 2,3,7,8-substituted CDFs far exceeds 
the total of 2,3,7,8-substituted CDDs (by a factor of 2), whereas the other three observed just the 
opposite. 

4.1.3. National Emission Estimates 

Estimates of national CDD/CDF TEQ emissions for reference years 1987 and 1995 are 
presented in this section only for on-road vehicles using gasoline and diesel fuel.  For reference 
year 2000, EPA’s Office of Air Quality Planning and Standards (OAQPS) developed national 
CDD/CDF TEQ emission estimates for on-highway gasoline and diesel vehicles, off-highway 
gasoline and diesel equipment, diesel railroad equipment, and diesel commercial marine vessels.  

4.1.3.1.  Activity Information for On-Road Vehicles 

Reference year 2000 activity information for on-highway gasoline and diesel vehicles was 
estimated by OAQPS as county-level vehicle miles driven (VMD).  The estimates include 
calculations by month, road type, and vehicle type.  To develop the VMD, OAQPS relied on data 
supplied by the Federal Highway Administration (FHWA).  
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Figure 4-4.  Tunnel air concentrations (congener numbers refer to the congeners 
in order as listed in Table 4-7). 

aSource:  Oehme (1991). 
bSource:  Rappe et al. (1988). 
cSource:  Wevers et al. (1992). 
dSource:  Gertler et al. (1996, 1998). 

For on-highway gasoline-driven vehicles, OAQPS calculated a national activity level of 
4,071 billion km for 2000. The activity level for each vehicle type was 

Vehicle type                     Billion kilometers 
Light-duty vehicles 2,574.95 
Light-duty trucks 1 1,004.23 
Light-duty trucks 2 342.79 
Heavy-duty vehicles 131.97 
Motorcycles 17.70 
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For on-highway diesel-fueled vehicles, OAQPS estimated a national activity level of 359 
billion km for 2000. The activity level for each vehicle type was 

Vehicle type Billion kilometers 
Light-duty vehicles 6.44 
Light-duty trucks 1 6.44 
2B-heavy diesel vehicles 33.80 
Light heavy-duty vehicles 25.75 
Medium heavy-duty vehicles 59.55 
Heavy heavy-duty vehicles 217.26 
Buses heavy-duty vehicles 9.66

 For reference year 1995, FHWA reported that 1,448 billion total vehicle miles (2,330 
billion km) were driven by automobiles and motorcycles in the United States.  Trucks accounted 
for 1,271 billion km (790 billion miles) and buses accounted for 10 billion km (6.2 billion miles) 
(U.S. DOC, 1997). In 1992, diesel-fueled trucks accounted for 14.4% of total truck vehicle 
kilometers driven (VKD); gasoline-fueled trucks accounted for the remaining 85.6% (U.S. DOC, 
1995a). Applying this factor of 14.4% to the 1995 truck estimate of 1,271 billion km results in an 
estimate of 183 billion km driven by diesel-fueled trucks in 1995. 

All other VKD (2,947 billion km) are assumed to be by gasoline-fueled vehicles 
(nondiesel trucks, all automobiles, all buses, and all motorcycles); although a fraction of buses 
and automobiles use diesel fuel, the exact numbers are not known.  It is further assumed that all of 
these kilometers were driven by unleaded gasoline-fueled vehicles because in 1992 only 1.4% of 
the gasoline supply was leaded fuel (EIA, 1993).  Use of leaded fuel should have declined further 
by 1995 because its use in motor vehicles for highway use in the United States was prohibited as 
of December 31, 1995 (Federal Register, 1985a). 

For reference year 1987, an estimated 3,092 billion km were driven in the United States, of 
which trucks accounted for 887 billion km (U.S. DOC, 1995b).  Diesel-fueled trucks accounted 
for 17.2% of total truck kilometers driven (U.S. DOC, 1995a).  Applying this factor of 17.2% to 
the 1987 truck kilometer estimate of 887 billion results in an estimate of 153 billion km driven by 
diesel-fueled trucks. All other VKD (2,939 billion) are assumed to have been by gasoline-fueled 
vehicles. Leaded gasoline accounted for 24.1% of the gasoline supply in 1987 (EIA, 1993); thus, 
708 billion km are estimated to have been driven by leaded gasoline-fueled vehicles.  The 
remaining 2,231 billion km are estimated to have been driven by unleaded gasoline-fueled 
vehicles.  These mileage estimates are given a high confidence rating because they are based on 
U.S. Census Bureau transportation studies. 
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4.1.3.2. Activity Information for Off-Road Uses 

Although on-road vehicles are the largest users of gasoline and diesel fuel, certain sectors 
of the economy account for significant amounts of farm, railroad, marine vessel, and other 
off-highway uses.  Reference year 2000 activity information for off-highway gasoline and diesel 
equipment was estimated by OAQPs from NONROAD model runs prepared for the National 
Emissions Inventory.  For off-highway gasoline-driven equipment, OAQPS calculated a national 
activity level of 23,091.01 million L for 2000.  The activity level for each equipment type was 

Vehicle type Million liters 
Lawn and garden equipment, 4-stroke engines 8,100.78 
Pleasure craft, 2-stroke engines 3,607.50 
Commercial equipment, 4-stroke engines 3,255.45 
Recreational equipment, 2-stroke engines 2,032.77 
Recreational equipment, 4-stroke engines 1,782.93 
Pleasure craft, 4-stroke engines 1,374.10 
Lawn and garden equipment, 2-stroke engines 1,192.40 
Industrial equipment, 4-stroke engines 579.16 
Construction and mining equipment, 4-stroke engines 473.18 
Agricultural equipment, 4-stroke engines 306.62 
Industrial equipment, 4-stroke engines; other oil field equipment 124.92 
Construction and mining equipment, 2-stroke engines 102.21 
Commercial equipment, 2-stroke engines 79.49 
Logging equipment, 4-stroke engines 37.85 
Logging equipment, 2-stroke engines 26.50 
Airport ground support equipment, 4-stroke engines 7.57 
Railroad, 4-stroke engines 3.79 
Agricultural equipment, 2-stroke engines 3.40 
Industrial equipment, 2-stroke engines 1.14

  For reference year 2000, OAQPS calculated national activity levels of 40,125.37 million 
L for off-highway diesel-driven vehicles, 12,491.86 million L for diesel railroad equipment, and 
7,684.39 million L for diesel commercial marine vessels.  For diesel commercial marine vessels, 
the national activity level comprises port emissions (5,905.24 million L) and underway emissions 
(1,968.41 million L).  The activity level for each type of diesel railroad equipment was: 

Diesel locomotive type Million liters
 
Class I locomotives 10,561.30
 
Class II/III locomotives 700.30
 
Yard locomotives 794.94
 
Passenger trains 230.91
 
Commuter trains 215.77
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The following paragraphs define each of the off-road fuel uses listed at the beginning of 
this section and present distillate fuel sales (in liters) in each sector for reference years 1987 and 
1995 (EIA, 1992, 1997a).  For these sectors, the majority of “distillate fuel” sales are diesel fuels; 
a small fraction are fuel oils. The activity level information for reference years 1987 and 1995 is 
provided for informational purposes only because emission estimates for these years could not be 
calculated due to the lack of emission factors. 

Farm fuel use includes sales for use in tractors, irrigation pumps, and other agricultural 
machinery, as well as fuel used for crop drying, in smudge pots, and for space heating of 
buildings.  Sales were 11,352.45 million L in 1987 and 13,158.1 million L in 1995. 

Railroad fuel use includes sales to railroads for any use, including diesel fuel for use in 
locomotives and fuel used for heating buildings operated by railroads.  Sales were 10,788.42 L in 
1987 and 12,980.18 L in 1995. 

Marine vessel fuel use includes sales for the fueling of commercial or private boats such 
as pleasure craft, fishing boats, tug boats, and oceangoing vessels, including vessels operated by 
oil companies. Excluded are sales to the U.S. Armed Forces.  Sales were 7,059.79 L in 1987 and 
8,854.08 L in 1995. 

Off-highway fuel use includes sales for use in construction equipment, including, e.g., 
earthmoving equipment, cranes, stationary generators, and air compressors, and sales for 
nonconstruction off-highway uses such as logging.  Sales were 5,905.24 L in 1987 and 8,225.7 L 
in 1995. 

4.1.3.3 Emission Estimates 

Using the results of the studies discussed in Section 4.1.1, separate national annual 
emission estimates were developed for vehicles burning leaded gasoline, unleaded gasoline, and 
diesel fuel. 

Leaded gasoline. The literature indicates that CDD/CDF emissions occur from full 
combustion in vehicles using leaded gasoline, and that considerable variation occurs depending, at 
least in part, on the types of scavengers used.  Marklund et al. (1987) reported emissions ranging 
from 20 to 220 pg I-TEQDF/km from four cars fueled with a reference unleaded fuel to which lead 
(0.5 g/leaded gal) and a chlorinated scavenger were added.  Marklund et al. (1990) reported much 
lower emissions in the exhaust of cars using a commercial leaded fuel (0.5 g/L) containing both 
1,2-dichloroethane and ethylene dibromide as scavengers (1.1 to 6.3 pg I-TEQDF/km).  The 
difference in the emission measurements in the 1987 and 1990 studies was attributed to the 
different mix of scavengers used in the two studies, which may have resulted in preferential 
formation of mixed chlorinated and brominated dioxins and furans.  
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Hagenmaier et al. (1990) reported TEQ emissions of 1,080 pg I-TEQDF/L fuel 
(approximately 129 pg TEQDF-WHO98/km [108 pg I-TEQDF/km]) from a car fueled with a 
commercial leaded fuel (lead content not reported).  Bingham et al. (1989) reported emissions 
ranging from 1 to 39 pg I-TEQDF/km from four cars using gasoline with a lead content of 1.7 g/L 
in New Zealand.  The German study reported by Schwind et al. (1991) and Hutzinger et al. (1992) 
measured emissions of 52 to 1,184 pg I-TEQDF/L (approximately 7.2 to 142 pg TEQDF-WHO98/km 
[5.2 to 118 pg I-TEQDF/km]) for cars under various simulated driving conditions.  The tunnel 
study by Oehme et al. (1991) estimated that emissions from cars running primarily on leaded 
gasoline (70 to 75% of the cars) ranged from 38 to 520 pg Nordic TEQ/km. 

The average emission factor (see Table 4-4) was 532 pg TEQDF-WHO98/L (450 pg I
TEQDF/L), as reported for the tailpipe emission studies performed using commercial leaded fuel 
(Marklund et al., 1990; Hagenmaier et al., 1990; Schwind et al., 1991), which presented analytical 
results for all 17 toxic CDD/CDF congeners.  Assuming an average fuel economy of 10 km/L, this 
emission factor was approximately 53 pg TEQDF-WHO98/km (45 pg I-TEQDF/km).  A low 
confidence rating is assigned to this emission factor because it is based on European fuels and 
emission control technologies, which may have differed from U.S. leaded-fuel and engine 
technologies, and because the factor is based on tests with only nine cars. 

Combining this average emission factor (53 pg TEQDF-WHO98/km [45 pg I-TEQDF/km], 
assuming nondetect values were zero) with the estimate for kilometers driven by leaded gasoline-
fueled vehicles in 1987 (708 billion km) suggests that 37.5 g TEQDF-WHO98 (31.9 g I-TEQDF) 
were emitted from vehicles using leaded fuels in 1987.  Although some on-road vehicles used 
leaded fuel in 1995, further use of leaded fuel in motor vehicles for highway use in the United 
States was prohibited as of December 31, 1995 (Federal Register, 1985a).  In 1992, the last year 
for which data are available on consumption of leaded gasoline by on-road vehicles, only 1.4% of 
the gasoline supply was leaded gasoline (EIA, 1993).  A conservative assumption that 1% of the 
total VKD in 1995 (29.5 billion km of a total of 2,947 billion km) was by leaded gasoline-fueled 
vehicles, in conjunction with the emission factor of 53 pg TEQDF-WHO98/km (45 pg I-TEQDF/km), 
yields an annual emission of 1.6 g TEQDF-WHO98 (1.3 g I-TEQDF) in 1995. These emission 
estimates are assigned a low confidence rating on the basis of the low rating for the emission 
factor. 

Unleaded gasoline.  The literature documenting results of European studies indicates that 
CDD/CDF emissions from vehicles burning unleaded fuels are lower than emissions from 
vehicles burning leaded gas with chlorinated scavengers.  It also appears, based on the limited 
data available, that catalyst-equipped cars have lower emission factors than do noncatalyst
equipped cars. Marklund et al. (1987) did not detect CDDs/CDFs in emissions from two catalyst-
equipped cars running on unleaded gasoline at a DL of 13 pg I-TEQDF/km. Marklund et al. (1990) 
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reported emission factors of 0.36 and 0.39 pg I-TEQDF/km for two noncatalyst-equipped cars and 
an emission factor of 0.36 pg I-TEQDF/km for one catalyst-equipped car.  Hagenmaier et al. (1990) 


reported an emission factor of 5.1 pg I-TEQDF/km for one noncatalyst-equipped car and 0.7 pg I
TEQDF/km for one catalyst-equipped car.  Schwind et al. (1991) and Hutzinger et al. (1992) 
reported emission factors of 9.6 to 17.7 pg I-TEQDF/km for several noncatalyst-equipped cars 
tested under various conditions; the reported emission factor range for catalyst-equipped cars was 
1 to 2.6 pg I-TEQDF/km. 

All automobiles running on unleaded gasoline in the United States are equipped with 
catalysts.  The average emission factor reported for the tailpipe emission studies performed on 
catalyst-equipped cars (Hagenmaier et al. 1990; Schwind et al., 1991; Hutzinger et al., 1992) was 
15.6 pg TEQDF-WHO98/L (14.9 pg I-TEQDF/L) (calculated from the mean emission factor in Table 
4-6). A low confidence rating is assigned to this emission factor because the European fuels and 
emission control technology used may have differed from U.S. fuels and technology and also 
because the emission factor range is based on tests with only three catalyst-equipped cars. 

OAQPS calculated emissions for reference year 2000 for dioxins and furans from 
gasoline-fueled vehicles using the final version of the MOBILE6 model.  On-road emissions were 
calculated by converting the emission factor of 15.6 pg TEQDF-WHO98/L (14.9 pg I-TEQDF/L) to a 
milligram-per-mile basis using a conversion factor of 3.78e–09 and assuming a fuel economy of 
21.5 miles/gal.  The new emission factor was then multiplied by the corresponding county-level 
VMD in miles per year.  The off-highway gasoline equipment emission estimates for reference 
year 2000 were developed by multiplying the mean emission factor of 15.6 pg TEQDF-WHO98/L 
(14.9 pg I-TEQDF/L) by 2000 activity estimates developed from NONROAD model runs prepared 
for the National Emissions Inventory.  The activity estimates represent county-level gasoline 
consumption in gallons.  The emission factor was converted from picograms per liter to 
milligrams per gallon by multiplying by a conversion factor of 3.78e–09.  The use of these 
methodologies resulted in national estimates for reference year 2000 of 7 g TEQDF-WHO98 (6.7 g 
I-TEQDF) for on-highway gasoline vehicles and 0.36 g TEQDF-WHO98 (0.35 g I-TEQDF) for off-
highway gasoline equipment.  

Applying the same emission factors from Gertler et al. (1996, 1998) and assuming an 
average fuel economy of 10 km/L yields an emission factor of 1.6 pg TEQDF-WHO98/km (1.5 pg I-
TEQDF/km). Applying this emission factor to the estimate derived for VKD in 1995 by all 
gasoline-fueled vehicles (2,947 billion km) suggests that 4.7 g TEQDF-WHO98 (4.4 g I-TEQDF) 
were emitted from vehicles using unleaded fuels in 1995.  Applying the same emission factors to 
the estimate derived above for VKD in 1987 by unleaded gasoline-fueled vehicles (2,231 billion 
km) suggests that 3.6 g TEQDF-WHO98 (3.3 g I-TEQDF) may have been emitted in 1987.  The 
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emission estimates for all reference years were assigned a low confidence rating on the basis of 
the low rating given to the emission factor. 

Diesel fuel.  Limited data are available upon which to base an evaluation of the extent of 
CDD/CDF emissions resulting from diesel fuel combustion, and these data address only emissions 
from on-road vehicles; no emissions data are available for off-road diesel uses (construction 
vehicles, farm vehicles, and stationary equipment).  Two U.S. tailpipe studies have been reported: 
CARB (1987) and Gullett and Ryan (1997).  CARB reported a relatively high emission factor of 
676 pg I-TEQDF/km (nondetect values assumed to be zero) for one heavy-duty truck with a fuel 
economy of 5.5 km/L at 50 km/hr.  Gullett and Ryan reported a range of emission factors for one 
diesel truck tested on six highway or city driving routes of 3 to 96.8 pg I-TEQDF/km (mean of 29 
pg I-TEQDF/km). 

The results of several tailpipe studies conducted in Europe have also been published. 
Marklund et al. (1990) reported no emissions at a DL of 100 pg I-TEQDF/L (or 18 pg I-TEQDF/km, 
assuming a fuel economy of 5.5 km/L) for one tested truck.  Schwind et al. (1991) and Hutzinger 
et al. (1992) reported emission factors of 32 to 81 pg I-TEQDF/L (or 6 to 15 pg I-TEQDF/km, 
assuming a fuel economy of 5.5 km/L) for a truck engine run under various simulated driving 
conditions. Hagenmaier (1994) reported no emissions from a bus at a DL of 1 pg/L fuel 
consumed for individual congeners.  For diesel-fueled cars, Hagenmaier et al. (1990) reported an 
emission factor of 24 pg I-TEQDF/L (or approximately 2.4 pg I-TEQDF/km) for one tested car. 
Schwind et al. and Hutzinger et al. reported emission factors of 5 to 13 pg I-TEQDF/km for a car 
engine run under various simulated driving conditions. 

The tunnel study by Oehme et al. (1991) generated an estimated mean emission factor of 
5,100 pg TEQ/km and a range of 720 to 9,500 pg TEQ/km (in units of Nordic TEQ) for diesel-
fueled trucks. Insufficient information was provided in Oehme et al. to enable an exact 
calculation of emissions in units of I-TEQDF or TEQDF-WHO98. However, based on the 
information that was provided, the mean emission factor in units of TEQ is approximately 5,250 
to 5,400 pg I-TEQDF/km. These indirectly estimated emission factors are considerably larger than 
those reported in engine studies by Marklund et al. (1990), Schwind et al. (1991), and Hutzinger 
et al. (1992); the CARB (1987) diesel truck emission factor falls at the low end of the range.  

Although aggregate samples representing several thousand heavy-duty diesel vehicles 
were collected in Oehme et al. (1991), several characteristics of the study introduce considerable 
uncertainty with regard to the use of the study’s results as a basis for estimating emissions in the 
United States:  (a) heavy-duty vehicles represented only 3 to 19% of total vehicle traffic in the 
tunnel; (b) the majority of the light-duty vehicles were fueled with leaded gasoline, the 
combustion of which, as noted in Table 4-4, can release considerable amounts of CDD/CDFs; and 
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(c) technology differences likely existed between the 1988 Norwegian and the 1987 and 1995 U.S. 
vehicle fleets. 

The tunnel study conducted in Baltimore, MD, by Gertler et al. (1996, 1998) shares the 
disadvantages of all tunnel studies relative to studies that directly measured CDDs and CDFs in 
tailpipe emissions. Specifically, tunnel studies rely on indirect measurements (rather than tailpipe 
measurements), which may introduce bias, and the emission factors calculated from these studies 
reflect driving conditions of only the vehicle fleet using the tunnel and not necessarily of the 
overall vehicle fleet under other driving conditions.  

However, the Gertler et al. study does have strengths that are lacking in the Oehme et al. 
(1991) tunnel study, and it has advantages over the two U.S. diesel truck tailpipe studies, 
including:  (a) the study was conducted (fairly recently) in the United States and thus reflects 
current U.S. fuels and technology, (b) virtually no vehicle using the tunnel used leaded gasoline, 
(c) the tunnel walls and streets were cleaned 1 week prior to the start of sampling and, in addition, 
the study analyzed road dust and determined that resuspended road dust contributed only about 
4% of the estimated emission factors, (d) heavy-duty vehicles comprised, on average, a relatively 
large proportion (25.7%) of vehicles using the tunnel, and (e) a large number of heavy-duty 
vehicles—approximately 33,000—passed through the tunnel during the sampling period, which 
generates confidence that the emission factor is representative of interstate trucks. 

Considering the strengths and weaknesses of the available emission factor data from the 
tailpipe and tunnel studies, the mean TEQ emission factor reported by Gertler et al. (1996, 
1998)—182 pg TEQDF-WHO98/km (172 pg I-TEQDF/km)—is assumed to represent the best current 
estimate of the average emission factor for on-road diesel-fueled trucks.  This emission factor is 
assigned a low confidence rating because it may not be representative of emission rates for the 
entire fleet of diesel-fueled trucks under the wide array of driving conditions encountered on the 
road. 

For reference year 2000, OAQPS developed national CDD/CDF TEQ emission estimates 
for on-highway diesel vehicles, off-highway diesel equipment, diesel railroad equipment, and 
diesel commercial marine vessels.  For on-highway diesel vehicles, OAQPS combined the 
calculated mean emission factors from Gertler et al. (1996, 1998) with the OAQPS estimate for 
VMD. The picogram-per-kilometer emission factors were first converted to a miligram-per-mile 
basis using a conversion factor of 1.61e–09.  OAQPS estimated national emissions of 65.4 g 
TEQDF-WHO98 (61.7 g I-TEQDF) from on-highway diesel-fueled vehicles for reference year 2000. 
For all years, the emissions from diesel vehicles were assigned a low confidence rating because 
the emission factors were assigned a low confidence rating. 

For off-highway diesel equipment, OTAQ developed the NONROAD emissions model to 
estimate emissions from nonroad (off-road) equipment types.  However, the NONROAD model 
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does not contain emission factors for calculating CDD/CDF emissions.  To calculate emissions 
for 2000, OAQPS estimated fuel consumption, as reported by the May 2002 “Lockdown C” draft 
version of NONROAD, and multiplied this estimate by an average fuel efficiency of 7 miles/gal 
and the emission factor from Gertler et al. (1996, 1998).  The NONROAD model does not contain 
activity estimates for commercial marine vessels and railroad equipment.  

OAQPS developed estimates for county-level diesel consumption, in gallons, for diesel 
commercial marine vessels and diesel railroad equipment and multiplied these estimates by an 
average fuel efficiency of 7 miles/gal and the emission factor from Gertler et al. (1996, 1998). 
The results from using these methodologies suggest that 22 g TEQDF-WHO98 (21 g I-TEQDF), 4.3 g 
TEQDF-WHO98 (4 g I-TEQDF), and 6.8 g TEQDF-WHO98 (6.4 g I-TEQDF) were emitted from off-
highway diesel equipment, diesel commercial marine vessels, and diesel railroad equipment, 
respectively, in reference year 2000.  

 The use of the same emission factors from Gertler et al. (1996, 1998) and an assumption 
of an average fuel economy of 10 km/L results in an emission factor of 1.6 pg TEQDF-WHO98/km 
(1.5 pg I-TEQDF/km). Applying this factor to the estimate for VKD in 1995 in the United States 
by diesel-fueled trucks (183 billion km) suggests that 33.3 g TEQDF-WHO98 (31.5 g I-TEQDF) 
were emitted from diesel-fueled trucks in 1995. Combining the same emission factors with the 
estimate derived above for VKD in 1987 by diesel-fueled trucks (153 billion km) suggests that 
27.8 g TEQDF-WHO98 (26.3 g I-TEQDF) were emitted from diesel-fueled trucks in 1987. 

For 1987 and 1995 off-road diesel emissions, EPA used the emission factor from Gertler 
et al. (1996, 1998) and multiplied it by an average fuel efficiency of 2.98 km/L (U.S. EPA, 2003b) 
and a conversion factor of 1.61e–09 g-km/pg-mile to obtain emission factors of 0.51 ng I
TEQDF/L and 0.54 ng TEQDF-WHO98/L.  These emission factors are assigned a low confidence 
rating because they possibly are nonrepresentative of the source.  Multiplying these emission 
factors by the 1987 activity factors for off-highway equipment (17,278.61 million L), marine 
vessels (7,068.35 million L), and railroad use (10,801.5 million L), EPA estimated the following 
emissions for 1987: 8.8 g I-TEQDF (9.4 g TEQDF-WHO98) for off-highway equipment, 3.6 g I
TEQDF (3.8 g TEQDF-WHO98) for marine vessels, and 5.5 g I-TEQDF (5.8 g TEQDF-WHO98) for 
railroad use. Similarly, using the 1995 activity factors for off-highway equipment (21,409.71 
million L), marine vessels (8,864.81 million L), and railroad use (12,995.91 million L), EPA 
estimated the following emissions for 1995:  11 g I-TEQDF (12 g TEQDF-WHO98) for off-highway 
equipment, 4.5 g I-TEQDF (4.8 g TEQDF-WHO98) for marine vessels, and 6.6 g I-TEQDF (7 g 
TEQDF-WHO98) for railroad use.  These emission estimates are given a low confidence rating 
because the emission factor may possibly be nonrepresentative of the source. 
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4.2. WOOD COMBUSTION 

For reference year 1987, wood energy consumption is estimated to have been 2,437 trillion 
British thermal units (Btu), or 3.2% of the total primary energy consumed in the United States.  In 
1995, wood fuel (including black liquor solids) provided about 2.6% (2,350 trillion Btu) of the 
total primary energy consumed (EIA, 1997b).  Wood energy consumption in 2000 is estimated to 
have been 2,473 trillion Btu, or 2.5% of the total primary energy consumed (EIA, 2003a).  The 
industrial sector is the largest consumer of wood fuel, accounting for 65% of total consumption in 
1987, 72% in 1995, and 80% in 2000; the residential sector accounted for 35% of total 
consumption in 1987, 25% in 1995, and 18% in 2000; and the commercial sector accounted for 
approximately 2% of total consumption in all three reference years (EIA, 2003a). 

These energy consumption estimates appear to include the energy value of black liquor 
solids, which are combusted in recovery boilers by wood pulp mills.  In 1987, 1995, and 2000, the 
energy values of combusted black liquor solids were 950, 1,078, and 998 trillion Btu, respectively 
(American Paper Institute, 1992; American Forest and Paper Association, 1997; letter dated 
August 5, 2002, from W. Gillespie, National Council of the Paper Industry for Air and Stream 
Improvement, to C. Peck, Versar, Inc.).  Subtracting the estimates of black liquor energy values 
from the 1987, 1995, and 2000 national totals for wood fuel yields 1,487, 1,272, and 1,475 trillion 
Btu, respectively.  Assuming that 1 kg of oven-dried wood (2.15 kg of green wood) provides 
approximately 19,000 Btu (EIA, 1994), an estimated 78.3, 66.9, and 77.6 million metric tons of 
oven-dried wood equivalents were burned for energy purposes in 1987, 1995, and 2000, 
respectively.  Of these totals, an estimated 44.8, 31.4, and 23 million metric tons were consumed 
by the residential sector and an estimated 33.2, 32.6, and 51.5 million metric tons were consumed 
by the industrial sector in 1987, 1995, and 2000, respectively. 

The following subsections discuss the results of relevant emission studies for the 
residential and industrial sectors and present annual TEQ emission estimates for reference years 
1987, 1995, and 2000. 

4.2.1. Flue Emissions from Wood Combustion (Residential) 

Several studies have provided direct measurement of CDDs/CDFs in flue gas emissions 
from wood-burning stoves and fireplaces (Schatowitz et al., 1993; Vikelsoe et al., 1993; Bremmer 
et al., 1994; Bröker et al., 1992; Launhardt and Thoma, 2000; Environment Canada, 2000).  The 
findings of each of these studies are summarized below. 

4.2.1.1.  Emissions Data 

Schatowitz et al. (1993) measured the CDD/CDF content of flue gas emissions from 
several types of wood burners used in Switzerland:  a household stove (6 kW), automatic chip 
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furnaces (110 to 1,800 kW), and a wood stick boiler (35 kW).  Emissions were measured from the 
combustion of a variety of wood fuels (natural beech wood, natural wood chips, uncoated 
chipboard chips, and waste wood chips from building demolition).  The results from the testing of 
the household stove are most relevant for assessing releases from residential combustion.  The 
household stove was tested with the stove door both open and closed. The open-door stove can be 
assumed to be representative of fireplaces because both have an uncontrolled draft.  Although the 
congener and congener group analytical results were not reported, the following emission factors 
(dry weight for wood, wet weight for household waste) and emission rates (corrected to 13% 
oxygen) for the household stoves and furnaces were reported. 

Stoves 

• Open-door burning of beech wood sticks:  0.77 ng I-TEQDF/kg 
(0.064 ng I-TEQDF/Nm3) 

• Closed-door burning of beech wood sticks:  1.25 ng I-TEQDF/kg 
(0.104 ng  I-TEQDF/Nm3) 

• Closed-door burning of household waste:  3,230 ng I-TEQDF/kg 
(114.4 ng I-TEQDF/Nm3) 

Furnaces 

• Natural wood chips:  0.79 to 2.57 ng I-TEQDF/kg 

• Chipboard chips (uncoated):  0.29 to 0.91 ng I-TEQDF/kg 

• Waste wood chips from building demolition:  26 to 173.3 ng I-TEQDF/kg 

Vikelsoe et al. (1993) studied emissions of CDD/CDF congener groups from residential 
wood stoves in Denmark. The wood fuels used in the experiments were seasoned birch, beech, 
and spruce, equilibrated to 18% absolute moisture.  Four different types of stoves (including one 
experimental stove) were evaluated under both normal and optimal operating conditions (i.e., well 
controlled, with carbon monoxide [CO] emissions as low as possible).  Total CDD/CDF 
emissions varied widely for the 24 fuel/stove type/operating condition combinations.  Emissions 
from spruce were about twice as high as those from birch and beech.  Surprisingly, the optimal 
operating condition led to significantly higher CDD/CDF emissions for two stove types but not 
for the other stoves. The predominant congener group for all experiments was TCDF.  The 
weighted average emission factor and the flue gas concentration for wood stoves (considering 

4-39
 



 

wood and stove types) were reported to be 1.9 and 0.18 ng Nordic TEQ/Nm3, respectively. 
Because Vickelsoe et al. did not measure congener levels, the reported emission factor and 
emission rate were estimated by assuming the same congener distribution in each congener group 
that had been found for municipal waste incinerators. 

Bremmer et al. (1994) reported results of testing performed with a cast-iron wood- burning 
stove with a combustion chamber lined with fire refractory clay.  Measurements were conducted 
at three loads (maximum, average, and minimum) using clean wood as fuel.  The emission factors 
ranged from 1 to 3.3 ng I-TEQDF/kg (average of about 2.2 ng I-TEQDF/kg).  Bremmer et al. also 
reported results of testing conducted with a fireplace of a type that is common in the Netherlands. 
Measured emission factors from the burning of clean wood ranged from 13 to 28.5 ng I-TEQDF/kg 
(average of about 20 ng I-TEQDF/kg).  The authors noted that the measured emission factors for 
fireplaces were considerably higher than those reported by others (see Bröker et al., 1992, below) 
and assigned “great uncertainty” to the emission factors. 

Bröker et al. (1992) reported results of a series of three tests with a wood stove and a 
fireplace. The average, minimum, and maximum emission factors measured for the wood stove 
tests ranged from 0.53 to 0.94 ng I-TEQDF/kg. The geometric mean of the two average values was 
0.71 ng I-TEQDF/kg. The average of the minimum and maximum emission factors measured for 
the fireplace tests ranged from 0.2 to 1.06 ng I-TEQDF/kg.  The geometric mean of these two 
average values is 0.46 ng I-TEQDF/kg. 

Launhardt and Thoma (2000) conducted an investigation on organic pollutants from a 
domestic heating system using various solid biofuels.  Tests were conducted using a multifuel 
furnace designed for domestic applications. Table 4-12 shows the average dioxin concentration in 
the flue gas for the four fuels used (spruce wood, wheat straw, hay, and triticale).  The 
concentrations in the flue gas ranged from 52 to 891 pg TEQ/m3 . 

Table 4-12. Average CDD/CDF concentration in flue gas while burning wood and 
crops 

Fuel Concentration (pg TEQ/m3) Number of trials 

Spruce wood 52 7 

Wheat straw 656 5 

Hay (set-aside land) 891 4 

Triticale (whole crop) 52 5 

Source:  Launhardt and Thoma (2000). 
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Environment Canada (2000) conducted a study on the release of dioxins and furans into 
the atmosphere by residential wood combustors.  The study analyzed two wood stoves believed to 
be representative of stoves used in Canada:  a conventional wood stove that was popular in the 
early 1980s and an advanced combustion, noncatalytic, EPA-certified wood stove.  Each stove 
was tested using hard maple and black spruce wood.  Results from the study ranged from 0.222 to 
0.952 ng I-TEQ/kg wood (see Table 4-13). Because these tests took place in North America using 
indigenous wood, and they included the analysis of an EPA-certified wood stove, the mean value 
of the Environment Canada study (0.5 ng I-TEQ/kg wood) was used to determine the national 
emissions estimate for residential burning of clean wood in fireplaces and stoves.  This emission 
factor is assigned a low confidence rating because it is judged to be nonrepresentative of all 
residential wood combustion (e.g., home fireplaces).  

Several studies have reported that combustion of treated or manufactured wood in stoves 
and fireplaces can result in significantly higher CDD/CDF emission factors.  A few researchers 
(e.g., Vikelsoe et al., 1993) have reported high CDD/CDF emission rates when pentachlorophenol 
(PCP)-contaminated wood is combusted in residential wood stoves and furnaces.  The European 
Inventory (Quab and Fermann, 1997) used the results of these studies to derive best estimates of 
CDD/CDF emission factors for combustion of “slightly contaminated wood (excluding PCP)” and 
“PCP-contaminated wood”: 50 and 500 ng I-TEQDF/kg, respectively.  Although it is likely that 
there is some residential combustion of these types of wood in the United States, there are no 
corresponding activity level data upon which to base a national annual estimate of emissions. 

4.2.1.2.  Activity Level Information 

In 1987, 22.5 million households in the United States burned wood (EIA, 1991).  Wood 
was used as the primary heating fuel in 5 million of those households and as a secondary source 
for aesthetic purposes (i.e., in fireplaces) in 17.4 million (EIA, 1991, 1997b).  Lower numbers 
were reported for 1995; wood was reported to be used as the primary fuel in only 3.53 million 
households (EIA, 1997b).  More rural, low-income households consumed wood as a primary 
heating fuel than did other sectors of the population.  The majority of these households used 
wood-burning stoves as the primary heating appliance.  Although fireplaces were the most 
common type of wood-burning equipment in the residential sector, only 7% of fireplace users 
reported using fireplaces for heating an entire home (EIA, 1991, 1994). 

Residential wood consumption was 852 trillion Btu (44.8 million metric tons), or 35% of 
total U.S. wood energy consumption, in 1987 and 596 trillion Btu (31.4 million metric tons), or 
25% of total U.S. wood energy consumption, in 1995 (EIA, 1997b). An estimated 433 trillion Btu 
(23 million metric tons) of wood were consumed in residences in 2000 (EIA, 2003a).  These 
production estimates are given high confidence ratings because they are based on recent 
government survey data. 
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Table 4-13. CDD/CDF concentrations (pg TEQ/kg wood) in emissions from residential wood stoves in Canada 
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Congener 

U.S. EPA-certified Conventional 

Maple Spruce Maple Spruce 

Run 1 Run 2 Run 3 Run 1 Run 2 Run 3 
Run 

1 Run 2 Run 3 Run 1 Run 2 Run 3 

2,3,7,8-TCDD 212 214 256 82 110 91 68 75 56 63 70 66 
1,2,3,7,8-PeCDD 108 138 117 41 66 57 34 56 47 27 39 41 
1,2,3,4,7,8-HxCDD 21 16 17 10 18 14 8 13 9 7 7 10 
1,2,3,6,7,8-HxCDD 21 16 17 10 18 14 8 13 9 7 7 10 
1,2,3,7,8,9-HxCDD 21 16 17 10 18 14 8 13 9 7 7 10 
1,2,3,4,6,7,8-HpCDD 2 2 2 1 2 2 1 1 2 1 2 1 
OCDD 1 0 0 0 0 0 0 1 1 0 1 0 

2,3,7,8-TCDF 129 134 127 95 47 55 28 38 36 27 16 18 
1,2,3,7,8-PeCDF 22 24 23 12 13 17 6 4 4 5 2 5 
2,3,4,7,8-PeCDF 243 371 350 186 149 302 85 78 66 54 17 33 
1,2,3,4,7,8-HxCDF 22 31 23 12 13 23 27 11 10 16 7 18 
1,2,3,6,7,8-HxCDF 15 18 20 8 13 15 10 8 6 4 7 8 
2,3,4,6,7,8-HxCDF 17 17 14 8 13 10 7 8 6 4 7 8 
1,2,3,7,8,9-HxCDF 10 10 11 8 13 10 4 8 6 4 7 8 
1,2,3,4,6,7,8-HpCDF 2 1 2 1 2 2 2 2 1 1 1 1 
1,2,3,4,7,8,9-HpCDF 2 1 1 1 2 2 1 1 1 0 1 1 
OCDF 0 0 0 0 0 0 0 1 0 0 0 0 

TOTAL 848 1,009 997 485 497 628 297 331 269 227 198 238 

Mean Emission Factor 951 537 299 221 

Source:  Environment Canada (2000). 




 


OAQPS developed emission estimates for residential wood combustion from the results of 
a study by EPA’s Emission Factor and Inventory Group (U.S. EPA, 2001a).  The activity data for 
residential wood combustion were based on the type of combustion unit, and the activity data for 
wood stoves and fireplaces with inserts were estimated on the basis of total amount of wood 
consumed in a year.  OAQPS used 1997 national activity data to extrapolate an estimate for 1999 
by applying a growth rate factor based on wood energy consumption data from the Energy 
Information Administration (EIA).  Activity data for fireplaces were estimated on the basis of 
number of homes in the U.S. with usable fireplaces, as reported by the U.S. Census Bureau.  

OAQPS assumed that the extent of wood consumption in residential combustion units is 
directly related to ambient temperature (with more wood consumption in colder climates). 
Historical climate data were used to assign each U.S. county to one of five climate zones, as 
defined by the National Climatic Data Center.  Each climate zone was then assigned a percentage 
of total national wood consumption on the basis of information contained in the EIA’s Residential 
Energy Consumption database.  

The consumption in each climate zone was then allocated to individual counties in that 
zone.  Each county was designated as urban or rural to reflect unit location preferences reported in 
the 1999 American Housing Survey, which estimated that 68% of fireplaces are found in urban 
areas, compared with 32% in rural areas. An estimated 69% of wood stoves are found in rural 
areas, compared with 31% in urban areas. Fireplaces with inserts were evenly split between urban 
and rural areas. In each zone, the total urban and rural county wood consumption was summed 
and an adjustment was made within the zone for each county’s consumption if the urban and rural 
totals did not match the expected percentage. These steps resulted in final cordwood consumption 
by county, which was converted to tons of wood consumed using a conversion factor of one cord 
of wood equaling 1.163 tons.  

Wood consumption estimates for stoves and fireplaces with inserts were further 
categorized to account for the different designs of units that exist in the marketplace.  Different 
designs of stoves and inserts have been found to have different levels of emissions.  According to 
data received from the Hearth Products Association, the three primary types of units currently in 
use are noncertified (92% of the stoves manufactured), certified noncatalytic (5.7%), and certified 
catalytic (2.3%).  These proportions were applied to the national, state, and county cordwood 
consumption estimates prior to the application of emission factors. 
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Activity levels were estimated to be as follows: 

Activity level 
Wood combustion category (million metric tons/yr) 

Fireplaces 2.79 
Fireplaces with inserts, certified catalytic 0.92 
Fireplaces with inserts, certified noncatalytic 0.47 
Fireplaces with inserts, noncertified 7.64 
Noncatalytic wood stoves 0.26 
Catalytic wood stoves 0.64 
Conventional wood stoves 10.60 

4.2.1.3. Emission Estimates 

The emission factor used to determine national emission estimates (0.5 ng I-TEQ/kg 
wood) was obtained from Environment Canada (2000) because it was the most comprehensive 
and recent study.  Combining this emission factor with the mass of wood consumed in residences 
in 1987, 1995, and 2000 yields annual TEQ air emissions from this source of approximately 22, 
15.7, and 11.3 g I-TEQDF, respectively.  These estimates are given a low confidence rating for all 
years because the emission factor was judged to be of low confidence. 

4.2.2. Stack Emissions from Wood Combustion (Industrial) 

4.2.2.1.  Emissions Data 

Congener-specific measurements of CDDs/CDFs in stack emissions from industrial wood-
burning furnaces were measured by CARB at four facilities in 1988 (CARB, 1990b, c, d, e). 
Measurements of CDD/CDF congener groups and 2,3,7,8-TCDD and 2,3,7,8-TCDF were 
reported for one facility by EPA (U.S. EPA, 1987a).  The National Council of the Paper Industry 
for Air and Stream Improvement (NCASI) presented congener-specific emission factors for five 
boilers tested during burns of bark and wood residue (NCASI, 1995).  The average congener-
specific emission factors derived from the four CARB and five NCASI studies are presented in 
Table 4-14. Average congener and congener group profiles are presented in Figure 4-5a for the 
four CARB studies and in Figure 4-5b for the five NCASI studies. 

CARB (1990b) measured CDDs/CDFs in the emissions from a quad-cell wood-fired boiler 
used to generate electricity.  The fuel consisted of coarse wood waste and sawdust from 
nonindustrial logging operations.  The exhaust gases passed through a multicyclone before 
entering the stack.  From this study, the average TEQ emission factor for total CDDs/CDFs was 
calculated to be 0.64 ng I-TEQDF/kg of wood burned. 
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Table 4-14. CDD/CDF mean emission factors (ng/kg wood) for industrial wood combustors 
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Congener/congener group 

Four facilities tested by CARB Five facilities tested by NCASI 
Nine facilities tested by

CARB and NCASI 

Nondetect set to 
zero 

Nondetect set to 
½ detection  limit 

Nondetect 
set to zero 

Nondetect set to ½ 
detection limit 

Nondetect set to 
zero 

Nondetect set to 
½ detection limit 

2,3,7,8-TCDD 0.007 0.016 0.066 0.068 0.04 0.046 
1,2,3,7,8-PeCDD 0.044 0.054 0.11 0.112 0.079 0.084 
1,2,3,4,7,8-HxCDD 0.042 0.055 0.179 0.183 0.115 0.123 
1,2,3,6,7,8-HxCDD 0.086 0.096 0.191 0.193 0.138 0.143 
1,2,3,7,8,9-HxCDD 0.079 0.132 0.522 0.524 0.321 0.342 
1,2,3,4,6,7,8-HpCDD 0.902 0.905 0.635 0.637 0.745 0.748 
OCDD 6.026 6.026 1.317 1.317 3.329 0.329 
2,3,7,8-TCDF 0.673 0.673 0.707 0.719 0.684 0.69 
1,2,3,7,8-PeCDF 0.79 0.79 0.145 0.149 0.406 0.409 
2,3,4,7,8-PeCDF 0.741 0.741 0.159 0.164 0.389 0.392 
1,2,3,4,7,8-HxCDF 0.761 0.768 0.108 0.111 0.375 0.379 
1,2,3,6,7,8-HxCDF 0.941 0.941 0.071 0.073 0.418 0.419 
1,2,3,7,8,9-HxCDF 0.343 0.35 0.064 0.067 0.178 0.183 
2,3,4,6,7,8-HxCDF 0.45 0.491 0.015 0.017 0.192 0.209 
1,2,3,4,6,7,8-HpCDF 2.508 2.749 0.072 0.074 1.062 1.155 
1,2,3,4,7,8,9-HpCDF 0.26 0.344 0.017 0.02 0.113 0.152 
OCDF 1.587 1.59 0.049 0.06 0.674 0.681 
Total TCDD 0.151 0.154 1.628 1.629 0.969 0.97 
Total PeCDD 1.039 1.039 1.958 1.98 1.521 1.533 
Total HxCDD 1.748 1.748 1.792 1.796 1.663 1.665 
Total HpCDD 2.936 2.936 1.12 1.132 1.821 1.823 
Total OCDD 6.026 6.026 1.317 1.317 3.329 0.329 
Total TCDF 4.275 4.275 4.532 4.552 4.353 4.364 
Total PeCDF 9.75 9.75 1.548 1.549 4.93 4.93 
Total HxCDF 7.428 7.428 0.536 0.543 3.316 3.32 
Total HpCDF 3.747 3.988 0.111 0.116 1.58 1.674 
Total OCDF 1.588 1.59 0.049 0.06 0.674 0.681 
Total I-TEQDF 
Total TEQDF-WHO98 

0.82 
0.84 

0.85 
0.87 

0.4 
0.46 

0.41 
0.47 

0.56 
0.6 

0.58 
0.62 

Total CDD/CDF 38.69 38.93 14.59 14.67 24.16 21.29 
CARB = California Air Resources Board 
NCASI = National Council for Air and Stream Improvement 

Sources:  CARB (1990b, c, d, e); NCASI (1995). 
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Figure 4-5a.  Congener and congener group profiles for air emissions from 
industrial wood combustors (nondetects set equal to zero). 

Sources:  CARB (1990b, c, d, e). 

4-46
 

0.3 




 



 



 



 



 



 


Ratio (mean congener group emission factor/total CDD/CDF emission factor) 

0 0.05 0.1 0.15 0.2 0.25 

TCDD 

PeCDD 

HxCDD 

HpCDD 

OCDD 

TCDF 

PeCDF 

HxCDF 

HpCDF 

OCDF 

Figure 4-5b.  Congener and congener group profiles for air emissions from bleached 
Kraft mill bark combustors (nondetects set equal to zero). 

Source:  NCASI (1995). 
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In the second study (CARB, 1990d), CDDs/CDFs in the emissions from two spreader-
stoker wood-fired boilers operated in parallel by an electric utility for generating electricity were 
measured.  The exhaust gas stream from each boiler was passed through a dedicated ESP, after 
which the gas streams were combined and emitted to the atmosphere through a common stack. 
Stack tests were conducted when the facility burned fuels allowed by existing permits and when it 
burned a mixture of permitted fuel supplemented by urban wood waste at a ratio of 7:3.  From this 
study, the average TEQ emission factor for total CDDs/CDFs was calculated to be 0.82 ng I 
TEQDF/kg of wood burned. 

In the third study (CARB, 1990e), CDDs/CDFs in the emissions from twin fluidized-bed 
combustors designed to burn wood chips for the generation of electricity were measured.  The air 
pollution control device (APCD) system consisted of ammonia injection for controlling nitrogen 
oxides and a multicyclone and ESP for controlling PM.  During testing, the facility burned wood 
wastes and agricultural wastes allowed by existing permits.  From this study, the average TEQ 
emission factor for total CDDs/CDFs was calculated to be 1.32 ng I-TEQDF/kg of wood burned. 

In the fourth study (CARB, 1990f), CDDs/CDFs in the emissions from a quad-cell wood-
fired boiler were measured. During testing, the fuel consisted of wood chips and bark.  The flue 
gases passed through a multicyclone and an ESP before entering the stack.  From this study, the 
average TEQ emission factor for total CDDs/CDFs was calculated to be 0.5 ng I-TEQDF/kg of 
wood burned. 

NCASI (1995) presented stack emission test results for five boilers burning bark or wood 
residues.  One of these facilities, which was equipped with a multicyclone, normally burned bark 
in combination with sludge and coal.  Another facility, which was equipped with an ESP, 
normally fired pulverized coal.  The other three facilities were spreader-stokers equipped with 
multicyclones or ESPs.  Although stack gas flow rates were obtained during these tests, accurate 
measurements of the amounts of bark and wood fired were not made and had to be estimated from 
steam production rates. The average TEQ emission factor for these facilities was 0.46 ng TEQDF 
WHO98/kg (0.4 ng I-TEQDF/kg of feed). 

The mean of the emission factors derived from the four CARB studies and five NCASI 
studies—0.6 ng TEQDF-WHO98/kg wood (0.56 ng I-TEQDF/kg wood), assuming nondetect values 
were zero—is used in this document as the most representative of industrial wood combustion. 
This emission factor was assigned a medium confidence rating.  However, these mean emission 
factors may not be appropriate for the combustion of waste wood containing elevated chlorine 
content. NCASI (1995) concluded that CDD/CDF emissions from facilities burning salt-laden 
wood residue may be considerably higher than those from facilities burning salt-free wood.  

Umweltbundesamt (1996) reported the results of stack gas testing at approximately 30 
facilities of varying design types burning various types of wood fuel.  The author noted that 

4-48
 



 


 


CDD/CDF emissions were elevated when the combustion conditions were poor, as evidenced by 
elevated CO emissions, or when the fuel contained elevated chlorine levels.  Umweltbundesamt 
attributed the correlation between elevated CDD/CDF emissions and elevated chlorine content of 
the fuel to the fire-retardant effects of chlorine, which may have inhibited complete combustion. 
The chlorine content of untreated wood and bark were reported as 0.001 to 0.01% by weight and 
0.01 to 0.02% by weight, respectively.  Chipboard can contain up to 0.2% chlorine by weight 
because of the binding agents used to manufacture the chipboard.  Preservative-treated wood and 
PVC-coated wood were reported to contain chlorine contents as high as 1.2 and 0.3% by weight, 
respectively. 

The facility tested by EPA in 1987 (U.S. EPA, 1987a) was located at a lumber products 
plant that manufactured overlay panels and other lumber wood products.  Nearly all the wood fed 
to the lumber plant had been stored in sea water adjacent to the facility and therefore had a 
significant concentration of inorganic chloride.  The wood-fired boiler tested was a three-cell 
dutch oven equipped with a waste heat boiler.  The feed wood was a mixture of bark, hogged 
wood, and green and dry planer shavings.  The exhaust gases from the boiler passed through a 
cyclone and fabric filter (FF) prior to discharge from the stack.  From this study, an average 
emission factor for total CDDs/CDFs of 1,020 ng/kg wood burned (range, 552 to 1,410 ng/kg) 
was reported for the three collected samples.  An average TEQ emission factor of 17.1 ng 
I-TEQDF/kg wood burned (range, 7.34 to 22.8 ng/kg) was estimated by EPA using measured 
congener group concentrations and concentrations of 2,3,7,8-TCDD and 2,3,7,8-TCDF.  Similar 
emission factors were reported by Luthe et al. (1998) from testing conducted during the 1990s at 
four Canadian coastal, salt-laden wood-fueled boilers—1.4, 2.6, 17.4, and 27.6 ng I-TEQDF/kg 
wood combusted. 

The overall average of the five tested facilities in Canada and the United States was 13.2 
ng I-TEQDF/kg of wood combusted.  The confidence rating assigned to this emission factor is low 
because it is based on reporting of limited congener data at one U.S. facility and testing at four 
non-U.S. sources and because the fraction of salt-laden wood combusted across facilities is likely 
to have been highly variable. 

For reference year 2000, NCASI provided congener-specific estimates of CDD/CDF 
releases from the pulp and paper industry, including emissions from wood residue-fired boilers 
(letter dated August 5, 2002, from W. Gillespie, National Council of the Paper Industry for Air 
and Stream Improvement, to C. Peck, Versar, Inc.).  The emission factors were taken from 
“NCASI Handbook of Chemical Specific Information for SARA (Superfund Amendments and 
Reauthorization Act) Section 313 Form R Reporting.” The factors provided in the handbook were 
compiled from valid test data supplied to NCASI by a variety of sources, including NCASI 
member companies that had performed the tests in response to a regulatory program.  Data from 
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11 bark and wood residue-fired boilers used by the forest products industry were used to calculate 
an emissions estimate. Concentrations of emissions from the wood residue-fired boilers were 
0.017 :g TEQDF-WHO98/ton wood (see Table 4-15). 

Table 4-15. NCASI CDD/CDF TEQ concentrations and emissions for wood 
residue-fired boilers 

Congener 

Wood-fired boiler emissions 
Wood-fired boiler ash not landfilled 

(72% of total ash landfilled) 

TEQDF-WHO98 

concentrations 
(median
µg/ton) 

Emissions 
(ng/yr) 

TEQ 
concentrations 

(ng/kg) 
Emissions 

(ng/yr) 

2,3,7,8-TCDD 0 0 1.84e+00 3.06e+08 
1,2,3,7,8-PeCDD 0 0 1.73e+00 2.88e+08 
1,2,3,4,7,8-HxCDD 0 0 3.25e!01 5.41e+07 
1,2,3,6,7,8-HxCDD 4.00e!04 1.68e+07 4.28e!01 7.12e+07 
1,2,3,7,8,9-HxCDD 5.00e!04 2.10e+07 2.60e!01 4.33e+07 
1,2,3,4,6,7,8-HpCDD 1.05e!03 4.41e+07 4.01e!01 6.71e+07 
1,2,3,4,6,7,8,9-OCDD 5.69e!04 2.39e+07 1.90e!02 3.96e+06 

2,3,7,8-TCDF 4.40e!03 1.85e+08 4.20e+00 7.06e+08 
1,2,3,7,8-PeCDF 7.50e!04 3.15e+07 3.35e!01 5.56e+07 
2,3,4,7,8-PeCDF 5.00e!03 2.10e+08 3.23e+00 5.37e+08 
1,2,3,4,7,8-HxCDF 9.00e!04 3.78e+07 2.21e!01 3.68e+07 
1,2,3,6,7,8-HxCDF 7.00e!04 2.94e+07 1.60e!01 2.66e+07 
1,2,3,7,8,9-HxCDF 2.10e!03 8.82e+07 5.40e!02 8.98e+06 
2,3,4,6,7,8-HxCDF 9.00e!04 3.78e+07 3.80e!02 6.32e+06 
1,2,3,4,6,7,8-HpCDF 2.80e!04 1.18e+07 4.10e!03 6.82e+05 
1,2,3,4,7,8,9-HpCDF 1.10e!04 4.62e+06 1.30e!03 2.16e+05 
1,2,3,4,6,7,8,9-OCDF 2.10e!05 8.82e+05 5.40e!04 1.64e+05 

TOTAL 1.72e!02 7.42e+08 1.32e+01 6.19e+08 
(ash not landfilled) 

2.21e+09 
(ash landfilled) 

NCASI = National Council for Air and Stream Improvement 

Source: Letter dated August 5, 2002, from W. Gillespie, National Council of the Paper Industry for Air and Stream 
Improvement, to C. Peck, Versar, Inc. 

4.2.2.2.  Activity Level Information 

In 1987, 33.2 million metric tons of wood were burned for fuel in industrial furnaces.  In 
1995, industrial wood consumption totaled 32.6 million metric tons.  EIA (2003b) estimated that 
industrial wood consumption totaled 1988 trillion Btu (104.6 million metric tons) in 2000.  This 
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total becomes 51.5 million metric tons with the removal of kraft black liquor combustion.  The 
majority of wood fuel consumed in the industrial sector consists of wood waste (chips, bark, 
sawdust, and hogged fuel).  Consumption in the industrial sector is dominated by two industries:  
paper and allied products and lumber and wood products (EIA, 1994).  These activity level 
estimates are assigned a high confidence rating because they are based on recent government 
survey data. 

Activity level data on combustion of salt-laden wood are not normally collected, even 
though the associated emission factor is greater than the factor associated with nonsalt-laden 
wood. Nonetheless, attempts have been made to estimate this activity level. NCASI combined 
the results from a 1995 survey of combustion units in the pulp and paper industry with those from 
an ad hoc telephone survey of mills in the Pacific Northwest (Oregon and Washington) to produce 
a conservative estimate of the amount of salt-laden wood burned at U.S. pulp and paper mills in 
1995: 254,000 metric tons (0.8% of the estimated 32.6 million metric tons of industrial wood 
consumed that year).  NCASI suspected that a similar fraction of industrial wood combusted in 
1987 by pulp and paper mills was salt laden (letter dated October 8, 1998, from W. Gillespie, 
National Council of the Paper Industry for Air and Stream Improvement, to G. Schweer, Versar, 
Inc.). 

For purposes of the NCASI survey, salt-laden wood was defined as wood that had been 
transported, stored, or otherwise exposed to saltwater prior to being processed as fuel.  None of 
the three responding mills in Oregon reported the use of salt-laden wood.  Eight of the 13 
responding mills in Washington reported some combustion of salt-laden wood.  Of the total wood 
consumed in the Washington mills, 17% was estimated to be salt-laden wood. 

As noted above, the majority of industrial wood combustion (97%) occurs in two 
industries: the paper and allied products industry and the lumber and wood products industry. 
The relative amount of wood combusted by each of these two industries was the same in 1990 and 
1992, the only years for which these statistics are readily available (EIA, 1991, 1994).  It can be 
assumed that the percentage of total wood combusted nationally by the lumber and wood products 
industry that is salt laden is the same percentage as for the paper and allied products industry, 
0.8%; therefore, the total percentage of wood combusted by industry that is salt laden is 1.6%.  
For reference years 1987, 1995, and 2000, this equates to 0.5, 0.5, and 0.8 million metric tons, 
respectively.  These activity level estimates are assigned a low confidence rating because they are 
possibly nonrepresentative of the activity levels for the source category combusting salt-laden 
wood. 

4.2.2.3.  Emission Estimates 

 Applying the average TEQ emission factor from the four CARB and five NCASI studies 
(0.6 ng TEQDF-WHO98/kg wood [0.56 ng I-TEQDF/kg wood]) to the estimated quantities of 
nonsalt-laden wood burned by industrial facilities in 1987 (33.2 million metric tons), 1995 (32.6 
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million metric tons), and 2000 (51.5 million metric tons) yields estimated TEQ emissions to air of 
19.9 g TEQDF-WHO98 (18.6 g I-TEQDF) in 1987, 19.6 g TEQDF-WHO98 (18.3 g I-TEQDF) in 1995, 
and 30.9 g TEQDF-WHO98 (28.8 g I-TEQ) in 2000. 

Applying the average TEQ emission factor from the five studies on boilers combusting 
salt-laden wood (13.2 ng I-TEQDF/kg wood) to the estimated quantities of salt-laden wood burned 
by industrial facilities in 1987 (0.5 million metric tons), 1995 (0.5 million metric tons), and 2000 
(0.8 million metric tons) yields estimated TEQ emissions to air of 6.6 g I-TEQDF in both 1987 and 
1995 and 10.6 g I-TEQDF in 2000. 

Total emissions for 1987, 1995, and 2000 are estimated to have been 26.5, 26.2, and 41.5 
g TEQDF-WHO98 (25.2, 24.9, and 39.4 g I-TEQDF), respectively.  Of the 2000 estimate, NCASI 
estimated that 0.74 g TEQDF-WHO98/yr of dioxins were emitted from pulp and paper wood-fired 
boilers (letter dated August 5, 2002, from W. Gillespie, National Council of the Paper Industry for 
Air and Stream Improvement, to C. Peck, Versar, Inc.).  As noted above, the total emissions are 
based on tests conducted at nine facilities in two industries that account for 97% of total industrial 
wood fuel combustion. The remaining 3% of industrial combustion and the combustion of wood 
by the commercial sector (for which no reliable activity level estimates are available) may not be 
well represented by the emission factors used above, particularly if poorly controlled combustors 
or treated wood (e.g., treated with PCP or plastics) are burned.  The emission estimates for 1987, 
1995, and 2000 are given a low confidence level because the activity level estimates were 
assigned a low confidence rating. 

4.2.3. Solid Waste from Wood Combustion (Residential and Industrial) 

The measurement of CDDs/CDFs in chimney soot and bottom ash from wood-burning 
stoves and fireplaces has been reported by several researchers (Bumb et al., 1980; Nestrick and 
Lamparski, 1982, 1983; Clement et al., 1985; Bacher et al., 1992; Van Oostam and Ward, 1995; 
and Dumler-Gradl et al., 1995). 

Bumb et al. (1980) detected TCDDs (nondetect to 0.4 :g/kg), HxCDDs (0.2 to 3 :g/kg), 
HpCDDs (0.7 to 16 :g/kg), and OCDD (0.9 to 25 :g/kg) in residues from the wall of a home 
fireplace and from the firebrick of another home fireplace; for lack of a suitable analytical method, 
analysis was not performed for PeCDDs.  Neither of the fireplaces sampled by Bumb et al. had 
burned preservative-treated wood. 

Nestrick and Lamparski (1982, 1983) expanded the research of Bumb et al. by conducting 
a survey of CDD concentrations in chimney soot from residential wood-burning units in three 
rural areas of the United States.  Samples were collected from the base of six chimneys in each of 
the three study areas.  Samples were not collected from units where any type of treated or 
manufactured wood had been burned. For lack of a suitable analytical method, analysis was not 
performed for PeCDDs. The results of this survey are summarized in Table 4-16.  There was 

4-52
 




 


Table 4-16. CDD/CDF concentrations (ng/kg) in residential chimney soot from 
wood stoves and fireplaces 

Congener/ 
congener group 

U.S. east 
regiona 

U.S. west 
regiona 

U.S. 
central 
regiona 

German 
farmhouseb 

Canadian 
wood 
stovec 

Canadian 
fireplacec 

Canadian 
wood 
stoved 

2,3,7,8-TCDD 66 13.3 66 150 NR NR ND (12) 
1,2,3,7,8-PeCDD NR NR NR 70 NR NR 70 
1,2,3,4,7,8-HxCDD 250e 522e 1,831e 35 NR NR ND (10) 
1,2,3,6,7,8-HxCDD 250e 522e 1,831e 60 NR NR 625 
1,2,3,7,8,9-HxCDD 208 282 1,450 30 NR NR 281 
1,2,3,4,6,7,8-HpCDD 1,143 1,653 6,160 90 NR NR 948 
OCDD 2,033 2,227 13,761 90 NR NR 530 

2,3,7,8-TCDF NR NR NR 930 NR NR 235 
1,2,3,7,8-PeCDF NR NR NR 560 NR NR 58 
2,3,4,7,8-PeCDF NR NR NR 590 NR NR 68 
1,2,3,4,7,8-HxCDF NR NR NR 330 NR NR 51 
1,2,3,6,7,8-HxCDF NR NR NR 400 NR NR 57 
1,2,3,7,8,9-HxCDF NR NR NR 70 NR NR 8 
2,3,4,6,7,8-HxCDF NR NR NR 200 NR NR 24 
1,2,3,4,6,7,8-HpCDF NR NR NR 490 NR NR 97 
1,2,3,4,7,8,9-HpCDF NR NR NR 40 NR NR 20 
OCDF NR NR NR 70 NR NR 41 

Total 2,3,7,8-CDD 3,950 5,219 21,437 525 NR NR 2,454 
Total 2,3,7,8-CDF NR NR NR 3,680 NR NR 659 
Total I-TEQDf $150 $165 $286 720 NR NR 211 
Total TEQDF-WHO98 $98 $163 $81 355 NR NR 246 

Total TCDD 1,987 269 1,511 3,900 ND (10) ND (10) 11 
Total PeCDD NR NR NR 880 ND (10) 500 608 
Total HxCDD 2,183 4,273 14,243 600 ND (50) 1,700 3,450 
Total HpCDD 2,104 3,243 12,603 200 100 500 1,550 
Total OCDD 2,033 2,227 13,761 90 200 400 530 
Total TCDF NR NR NR 13,400 ND (10) 300 1,010 
Total PeCDF NR NR NR 6,100 ND (10) 1,400 948 
Total HxCDF NR NR NR 3,200 ND (50) 1,700 482 
Total HpCDF NR NR NR 720 ND (50) 400 154 
Total OCDF NR NR NR 70 ND (50) 100 41 

Total CDD/CDF 8,307 10,012 42,118 29,160 300 7,000 8,784 
aSource:  Nestrick and Lamparski (1982, 1983); mean values listed, six samples collected in each region. 
bSource:  Bacher et al. (1992). 
cSource:  Clement et al. (1985). 
dSource:  Van Oostdam and Ward (1995); mean of two samples, nondetect values assumed to be zero. 
eAnalytical method could not distinguish between congeners; listed value is the sum of both congeners. 

ND = Not detected (value in parenthesis is the reported detection limit) 
NR = Not reported 
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wide variation in the results across soot samples, with standard deviations for congeners and 
congener groups often equal to or exceeding the mean value; however, CDDs in each congener group 
were detected in the soot from almost all sampled units.  The authors concluded that the results did 
not appear to present any easily discernible patterns with respect to geographic region, furnace 
operational parameters, or wood fuel type.  They attributed the wide variability observed to 
differences in design of the units, which affected the sampling point or the conditions at the sampling 
point, and possible contamination of the fuel wood. 

Clement et al. (1985) analyzed chimney soot and bottom ash from residential wood stoves 
and fireplaces in Canada.  The CDD/CDF congener concentrations are presented in Table 4-16 (soot) 
and Table 4-17 (bottom ash). CDD/CDF congeners were detected in all samples analyzed, although 
the relative amounts of the different congener groups varied considerably and inconsistently between 
wood-burning unit types and between ash and soot samples from the same unit.  

Table 4-17. CDD/CDF concentrations (ng/kg) in bottom ash from residential 
wood stoves and fireplaces 

Congener/congener 
group 

Canadian wood 
stove ash 

Canadian wood 
stove ash 

Canadian 
wood stove ash 

Canadian 
fireplace ash 

Total TCDD 
Total PeCDD 
Total HxCDD 
Total HpCDD 
Total OCDD 
Total TCDF 
Total PeCDF 
Total HxCDF 
Total HpCDF 
Total OCDF

      ND (10)
      ND (10)
      ND (50) 

300 
2,600 
9,100 
2,200 
1,000 

700
      ND (50) 

100 
3,000 

10,000 
1,200 

900 
400 

4,600 
9,300 
1,000 

100 

100 
200 
700 
500 
100 
100 
200 
500 
300

      ND (50) 

ND (10) 
ND (10) 

300 
2,000 
3,100

      ND (10)
      ND (10) 

100 
400 
100 

Total CDD/CDF 15,900 30,600 2,700 6,000 
aNo values were reported for individual congeners or for total 2,3,7,8-CDD, 2,3,7,8-CDF, or total TEQ. 

ND = Not detected (value in parenthesis is the reported detection limit) 

Source:  Clement et al. (1985). 

Clement et al. also presented total CDD/CDF concentration data for bottom ash from 
open-air burning of wood.  No analyses were reported for individual congeners.  The results for 
the congener groups are shown below.  The quantity of ash produced by the open-air burning test 
was not provided; hence, it is not possible to readily determine the quantities of CDDs/CDFs 
disposed of. 
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Congener group Concentration (µg/kg) 
TCDDs 0.8 
PeCDDs 4.2 
HxCDDs 7.2 
HpCDDs 11 
OCDD 10 
TCDFs 2.2 
PeCDFs 7.6 
HxCDFs 8.2 
HpCDFs 11 
OCDF 1.7 

Bacher et al. (1992) characterized the full spectrum (mono through octa substitution) of 
CDD/CDF and BDD/BDF congeners in the soot from an old farmhouse in southern Germany. 
The chimney carried smoke from an oven that had used untreated wood at the rate of about 
5 m3/yr for more than 10 yr.  The sample was taken during the annual cleaning by a chimney 
sweep. The only BDF detected was mono-BDF (230 ng/kg).  No BDDs, BCDDs, or BCDFs were 
detected at a DL of 20 ng/kg.  The results for the tetra- through octa-CDDs/CDFs are presented in 
Table 4-16. The results indicate that CDFs exceeded the CDDs in each congener group except 
octa. Also, the lower-chlorinated congener groups exceeded the higher-chlorinated congener 
groups for both the CDDs and the CDFs.  The TEQ content of the chimney soot was 755 ng 
TEQDF-WHO98/kg (720 ng I-TEQDF/kg), of which less than 30% was due to CDDs. 

Van Oostdam and Ward (1995) analyzed soot from two wood stoves in British Columbia, 
Canada. The average TEQ concentration was 246 ng TEQDF-WHO98/kg (211 ng I-TEQDF/kg). 
The congener-specific results are presented in Table 4-16.  The soot from a wood stove burning 
salt-laden wood in a coastal area was found to have an I-TEQDF content of 7,706 ng I-TEQDF/kg, 
or 20 to 90 times more than the concentrations found in the soot from the other two tested stoves. 

Dumler-Gradl et al. (1995) analyzed chimney soot samples collected by chimney sweeps 
from 188 residences in Bavaria, Germany.  The summary results of the survey, the largest 
published survey of its kind to date, are presented in Table 4-18.  As in Nestrick and Lamparski 
(1982, 1983) and Clement et al. (1985), CDDs/CDFs were detected in all samples; however, there 
was wide variability in total TEQ concentrations within and across unit type/fuel type 
combinations. 

The Washington State Department of Ecology (1998) reported CDD/CDF congener data 
for ash from hog fuel boilers at three paper mills.  The data were compiled and evaluated to 
determine total I-TEQ concentrations and loading.  Nondetect values were included as zero, one-
half the DL, or at the DL.  The results, assuming nondetect values are at zero, are shown below. 
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Table 4-18. CDD/CDF concentrations in chimney soot (Bavaria, Germany) 

Unit type Fuel type 
Number of 

samples 

Concentration 
(ng I-TEQDF/kg) 

Minimum Mean Maximum 

Oven Wood 33 10.4 2,015 15,849 

Tiled stove Wood 39 4 3,453 42,048 

Heating system Wood 9 16.9 1,438 20,450 

Oven Wood/coal 27 77.3 2,772 10,065 

Tiled stove Wood/coal 5 53.1 549 4,911 

Oven Wood, wood/coal, 
waste 

5 116.3 6,587 10,652 

Source:  Dumler-Gradl et al. (1995). 

I-TEQDF I-TEQDF 
Location Type of residual (ng/kg) (mg/day) 
Daishowa America, 

Port Angeles Mixed ash 0.31 0.012 
Ft. James Fly ash 35.4 0.544 
Rayonier Filter ash 12,640 68.9 

Vacuum filter and grate 1,150 6.27 
Filter ash 2,299 12.5 
Fly ash 225 1.23 

Pohlandt and Marutzky (1994) presented CDD/CDF concentration data for various types 
of ash (bottom, furnace, boiler, and fly) from 12 wood-burning boilers.  The fly ash samples from 
two wood-working industry boilers appeared to have the greatest concentrations of CDDs/CDFs. 
Table 4-19 lists the average congener concentration for the two boilers.  Three boiler bottom ash 
samples contained detectable amounts of only total HpCDDs/HpCDFs and OCDD/OCDF.  All 
the other boiler samples were from boilers that burned copper/chrome/boron-impregnated woods. 
These samples had total TEQs (assumed to be I-TEQs) ranging from 0.07 to 89 ppt, the highest 
being for the fly ash samples (52 and 89 ppt).  The quantities produced by the boilers that were 
tested were not reported; hence, it is not possible to readily determine the quantities of 
CDDs/CDFs disposed of. 

The results of analyses of two ash samples from wood-burning facilities in New 
Hampshire were reported in a facsimile dated January 23, 2001, from Andrew Carpenter, 
Resource Management, Inc., to Stephen Schwartz, Versar, Inc.  Both samples were from the 
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Table 4-19. CDD/CDF concentrations (ng/kg) in fly ash from wood-working 
industry 

Congener/congener group 
Average 

concentration I-TEQDF TEQDF-WHO98 

2,3,7,8-TCDD 
Total TCDD 

<15 
1,730 

<15 
– 

<15 
– 

1,2,3,7,8-PeCDD 
Total PeCDD 

100 
1,250 

50 
– 

100 
– 

1,2,3,4,7,8-HxCDD 
1,2,3,6,7,8-HxCDD 
1,2,3,7,8,9-HxCDD 
Total HxCDD 

130 
150 
140 
750 

13 
15 
14 

– 

13 
15 
14 

– 

1,2,3,4,6,7,8-HpCDD 
Total HpCDD 

280 
470 

3 
– 

3 
– 

Total OCCD 300 0.3 0.03 

2,3,7,8-TCDF 
Total TCDF 

130 
1,300 

13 
– 

13 
– 

1,2,3,7,8-PeCDF 
2,3,4,7,8-PeCDF 
Total PeCDF 

100 
120 
790 

5 
60 

– 

5 
60 

– 

1,2,3,4,7,8-HxCDF 
1,2,3,7,8,9-HxCDF 
1,2,3,6,7,8-HxCDF 
Total HxCDF 

40 
40 

<10 
150 

4 
4 

<1 
– 

4 
4 

<1 
– 

1,2,3,4,6,7,8-HpCDF 
1,2,3,4,7,8,9-HpCDF 
Total HpCDF 

320 
<10 
570 

3 
<0.1 

– 

3 
<0.1 

– 

Total OCDF 60 0.06 0.006 

Estimated TEQ 89–90 89–90 

Source:  Pohlandt and Marutzky (1994). 

burning of clean (i.e., untreated) wood chips, sawdust, and bark.  The first sample was a 
combination of fly ash and bottom ash.  The second sample was fly ash only, but it was a 
combination of fly ash from two wood-burning boilers.  For the first sample, none of the 2,3,7,8
substituted congeners were detected at DLs that ranged from 0.98 ng/kg for 2,3,7,8-TCDD and 
2,3,7,8-TCDF to 9.8 ng/kg for OCDD and OCDF.  (All other congeners had a DL of 4.9 ng/kg.) 
For the second sample, all but two congeners were below DLs (which ranged from 0.379 to 0.831 
ng/kg).  The two congeners that exceeded DLs were OCDD, at 1.261 ng/kg, and 1,2,3,4,6,7,8
HpCDF, at 1.022 ng/kg.  For this sample, assuming that the nondetected congeners were not 
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present, the I-TEQDF concentration was 0.011 ng/kg.  The quantities of the ash produced were not 
reported. 

In a CARB report of emissions from a wood waste-fired incinerator (CARB, 1990b), data 
are given for CDDs and CDFs for four ash samples.  The concentrations of 2,3,7,8-substituted 
CDD/CDF congeners for each of those four tests were all below the DLs except for OCDD, which 
was detected in three samples at concentrations of 14, 18, and 32 ng/kg, and 2,3,7,8-TCDF, which 
was detected in one sample at a concentration of 2.2 ng/kg.  The DLs for each CDD and CDF 
congener ranged from 0.63 ppt (for 2,3,7,8-TCDD) to 9.5 ppt (for HpCDF congeners).  Total 
CDD and CDF values were given for each of the four samples.  However, those values assumed 
that nondetected congeners were at the DL level.  Consequently, the total CDD and total CDF 
values were biased high.  The average of the four total CDD values was 28.8 ng/kg (range, 20.3 to 
44 ng/kg).  The average of the four total CDF values was 21.9 ng/kg (range, 16 to 26.9 ng/kg). 

In CARB (1990d), data are presented for CDDs/CDFs for several samples of ESP waste 
ash from a wood-fired boiler. The report provides sample results for 2 weeks of sampling 
conducted at the facility.  During the first week, the boiler burned fuels that were allowed by the 
facility permit; during the second week, the boiler burned a mixture containing 70% permitted 
fuel and 30% urban wood wastes. For the six samples collected over the 3 days of the first week, 
many of the concentrations of CDD/CDF congeners in the ESP ash were below the DLs.  The 
reported CDD concentrations in ESP waste ash ranged from 24 to 264 ng/kg, and the CDF 
concentrations ranged from 12 to 151 ng/kg.  However, those values assumed that nondetected 
congeners were present at the detection level.  One sample did not have any nondetect values for 
CDDs. The total CDD concentration for this sample was 264 ng/kg, or about 11.4 ng/kg TEQDF 
WHO98 (8.3 ng/kg I-TEQDF). The TEQDF-WHO98 and I-TEQDF CDF concentrations for this 
sample were both less than 1.5 ng/kg.  These values were less than 1 ng/kg for the other five 
samples. All of the samples had some nondetects for the CDF analysis. 

Six samples were also collected over 3 days during the second week of sampling, when the 
70/30 permitted/urban wood waste mix was burned.  For the samples from the second week, the 
CDD concentrations in ESP waste ash ranged from 1,365 to 3,190 ng/kg, and the CDF 
concentrations ranged from 2,866 to 11,282 ng/kg.  The study authors assumed that nondetected 
congeners were present at the detection level; however, this is a reasonable estimate for this data 
set because there was only one nondetect value.  Table 4-20 presents the average congener 
concentrations for these samples. The report did not present quantities of ESP ash produced by 
the boiler; therefore, it is not possible to readily determine the quantities of CDDs/CDFs disposed 
of. 

4-58
 




 


Table 4-20.  CDD/CDF concentrations (ng/kg) in electrostatic precipitator waste ash 
from wood-fired industrial boiler 

Congener/congener group 
Average 

concentration I-TEQDF TEQDF-WHO98 

2,3,7,8-TCDD 
Total TCDD 

17.85 
239 

17.85 
– 

17.85 
– 

1,2,3,7,8-PeCDD 
Total PeCDD 

30.67 
226.83 

15.33 
– 

30.67 
– 

1,2,3,4,7,8-HxCDD 
1,2,3,6,7,8-HxCDD 
1,2,3,7,8,9-HxCDD 
Total HxCDD 

20.33 
26.33 
23.33 

300 

2.03 
2.63 
2.33 
– 

2.03 
2.63 
2.33 
– 

1,2,3,4,6,7,8-HpCDD 
Total HpCDD 

325 
706.67 

3.25 
– 

3.25 
– 

Total OCDD 786.67 0.79 0.08 

Total CDD 2,439.17 44.22 58.85 

2,3,7,8-TCDF 
Total TCDF 

285 
2,713.33 

28.5 
– 

28.5 
– 

1,2,3,7,8-PeCDF 
2,3,4,7,8-PeCDF 
Total PeCDF 

154.5 
641.67 

2,666.67 

7.73 
320.83 

– 

7.73 
320.83 

– 

1,2,3,4,7,8-HxCDF 
1,2,3,6,7,8-HxCDF 
2,3,4,6,7,8-HxCDF 
1,2,3,7,8,9-HxCDF 
Total HxCDF 

244.83 
179.67 
296.67 

7.28 
1,520 

24.48 
17.97 
29.67 

0.73 
– 

24.48 
17.97 
29.67 

0.73 
– 

1,2,3,4,6,7,8-HpCDF 
1,2,3,4,7,8,9-HpCDF 
Total HpCDF 
Total OCDF 

147.67 
21.33 

248.33 
48.33 

1.48 
0.21 
– 
0.05 

1.48 
0.21 
– 
0 

Total CDF 7,196.67 431.64 431.6 

Estimated TEQ 475.64 490.44 

Source:  CARB (1990d). 

Appendix II in Luthe et al. (1998) shows TEQ concentrations (assumed to be I-TEQDF) in 
ashes collected from APCDs from “salt-laden” wood steam boilers. The I-TEQDF content of ashes 
from three of the primary multiclone hoppers varied significantly:  0.0978, 0.186, and 9.375 
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µg/kg.  Two samples of ash were taken from the secondary multiclone hoppers.  The secondary 
multiclone removes dust from the primary multiclone emissions; therefore, the ash is finer than 
primary dust.  The I-TEQDF values for the ash samples were 1.073 and 20.879 µg/kg.  The I
TEQDF values for two samples taken from the ESP that collected dust from the secondary 
multiclone emissions, which therefore was finer than multiclone dust, were 3.926 and 8.044 
µg/kg.  No data were given for individual congeners. In fact, because the reference discusses only 
“dioxins,” it is unclear whether the TEQ data are for CDDs or for CDDs plus CDFs. Quantities of 
collected ash were not given. 

Table II in a report by Luthe et al. (1996) presents data for the “TEQs” (assumed to be I-
TEQs) on particulates from a secondary collection device for boilers at four paper mills burning 
salt-laden wood. Eight data points were given (two for each mill), the average of which was 3.6 
µg/kg.  The range of values was 1.3 to 8 µg/kg.  As in Luthe et al. (1998), no data were given for 
individual congeners.  It is also unclear whether the TEQ data were for CDDs or for CDDs plus 
CDFs.  Quantities of collected ash were not given. 

Table 5-16 in the National Dioxin Survey (U.S. EPA, 1987a) contains data indicating that 
the bottom ash from wood combustion from one source (it is not indicated whether it was a boiler) 
contained 140 ng/kg of 2,3,7,8-TCDD, 138,200 ng/kg of CDDs, and 7,400 ng/kg of CDFs.  For a 
second wood combustion source, the ash contained no detectable 2,3,7,8-TCDD, but it did contain 
about 125 ng/kg of CDDs and nondetectable levels of CDFs.  The FF dust from the second source 
contained 100 ng/kg of 2,3,7,8-TCDD, 1,143,600 ng/kg of CDDs, and 315,600 ng/kg of CDFs. 
Specific data for congeners and for ash/dust quantities were not given. 

NCASI also provided information on emissions from wood residue boiler ash for reference 
year 2000 (letter dated August 5, 2002, from W. Gillespie, National Council of the Paper Industry 
for Air and Stream Improvement, to C. Peck, Versar, Inc.).  As with the boiler emissions, 
emission factors for the boiler ash were taken from “NCASI Handbook of Chemical Specific 
Information for SARA Section 313 Form R Reporting.”  Total TEQ concentrations were 
estimated to be 13.2 ng/kg.  Because 72% of the total ash produced is landfilled, emission 
estimates were 2.21 g TEQDF-WHO98/yr for ash landfilled and 0.62 g/yr for ash not landfilled (see 
Table 4-15). It is not known at this time whether the amount of dioxin in nonlandfilled ash results 
in an environmental release.  Therefore, this value was not included in the inventory. 

4.3. OIL COMBUSTION 

The two major categories of fuel oils that are burned by combustion sources are distillate 
oils and residual oils.  These oils are further distinguished by grade: numbers 1 and 2 are distillate 
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oils, 5 and 6 are residual oils, and 4 is either distillate oil or a mixture of distillate and residual 
oils. Number 6 fuel oil is sometimes referred to as Bunker C.  Distillate oils are more volatile and 
less viscous than residual oils. They have negligible nitrogen and ash content and usually contain 
less than 0.3% sulfur (by weight).  Distillate oils are used mainly in domestic and small 
commercial applications.  The heavier residual oils (5 and 6), being more viscous and less volatile 
than distillate oils, must be heated for ease of handling and to facilitate proper atomization. 
Because residual oils are produced from the residue after the lighter fractions (gasoline, kerosene, 
and distillate oils) are removed from the crude oil, they may contain significant quantities of ash, 
nitrogen, and sulfur.  Residual oils are used mainly in utility, industrial, and large commercial 
applications (U.S. EPA, 1995a). 

4.3.1. Institutional/Commercial and Residential Oil Combustion 

No testing information on the CDD/CDF content of air emissions from institutional/ 
commercial or residential oil-fired combustion units in the United States could be located. 
However, EPA (U.S. EPA, 1997a) estimated CDD/CDF congener group and TEQ emission 
factors using average CDD/CDF concentrations reported for soot samples from 21 distillate fuel 
oil-fired furnaces used for central heating in Canada and a particulate emission factor for distillate 
fuel oil combustors (300 mg/L oil) obtained from AP-42 (U.S. EPA, 1995a).  The TEQ emission 
factor estimate in U.S. EPA (1997a) was derived using the calculated emission factors for 2,3,7,8
TCDD, 2,3,7,8-TCDF, and the 10 congener groups. These emission factors are presented in Table 
4-21 and the congener group profile is presented in Figure 4-6. 

For reference year 1987, assuming a barrel of oil contains 42 gallons, distillate fuel oil 
sales to the residential sector and the commercial sector totaled 28.1 billion L (177 million 
barrels) and 16.2 billion L (102 million barrels), respectively (EIA, 1999).  Residual oil sales to 
the commercial sector in 1987 totaled 6.7 billion L (42 million barrels) (EIA, 1999).  Using the 
emission factor presented in Table 4-21 (150 pg I-TEQDF/L oil combusted [190 pg TEQDF 
WHO98/L oil combusted]), EPA estimated that 4.22 g I-TEQDF (5.35 g TEQDF-WHO98) were 
emitted in 1987 for the residential sector. For the institutional/commercial sector, EPA estimated 
TEQ emissions of 1.34 g I-TEQDF (1.54 g TEQDF-WHO98) for residual oil and 3.24 g I-TEQDF 

(3.73 g TEQDF-WHO98) for distillate oil for 1987, using an emission factor of 200 pg I-TEQDF/L 
oil combusted (230 pg TEQDF-WHO98/L oil combusted) (see Section 4.3.2).  Because the 
representativeness of the emission factor to 1987 emissions is uncertain and may not be 
representative, this estimate is assigned a low confidence rating. 
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Table 4-21. Estimated CDD/CDF emission factors for oil-fired residential 
furnaces 

Congener/ 
congener group 

Mean 
facility 

emission 
factor 

(pg/L oil) WHO-TEF 

Emission 
factor (pg 
TEQDF 

WHO98/L 
oil) I-TEF 

Emission 
factor (pg 
I-TEQDF/L 

oil) 

2,3,7,8-TCDD 56 1 56 1 56 
Total PeCDD 82 1 82 0.5 41 
Total HxCDD 66 0.1 7 0.1 7 
Total HpCDD 63 0.01 1 0.01 1 
OCDD 66 0.0001 0 0.001 0 

2,3,7,8-TCDF 53 0.1 5 0.1 5 
Total PeCDF 420 0.05 21 0.05 21 
Total HxCDF 170 0.1 17 0.1 17 
Total HpCDF 73 0.01 1 0.01 1 
OCDF 30 0.0001 0 0.001 0 

TOTAL 190 149 

Source:  U.S. EPA (1997a). 

For reference year 1995, a low confidence estimate of potential national TEQ emissions 
from this source category was made using the same emission factors as for the 1987 estimates. 
Distillate fuel oil sales to the residential and commercial sector totaled 26.2 and 13.5 billion L, 
respectively, in 1995 (EIA, 1997a).  Applying the respective emission factors to these fuel oil 
sales estimates results in estimated emissions of 3.93 g I-TEQDF (4.98 g TEQDF-WHO98) for the 
residential sector and 2.7 g I-TEQDF (3.11 g TEQDF-WHO98) for the institutional/commercial 
sector in 1995. Residual oil sales to the commercial sector in 1995 totaled 3.7 billion L (23 
million barrels) (EIA, 1999).  Applying the emission factor of 200 pg I-TEQDF/L oil combusted 
(230 pg TEQDF-WHO98/L oil combusted) (see Section 4.3.2) yields TEQ emissions of 0.73 g I 
TEQDF (0.84 g TEQDF-WHO98) for residual oil in 1995. 

For reference year 2000, EPA/OAQPS developed national emission estimates for residual 
oil and distillate oil consumed in institutional/commercial heating and distillate oil consumed in 
residential heating.  EPA used state-level 2000 activity data (EIA, 1999), which were allocated to 
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Figure 4-6.  Congener group profile for air emissions from residential 
oil-fueled furnaces. 

Source:  U.S. EPA (1995b). 

counties by the 1999 year county-to-state proportion of employment for numerous SIC codes, as 
identified in the U.S. Census Bureau’s 2000 census.  EPA estimated that 2.82 billion L of residual 
oil and 12.7 billion L of distillate oil were consumed in institutional/commercial heating in 2000. 
Applying the emission factor of 200 pg I-TEQDF/L oil combusted (230 pg TEQDF-WHO98/L oil 
combusted) (see Section 4.3.2) to these activity levels yields TEQ emissions of 0.56 g I-TEQDF 

(0.65 g TEQDF-WHO98) for residual oil and 2.53 g I-TEQDF (2.92 g TEQDF-WHO98) for distillate 
oil for 2000. EPA/OAQPS estimated that 23.9 billion L of distillate oil were consumed for 
residential heating in 2000.  Using the emission factors discussed above from U.S. EPA (1997a), 
EPA/OAQPS estimated emissions of 3.59 g I-TEQDF (4.54 g TEQDF-WHO98) from distillate oil 
used for residential heating in 2000.   
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4.3.2. Utility Sector and Industrial Oil Combustion 

Preliminary CDD/CDF emission factors were reported for oil-fired utility boilers using the 
results of boiler tests conducted over several years (U.S. EPA, 1997a).  The data are for a 
composite of various furnace configurations and APCD systems.  Table 4-22 lists the median 
emission factors presented by EPA.  The congener and congener group profiles based on these 
data are presented in Figure 4-7.  The median I-TEQDF emission factor was reported to be 366 pg 
TEQDF-WHO98/L (314 pg I-TEQDF/L) oil burned. 

In 1993, the Electric Power Research Institute (EPRI) sponsored a project to gather 
information of consistent quality on power plant emissions.  The Field Chemical Emissions 
Measurement (FCEM) project included testing of two cold-sided, ESP-equipped, oil-fired power 
plants for CDD/CDF emissions (EPRI, 1994).  The averages of the congener and congener group 
emission factors reported for these two facilities are presented in Table 4-22.  The average TEQ 
emission factor was 93.6 pg TEQDF-WHO98/L (83.1 pg I-TEQDF/L) oil burned when nondetect 
values were treated as zero. 

The TEQ emission factors reported by EPRI (1994) were less than the median TEQ 
emission factor reported by EPA by a factor of 3 to 4 (U.S. EPA, 1997a).  For purposes of this 
assessment, the EPA median and EPRI mean emission factors were averaged, for an emission 
factor of 230 pg TEQDF-WHO98/L (200 pg I-TEQDF/L).  Although the estimated emission factors 
are assumed to be the current best estimates for utility/industrial oil burning, they are assigned a 
low confidence rating. 

Residual fuel oil sales totaled 77.3 billion L in 1987 and 46.6 billion L in 1995 (EIA, 
1992, 1997a). Vessel bunkering was the largest consumer (48% of sales), followed by electric 
utilities and the industrial sector.  A high confidence rating is assigned to these production 
estimates. Application of the TEQ emission factor of 230 pg TEQDF-WHO98/L (200 pg I
TEQDF/L) to these residual fuel oil sales results in estimated TEQ emissions of 17.8 g TEQDF 
WHO98 (15.5 g I-TEQDF) for 1987 and 10.7 g TEQDF-WHO98 (9.3 g I-TEQDF) for 1995. 

For reference year 2000, OAQPS developed national emission estimates for residual and 
distillate oil consumption for the industrial sector.  OAQPS used state-level 2000 activity data 
(EIA, 2003a), which were allocated to counties by the 1999 county-to-state proportion of 
employment for numerous SIC codes, as identified by the 2000 census.  OAQPS estimated that 
7.33 billion L of residual oil and 31.5 billion L of distillate oil were consumed in the industrial 
sector in 2000. OAQPS combined these national activity levels with the emission factor of 230 
pg TEQDF-WHO98/L (200 pg I-TEQDF/L) to estimate 2000 TEQ emissions of 1.69 g TEQDF 
WHO98 (1.47 g I-TEQDF) from residual oil consumption and 7.25 g TEQDF-WHO98 
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Table 4-22. CDD/CDF emission factors (pg/L oil) for oil-fired utility/industrial 
boilers 

Congener/congener group 

U.S. EPA (1997a) 
median 

emission factora,b 

EPRI (1994) mean emission factora,c 

Nondetect set to 
zero 

Nondetect set to ½ 
detection limit 

2,3,7,8-TCDD 117 0 26.6 
1,2,3,7,8-PeCDD 104 24.7 43.1 
1,2,3,4,7,8-HxCDD 215 63.3 108 
1,2,3,6,7,8-HxCDD 97 65.8 79.3 
1,2,3,7,8,9-HxCDD 149 79.7 102 
1,2,3,4,6,7,8-HpCDD 359 477 546 
OCDD 413 2,055 2,141 

2,3,7,8-TCDF 83 0 35.7 
1,2,3,7,8-PeCDF 77 64.1 73.9 
2,3,4,7,8-PeCDF 86 49.3 59.6 
1,2,3,4,7,8-HxCDF 109 76.5 94.9 
1,2,3,6,7,8-HxCDF 68 35.4 45.2 
1,2,3,7,8,9-HxCDF 104 0 37.7 
2,3,4,6,7,8-HxCDF 86 23.8 42.2 
1,2,3,4,6,7,8-HpCDF 169 164 218 
1,2,3,4,7,8,9-HpCDF 179 0 137 
OCDF 179 0 139 

Total 2,3,7,8-CDD 1,454 2,765.5 3,046 
Total 2,3,7,8-CDF 1,140 413.1 883.2 
Total I-TEQDF 314.6 83.1 147.4 
Total TEQDF-WHO98 366.1 93.6 166.9 

Total TCDD 102 NR NR 
Total PeCDD 104 NR NR 
Total HxCDD 145 NR NR 
Total HpCDD 359 NR NR 
Total OCDD 413 NR NR 
Total TCDF 90 NR NR 
Total PeCDF 131 NR NR 
Total HxCDF 172 NR NR 
Total HpCDF 27 NR NR 
Total OCDF 179 NR NR 

Total CDD/CDF 1,722 NR NR 
aAssumes a density for residual fuel oil of 0.87 kg/L.
 
bNumber of facilities not reported.
 
cBased on two cold-sided power plants equipped with electrostatic precipitators.
 

NR = Not reported 
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Figure 4-7.  Congener and congener group profiles for air emissions from 
industrial oil-fueled boilers. 

Source:  U.S. EPA (1995b; 1997a). 
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(6.3 g I-TEQDF) from distillate oil combustion. Emission estimates for all reference years are 
assigned a low confidence rating on the basis of the low rating for the emission factor. 

4.3.3. Used Oil Combustion 

The emission factors derived by EPA (U.S. EPA, 1997a) and EPRI (1994) were based on 
combustion of virgin oil by utility boilers.  Significantly greater emission factors have been 
reported by Bremmer et al. (1994) for combustion of used oil by smaller combustion units in the 
Netherlands. Flue gases from a garage stove consisting of an atomizer fueled by spent lubricating 
oil from diesel engines (35 mg Cl!/kg) were reported to contain 0.1 ng I-TEQDF/Nm3 (2,000 pg I
TEQDF/kg) oil burned.  The flue gases from a hot water boiler consisting of a rotary cup burner 
fueled with the organic phase of rinse water from oil tanks (340 mg Cl!/kg) contained 0.2 ng 
I-TEQDF/Nm3 (4,800 pg I-TEQDF/kg) oil burned.  The flue gases from a steam boiler consisting of 
a rotary cup burner fueled by processed spent oil (240 mg Cl!/kg) contained 0.3 ng I-TEQDF/Nm3 

(6,000 pg I-TEQDF/kg) oil burned.  The emission factor for a ferry burning heavy fuel oil 
containing 11 ng/kg organic chlorine was 3,200 to 6,500 pg I-TEQDF/kg oil burned.  From these 
data, Bremmer et al. derived an average emission factor for combustion of used oil of 4,000 pg I
TEQDF/kg oil burned.  

Bremmer et al. (1994) also reported measuring CDD/CDF emissions from a river barge 
and a container ship fueled with gas oil (less than 2 ng/kg organic chlorine).  The exhaust gases 
contained from 0.002 to 0.2 ng I-TEQDF/Nm3. From these data, Bremmer et al. derived an average 
emission factor for inland oil-fueled vessels of 1,000 pg I-TEQDF/kg oil burned.  

The applicability of these emission factors to used oil combustors in the United States is 
uncertain.  Therefore, estimates of potential emissions from used oil combustion in the United 
States are not being developed at this time. 

4.4. COAL COMBUSTION 

During 2000, coal consumption accounted for approximately 18.9% of the energy 
consumed in the United States from all sources (EIA, 1999).  Of the 980 million metric tons of 
coal consumed in 2000, 891 million metric tons (90.9%) were consumed by electric utilities, 
including independent power producers; 85.4 million metric tons (8.7%) were consumed by the 
industrial sector, including 26.2 million metric tons consumed by coke plants; and 3.7 million 
metric tons (0.4%) were consumed by residential and commercial sources (EIA, 1999).  

In 1995, coal consumption (872 million metric tons) accounted for approximately 22% of 
the energy consumed from all sources in the United States (U.S. DOC, 1997).  Of this total, 
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88.4% (771 million metric tons) were consumed by electric utilities; 11% (96 million metric 
tons) were consumed by the industrial sector, including consumption of 30 million metric tons by 
coke plants; and 0.6% (5.3 million metric tons) were consumed by residential and commercial 
sources (EIA, 1997b).  

In 1987 a total of 759 million metric tons of coal were consumed by electric utilities (651 
million metric tons), coke plants (33.5 million metric tons), other industries (68.2 million metric 
tons), and the residential and commercial sectors (6.3 million metric tons) (EIA, 1995).  

All of the above estimates are assigned a high confidence rating because they are based on 
detailed studies specific to the United States. 

The following two sections discuss the results of relevant emission studies for the 
utility/industrial and residential sectors and present annual TEQ emission estimates for reference 
years 1987, 1995, and 2000. 

4.4.1. Utilities and Industrial Boilers 

Few studies have been performed to measure CDD/CDF concentrations in emissions from 
coal-fired plants. Those studies did not have the congener specificity or DLs necessary to fully 
characterize this potential source (U.S. EPA, 1987a; NATO, 1988; Wienecke et al., 1992).  The 
results of more recent testing of coal-fired utility and industrial boilers in the Netherlands 
(Bremmer et al., 1994), the United Kingdom (Cains and Dyke, 1994; CRE, 1994), Germany 
(Umweltbundesamt, 1996), and the United States (Riggs et al., 1995; EPRI, 1994) have achieved 
lower DLs. 

Bremmer et al. (1994) reported the results of emission measurements at two coal-fired 
facilities in the Netherlands.  The emission factor reported for a pulverized coal electric power 
plant equipped with an ESP and a wet scrubber for sulfur removal was 0.35 ng I-TEQDF/kg coal 
combusted (0.02 ng I-TEQDF/Nm3 at 11% oxygen).  The emission factor reported for a grass-
drying chain grate stoker equipped with a cyclone APCD was 1.6 ng I-TEQDF/kg coal fired (0.16 
ng I-TEQDF/Nm3 at 11% oxygen). 

Cains and Dyke (1994) reported an emission factor of 102 to 109 ng I-TEQDF/kg of coal at 
a small-scale facility in the United Kingdom that was equipped with an APCD consisting of only 
a grit arrester.  CRE (1994) reported results of testing at 13 commercial and industrial coal-fired 
boilers in the United Kingdom, with TEQ emission factors ranging from 0.04 to 4.8 ng I 
TEQDF/kg coal combusted (mean value, 0.6 ng I-TEQDF/kg).  CRE also reported testing results for 
one coal-fired power plant: 0.06 ng I-TEQDF/kg of coal combusted.  Umweltbundesamt (1996) 
reported that the I-TEQDF content of stack gases from 16 coal-burning facilities in Germany 
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ranged from 0.0001 to 0.04 ng I-TEQDF/m3; however, the data provided in that report did not 
enable emission factors to be calculated. 

In 1993, the U.S. Department of Energy (DOE) sponsored a project to assess emissions of 
hazardous air pollutants at coal-fired power plants.  As part of the project, CDD/CDF stack 
emissions were measured at seven U.S. coal-fired power plants.  The preliminary results of the 
project, concentrations in stack emissions, were reported by Riggs et al. (1995) and are 
summarized in Table 4-23.  The levels reported for individual 2,3,7,8-substituted congeners were 
typically very low (less than or equal to 0.033 ng/Nm3) or not detected. In general, CDF levels 
were higher than CDD levels.  OCDF and 2,3,7,8-TCDF were the most frequently detected 
congeners (at four of the seven plants).  Table 4-24 presents characteristics of the fuel used and 
the APCD employed at each plant.  Riggs et al. could not attribute variations in emissions 
between plants to any specific fuel or operational characteristic. 

As mentioned in Section 4.3.2, EPRI sponsored the FCEM project to gather information 
of consistent quality on power plant emissions.  Testing for CDD/CDF emissions was performed 
on four coal-fired power plants equipped with cold-sided ESPs.  Two plants burned bituminous 
coal and two burned sub-bituminous coal. The results of the testing were integrated into the final 
results of the DOE project discussed above (Riggs et al., 1995) and published in 1994 (EPRI, 
1994). The average congener and congener group emission factors derived from this 11-facility 
data set, as reported in EPRI (1994), are presented in Table 4-25.  Congener and congener group 
profiles for the data set are presented in Figure 4-8.  Assuming nondetect values were zero, the 
average emission factor was 0.078 ng TEQDF-WHO98/kg (0.079 ng  I-TEQDF/kg) coal combusted. 
A medium confidence rating is assigned to the emission factors derived from the DOE and EPRI 
studies because they were based on recent testing at U.S. power plants. 

Because the EPRI and DOE data characterized emissions from units with only cold-sided 
ESPs, there has been uncertainty regarding the applicability of the emission factors derived from 
these data to units with hot-sided ESPs. In July 1999, EPA conducted testing of stack emissions 
at a coal-fired utility equipped with a hot-sided ESP.  The preliminary results of this testing 
indicated that the TEQ emission factor for hot-sided ESPs is of the same order of magnitude as 
the average TEQ emission factors derived above. 
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Table 4-23. CDD/CDF concentrations (pg/Nm3) in stack emissions from U.S. coal-fired power plants 
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Congener/congener group Plant 1 Plant 2 Plant 3 Plant 4 Plant 5 Plant 6 Plant 7 

2,3,7,8-TCDD 
1,2,3,7,8-PeCDD 
1,2,3,4,7,8-HxCDD 
1,2,3,6,7,8-HxCDD 
1,2,3,7,8,9-HxCDD 
1,2,3,4,6,7,8-HpCDD 
OCDD

ND (3.5)
ND (0.56)
ND (0.56)
ND (0.44) 
ND (0.56) 
ND (1.7)  ND (12) 

ND (3.5) 
ND (4.8)
 ND (5.7)5 

4.9 
29 
32 

1

 ND (1.8)
ND (3.6)
ND (1.8)
ND (1.8)
ND (1.8)
ND (14)

 ND (2)
ND (10)
 ND (10)
 ND (10)
 ND (10)
 ND (10)
 ND (20)

 ND (3.3)
 ND (4.7)   ND (15.4)

 ND (9.9)   ND (12.1)

 ND (26.4)
 ND (131) 

ND (2.6)
 ND (3.2)
 ND (2.7)
 ND (4.2)
 ND (4.3)4.3 

20 

ND (1.7) 
ND (1.8) 
ND (2) 
ND (1.4) 
ND (1.2)2.4 

21.6 
2,3,7,8-TCDF 
1,2,3,7,8-PeCDF 
2,3,4,7,8-PeCDF 
1,2,3,4,7,8-HxCDF 
1,2,3,6,7,8-HxCDF 
1,2,3,7,8,9-HxCDF 
2,3,4,6,7,8-HxCDF 
1,2,3,4,6,7,8-HpCDF 
1,2,3,4,7,8,9-HpCDF 
OCDF 

ND (1.7) 
ND (1)2.4 

3.3 
1.1

ND (0.44) 
ND (2)2 

ND (0.63)5.6 

8.1 

ND (5.7)  ND (19) 
16 

ND (5)11

ND (4.2)29 

ND (6.1)33 

7.8 
7.2 
6.6 
8.4 
2.9

 ND (1.8)3 
6

ND (3.6)2.4

ND (2)
ND (10)
ND (10)
ND (10)
ND (10)
ND (10)
ND (10)
ND (10)
ND (10)
ND (20)

 ND (3.3)
 ND (3.2) 
ND (3.2)   ND (16.4) 

ND (5.8) 
ND (8.8)   ND (16.4) 

ND (23)   ND (15.4) 
  ND (131)

 13ND (5.7) 
ND (4.8) 
ND (5.1) 
ND (4) 
ND (6.9) 
ND (2.5)

 ND (30)ND (5)

 ND (19) 

0.7 

ND (1.1) 
ND (1.4) 
ND (1.8) 
ND (1.3) 
ND (1.5)
ND (2) 
ND (2.2)
ND (2.1)11.4 

Total 2,3,7,8-CDD 
Total 2,3,7,8-CDF 

0 
14.4 

70.9 
97.1 

1 
44.3 

0 
0 

0 
0 

24.3 
13 

24 
12.1 

Total TCDD 
Total PeCDD 
Total HxCDD 
Total HpCDD 
Total OCDD 
Total TCDF 
Total PeCDF 
Total HxCDF 
Total HpCDF 
Total OCDF 

1.8 

ND (1)1.3 
3.4 

  ND (12) 

ND (5.2)5.4 
7.6 
4.3 
5.6 

12 
4.4 

18 
45 
32 
29 
33 
39 
34 
33 

12 
6 
2.7

ND (2.4)
ND (14)78 

61 
29 

9 
2.4

NRND (10)
ND (10)
 ND (10)
ND (20)

ND (2)
ND (10)
ND (10)
ND (10)
ND (20) 

6.7

 ND (4.7)   ND (26.3)
   ND (26.4)
 ND (131) 

ND (3.3) 
ND (6.6)   ND (16.4)
   ND (29.5)
 ND (131)

 ND (2.6)
 ND (3.2)
 ND (4)
ND (14)20 

88 
14 

ND (5)
ND (20) 
ND (19) 

ND (55) 
ND (32) 
ND (24) 

ND (8.1)21.6 

ND (37)3 

ND (27)2.9 
11.4 

Total CDD/CDF 29.4 279.4 200.1 0 6.7 122 38.9 
ND = Not detected; value in parenthesis is the detection limit 
NR = Not reported; suspected contamination problem 

Source:  Riggs et al. (1995). 




 

Table 4-24. Characteristics of U.S. coal-fired power plants tested by the U.S. 
Department of Energy 

Plant no. Coal type 
Coal chlorine 

content (mg/kg) 

Temperature (°C)a 

ESP FF FGD Stack 

1 Bituminous 800 160 – – 160 

2 Bituminous 1,400 130 – – 130 

3 Sub-bituminous 300 – 150 – 150 

4 Sub-bituminous 390 – 70 130 75 

5 Bituminous 1,400 130 – 120 40 

6 Lignite 400 170 – 170 110 

7 Bituminous 1,000 150 – – 150 
aTemperature at pollution control device and stack. 

ESP = Electrostatic precipitator 
FF = Fabric filter 
FGD = Flue gas desulfurization system 

Source:  Riggs et al. (1995). 

Applying the TEQ emission factor of 0.078 ng TEQDF-WHO98/kg (0.079 ng I-TEQDF/kg) 
coal combusted to the consumption totals of 651, 771, and 891 million metric tons of coal 
consumed by U.S. utility sectors in 1987, 1995, and 2000, respectively, yields estimated annual 
emissions by the utility sector of 50.89 g TEQDF-WHO98 (51.4 g I-TEQDF) in 1987, 60.1 g 
TEQDF-WHO98 (60.9 g I-TEQDF) in 1995, and 69.5 g TEQDF-WHO98 (70.4 g I-TEQDF) in 2000. 
These emission estimates are assigned a medium confidence rating because the emission factor 
rating for this category was judged to be medium. 

No testing results could be located for CDD/CDF content in air emissions from 
commercial and industrial coal-fired combustion units in the United States.  It is uncertain 
whether the data collected in the European studies (Bremmer et al., 1994; CRE, 1994) accurately 
represent U.S. sources, but the data suggest that emission factors for commercial/industrial  sources 
might be higher than those reported for U.S. coal-fired utilities.  Therefore, no national emission 
estimate has been derived for this category.  However, preliminary estimates of potential national 
TEQ emissions from this source category can be derived for 1987, 1995, and 2000 using the total 
coal consumption for each of those reference years, excluding consumption by coke plants, and 
the average emission factor, 0.6 ng I-TEQDF/kg coal combusted.  

4-71
 




 


Table 4-25. CDD/CDF emission factors (ng/kg coal) for coal-fired utility/industrial 
power plantsa 

Congener/congener group Nondetect set to zero 
Nondetect set to ½ 

detection limit 

2,3,7,8-TCDD 0.005 0.018 
1,2,3,7,8-PeCDD 0 0.016 
1,2,3,4,7,8-HxCDD 0 0.034 
1,2,3,6,7,8-HxCDD 0.004 0.028 
1,2,3,7,8,9-HxCDD 0.004 0.035 
1,2,3,4,6,7,8-HpCDD 0.216 0.241 
OCDD 0.513 0.644 

2,3,7,8-TCDF 0.109 0.117 
1,2,3,7,8-PeCDF 0.007 0.021 
2,3,4,7,8-PeCDF 0.074 0.084 
1,2,3,4,7,8-HxCDF 0.098 0.12 
1,2,3,6,7,8-HxCDF 0.014 0.03 
1,2,3,7,8,9-HxCDF 0.013 0.038 
2,3,4,6,7,8-HxCDF 0.043 0.06 
1,2,3,4,6,7,8-HpCDF 0.354 0.385 
1,2,3,4,7,8,9-HpCDF 0.087 0.112 
OCDF 0.158 0.281 

Total I-TEQDF 
Total TEQDF-WHO98 

0.078 
0.078 

0.124 
0.131 

Total TCDD 0.051 0.052 
Total PeCDD 0.014 0.015 
Total HxCDD 0.03 0.03 
Total HpCDD 0.063 0.074 
Total OCDD 0.513 0.644 
Total TCDF 0.154 0.158 
Total PeCDF 0.18 0.18 
Total HxCDF 0.104 0.104 
Total HpCDF 0.064 0.064 
Total OCDF 0.158 0.281 

Total CDD/CDF 1.331 1.602 
aEleven-facility data set. 

Source:  EPRI (1994). 
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Figure 4-8.  Congener and congener group profiles for air emissions from 
industrial/utility coal-fueled combustors (nondetects set equal to zero). 

Source:  EPRI (1994). 
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Applying the emission factor to the estimated combustion for 1987, 1995, and 2000 (68.2, 
66, and 59.14 million metric tons, respectively) yields 40.9 g I-TEQDF/kg for 1987, 39.6 g I
TEQDF/kg for 1995, and 35.4 g I-TEQDF/kg coal combusted for 2000.  These estimates should be 
regarded as preliminary indications of possible emissions from commercial/industrial coal-fired 
boilers; further testing is needed to confirm the true magnitude of these emissions.  These 
emission estimates are assigned a Category D uncertainty rating because the emission factor has 
been judged to be clearly nonrepresentative of commercial and industrial coal-fired combustion 
units. 

4.4.2. Residential Coal Combustion 

In the residential sector, coal is usually combusted in underfed or hand-stoked furnaces. 
Other coal-fired heating units include hand-fed room heaters, metal stoves, and metal and 
masonry fireplaces.  Stoker-fed units are the most common design for warm-air furnaces and for 
boilers used for steam or hot water production. Most coal combusted in these units is either 
bituminous or anthracite. These units operate at relatively low temperatures and do not efficiently 
combust the coal.  Coal generally contains small quantities of chlorine; therefore, the potential for 
CDD/CDF formation exists.  Typically, coal-fired residential furnaces are not equipped with PM 
or gaseous pollutant control devices that may limit emissions of any CDDs/CDFs formed (U.S. 
EPA, 1997b). No testing results for CDD/CDF content in air emissions from 
residential/commercial coal-fired combustion units in the United States could be located; 
however, several relevant studies have been performed in European countries. 

Thub et al. (1995) measured flue gas concentrations of CDDs/CDFs from a household 
heating system in Germany that was fired with either salt lignite coal (total chlorine content of 
2,000 ppm) or normal lignite coal (total chlorine content of 300 ppm).  CDDs/CDFs were detected 
in the flue gases generated by combustion of both fuel types (see Table 4-26).  The congener 
profiles and patterns were similar for both fuel types, with OCDD the dominant congener and 
TCDF the dominant congener group.  However, the emissions were higher by a factor of 8 for the 
“salt” coal (0.109 ng I-TEQDF/m3 [2.74 ng I-TEQDF/kg]) than for the “normal” coal (0.015 ng I
TEQDF/m3 [0.34 ng I-TEQDF/kg]). 

Using the results of testing performed by the Coal Research Establishment in the United 
Kingdom, Eduljee and Dyke (1996) estimated emission factors for residential coal combustion 
units of 2.1 ng I-TEQDF/kg for anthracite coal and 5.7 to 9.3 ng I-TEQDF/kg (midpoint, 7.5 ng 
I-TEQDF/kg) for bituminous coal. 
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Table 4-26. CDD/CDF emission factors (ng/kg coal) for residential coal 
combustors 

Congener 
“Salt” 
lignitea 

“Normal” 
lignitea Anthraciteb Bituminousb 

2,3,7,8-TCDD 0.58 0.06 1.6 2.4 
1,2,3,7,8-PeCDD 0.73 0.08 NR NR 
1,2,3,4,7,8-HxCDD 0.63 0.06 NR NR 
1,2,3,6,7,8-HxCDD 0.6 0.09 NR NR 
1,2,3,7,8,9-HxCDD 0.4 0.06 NR NR 
1,2,3,4,6,7,8-HpCDD 3.24 0.59 NR NR 
OCDD 16.19 2.42 77 120 

2,3,7,8-TCDF 2.49 0.5 42 63 
1,2,3,7,8-PeCDF 2.24 0.43 NR NR 
2,3,4,7,8-PeCDF 2.09 0.31 NR NR 
1,2,3,4,7,8-HxCDF 0.38 0.13 NR NR 
1,2,3,6,7,8-HxCDF 1.86 0.36 NR NR 
1,2,3,7,8,9-HxCDF 0.07 0.02 NR NR 
2,3,4,6,7,8-HxCDF 1.01 0.12 NR NR 
1,2,3,4,6,7,8-HpCDF 2.59 0.95 NR NR 
1,2,3,4,7,8,9-HpCDF 0.25 0.06 NR NR 
OCDF 0.63 0.3 4.2 6.3 

Total 2,3,7,8-CDDc 

Total 2,3,7,8-CDFc 

Total I-TEQDF 
c 

22.37 
13.6 

2.74 

3.38 
3.2 
0.34 

NR 
NR 

60 

NR 
NR 

98.5 

Total TCDD 14.23 9 61.6 92.4 
Total PeCDD 14.15 2.22 31 46 
Total HxCDD 11.14 1.81 60 90 
Total HpCDD 7.06 0.82 57 86 
Total OCDD 16.19 2.42 77 120 
Total TCDF 80.34 20.33 412 613 
Total PeCDF 29.21 8.98 340 550 
Total HxCDF 12.72 3.78 130 190 
Total HpCDF 3.87 1.27 32 47 
Total OCDF 0.63 0.3 4.2 6.3 

Total CDD/CDF 189.5 50.9 1,205 1,841 
aSource: Thub et al. (1995); listed results represent means of three flue gas samples. 
bSource: U.S. EPA (1997a); based on average particulate CDD/CDF concentrations from chimney soot samples
 collected from seven coal ovens and particulate emission factors for anthracite and bituminous coal combustion. 
cValues as reported in sources. 

NR = Not reported 

4-75
 



 

 


 


CDD/CDF emission factors were estimated (U.S. EPA, 1997a) for coal-fired residential 
furnaces using average particulate CDD/CDF concentrations from chimney soot samples collected 
from seven coal ovens and PM emission factors obtained from AP-42 that are specific to 
anthracite and bituminous coal combustion (U.S. EPA, 1995a).  The TEQ emission factors 
estimated (60 and 98.5 ng I-TEQDF/kg anthracite and bituminous coal, respectively) were derived 
using the calculated emission factors for 2,3,7,8-TCDD, 2,3,7,8-TCDF, and the 10 congener 
groups (U.S. EPA, 1997a).  EPA stated that the estimated factors should be considered 
representative of maximum emission factors because soot may not be representative of the PM 
actually emitted to the atmosphere.  These emission factors are presented in Table 4-26; congener 
group profiles are presented in Figure 4-9. 

Although the congener group profiles of the measurements by Thub et al. (1995) and the 
estimates by EPA (U.S. EPA, 1997a) are similar, the TEQ emission factors of the two studies 
differ by factors of 175 to 289.  The emission factors used by Eduljee and Dyke (1996) to estimate 
national annual TEQ emissions from residential coal combustion in the United Kingdom fall in 
between the other two sets of estimates but are still about one to two orders of magnitude greater 
than the estimated emission factor for industrial and utility coal combustors (see Section 4.4.1). 

For 1987 and 1995, preliminary estimates of potential national TEQs were derived using 
the emission factors from Eduljee and Dyke (1996).  U.S. EPA (1997a) reported that 72.5% of the 
coal consumed by the residential sector in 1990 was bituminous and 27.5% was anthracite. 
Assuming that these relative proportions reflect the actual usage in 1987 and 1995, then 
application of the emission factors from Eduljee and Dyke (2.1 ng I-TEQDF/kg anthracite coal and 
7.5 ng I-TEQDF bituminous coal) to the consumption values of 6.3 and 5.3 million metric tons in 
1987 and 1995, respectively (U.S. DOC, 1997), results in estimated TEQ emissions of 37.9 and 
32.0 g I-TEQDF in 1987 and 1995, respectively.  These estimates should be regarded as 
preliminary indications of possible emissions from this source category because the emission 
factor is judged to be clearly nonrepresentative of the sources.  Further testing is needed to 
confirm the true magnitude of these emissions. 

For 2000, OAQPS developed national emission estimates for coal combustion for 
residential heating.  The activity level for residential coal combustion was taken from state-level 
2000 activity data (EIA, 2003a).  Because EIA no longer disaggregates coal consumption into 
anthracite versus bituminous/lignite, OAQPS estimated each state’s coal consumption using the 
state’s 1999 proportion of anthracite versus bituminous/lignite to total coal consumption. 
Emissions were allocated to the county level as a proportion of state population in states that 
consume anthracite coal and bituminous and lignite coal for residential heating.  OAQPS 
estimated that in 2000, 67,400 metric tons of anthracite coal and 343,000 metric tons of 
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Figure 4-9.  Congener group profile for air emissions from residential 
coal-fueled combustors. 

Source:  U.S. EPA (1997a). 

bituminous and lignite coal were consumed for residential heating.  Applying the TEQ emission 
factors of 2.1 ng I-TEQDF/kg anthracite coal combusted and 7.5 ng I-TEQDF/kg bituminous coal 
combusted (Eduljee and Dyke, 1996) to these production factors yields preliminary estimates of 
annual emissions of 0.14 g I-TEQDF of anthracite coal and 2.6 g I-TEQDF of bituminous/sub
bituminous coal in 2000. These emission estimates are assigned a Category D uncertainty rating 
because the emission factor has been judged to be clearly nonrepresentative of residential coal 
combustion. 

4.4.3. Solid Wastes from Coal Combustion 

A limited amount of CDD/CDF concentration data have been developed for utility 
industry solid wastes (U.S. EPA, 1999c), and these data are for wastes that are comanaged (i.e., 
combinations of fly ash, bottom ash, boiler slag, and flue gas desulfurization wastes).  A total of 
15 samples were taken from 11 disposal sites.  The average concentration for each of the CDD 

4-77
 



 


 


and CDF congeners is presented in the second column of Table 4-27.  It should be noted that most 
of the concentration values shown in Table 4-27 represent DLs.  Consequently, the values 
overestimate actual concentrations. 

U.S. EPA (1999d) indicates that approximately 63 million tons (assumed to be short tons, 
i.e., 2,000 pounds) of large-volume utility coal combustion solid wastes were produced in 1995. 
Of this amount, about 67% was landfilled and the balance was disposed of in surface 
impoundments. The concentration data presented in Table 4-27 are for only the 53 million tons 
that were comanaged (about 84% of the total wastes).  For purposes of this analysis it is assumed 
that the CDD/CDF concentrations in the comanaged wastes are the same as for the entire waste 
quantity.  Combining the concentration data with the 63 million tons of total waste yields the total 
quantities of each congener disposed of in 1995.  These data are presented in the fourth column of 
Table 4-27. As indicated in Section 4.4 of this document, total consumption of coal for electric 
utility boilers in 1987 was 98.4% of 1995 consumption.  Consequently, the quantities of 
CDDs/CDFs disposed of in 1987 is assumed to be 98.4% of the 1995 values.  These values are 
presented in column 3 of Table 4-27. The 1995 congener quantities are converted into I-TEQDF 

and TEQDF-WHO98 values in columns 5 and 6.  Because disposal of these wastes does not 
constitute an environmental release, the values are not included in the inventory. 
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Table 4-27. CDD/CDF concentrations and amounts disposed of in solid wastes 
from coal-fired utilities 

Congener 

Mean 
concentrationa 

(ng/kg) 

Disposed of 
in solid 
waste in 

1987 (g/yr)b 

Disposed of 
in solid waste 
in 1995 (g/yr)c 

I-TEQDF 

/yr 1995 
(g) 

TEQDF 
WHO98/yr 
1995 (g) 

2,3,7,8-TCDDd 0.17 10 10 9.72 9.72 
1,2,3,7,8-PeCDDd 0.25 14 14 7.15 14.3 
1,2,3,4,7,8-HxCDDd 0.35 20 20 2 2 
1,2,3,6,7,8-HxCDDd 0.28 16 16 1.6 1.6 
1,2,3,7,8,9-HxCDDe 0.3 17 17 1.72 1.72 
1,2,3,4,6,7,8-HpCDDf 0.59 33 34 0.34 0.34 
OCDDg 10.54 593 603 0.6 0.6 
2,3,7,8-TCDFh 0.19 11 11 1.09 1.09 
1,2,3,7,8-PeCDFd 0.17 10 10 0.49 0.49 
2,3,4,7,8-PeCDFd 0.17 10 10 4.86 4.86 
1,2,3,4,7,8-HxCDFe 0.25 14 14 1.43 1.43 
1,2,3,6,7,8-HxCDFd 0.18 10 10 1.03 1.03 
2,3,4,6,7,8-HxCDFd 0.28 16 16 1.6 1.6 
1,2,3,7,8,9-HxCDFd 0.24 14 14 1.37 1.37 
1,2,3,4,6,7,8-HpCDFe 0.29 16 17 0.17 0.17 
1,2,3,4,7,8,9-HpCDFd 0.35 20 20 0.2 0.2 
OCDFi 0.59 33 34 0.03 <0.01 
TOTAL 35.41 41.98 

aSource:  U.S. EPA (1999c, Table 2-9). 
bAssumes that solid waste quantity for 1987 was 98.4% of 1995 quantity, based on total utility coal use in those years
 (see Section 4.4). 
cBased on EPRI estimate of 63 million tons/yr of large-volume utility coal combustion solid wastes.  See Section
 3.3 of U.S. EPA (1999d).  Assumes all waste characteristics were the same as for comanaged wastes. 
dAll 17 analyses were nondetects. 
eSixteen of the 17 analyses were nondetects. 
fEleven of the 17 analyses were nondetects. 
gFive of the 17 analyses were nondetects. 
hFourteen of the 17 analyses were nondetects. 
iFifteen of the 17 analyses were nondetects. 
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5. COMBUSTION SOURCES OF CDDs/CDFs:  OTHER 
HIGH-TEMPERATURE SOURCES 

5.1. CEMENT KILNS 


This section addresses CDD/CDF emissions from Portland cement kilns.  These facilities 
use high temperatures to convert mineral feedstocks into Portland cement and other types of 
construction materials. For purposes of this analysis, cement kilns are divided into two 
categories:  those that burn hazardous waste as a supplementary fuel and those that do not.  For 
the 1987 and 1995 estimates, the hazardous waste-burning cement kiln category was further 
divided into kilns with inlet air pollution control device (APCD) temperatures above 232°C and 
those with APCD temperatures below 232°C. Cement kiln technology, the derivation of TEQ 
emission factors for cement kilns that burn hazardous waste as supplemental fuel and those that 
do not, and the derivation of annual TEQ air emissions (g/yr) for reference years 1987, 1995, and 
2000 are discussed below. 

5.1.1. Process Description of Portland Cement Kilns

 In the United States, the primary cement product is Portland cement.  Portland cement is 
a fine, gray powder consisting of a mixture of four basic materials: lime, silica, alumina, and iron 
compounds. Cement production involves heating (pyroprocessing) the raw materials to a very 
high temperature in a rotary (rotating) kiln to induce chemical reactions that produce a fused 
material called clinker. The cement clinker is then ground into a fine powder and mixed with 
gypsum to form the Portland cement.  

The cement kiln is a large, steel, rotating cylindrical furnace lined with refractory 
material. The kiln is aligned on a slight angle, usually a slope of 3 to 6 degrees, which allows the 
materials to pass through the kiln by gravity.  The kiln rotates at about 50 to 70 revs/hr, and the 
rotation induces mixing and the downward movement of mixed materials.  The upper end of the 
kiln, known as the cold end, is generally where the raw materials, or meal, are fed into the kiln. 
Midpoint injection is practiced at some facilities.  The lower end of the kiln, known as the hot 
end, is where the combustion of primary fuels (usually coal and petroleum coke) occurs, 
producing a high temperature.  The cement kiln operates using countercurrents: hot combustion 
gases are convected up through the kiln while the raw materials pass down toward the lower end. 
As the meal moves through the cement kiln and is heated by hot combustion gases, water is 
vaporized and pyroprocessing of materials occurs. 

The cement kiln consists of three thermal zones to produce cement clinker.  Zone 1 is at 
the upper end of the kiln where the raw meal is added.  Temperatures in this zone typically range 
from ambient up to 600°C. In this area of the kiln, moisture is evaporated from the raw meal. 
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Zone 2 is known as the calcining zone.  Calcining occurs when the hot gases from the 
combustion of primary fuels dissociate calcium dioxide from the limestone and form calcium 
oxide.  In this zone, temperatures range from 600 to 900°C.  Zone 3, the burning or sintering 
zone, is the lowest and hottest region of the kiln.  Here, temperatures in excess of 1,500°C induce 
the calcium oxide to react with silicates, iron, and aluminum in the raw materials to form the 
cement clinker. The formation of clinker actually occurs close to the combustion of primary fuel. 
The chemical reactions that occur in zone 3 are referred to as pyroprocessing. 

The cement clinker, which leaves the kiln at the hot end, is a gray, glass-hard material 
consisting of dicalcium silicate, tricalcium silicate, calcium aluminate, and tetracalcium 
aluminoferrite. At this point, the temperature of the clinker is about 1,100°C.  The hot clinker is 
then dumped onto a moving grate, where it cools as it passes under a series of cool-air blowers. 
After it is cooled to ambient temperature, the clinker is ground into a fine powder and mixed with 
gypsum to produce the Portland cement product. 

Cement kilns can be either wet process or dry process.  In the wet process, the raw 
materials are ground and mixed with water to form a slurry, which is fed into the kiln through a 
pump. This is an older process. A greater amount of heat energy is needed in the wet process 
kiln than in other types of kilns.  These kilns consume about 5 to 7 trillion Btu per ton of clinker 
product to evaporate the additional water.  In the dry process, a preheater is used to dry the raw 
meal before it enters the kiln.  A typical preheater consists of a vertical tower containing a series 
of cyclone-type vessels.  Raw meal is added at the top of the tower and hot exhaust gases from 
the kiln operation preheat the meal, thus lowering the fuel consumption of the kiln.  Dry kilns are 
now the most popular type of cement kiln. 

Portland cement clinker production in the United States is estimated to have been 52 
billion kg in 1987 (U.S. DOC, 1996), 67.6 billion kg in 1995 (U.S. DOC, 1996), and 75.2 billion 
kg in 2000 (PCA, 2001).  The 2000 estimate is based on the assumption that of the annual 
maximum clinker capacity reported for that reference year (PCA, 2001), only 90% was actually 
produced (e-mail dated January 31, 2003, from Garth Hawkins, Portland Cement Association, to 
Karie Riley, Versar, Inc.). 

5.1.2. Cement Kilns That Burn Hazardous Waste 

The high temperatures achieved in cement kilns make the kilns an attractive technology 
for combusting hazardous waste as supplemental fuel.  Sustaining the relatively high combustion 
temperatures that are needed to form cement clinker (1,100 to 1,500°C) requires the burning of a 
fuel with a high energy output.  Therefore, coal or petroleum coke is typically used as the primary 
fuel source.  Because much of the cost of operating the cement kiln at high temperatures is 
associated with the consumption of fossil fuels, some cement kiln operators burn hazardous 
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liquid and solid waste as supplemental fuel. In 2000, approximately 60% of all facilities burned 
hazardous waste as the primary fuel to offset the amount of coal/coke purchased and burned by 
the kiln (PCA, 2001). Organic hazardous waste may have a heating value similar to that of coal 
(9,000 to 12,000 Btu/lb for coal).  The kiln operator may charge the waste generator a disposal 
fee to combust the hazardous waste; this fee also offsets the cost of kiln operation.  The high-
energy and ignitable wastes include diverse substances, such as waste oils, spent organic 
solvents, sludges from the paint and coatings industry, waste paints and coatings from auto and 
truck assembly plants, and sludges from the petroleum refining industry (Greer et al., 1992). 

The conditions in the cement kiln mimic conditions of hazardous waste incineration.  For 
example, the gas residence time in the burning zone is typically 3 sec at temperatures in excess of 
1,500°C (Greer et al., 1992). The method of introducing liquid and solid hazardous waste into 
the kiln is a key factor in the complete consumption of the waste during the combustion of the 
primary fuel.  Liquid hazardous waste is either injected separately or blended with the primary 
fuel (coal).  Solid waste is mixed and burned along with the primary fuel. 

Trial burns have consistently shown that destruction and removal efficiencies of 99.99 to 
99.9999% can be achieved for very stable organic wastes using cement kilns (Greer et al., 1992). 
Hazardous waste was combusted at 34 of the 212 kilns operating in 1995 (Federal Register, 
1996a) and at 33 of the 201 kilns operating in 2000 (e-mail correspondence dated February 24, 
2003, between M. Benoit, Cement Kiln Recycling Coalition, and K. Riley, Versar, Inc.; PCA, 
2001). Other types of supplemental fuel used by these facilities include natural gas, fuel oil, 
automobile tires, used motor oil, sawdust, and scrap wood chips. 

5.1.3. Air Pollution Control Devices 

The pyroprocessing of raw meal in a cement kiln also produces fine particulates, referred 
to as cement kiln dust (CKD).  CKD is collected and controlled with fabric filters (FFs), 
electrostatic precipitators (ESPs), or both.  Acid gases such as sulfur dioxide (SO2) can be formed 
during pyroprocessing of the sulfur-laden minerals and fuels, but the minerals have high 
alkalinity, which partially neutralizes SO2 gases.  Most APCDs used at cement kilns in 1987 and 
1995 were considered to be hot-sided control devices.  A hot-sided control device is one that 
operates at kiln exhaust gas temperatures above 232°C (some EPA rules use different definitions 
for hot-sided control devices for different industries).  Most APCDs currently used at cement 
kilns are cold-sided devices (i.e., they operate at kiln exhaust gas temperatures below 232°C. 

Reducing the temperature at the inlet of the APCD is one factor that has been shown to 
have a significant impact on limiting dioxin formation and emissions at cement kilns (U.S. EPA, 
1997c). Emissions testing at a Portland cement kiln showed that CDDs/CDFs were almost 
entirely absent at the inlet to a hot-sided ESP, but measurements taken at the exit showed 
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conclusively that dioxins were formed within the hot-sided ESP (U.S. EPA, 1997c).  Reducing 
the kiln exhaust gas temperature in the APCD to below 232°C has been shown to substantially 
limit CDD/CDF formation.  Lower temperatures are believed to prevent the post-combustion 
catalytic formation of CDDs/CDFs.  Consequently, a number of cement kilns have added exhaust 
gas-quenching units upstream of the APCD to reduce the inlet APCD temperature, thereby 
reducing CDD/CDF stack concentrations.  A quenching unit usually consists of a water spray 
system within the flue duct. 

5.1.4. CDD/CDF Emissions Data 

The general strategy used to derive emission factors for this report was to divide each 
source category on the basis of design and operation.  However, because cement kilns are 
relatively uniform in terms of kiln design, raw feed material, operating temperatures, and 
APCDs, they have been categorized, as noted above, only on the basis of whether or not 
hazardous waste is burned as a supplementary fuel. 

CDD/CDF emissions data from tests conducted between 1989 and 1996 were obtained 
for 16 cement kilns burning hazardous waste and 15 cement kilns burning nonhazardous waste 
(U.S. EPA, 1996b).  More recent CDD/CDF emissions data were also obtained from tests 
conducted in 2000 at 3 cement kilns burning hazardous waste (U.S. EPA, 2002a) and from tests 
conducted in June and July of 1999 at one facility burning nonhazardous waste (Bell, 1999).  The 
majority of stack emissions data from cement kilns burning hazardous waste were derived during 
trial burns and may overestimate the CDD/CDF emissions that most kilns achieve during normal 
operations. Stack emissions data from kilns burning nonhazardous waste were derived from 
testing during normal operations. 

5.1.4.1. Emissions Data for 1989 Through 1996 (U.S. EPA, 1996b) 
The average TEQ emission factors for this period, based on the data reported by EPA in 

1996 (U.S. EPA, 1996b), were 0.000941 to 232 ng TEQDF-WHO98/kg (average of 22.48 ng 
TEQDF-WHO98/kg [20.91 ng I-TEQDF/kg]) clinker produced for cement kilns burning hazardous 
waste and 0.000012 to 2.76 ng TEQDF-WHO98/kg (average of 0.29 ng TEQDF-WHO98/kg [0.27 ng 
I-TEQDF/kg]) clinker produced for cement kilns burning nonhazardous waste. 

These data show that the average emission factor for kilns burning hazardous waste was 
about 90 times greater than that for kilns burning nonhazardous waste.  However, it should be 
noted that the average emission factor for kilns burning hazardous waste was derived from “near 
worst case” testing of hazardous waste-burning kilns.  As discussed in Section 5.1.8, a 
comparison of CDD/CDF concentrations in CKD samples shows a similar relationship (i.e., the 
CDD/CDF TEQ concentration of the CKD from kilns burning hazardous waste was about 100 

5-4
 



	 

	 

	 


 

times higher than that of the dust from kilns burning nonhazardous waste).  Although the average 
emission factors for the two groups of kilns differ substantially, the emission factors for 
individual kilns in the two groups overlap.  Therefore, other aspects of the design and operation 
of the kilns—in particular, the temperature of the APCD equipment (as discussed in Section 
5.1.3)—were likely affecting CDD/CDF emissions. 

Previous attempts to understand these differences using parametric testing of cement 
kilns yielded mixed results.  EPA (U.S. EPA, 1997c) conducted a limited comparison of 
CDD/CDF TEQ stack gas concentrations (ng TEQ/dscm) between cement kilns burning 
hazardous wastes and those not burning hazardous wastes.  Those comparisons were made at 14 
cement kilns.  With the exception of the fuel being burned, operating conditions (e.g., APCD 
temperature) were the same or similar for each set of comparisons.  Baseline conditions used coal 
as the only primary fuel.  The results of these comparisons found: 

•	 seven kilns in which the baseline (i.e., no combustion of hazardous waste) CDD/CDF 
TEQ stack gas concentrations were about the same as those for the burning of 
hazardous wastes, 

•	 two kilns in which the baseline CDD/CDF I-TEQDF stack gas concentrations were 
about double those for the burning of hazardous wastes, and 

•	 five kilns in which the hazardous waste CDD/CDF I-TEQDF stack gas concentrations 
were substantially greater (3- to 29-fold greater) than those for the baseline operating 
conditions. 

Subsequently, EPA’s Office of Research and Development (ORD) conducted analyses of 
the available emissions data to evaluate, on a congener-specific basis, whether there were 
significant differences in emission factors between (a) kilns burning hazardous waste and those 
burning nonhazardous waste, (b) kilns with APCD inlet temperatures greater than 232°C and 
those with temperatures less than 232°C, (c) hazardous waste-burning and nonhazardous waste-
burning facilities with APCD inlet temperatures greater than 232°C, (d) hazardous waste-burning 
and nonhazardous waste-burning facilities with APCD inlet temperatures less than 232°C, (e) 
hazardous waste-burning facilities with APCD inlet temperatures less than and greater than 
232°C, and (f) nonhazardous waste-burning facilities with APCD inlet temperatures less than and 
greater than 232°C.  The results of all analyses showed significant differences in the sample 
mean values (p<0.05). 

Given the strong empirical evidence that real differences existed, ORD decided to address 
the kilns burning hazardous waste separately from those burning nonhazardous waste to develop 
a CDD/CDF emissions inventory and to subdivide the hazardous waste-burning category into 

5-5
 




 

subcategories by APCD inlet temperature (i.e., less than 232°C and greater than 232°C).  APCD 
inlet temperature data were available for 88 test runs at 14 cement kilns.  The number of test runs 
conducted at individual kilns ranged from 1 to 26. Each test run was treated as an individual 
facility and each was classified according to APCD inlet temperature and whether or not 
hazardous waste was burned.  The emission factor for each cement kiln test run was calculated 
using eq 5-1. 

= C × Fv (5-1)EFCK ______ 
Icl 

where: 
EFCK = cement kiln emission factor (burning or not burning hazardous waste) 

  (ng TEQ/kg of clinker produced) 

C = TEQ or CDD/CDF concentration in kiln exhaust gases (ng TEQ/dscm)
       (20°C, 1 atm; adjusted to 7% O2) 

Fv = volumetric kiln exhaust gas flow rate (dscm/hr) (20°C, 1 atm; adjusted to 7% O2) 

Icl = average cement kiln clinker production rate (kg/hr) 

After developing the emission factor for each cement kiln test run, the overall average congener-
specific emission factor was derived for all test runs in each subcategory using eq 5-2. 

EFCK1
 + EFCK2

 + EFCK3
 + ....... + EFCKN 

_______________________________ (5-2)=EFavgCK N 

where: 
EFavgCK = average emission factor of tested cement kilns burning hazardous 

   waste as supplemental fuel and with APCD inlet temperatures 
   either greater than or less than 232°C (ng TEQ/kg clinker) 

N = number of cement kiln test runs 

TEQ emission values for hazardous waste-burning cement kilns with APCD inlet temperatures 
greater than 232°C and less than 232°C were 30.7 and 1.11 ng TEQDF-WHO98/kg clinker 
produced, respectively. 
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5.1.4.2. Emissions Data for 1999 and 2000 (Bell, 1999; U.S. EPA, 2002a) 
The results of a test conducted in 1999 for a cement kiln burning nonhazardous waste 

(Bell, 1999) showed average TEQDF-WHO98 and I-TEQ emission factors of 0.14 ng/kg clinker 
produced. This value is within the range of emission factor values developed using the 1989 
through 1996 data (U.S. EPA, 1996b). 

In 1999, EPA’s Office of Solid Waste and Emergency Response (OSWER), under the 
National Emission Standards for Hazardous Air Pollutants (NESHAPs), promulgated Final 
Standards for Hazardous Air Pollutants for Hazardous Waste Combustors (Federal Register, 
1999a). During the development of this rulemaking, a database of national emission estimates 
for hazardous waste combustors (HWCs), including hazardous waste-burning cement kilns, was 
established. In this database EPA identified 30 hazardous waste cement kilns operating in 1997. 
Twenty-four of the 30 kilns had provided emissions sampling data to EPA, including dioxin 
concentrations.  Using the most recent sampling data for each kiln, along with imputed release 
estimates for the missing six kilns and the assumption that cement kilns were operating 24 
hr/day, 365 days/yr, OSWER developed a national emissions estimate of 13 g TEQ/yr for 1997. 

A number of parties sought judicial review of the 1999 rule, and in 2001 the standards 
were vacated. Interim standards were issued in 2002 until EPA could issue revised final 
standards in 2004. The existing national emissions database was updated to include new 
sampling data and data for newly operational HWCs and to remove eight of the cement kilns that 
were identified as no longer burning hazardous waste.  From this updated database (U.S. EPA, 
2002a), EPA was able to develop new emission estimates for 2000. 

5.1.4.3. Emission Factor Estimates for Cement Kilns Burning Hazardous Waste 

For reference years 1987 and 1995, EPA estimated the TEQ emission factor by 
subdividing the emissions data reported in 1996 (i.e., for 1989 through 1996) (U.S. EPA, 1996b) 
by inlet APCD temperature above and below 232°C.  For cement kilns operating at temperatures 
above 232°C, the TEQ emission factor was 30.7 ng TEQDF-WHO98/kg clinker produced, and for 
cement kilns operating at temperatures below 232°C, the TEQ emission factor was 1.11 ng 
TEQDF-WHO98/kg clinker produced.  These emission factors are presented in Table 5-1 and the 
average congener profile is presented in Figure 5-1.  

 Because a vast majority of the facilities had reduced their APCD inlet temperature to 
below 232°C by 2000, and because only a few new test reports applicable to reference year 2000 
were available, EPA removed the 232°C divider and combined the emission factor results (i.e., 
1989 through 1996 data) (U.S. EPA, 1996b) for facilities that were still operating in 2000 with 
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Table 5-1.  CDD/CDF emission factors (ng/kg clinker produced) for cement 
kilns burning hazardous waste for reference years 1987 and 1995 

Congener/ 
congener group 

Mean emission factor 
(nondetect values set equal to zero) 

APCD inlet temperature 
>232°C 

APCD inlet temperature 
<232°C 

2,3,7,8-TCDD 3.38 0.02 
1,2,3,7,8-PeCDD 4.28 0.13 
1,2,3,4,7,8-HxCDD 4.85 0.29 
1,2,3,6,7,8-HxCDD 6.93 0.42 
1,2,3,7,8,9-HxCDD 9.55 0.4 
1,2,3,4,6,7,8-HpCDD 27.05 3.16 
OCDD 18.61 1.08 

2,3,7,8-TCDF 36.26 3.24 
1,2,3,7,8-PeCDF 13.36 0.23 
2,3,4,7,8-PeCDF 23.48 0.65 
1,2,3,4,7,8-HxCDF 22.24 0.55 
1,2,3,6,7,8-HxCDF 8.46 0.27 
1,2,3,7,8,9-HxCDF 0.96 0.06 
2,3,4,6,7,8-HxCDF 13.33 0.52 
1,2,3,4,6,7,8-HpCDF 7.73 0.34 
1,2,3,4,7,8,9-HpCDF 2.16 0.16 
OCDF 2.51 0.37 

Total I-TEQDF 
Total TEQDF-WHO98 

28.58 
30.7 

1.04 
1.10 

Total TCDD 406.76 1.78 
Total PeCDD 608.65 0.89 
Total HxCDD 845.99 0.69 
Total HpCDD 192.99 0.42 
Total OCDD 18.61 1.08 
Total TCDF 295.72 11.52 
Total PeCDF 127.99 3.83 
Total HxCDF 50.75 1.88 
Total HpCDF 8.36 0.47 
Total OCDF 2.51 0.37 

Total CDD/CDF 2,558.33 22.93
 APCD = Air pollution control device

 Source:  U.S. EPA (1996b). 

the newer data reported (U.S. EPA, 2002a).  Therefore, emission tests from five facilities (U.S. 
EPA, 1996b) were not used to estimate the 2000 emission factor because the facilities no longer 
burned hazardous waste in 2000.  Using this approach, a conservative TEQ emission estimate of 
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Ratio (congener emission factor/total CDD/CDF emission factor) 
0a 0.005 0.01 0.015 0.02 

Figure 5-1.  Congener profile for air emissions from cement kilns burning 
hazardous waste for reference years 1987 and 1995 (nondetect set equal to 
zero). 

5.95 ng TEQDF-WHO98/kg (5.49 ng I-TEQ/kg) clinker produced was developed for reference year 
2000. The congener-specific emission factors are presented in Table 5-2 and the average 
congener and congener group profiles are presented in Figure 5-2.  

5.1.4.4. Emission Factor Estimates for Cement Kilns Burning Nonhazardous Waste 

Because only one test report applicable to reference year 2000 was located for a cement 
kiln burning nonhazardous waste (Bell, 1999), and the results from the tests were similar to the 
results reported by EPA in 1996 (U.S. EPA, 1996b), EPA combined the results from the two data 
sets to obtain a TEQ emission factor estimate of 0.27 ng TEQDF-WHO98/kg (0.26 ng I-TEQ/kg) 
clinker produced for reference years 1987, 1995, and 2000.  The congener-specific emission 
factors are presented in Table 5-3 and the average congener and congener group profiles are 
presented in Figure 5-3. 
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Table 5-2.  CDD/CDF emission factors (ng/hr) for cement kilns burning 
hazardous waste for reference year 2000  

Congener/congener group Mean emission factor 

2,3,7,8-TCDD 9,533 
1,2,3,7,8-PeCDD 32,510 
1,2,3,4,7,8-HxCDD 48,483 
1,2,3,6,7,8-HxCDD 78,043 
1,2,3,7,8,9-HxCDD 66,369 
1,2,3,4,6,7,8-HpCDD 446,105 
OCDD 142,108 

2,3,7,8-TCDF 63,866 
1,2,3,7,8-PeCDF 37,470 
2,3,4,7,8-PeCDF 77,981 
1,2,3,4,7,8-HxCDF 59,340 
1,2,3,6,7,8-HxCDF 48,179 
1,2,3,7,8,9-HxCDF 33,967 
2,3,4,6,7,8-HxCDF 47,458 
1,2,3,4,6,7,8-HpCDF 47,762 
1,2,3,4,7,8,9-HpCDF 15,098 
OCDF 12,418 

Total I-TEQDF (g/yr) 
Total TEQDF-WHO98 (g/yr) 

16.6 
18.8 

Sources:  U.S. EPA (1996b, 2002a). 

5.1.4.5. Confidence Ratings of Emission Factor Estimates 

The TEQ emission factors are given a low confidence rating for all subcategories and all 
years.  The emission factor for nonhazardous waste-burning kilns was given a low rating because 
test data were available for only 16 facilities.  The tested facilities may not be representative of 
routine CDD/CDF emissions from all kilns burning nonhazardous waste.  Although a higher 
percentage of the kilns burning hazardous waste (with reported APCD temperature data) had 
been tested, greater uncertainty exists about whether the emissions are representative of normal 
operations because the tests used trial burn procedures and because a greater majority of the 
operating facilities had reduced their APCD temperatures to below 232°C.  Accordingly, a low 
confidence rating is also assigned to the estimated emission factors for kilns burning hazardous 
waste. 

5.1.5. Activity Level Information 

In 1987, approximately 52 billion kg of cement clinker were produced in the United 
States (U.S. DOC, 1996). In 1995, approximately 67.6 billion kg of clinker were produced in the 
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Figure 5-2.  Congener profile for air emissions from cement kilns burning 
hazardous waste for reference year 2000. 
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Table 5-3.  CDD/CDF emission factors (ng/kg clinker produced) for cement kilns not 
burning hazardous waste for reference years 1987, 1995, and 2000a 

Congener/congener group 

Mean emission factor 

Nondetect set to zero 
Nondetect set to ½ detection 

limit 

2,3,7,8-TCDD 0.01 0.02 
1,2,3,7,8-PeCDD 0.03 0.04 
1,2,3,4,7,8-HxCDD 0.03 0.04 
1,2,3,6,7,8-HxCDD 0.04 0.05 
1,2,3,7,8,9-HxCDD 0.04 0.06 
1,2,3,4,6,7,8-HpCDD 0.39 0.39 
OCDD 0.64 0.64 

2,3,7,8-TCDF 0.73 0.73 
1,2,3,7,8-PeCDF 0.1 0.11 
2,3,4,7,8-PeCDF 0.22 0.23 
1,2,3,4,7,8-HxCDF 0.17 0.18 
1,2,3,6,7,8-HxCDF 0.05 0.06 
1,2,3,7,8,9-HxCDF 0.01 0.02 
2,3,4,6,7,8-HxCDF 0.08 0.08 
1,2,3,4,6,7,8-HpCDF 0.13 0.14 
1,2,3,4,7,8,9-HpCDF 0 0.02 
OCDF 0.22 0.24 

Total I-TEQDF 
Total TEQDF-WHO98 

0.26 
0.27 

0.29 
0.31 

Total TCDD 1.89 1.89 
Total PeCDD 1.92 1.92 
Total HxCDD 5.51 5.51 
Total HpCDD 0.78 0.78 
Total OCDD 0.64 0.64 
Total TCDF 7.72 7.72 
Total PeCDF 2.06 2.06 
Total HxCDF 0.56 0.56 
Total HpCDF 0.23 0.23 
Total OCDF 0.22 0.24 

Total CDD/CDF 21.53 21.55 
aThe same CDD/CDF emission factor was assumed for all three years. 

Sources:  U.S. EPA (1996b); Bell (1999). 

United States (U.S. DOC, 1996), and of this amount, 61.3 billion kg were produced by cement 
kilns burning nonhazardous waste (Memorandum dated August 23, 1995, from E. Heath, 
Research Triangle Institute, to J. Wood, U.S. EPA); therefore, approximately 6.3 billion kg were 
produced by cement kilns burning hazardous waste.  Based on the fact that 9.3% of the clinker 
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Figure 5-3.  Congener profile for air emissions from cement kilns
 
burning nonhazardous waste for reference years 1987, 1995, and 2000.
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produced in 1995 was from cement kilns burning hazardous waste, it is assumed that 
approximately 4.8 billion kg of the clinker produced in 1987 were from cement kilns burning 
hazardous waste. 

In 2000, cement kilns produced approximately 75.2 billion kg of clinker.  This amount 
is based on the assumption that cement kilns operated at 90% of the maximum annual clinker 
capacity of 83.6 billion kg (e-mail dated January 31, 2003, from Garth Hawkins, Portland 
Cement Association, to Karie Riley, Versar, Inc.).  Based on the annual clinker capacities of 
individual cement kilns, approximately 11.5 billion kg of clinker (15%) were produced by 
cement kilns burning hazardous waste and approximately 63.7 billion kg of clinker (85%) were 
produced by cement kilns not burning hazardous waste (PCA, 2001).  The activity level estimates 
for 1995 and 2000 are given a high confidence rating because they are based on comprehensive 
survey data, but the rating for 1987 is medium because of uncertainty concerning the proportion 
produced by hazardous waste-burning kilns (U.S. EPA, 1996b). 

5.1.6. National CDD/CDF Emission Estimates 

5.1.6.1. Estimates for Reference Years 1987 and 1995 

National estimates of CDD/CDF air emissions (g TEQ/yr) from all Portland cement kilns 
for reference years 1987 and 1995 were made by multiplying the average TEQ emission factors 
by an estimate of the annual activity level (cement clinker produced) for each of the three 
subcategories (hazardous waste-burning kilns with APCD inlet temperatures greater than 232°C 
and less than 232°C and kilns burning nonhazardous waste).  Of the 10 hazardous waste-burning 
kilns with APCD temperature data, 8 facilities (80%) had APCD inlet temperatures greater than 
232°C and 2 facilities (20%) had APCD inlet temperatures less than 232°C.  The percentages of 
hazardous waste-burning kilns with input temperatures less than and greater than 232°C were 
assumed to represent the actual distribution of activity level in the industry.  These percentages, 
coupled with the TEQ emission factors presented in Table 5-1 and Table 5-3 (hazardous waste 
cement kilns and nonhazardous waste cement kilns, respectively) and the activity levels 
established in Section 5.1.5, were used to calculate the annual national TEQ emission estimates 
shown in Table 5-4. 

Overall, 131 g TEQDF-WHO98 (122 g I-TEQDF) were produced by cement kilns in 1987. 
Of this amount, 116.7 g TEQDF-WHO98 (108.6 g I-TEQDF) were produced by hazardous waste-
burning cement kilns with inlet APCD temperatures greater than 232°C, 1.1 g TEQDF-WHO98 

(1 g I-TEQDF) were produced by cement kilns burning hazardous waste with inlet APCD 
temperatures less than 232°C, and 12.7 g TEQDF-WHO98 (12.3 g I-TEQDF) were produced by 
cement kilns burning nonhazardous waste. 
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Table 5-4.  National emission estimates for cement kilns for reference years 
1987 and 1995 

Category 

TEQ emission factor 
(ng/kg clinker) Activity 

level 
(billion kg 
clinker/yr) 

Annual TEQ emission 
(g/yr) 

I-TEQDF 

TEQDF 
WHO98 I-TEQDF 

TEQDF 
WHO98 

Reference year 1987 

Hazardous waste >232°C 
Hazardous waste <232°C 
Nonhazardous waste 

28.58 
1.04 
0.26 

30.7 
1.11 
0.27 

3.8 
1 

47.2 

108.6 
1 

12.3 

116.7 
1.1 

12.7 

TOTAL 52 122 131 

Reference year 1995 

Hazardous waste >232°C 
Hazardous waste <232°C 
Nonhazardous waste 

28.58 
1.04 
0.26 

30.7 
1.11 
0.27 

5.04 
1.26 

61.3 

144 
1.3 

15.9 

154.7 
1.4 

16.6 

TOTAL 67.6 161 173 

In 1995, a total of 173 g TEQDF-WHO98 (161 g I-TEQDF) were produced by cement kilns. 
Of this amount, 154.7 g TEQDF-WHO98 (144 g I-TEQDF) were produced by hazardous waste-
burning cement kilns with inlet APCD temperatures greater than 232°C, 1.4 g TEQDF-WHO98 

(1.3 g I-TEQDF) were produced by cement kilns burning hazardous waste with inlet APCD 
temperatures less than 232°C, and 16.6 g TEQDF-WHO98 (15.9 g I-TEQDF) were produced by 
cement kilns burning nonhazardous waste. 

The overall rating for these emission estimates is low because the emission factors had a 
low confidence rating. 

5.1.6.2. Estimates for Reference Year 2000 

National estimates of CDD/CDF air emissions (g TEQ/yr) from all Portland cement kilns 
for reference year 2000 were made by multiplying the average TEQ emission factors by an 
estimate of the annual activity level (cement clinker produced) for the nonhazardous waste 
category.  The TEQ emission factors presented in Table 5-3 (above) and the activity levels 
established in Section 5.1.5 were used to calculate the annual national TEQ emission estimates 
shown in Table 5-5. For 2000, 17.2 g TEQDF-WHO98 (16.6 g I-TEQDF) were emitted by cement 
kilns not burning hazardous waste.  The emission estimates for cement kilns not burning 
hazardous waste in 2000 have an overall low confidence rating because of the small number of 
tested facilities providing the basis for the emission factor.  The emission factor may not be 
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representative of emissions from cement kilns not burning hazardous waste.  However, the 
activity level is given a high confidence rating because it is based on measured data. 

In reference year 2000, 22 cement kilns burning hazardous waste as supplemental fuel 
were operational in the United States, and most had been stack tested and evaluated for dioxin 
emissions. Using the measured data from the stack tests, EPA estimated that 18.8 g TEQDF 
WHO98 (16.6 g I-TEQDF) were released from all cement kilns burning hazardous waste in 2000. 
The emission estimates for cement kilns burning hazardous waste in 2000 have an overall high 
confidence rating because the emission factors have a high confidence rating due to the large 
number of tested facilities providing the basis for the emission factor.  The activity level is given 
a high confidence rating because the amount of clinker produced by cement kilns burning 
hazardous waste is known. 

5.1.7. EPA Regulatory Activities 

In 1999 EPA promulgated national emission standards for new and existing cement kilns 
burning and not burning hazardous waste (Federal Register, 1999a, b). A number of parties, 
representing both industrial and environmental communities, requested judicial review of the rule 
affecting cement kilns and incinerators burning hazardous waste and challenged EPA’s emission 
standards and several implementation provisions.  On July 24, 2001, the U.S. Court of Appeals 
for the District of Columbia Circuit vacated the emission standards.  In response to this action, 
EPA proposed new standards affecting cement kilns and incinerators burning hazardous waste on 
April 20, 2004 (Federal Register, 2004), which were made final in December 2005 (Federal 
Register, 2005). 

With regard to dioxin emissions, the regulations are specific to the I-TEQ concentration 
in the combustion gases leaving the stack.  Existing and new cement kilns either combusting or 
not combusting hazardous waste as supplemental fuel cannot emit more than 0.2 ng I-TEQ/dscm. 
In addition, the temperature of the combustion gases measured at the inlet to the APCD cannot 
exceed 232ºC.  The rule required owners or operators of facilities to test for CDDs/CDFs every 
2½ years.  EPA expects this rule to reduce I-TEQDF emissions from existing and new facilities by 
more than 30% over the next several years (Federal Register, 1999a, b, 2004, 2005). 

5.1.8. Solid Waste from Cement Manufacturing:  Cement Kiln Dust 

EPA characterized CKD (the solid residual material generated during the manufacturing 
of cement) in a report to Congress (U.S. EPA, 1993a) that was based in part on a 1991 survey of 
cement manufacturers conducted by the Portland Cement Association (PCA).  Survey responses 
were received from 64% of the active cement kilns in the United States.  On the basis of the 
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Table 5-5.  National emission estimates for cement kilns for reference 
year 2000 

Tested facility ID 
Hazardous waste 

burning kilns Estimate in g I-TEQ/yr Estimate in g WHO-TEQ/yr 

200 0.61 0.67 
201 0.01 0.01 
203 3.77 4.24 
204 3.15 3.63 
205 0.14 0.16 
206 1.12 1.39 
207 0.05 0.06 
208 0.88 1.26 
228 0.06 0.07 
300 3.45 3.53 
302 0.23 0.27 
303 0.13 0.16 
318 0.27 0.30 
319 0.50 0.59 
322 0.04 0.04 
323 0.06 0.07 
403 0.32 0.38 
404 0.06 0.07 
473 0.11 0.12 
491 1.59 1.75 
680 0.01 0.01 
681 0.06 0.07 

Total Hazardous 
waste burning kilns 

16.6 18.8 

Total Non-hazardous 
waste burning kilns 

16.6 17.2 

All cement kilns 33.2 36.0 

Source:  U.S. EPA (2002a). 
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survey responses, EPA estimated that in 1990 the U.S. cement industry generated about 12.9 
million metric tons of gross CKD and 4.6 million metric tons of net CKD, of which 4.2 million 
metric tons were land-disposed.  The material collected by the APCD system is called gross CKD 
(or as-generated CKD); it is either recycled back into the kiln system or removed from the system 
for disposal (becoming net CKD or as-managed CKD).  As discussed below, low levels of dioxin 
have been measured in CKD.  This material is disposed of in permitted landfills and therefore is 
not considered to be an environmental release and is not included in the inventory of dioxin 
releases presented in this report.  However, for informational purposes only, estimates of the 
amount of dioxin in CKD were developed for the reference years 1987, 1995, and 2000. 

The PCA recently provided current estimates of the amount of CKD removed from the 
manufacturing process for beneficial reuse and long-term management units (i.e., landfill 
disposal) in 1990, 1995, and 2000 (e-mails dated January 31 and March 18, 2003, from Garth 
Hawkins, Portland Cement Association, to Karie Riley, Versor, Inc.).  Possible beneficial reuses 
include municipal waste daily cover material, municipal waste landfill final cover material, soil 
stabilization for roadways or other structures, waste neutralization/stabilization/solidification 
(food wastes, hazardous wastes, etc.), and agricultural soil amendment.  The PCA estimated that 
the amount of CKD beneficially reused on or off site was 752 million kg in 1990, 652 million kg 
in 1995, and 575 million kg in 2000.  The amount of CKD disposed of annually in landfills was 
estimated to be 2.7 billion kg in 1990, 3.1 billion kg in 1995, and 2.2 billion kg in 2000. 

In its report to Congress (U.S. EPA, 1993a), EPA also included the results of sampling 
and analysis of CKD and clinker conducted in 1992 and 1993.  The purposes of the sampling and 
analysis efforts were to (a) characterize the CDD/CDF content of clinker and CKD, (b) determine 
the relationship, if any, between the CDD/CDF content of CKD and the use of hazardous waste 
as fuel, and (c) determine the relationship, if any, between the CDD/CDF content of CKD and 
the use of wet-process and dry-process cement kilns. 

Clinker samples were collected from five cement kilns burning nonhazardous waste and 
six kilns burning hazardous waste.  CDDs/CDFs were not detected in any of the samples.  Tetra-
through octa-chlorinated CDDs/CDFs were detected in the gross CKD samples obtained from 10 
of the 11 kilns and in the net CKD samples obtained from 8 of the 11 kilns.  The CDD/CDF 
content ranged from 0.008 to 247 ng I-TEQDF/kg for gross CKD and from 0.045 to 195 ng I 
TEQDF/kg for net CKD.  Analyses for seven PCB congeners were also conducted, but no 
congeners were detected in any clinker or CKD sample. 

Mean CDD/CDF concentrations in net CKD generated by the kilns burning hazardous 
waste were higher (35 ng I-TEQDF/kg) than in net CKD generated by the facilities burning 
nonhazardous waste (0.003 ng I-TEQDF/kg).  These calculations of mean values treated nondetect 
values as zero.  If the nondetects had been excluded from the calculation of the means, the mean 
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for net CKD from kilns burning hazardous waste would increase by a factor of 1.2 and the mean 
for net CKD from kilns burning nonhazardous waste would increase by a factor of 1.7.  One 
sampled kiln had a net CKD TEQ concentration of more than two orders of magnitude greater 
than the TEQ levels found in samples from any other kiln.  If this kiln were considered atypical 
of the industry (U.S. EPA, 1993a) and were not included in the calculation, then the mean net 
CKD concentration for hazardous waste-burning kilns would decrease to 2.9 ng I-TEQDF/kg. 

CDD/CDF congener data for CKD from Holnam, Inc., Seattle, WA, were presented in a 
report by the Washington State Department of Ecology (1998).  The data were compiled and 
evaluated to determine total I-TEQ concentrations and loadings.  Nondetect values were included 
as either zero, one-half of the detection limit (DL), or at the DL.  The results of three separate 
tests of CKD were as follows, assuming that nondetect values were zero: 

I-TEQ I-TEQ
 Date  (ng/kg)  (mg/day) 
05/15/96  0.038 0.0038 
10/21/97 0.67 0.0674 
10/21/97 0.95 0.0948 

EPA provided data for ashes from an ESP connected to a cement kiln and an FF 
connected to a lightweight aggregate (LWA) kiln (U.S. EPA, 1999e).  The average congener 
concentrations for the ash samples are listed in Table 5-6.  The average concentrations for the 
cement kiln were determined from two different waste streams, each with five sample burns. 
The average concentrations for the LWA kiln were determined using one waste stream with three 
sample burns. 

The amount of CDDs/CDFs associated with CKD was calculated for informational 
purposes only.  National estimates were divided among cement kilns burning hazardous waste 
and those burning nonhazardous waste for both CKD that was beneficially reused and CKD that 
was sent landfills.  The activity levels used in the estimates were those provided by the PCA (e-
mail dated March 18, 2003, from Garth Hawkins, Portland Cement Association, to Karie Riley, 
Versar, Inc.).  The 1990 activity levels provided by PCA were used for reference year 1987.  The 
CDD/CDF concentrations in CKD used in the estimates were 35 ng I-TEQDF/kg for cement kilns 
burning hazardous waste (which includes the high value discussed above) and 0.003 ng I 
TEQDF/kg for cement kilns burning nonhazardous waste. 

As shown in Table 5-7, by combining the appropriate activity levels and CDD/CDF 
concentrations, national estimates of CDDs/CDFs in CKD were developed for reference years 
1987, 1995, and 2000. For cement kilns burning hazardous waste, approximately 4.2 g I-TEQDF 
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Table 5-6.  CDD/CDF concentrations (ng/kg) in ash samples from cement 
kiln electrostatic precipitator and lightweight aggregate (LWA) kiln fabric 
filter 

Congener 

Cement 
kiln 

LWA 
kiln Cement kiln LWA kiln 

Avg. 
conc. 

Avg. 
conc. I-TEQ 

WHO
TEQ I-TEQ WHO-TEQ 

2,3,7,8-TCDD 0.429 3.97 0.429 0.429 3.97 3.97
Total TCDD 36.1 333 – – – – 
1,2,3,7,8-PeCDD 0.886 17.3 0.443 0.886 8.65 17.3
Total PeCDD 54.9 467 – – – – 
1,2,3,4,7,8-HxCDD 1.03 15.4 0.103 0.103 1.54 1.54 
1,2,3,6,7,8-HxCDD 2.36 35.6 0.236 0.236 3.56 3.56 
1,2,3,7,8,9-HxCDD 2.47 56.6 0.247 0.247 5.66 5.66
Total HxCDD 173 500 – – – – 
12,2,3,4,6,7,8-HpCDD 17.7 133 0.177 0.177 1.33 1.33
Total HpCDD 55.2 300 – – – – 
OCDD 21 133 0.021 0.0021 0.133 0.133 

Total TCDD TEQs 1.66 2.08 24.8 33.5 

2,3,7,8-TCDF 4.65 833 0.465 0.465 83.3 83.3
Total TCDF 18.1 4630 – – – – 
1,2,3,7,8-PeCDF 1.04 100 0.0518 0.0518 5 5 
2,3,4,7,8-PeCDF 2.59 267 1.3 1.3 133 133
Total PeCDF 31.8 2930 – – – – 
1,2,3,4,7,8-HxCDF 2.13 267 0.213 0.213 26.7 26.7 
1,2,3,6,7,8-HxCDF 0.869 100 0.0869 0.869 10 10 
1,2,3,7,8,9-HxCDF 0.523 7.8 0.0523 0.0523 0.780 0.780 
2,3,4,6,7,8-HxCDF 2.14 133 0.214 0.214 13.3 13.3
Total HxCDF 9.26 1230 – – – – 
1,2,3,4,6,7,8-HpCDF 1.84 167 0.0184 0.0184 1.67 1.67 
1,2,3,4,7,8,9-HpCDF 0.739 22.6 0.00739 0.00739 0.226 0.226
Total HpCDF 3.06 2670 – – – – 
OCDF 1.43 39.2 0.00143 0.000143 0.0392 0.00392 

Total TCDF TEQs 2.41 3.19 274 274 
– = No data available 

in 1987, 3.6 g I-TEQDF in 1995, and 3.3 g I-TEQDF in 2000 were produced from CKD that was 
beneficially reused, and approximately 14.9 g I-TEQDF in 1987, 17.7 g I-TEQDF in 1995, and 12.8 
g I-TEQDF in 2000 were produced from CKD that was disposed of in a landfill.  For cement kilns 
burning nonhazardous waste, approximately 0.0019 g I-TEQDF in 1987, 0.0016 g I-TEQDF in 
1995, and 0.0014 g I-TEQDF in 2000 were produced from CKD that was beneficially reused, and 
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Table 5-7.  CDD/CDF estimates in cement kiln dust (CKD) for reference 
years 1987, 1995, and 2000 

Category 

CDD/CDF 
concentration 

(ng I-TEQDF/kg 
of CKD) 

CKD beneficially reused on or 
off site 

CKD sent to a landfill for 
disposal 

Activity level 
(million kg 

tons CKD/yr) 

Annual TEQ 
CDD/CDF 

concentration 
(g/yr) 

Activity 
level 

(million kg 
tons 

CKD/yr) 

Annual TEQ 
CDD/CDF 

concentration 
(g/yr) 

Reference year 1987 

HW kilns 
NHW kilns 

35 
0.003 

120 
632 

4.2 
0.0019

 426 
2,230 

14.9 
0.0067 

Reference year 1995 

HW kilns 
NHW kilns 

35 
0.003 

104 
547 

3.6 
0.0016

 505 
2,642 

17.7 
0.0079 

Reference year 2000 

HW kilns 
NHW kilns 

35 
0.003 

94 
480 

3.3 
0.0014

 365 
1,858 

12.8 
0.0056 

HW = Hazardous waste 
NHW = Nonhazardous waste 

approximately 0.0067 g I-TEQDF in 1987, 0.0079 g I-TEQDF in 1995, and 0.0056 g I-TEQDF in 
2000 were produced from CKD that was disposed of in a landfill. 

EPA is currently developing CKD storage and disposal requirements.  In 1999, a 
proposed rule for the standards for the management of CKD was developed by EPA (Federal 
Register, 1999a).  Under the rule, CKD would remain a nonhazardous waste, provided that 
proposed management standards are met, which would protect groundwater and control releases 
of fugitive dust.  Additionally, the rule proposes concentration limits on various pollutants in 
CKD used for agricultural purposes (Federal Register, 1999c). 

5.2. LIGHTWEIGHT AGGREGATE KILNS 

LWA kilns heat raw materials such as clay, shale, or slate to expand the particles to form 
lightweight materials for use in concrete products.  In 1995, only 5 of the more than 36 LWA 
kilns in the United States were burning hazardous waste; in 2000, 9 LWA kilns were burning 
hazardous waste.  LWA kilns are estimated to have emitted 3.3 g I-TEQDF to air in 1990 (Federal 
Register, 1998a) and 2.4 g I-TEQDF in 1997 (Federal Register, 1999a); these estimates are used in 
this report for reference years 1987 and 1995, respectively. 
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The CDD/CDF emission factors for 2000 are based on the data for five LWA kilns tested 
in 2000 (U.S. EPA, 2002a). They were calculated using the process described in Section 3.2.3.  
The average emission factor for the LWA kilns was 1.986 ng TEQDF-WHO98/kg (2.063 ng 
I-TEQDF/kg) of waste feed, assuming nondetect values of zero.  These are assigned a low 
confidence rating because the emission factor may not be representative of emissions from the 
source category. 

The amount of hazardous waste combusted using LWA kilns in 2000 was conservatively 
estimated to be 903,000 metric tons, based on estimated activity levels derived for each halogen 
acid furnace (HAF) in 2000.  Data were available for all of the nine facilities operating in 2000. 
A conservative estimate for the average annual quantity burned per HAF (100,280 metric tons/yr) 
was derived by assuming that plants operate continuously throughout the year and are always 
running at 80% of capacity.  This quantity, multiplied by the total universe of nine facilities, 
yielded the final estimate.  Because the activity level was not derived from a survey but was 
estimated, it is given a low confidence rating. 

Equation 3-5 (Chapter 3, Section 3.2.4), used to calculate annual TEQ emissions for 
dedicated hazardous waste incinerators, was also used to calculate annual TEQ emissions for 
LWA kilns.  Multiplying the average TEQ emission factors by the total estimated amount of 
liquid hazardous waste burned in 2000 yields an annual emissions estimate.  From this 
procedure, the emissions from all LWA kilns burning hazardous waste as supplemental fuel were 
estimated as 1.86 g TEQDF-WHO98 (1.79 g I-TEQDF) for 2000. Because of the low confidence 
rating for the emission factor, the overall confidence rating for the emission estimates is low. 

5.3. ASPHALT MIXING PLANTS 

Asphalt consists of an aggregate of gravel, sand, and filler mixed with liquid asphalt 
cement or bitumen.  Filler typically consists of limestone, mineral stone powder, and sometimes 
ash from power plants and municipal waste combustors.  The exact composition of an asphalt 
formulation depends on how it will be used.  The aggregate typically constitutes more than 92% 
by weight of the total asphalt mixture.  The components of the aggregate are dried, heated to a 
temperature ranging from 135 to 163°C, and then mixed and coated with the bitumen at an 
asphalt mixing installation.  “Old” asphalt (i.e., asphalt from dismantled bridges and roads) can 
be heated and disaggregated to its original components and reused in the manufacture of new 
asphalt (U.S. EPA, 1996c). “Hot mix” asphalt paving materials can be manufactured by batch 
mix plants, continuous mix plants, parallel-flow drum mix plants, and counterflow drum mix 
plants (U.S. EPA, 1998c). 

Bremmer et al. (1994) reported the CDD/CDF emissions factor for an asphalt mixing 
plant in the Netherlands as 47 ng I-TEQDF per metric ton of produced asphalt.  No congener
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specific emission factors were reported.  The mixing plant heated old asphalt to about 150°C in 
an individual recycling drum with kiln exhaust gases that were mixed with ambient air and 
heated to a temperature of 300 to 400°C. Parallel to this recycling drum was the main drum, 
which dried and heated the aggregate (sand and gravel/granite chippings) to a temperature of 
about 220°C. The kiln exhaust gases leaving the recycling drum were led along the main burner 
of the main drum for incineration. The old asphalt, the minerals from the main drum, and new 
bitumen from a hot storage tank (about 180°C) were mixed in a mixer to form new asphalt. 
Natural gas fueled the plant during the sample collection period, and 46% of the feed was old 
asphalt. The plant’s APCD system consisted of cyclones and an FF. 

Umweltbundesamt (1996) reported lower emission factors for three tested facilities in 
Germany that were also equipped with FFs.  These three facilities were fueled by oil or butane 
gas and used old asphalt at rates ranging from 30 to 60% of the feed.  The emission factors 
calculated from the stack gas concentrations, gas flow rates, and hourly throughputs for these 
three facilities were 0.2, 3.5, and 3.8 ng I-TEQDF/metric ton of asphalt produced, respectively. 

EPA conducted stack emissions testing at two hot-mix asphalt production plants in the 
United States (U.S. EPA, 2000g).  The Midwest Research Institute performed emission tests on 
outlet of FFs that controlled emissions from the counter-flow rotary dryer process used at the 
asphalt plant in Clayton, NC, and from the parallel-flow rotary dryer process used at the asphalt 
plant in Cary, NC.  In both processes, virgin aggregate of various sizes was fed to the drum by 
cold-feed controls in proportions dictated by the final mix specifications.  Aggregate was 
delivered at the opposite end of the burner in the counter-flow continuous drum mix process and 
at the same end as the burner in the parallel-flow continuous drum mix process.  EPA developed 
average TEQ emission factors from the tested facilities to represent hot-mix asphalt plants in 
general (U.S. EPA, 2000g).  The average TEQ emission factor for hot-mix asphalt plants was 
1.40e–03 ng I-TEQ (1.46e–3 ng TEQDF-WHO98/kg) asphalt produced.  Table 5-8 summarizes the 
TEQ emission factors for hot-mix asphalt plants. 

Because only two U.S. facilities have been tested, these emission factors are given a low 
confidence rating.  It is likely that these emission factors are not representative of CDD/CDF 
emissions from all types of asphalt production facilities in the United States; nevertheless, they 
are sufficient to derive a preliminary estimate of annual emissions from asphalt production 
facilities in the United States for 2000. 

Approximately 500 million tons of hot-mix asphalt paving materials were produced at 
approximately 3,600 active asphalt plants in the United States in 1996 (U.S. EPA, 1998c).  This 
activity level was used to represent reference year 2000.  The activity level is given a high 
confidence level because it was based on a comprehensive survey.  A preliminary estimate of 
annual TEQ air releases for 2000 was calculated by multiplying the activity level (in kilograms) 
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Table 5-8.  Congener-specific emission factors (ng/kg asphalt produced) 
derived from the testing of air emissions at two hot-mix asphalt plants in the 
United States 

Congener 

Mean emission factor 

I-TEQDF TEQDF-WHO98 

2,3,7,8-TCDD 9.53e–05 9.53e–05 
1,2,3,7,8-PeCD 7.03e–05 1.41e–04 
1,2,3,4,7,8-HxCDD 1.91e–05 1.91e–05 
1,2,3,6,7,8-HxCDD 5.90e–05 5.90e–05 
1,2,3,7,8,9-HxCDD 4.45e–05 4.45e–05 
1,2,3,4,6,7,8-HpCDD 2.18e–05 2.18e–05 
OCDD 1.13e–05 1.13e–06 

2,3,7,8-TCDF 4.40e–05 4.40e–05 
1,2,3,7,8-PeCDF 9.75e–05 9.75e–05 
2,3,4,7,8-PeCDF 1.91e–04 1.91e–04 
1,2,3,4,7,8-HxCDF 1.81e–04 1.81e–04 
1,2,3,6,7,8-HxCDF 5.44e–05 5.44e–05 
1,2,3,7,8,9-HxCDF 8.62e–05 8.62e–05 
2,3,4,6,7,8-HxCDF 3.81e–04 3.81e–04 
1,2,3,4,6,7,8-HpCDF 2.95e–05 2.95e–05 
1,2,3,4,7,8,9-HpCDF 1.22e–05 1.22e–05 
OCDF 2.18e–06 2.18e–07 

Total TEQ 1.40e–03 1.50e–03 

Source:  U.S. EPA (2000g). 

by the average emission factor of 1.40e–03 ng I-TEQ (1.46e–3 ng TEQDF-WHO98/kg) asphalt 
produced. Approximately 0.70 g I-TEQ (0.73 g TEQDF-WHO98) were emitted into the air from 
asphalt plants in the United States in 2000. This estimate is assigned a low confidence level 
because the emission factors are given a low confidence level rating. 

5.4. PETROLEUM REFINING CATALYST REGENERATION 

Regeneration of spent catalyst from the reforming process at petroleum refineries is a 
potential source of CDDs/CDFs, according to limited testing conducted in the United States 
(Amendola and Barna, 1989; Kirby, 1994), Canada (Maniff and Lewis, 1988; Thompson et al., 
1990), and the Netherlands (Bremmer et al., 1994).  This section summarizes the catalyst 
regeneration process, relevant studies performed to date, and the status of EPA regulatory 
investigations of this source. 
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Catalytic reforming is the process used to produce high-octane reformates from lower-
octane reformates for blending of high-octane gasolines and aviation fuels.  The reforming 
process occurs at high temperature and pressure and requires the use of a platinum or 
platinum/rhenium catalyst.  During the reforming process, a complex mixture of aromatic 
compounds, known as coke, is formed and deposited onto the catalyst.  As coke deposits onto the 
catalyst, its activity is decreased.  The high cost of the catalyst necessitates its regeneration. 
Catalyst regeneration is achieved by removing the coke deposits via burning at temperatures of 
399 to 454°C and then reactivating the catalyst at elevated temperatures (454 to 538°C) using 
chlorine or chlorinated compounds (e.g., methylene chloride, 1,1,1-trichloroethane, and ethylene 
dichloride; most refineries use chlorine of perchloroethylene).  Burning of the coke produces kiln 
exhaust gases that can contain CDDs and CDFs along with other combustion products.  Because 
kiln exhaust gases, if not vented directly to the atmosphere, may be scrubbed with caustic or 
water, internal effluents may become contaminated with CDDs/CDFs (Kirby, 1994; SAIC, 
1994). 

Three basic catalyst regeneration processes are used:  semi-regenerative, cyclic, and 
continuous. During the semi-regenerative process, the entire catalytic reformer is taken off line. 
In the cyclic process, one of two (or more) reforming reactors is taken off line for catalyst 
regeneration; the remaining reactor(s) remains on line so that reforming operations continue.  In 
the continuous process, aged catalyst is continuously removed from one or more on-line stacked 
or side-by-side reactors, regenerated in an external regenerator, and then returned to the system; 
the reforming system, consequently, never shuts down (SAIC, 1994). 

In 1988, a study by the Canadian Ministry of the Environment  (Maniff and Lewis, 1988) 
detected concentrations of CDDs ranging from 1.8 to 22.2 µg/L and CDFs ranging from 4.4 to 
27.6 µg/L in an internal waste stream of spent caustic at a petroleum refinery.  The highest 
concentration of 2,3,7,8-TCDD was 0.0054 µg/L.  CDDs were also observed in the refinery’s 
biological sludge at a maximum concentration of 74.5 µg/kg, and CDFs were observed at a 
maximum concentration of 125 µg/kg.  The concentration of CDDs/CDFs in the final combined 
refinery plant effluent was below the DLs. 

Amendola and Barna (1989) reported detecting trace levels of hexa- to octa-CDDs and 
CDFs in untreated wastewaters (up to 2.9 pg I-TEQDF/L) and wastewater sludges (0.26 to 2.4 ng 
I-TEQDF/kg) at a refinery in Ohio.  The levels of detected total CDDs/CDFs in the wastewater 
and sludge were much lower (<3 ng/L and <1 µg/kg, respectively) than the levels reported by 
Maniff and Lewis (1988).  No CDDs/CDFs were detected in the final treated effluent (less than 
0.2 ng I-TEQDF/L).  The data collected in the study were acknowledged to be too limited to 
enable identifying the source(s) of the CDDs/CDFs within the refinery.  The study authors also 
presented in an appendix to their report the results of analyses of wastewater from the catalyst 
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regeneration processes at two other U.S. refineries.  In both cases, untreated wastewaters 
contained CDDs/CDFs at levels ranging from high picograms to low nanograms per liter (results 
were reported for congener group totals, not specific congeners).  However, CDDs/CDFs were 
not detected in the only treated effluent sample collected at one refinery. 

Thompson et al. (1990) reported total CDD and CDF concentrations of 8.9 ng/m3 and 210 
ng/m3, respectively, in stack gas samples from a Canadian petroleum refinery’s reforming 
operation. They also observed CDDs/CDFs in the picogram- to nanogram-per-liter range in the 
internal washwater from a scrubber of a periodic/cyclic regenerator. 

Beard et al. (1993) conducted a series of benchtop experiments to investigate the 
mechanism(s) of CDD/CDF formation in the catalytic reforming process.  A possible pathway 
for the formation of CDFs was found, but the results could not explain the formation of CDDs. 
Analyses of the kiln exhaust gas from burning coked catalysts revealed the presence of 
unchlorinated dibenzofuran in quantities up to 220 µg/kg of catalyst.  Chlorination experiments 
indicated that dibenzofuran and, possibly, biphenyl and similar hydrocarbons act as CDF 
precursors and can become chlorinated in the catalyst regeneration process.  Corrosion products 
on the steel piping of the process plant seemed to be the most likely chlorinating agent. 

In May 1994, EPA’s Office of Water conducted a sampling and analytical study of 
catalyst regeneration wastewater for CDDs/CDFs at three petroleum refining plants (Kirby, 
1994). The study objectives were to determine the analytical method best suited for determining 
CDDs/CDFs in refinery wastewater and to screen and characterize wastewater discharges from 
several types of reforming operations for CDDs/CDFs.  The report for this study (Kirby, 1994) 
also presented results submitted voluntarily to EPA by two other facilities.  The sampled internal 
untreated wastewaters and spent caustics were found to contain a wide range of CDD/CDF 
concentrations, 0.1 pg I-TEQDF/L to 57.2 ng I-TEQDF/L.  The study results also showed that 90% 
of the TEQ was contained in the wastewater treatment sludges generated during the treatment of 
wastewater and caustic from the regeneration process. 

In 1995, EPA issued a notice of its proposed intent to not designate spent reformer 
catalysts as a listed hazardous waste under RCRA (Federal Register, 1995b).  The final rule was 
issued in August 1998 (Federal Register, 1998b).  The Agency’s assessment of current 
management practices associated with recycling of reforming catalyst found no significant risks 
to human health or the environment. The Agency estimated that 94% of the approximately 3,600 
metric tons of spent reformer catalyst sent off site by refineries were being recycled for their 
precious metal content.  EPA made no determination of the “listability” of spent caustic residuals 
formed during regeneration of spent reforming catalyst, but it did identify the potential air 
releases from the combustion of the reforming catalyst prior to reclamation as possibly being of 
concern. The Agency requested comments on (a) opportunities for removing dioxin prior to 
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discharge of scrubber water into the wastewater treatment system, (b) opportunities to segregate 
this wastestream, and (c) potential health risks associated with insertion of dioxin-contaminated 
media back into the refinery process (such as the coker).  In this proposed rulemaking, EPA also 
noted the possibility of dioxin releases to air during regeneration operations. 

As part of its regulatory investigation under RCRA, EPA’s Office of Solid Waste 
commissioned a study to analyze and discuss existing data and information concerning 
CDD/CDF formation in the treatment of catalytic reformer wastes.  This report (SAIC, 1994) 
also identified potential process modifications that may prevent the formation of CDDs/CDFs. 
The report’s authors concluded that, although the available data indicate that CDDs/CDFs can be 
generated during the catalyst regeneration process, the available data indicate that CDD/CDF 
concentrations in treated wastewater and in solid waste are minimal.  Releases to air could result 
from vented kiln exhaust gases at some facilities.  In addition, the CDDs/CDFs formed could 
possibly be reintroduced into other refining operations (e.g., the coker) and resulting products. 

In 1998, emissions from the caustic scrubber used to treat gases from the external 
regeneration unit of a refinery in California were tested (CARB, 1999).  This facility uses a 
continuous regeneration process.  The reactor is not taken off line during regeneration; rather, 
small amounts of catalyst are continuously withdrawn from the reactor and are regenerated.  The 
emissions from the regeneration unit are neutralized by a caustic scrubber before being vented to 
the atmosphere. The catalyst recirculation rate during the three tests ranged from 733 to 1,000 
lb/hr. 

All 2,3,7,8-substituted CDDs/CDFs were detected in each of the three samples collected. 
The average emission factors in units of nanograms per barrel of reformer feed are presented in 
Table 5-9. The congener profile is presented in Figure 5-4.  The samples showed a wide range in 
concentrations of the CDD/CDF congeners (up to a fivefold difference); however, the congener 
profile was consistent in all samples.  The concentrations of the individual furan congener groups 
were always higher than the concentrations of the corresponding dioxin congener group.  The 
average TEQDF-WHO98 emission factor for these three tests was 3.18 ng TEQ/barrel and the 
average I-TEQDF was 3.04 ng TEQ/barrel. 

In 1991, stack testing was performed on the exhaust from one of the three semi-
regenerative catalytic reforming units of a refinery in California (Radian Corporation, 1991).  At 
these units, a caustic solution is introduced to the exhaust to neutralize HCl emissions from the 
catalyst beds prior to release to the atmosphere.  The tested unit was considered to be 
representative of the other units. Each unit is periodically taken off line (approximately once a 
year) so the catalyst beds can be regenerated.  The tested unit has a feed capacity of 7,000 
barrels/day.  Approximately 59,500 pounds of catalyst were regenerated during the tested 
regeneration cycle, which lasted for 62 hr. 
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The average emission factors for this facility (in units of nanogams per barrel of reformer 
feed) are presented in Table 5-9 and the congener profile is presented in Figure 5-4.  The 
majority of the 2,3,7,8-substituted CDD congeners were not detected during testing.  In contrast, 
the majority of the 2,3,7,8-substituted CDF congeners were detected.  The average TEQDF 
WHO98 emission factor (assuming nondetect values were zero) was 1.04e–03 ng TEQ/barrel and 
the average I-TEQDF emission factor was 1.01e–03 ng TEQ/barrel.  These values are three orders 
of magnitude less than the emission factor reported in CARB (1999).  The calculation of these 
emission factors involved several assumptions:  the unit is regenerated once per year, the unit 
operates at capacity (7,000 barrels/day), and the facility operates 362 days/yr. 

The average of the two facility emission factors, 1.59 ng TEQDF-WHO98/barrel (1.52 ng I 
TEQDF/barrel) of reformer feed, is assumed to apply to all reference years (1987, 1995, and 2000) 
and is assigned a low confidence rating.  Only one continuous and one semiregenerative unit in 
the United States have been tested.  Combined, these two facilities represent less than 1% of the 
catalytic reforming capacity in U.S. petroleum refineries in 1987 (3.805 million barrels/day), 
1995 (3.867 million barrels/day), and 2000 (3.770 million barrels/day) (EIA, 2002a).  The 
average emission factor developed above assumes that emissions are proportional to reforming 
capacity; however, they may be more related to the amount of coke burned, the APCD equipment 
present, or other process parameters. 

The national daily average catalytic reforming capacities in the United States were 3.805, 
3.867, and 3.770 million barrels per day for 1987, 1995, and 2000, respectively (EIA, 2002). 
These were assigned a high confidence rating because they are based on comprehensive surveys 
of industry.  If it is conservatively assumed that all units operated at full capacity in all three 
years, then applying the average emission factors of TEQ/barrel yields annual emissions of 2.21 g 
TEQDF-WHO98 (2.11 g I-TEQDF) in 1987, 2.24 g TEQDF-WHO98 (2.14 g I-TEQDF) in 1995, and 
2.19 g TEQDF-WHO98 (2.09 g I-TEQDF) in 2000. These emissions have a low confidence rating 
because they are based on an emission factor with a low confidence rating. 

5.5. CIGARETTE SMOKING 

Bumb et al. (1980) were the first to report that cigarette smoking is a source of CDD 
emissions. Subsequent studies by Muto and Takizawa (1989), Ball et al. (1990), and Löfroth and 
Zebühr (1992) also reported the presence of CDDs as well as CDFs in cigarette smoke.  A study 
by Matsueda et al. (1994) reported on the CDD/CDF content of tobacco from 20 brands of 
cigarettes from seven countries.  Although a wide range in the concentrations of total 
CDDs/CDFs and total TEQs were reported in these studies, similar congener profiles and 
patterns were reported.  The findings of each of these studies are described in this section. 
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Table 5-9.  CDD/CDF emission factors (ng/barrel)a for petroleum catalytic 
reforming units 

Congener/congener 
group 

Semiregenerative unit Continuous regeneration unit 

Nondetect set 
to zero 

Nondetect set to 
½ detection limit 

Nondetect set 
to zero 

Nondetect set to 
½ detection limit 

2,3,7,8-TCDD ND 2.35e!05 1.61e!02 1.61e!02 
1,2,3,7,8-PeCDD 5.69e!05 9.58e!05 2.87e!01 2.87e!01 
1,2,3,4,7,8-HxCDD 4.22e!05 8.09e!05 3.47e!01 3.47e!01 
1,2,3,6,7,8-HxCDD ND 5.52e!05 8.45e!01 8.45e!01 
1,2,3,7,8,9-HxCDD ND 5.10e!05 5.56e!01 5.56e!01 
1,2,3,4,6,7,8-HpCDD 7.02e!04 7.02e!04 3.02e+00 3.02e+00 
OCDD 2.55e!03 2.55e!03 1.71e+00 1.71e+00 

2,3,7,8-TCDF 2.32e!04 2.32e!04 6.10e!01 6.10e!01 
1,2,3,7,8-PeCDF 4.68e!04 4.68e!04 1.72e+00 1.72e+00 
2,3,4,7,8-PeCDF 1.09e!03 1.09e!03 2.33e+00 2.33e+00 
1,2,3,4,7,8-HxCDF 1.06e!03 1.06e!03 4.70e+00 4.70e+00 
1,2,3,6,7,8-HxCDF 1.07e!03 1.07e!03 3.58e+00 3.58e+00 
1,2,3,7,8,9-HxCDF ND 6.82e!05 4.34e!01 4.34e!01 
2,3,4,6,7,8-HxCDF 1.24e!03 1.24e!03 3.10e+00 3.10e+00 
1,2,3,4,6,7,8-HpCDF 2.94e!03 2.94e!03 1.59e+01 1.59e+01 
1,2,3,4,7,8,9-HpCDF 
OCDF 

8.32e!04 
1.01e!03 

8.32e!04 
1.01e!03 

1.45e+00 
3.75e+00 

1.45e+00 
3.75e+00 

Total 2,3,7,8-CDD 3.35e!03 3.56e!03 6.78e+00 6.78e+00 
Total 2,3,7,8-CDF 9.94e!03 1.00e!02 3.76e+01 2.18e+01 
Total I-TEQDF 1.01e!03 1.07e!03 3.04e+00 3.04e+00 
Total TEQDF-WHO98 1.03e!03 1.12e!03 3.18e+00 3.18e+00 

Total TCDD 
Total PeCDD 

ND 
3.56e!04 

2.35e!05 
3.56e!04 

6.84e+00 
5.61e+00 

6.84e+00 
5.61e+00 

Total HxCDD 1.28e!03 1.28e!03 8.18e+00 8.18e+00 
Total HpCDD 1.39e!03 1.39e!03 6.58e+00 6.58e+00 
Total OCDD 2.55e!03 2.55e!03 1.71e+00 1.71e+00 
Total TCDF 2.70e!03 2.70e!03 4.68e+01 4.68e+01 
Total PeCDF 5.12e!03 5.12e!03 3.30e+01 3.30e+01 
Total HxCDF 7.85e!03 7.85e!03 2.96e+01 2.96e+01 
Total HpCDF 
Total OCDF 

4.88e!03 
1.01e!03 

4.88e!03 
1.01e!03 

2.11e+01 
3.75e+00 

2.11e+01 
3.75e+00 

Total CDD/CDF 2.71e!02 2.72e!02 1.63e+02 1.63e+02 
aOne barrel assumed to be equivalent to 139 kg.

 ND = Not detected

 Sources:  Radian Corporation (1991); CARB (1999). 
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Ratio (mean congener emission factor/total CDD/CDF emission factor) 

0a  0.02  0.04 0.06 0.08 0.1 0.12

  Ratio (mean congener emission factor/total CDD/CDF emission factor) 

0a 0.05 0.1 0.15 0.2 0.25 0.3 

Figure 5-4.  Congener and congener group profiles for air emissions from 
petroleum catalytic reforming units (nondetect set equal to zero). 

Sources:  CARB (1999); Radian Corporation (1991). 
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No studies published to date have demonstrated a mass balance, and it is not known 
whether the CDDs/CDFs measured in cigarette smoke are the result of formation during tobacco 
combustion, volatilization of CDDs/CDFs present in the unburned tobacco, or a combination of 
these two source mechanisms.  The combustion processes operating during cigarette smoking are 
complex and could be used to justify both source mechanisms.  As reported by Guerin et al. 
(1992), during a puff on a cigarette, gas-phase temperatures reach 850°C at the core of the 
firecone, and solid-phase temperatures reach 800°C at the core and 900°C or greater at the char 
line.  Thus, temperatures are sufficient to cause at least some destruction of CDDs/CDFs initially 
present in the tobacco. Both solid- and gas-phase temperatures rapidly decline to 200 to 400°C 
within 2 mm of the char line. 

Formation of CDDs/CDFs has been reported in combustion studies with other media in 
this temperature range of 200 to 900°C.  However, it is known that a process likened by Guerin 
et al. (1992) to steam distillation takes place in the region behind the char line because of high, 
localized concentrations of water and temperatures of 200 to 400°C.  At least 1,200 tobacco 
constituents (e.g., nicotine, n-paraffin, some terpenes) are transferred intact from the tobacco into 
the smoke stream by distillation in this region, and it is plausible that CDDs/CDFs present in the 
unburned tobacco would be subject to similar distillation. 

Bumb et al. (1980), using low-resolution mass spectrometry, analyzed the CDD content 
of mainstream smoke from the burning of a U.S. brand of unfiltered cigarette.  A package of 20 
cigarettes was combusted in each of two experiments.  Approximately 20 to 30 puffs of 2 to 3 sec 
duration were collected from each cigarette on a silica column.  Hexa-, hepta-, and octa-CDDs 
were detected at levels of 0.004 to 0.008, 0.009, and 0.02 to 0.05 ng/g, respectively. 

Muto and Takizawa (1989) employed a continuous smoking apparatus to measure CDD 
congener concentrations in the mainstream smoke generated from the combustion of one kind of 
filtered cigarette (brand not reported).  The apparatus pulled air at a constant continuous rate 
(rather than a pulsed rate) through a burning cigarette and collected the smoke on a series of traps 
(glass fiber filter, polyurethane foam, and XAD-II resin).  The CDD content of the smoke as well 
as the CDD content of the unburned cigarette and the ash from the burned cigarettes were also 
analyzed using low-resolution mass spectrometry.  The results are presented in Table 5-10, and 
the congener group profiles are presented in Figure 5-5.  Table 5-11 and Figure 5-6 present the 
mainstream smoke results on a mass-per-cigarette basis to enable comparison with the results of 
other studies. 

The major CDD congener group found was HpCDD, which accounted for 84% of total 
CDDs found in the cigarette, 94% of total CDDs found in smoke, and 99% of total CDDs found 
in the ash. The 2,3,7,8-HpCDDs also accounted for the majority of the measured TEQ in the 
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Table 5-10. CDD concentrations in Japanese cigarettes, smoke, and ash 

Congener/congener group 
Cigarette 

(pg/g) 

Concentrations 

Mainstream smoke 
(ng/m3) 

Ash 
(pg/g) 

2,3,7,8-TCDD 
1,2,3,7,8-PeCDD 
1,2,3,4,7,8-HxCDD 
1,2,3,6,7,8-HxCDD 
1,2,3,7,8,9-HxCDD 
1,2,3,4,6,7,8-HpCDD 
OCDD 

ND (0.5) 
ND (0.5) 

2.01a 

a 

a 

1343 
257 

ND (0.22) 
0.43 
2.15a 

a 

a 

783 
240 

ND (0.5) 
ND (0.5) 

0.56a 

a 

a 

ND (0.5) 
ND (0.5) 

2,3,7,8-TCDF NR NR NR 
1,2,3,7,8-PeCDF NR NR NR 
2,3,4,7,8-PeCDF NR NR NR 
1,2,3,4,7,8-HxCDF NR NR NR 
1,2,3,6,7,8-HxCDF NR NR NR 
1,2,3,7,8,9-HxCDF NR NR NR 
2,3,4,6,7,8-HxCDF NR NR NR 
1,2,3,4,6,7,8-HpCDF NR NR NR 
1,2,3,4,7,8,9-HpCDF NR NR NR 
OCDF NR NR NR 

Total 2,3,7,8-CDD 1602.01 1025.58 0.56 
Total 2,3,7,8-CDF NR NR NR 
Total I-TEQDF 13.9 8.5 0.06 
Total TEQDF-WHO98 13.7 8.3 0.06 

Total TCDD 44.9 68 4.63 
Total PeCDD ND (0.5) 1.51 ND (0.5) 
Total HxCDD 13.41 7.51 5.01 
Total HpCDD 1629 4939 3211 
Total OCDD 257 240 ND (0.5) 
Total TCDF NR NR NR 
Total PeCDF NR NR NR 
Total HxCDF NR NR NR 
Total HpCDF NR NR NR 
Total OCDF NR NR NR 

Total CDD/CDF 1944 5256 3221 
aValue reported only for total 2,3,7,8-substituted HxCDDs.

 ND = Not detected (value in parenthesis is the detection limit)
 NR = Not reported

 Source:  Muto and Takizawa (1989). 
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Figure 5-5.  CDD profiles for Japanese cigarettes, smoke, and ash. 

Source: Matsueda et al. (1994). 

cigarettes and smoke; however, none were measured in the ash.  Although no PeCDDs were 
detected in the cigarette, they were detected at low levels in the smoke, indicating probable 
formation during combustion.  On the basis of the similarities in the congener group profiles for 
the three media, the study authors concluded that most of the CDDs found in the cigarette smoke 
result from volatilization of CDDs/CDFs present in the unburned cigarette rather than being 
formed during combustion. 

Ball et al. (1990) measured the CDD/CDF content of mainstream smoke for the 10 best
selling German cigarette brands.  The international test approach (1 puff/min; puff flow rate of 
35 mL/2 sec) was employed with an apparatus that smoked 20 cigarettes at a time in three 
successive batches and had a large collection device.  The average TEQ content (on both an I 
TEQDF and a TEQDF-WHO98 basis) in mainstream smoke for the 10 brands tested, normalized to 
a mass-per-cigarette basis, was 0.09 pg/cigarette (i.e., 16.5 times less than the value reported by 
Muto and Takizawa, 1989, for a Japanese cigarette brand).  However, the congener group 
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Table 5-11. CDD/CDF concentrations (pg/cig) in cigarette smoke, 
normalized to a per-cigarette basisa 

Congener/congener 
group 

Muto and 
Takizawa (1989) 
(1 Japanese brand) 
(mainstream 
smoke) 

Ball et al. (1990) 
(avg. of 10 German 

brands) 
(mainstream 

smoke) 

Löfroth and 
Zebühr (1992) 

(1 Swedish brand) 
(mainstream 

smoke) 

Löfroth and 
Zebühr (1992) 

(1 Swedish brand) 
(sidestream smoke) 

2,3,7,8-TCDD ND (0.04) ND (0.03) 0.028 0.07 
1,2,3,7,8-PeCDD 0.075 ND (0.03) 0.15 0.32 
1,2,3,4,7,8-HxCDD 0.376 0.06 0.1 0.19 
1,2,3,6,7,8-HxCDD b 0.05 0.34 0.6 
1,2,3,7,8,9-HxCDD b 0.04 0.25 0.55 
1,2,3,4,6,7,8-HpCDD 137 1.3 6.05 12.2 
OCDD 42 3.4 22.1 38.8 

2,3,7,8-TCDF NR 0.19 1.2c 2.1c 

1,2,3,7,8-PeCDF NR 0.13 0.34c 0.8c 

2,3,4,7,8-PeCDF NR 0.04 0.34 0.6 
1,2,3,4,7,8-HxCDF NR ND (0.03) 1.3c 3.8c 

1,2,3,6,7,8-HxCDF NR 0.03 0.48 1.2 
1,2,3,7,8,9-HxCDF NR 0.03 0.14 0.39 
2,3,4,6,7,8-HxCDF NR 0.05 0.21 0.5 
1,2,3,4,6,7,8-HpCDF NR 0.16 10 23.5 
1,2,3,4,7,8,9-HpCDF NR 0.03 2.6 5 
OCDF NR 0.11 3.2 10.7 

Total 2,3,7,8-CDD 179.45 4.85 29.02 52.7 
Total 2,3,7,8-CDF NR 0.77 19.81 48.6 
Total I-TEQDF 1.49 0.09 0.9 1.96 
Total TEQDF-WHO98 1.49 0.09 0.96 2.08 

Total TCDD 11.9 0.51 0.61 0.67 
Total PeCDD 0.264 0.14 1.07 2.14 
Total HxCDD 1.31 0.53 2.52 5.2 
Total HpCDD 864 2.9 12.3 21.3 
Total OCDD 42 3.4 22.1 38.8 
Total TCDF NR 1.41 4.5 5.75 
Total PeCDF NR 0.83 3.23 6.35 
Total HxCDF NR 0.35 5.3 12.9 
Total HpCDF NR 0.27 19.8 47.8 
Total OCDF NR 0.11 3.2 10.7 

Total CDD/CDF 919.47 10.45 74.63 151.6 
aEmissions calculated assuming 0.0035 m3 of smoke are inhaled per 20 cigarettes smoked (Muto and Takizawa,
 1992). 
bMuto and Takizawa (1989) reported a value only for total 2,3,7,8-HxCDDs (0.38 pg/cig). 
cConcentrations listed include the contribution of a coeluting non-2,3,7,8-substituted congener.

 ND = Not detected (value in parenthesis is the detection limit)

 NR = Not reported 
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Figure 5-6.  Congener group profiles for mainstream and sidestream 
cigarette smoke. 

Source: Matsueda et al. (1994). 

profiles were similar to those reported by Muto and Takizawa, with HpCDD and OCDD the 
dominant congener groups found. 

Löfroth and Zebühr (1992) measured the CDD/CDF content of mainstream and 
sidestream smoke from one common Swedish cigarette brand.  The cigarette brand was labeled 
as giving 17 mg carbon monoxide, 21 mg tar, and 1.6 mg nicotine.  The international test 
approach was used, and the smoke was collected on glass fiber filters followed by two 
polyurethane plugs.  The analytical results for mainstream and sidestream smoke are presented in 
Table 5-11. The TEQ content in mainstream smoke, normalized to a mass-per-cigarette basis, 
was 0.96 pg TEQDF-WHO98/cigarette (0.9 pg I-TEQDF/cigarette) (i.e., about two times less than 
the value reported by Muto and Takizawa, 1989, and 10 times greater than the average value 
reported by Ball et al., 1990).  As in the Muto and Takizawa and Ball et al. studies, the dominant 
congener groups were HpCDDs and OCDD; however, HpCDFs were also relatively high in 
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comparison with the other congener group totals.  The sidestream smoke contained 2.08 pg 
TEQDF-WHO98/cigarette (1.96 pg I-TEQDF/cigarette), or twice that of mainstream smoke. 

Using high-resolution mass spectrometry, Matsueda et al. (1994) analyzed the CDD/CDF 
content of tobacco from 20 brands of commercially available cigarettes collected in 1992 from 
Japan, the United States, Taiwan, China, the United Kingdom, Germany, and Denmark.  Table 5
12 presents the study results.  The total CDD/CDF content ranged from 109 to 1,136 pg/pack, 
and total TEQDF-WHO98 content ranged from 1.9 to 14 pg/pack (1.4 to 12.6 pg/pack on an I 
TEQDF basis). The Chinese cigarette brand contained significantly lower CDDs/CDFs and TEQs 
than did any other brand of cigarette.  Figure 5-7 depicts the congener group profiles for the 
average results for each country.  A high degree of similarity is seen among the CDF congener 
group profiles of the tested cigarette brands.  The Japanese and Taiwanese cigarettes show CDD 
congener group profiles different from those of the other countries’ cigarettes. 

Brown (2002) estimated that 440 billion cigarettes were consumed in the United States in 
2000. In 1995, approximately 487 billion cigarettes were consumed in the United States and by 
U.S. overseas armed forces personnel. In 1987, approximately 575 billion cigarettes were 
consumed. According to The Tobacco Institute (1995), per capita U.S. cigarette consumption, 
based on the total U.S. population aged 16 and over, was a record high of 4,345 in 1963, 
declining to 2,415 in 1995 and 1,563 in 2000 (USDA, 1997; U.S. Census Bureau, 2000).  The 
activity level estimates by Brown (2002) were adopted, and a high confidence rating is assigned 
because they are based on known consumption rates. 

The available emission factor data presented above provide the basis for two methods of 
estimating the amount of TEQs that may have been released to the air in the United States in 
2000, 1995, and 1987 from the combustion of cigarettes.  The confidence rating assigned to the 
emission factor is low because of the very limited amount of testing performed to date.  First, an 
annual emission estimate for 2000 of 0.19 g TEQ (on a TEQDF-WHO98 or I-TEQDF basis) is 
obtained if it is assumed that (a) the average TEQ content of seven brands of U.S. cigarettes 
reported by Matsueda et al. (1994)—6.3 pg TEQDF-WHO98/pack (5.5 pg I-TEQDF/pack)—is 
representative of cigarettes smoked in the United States, (b) CDDs/CDFs are not formed and the 
congener profile reported by Matsueda et al. (1994) is not altered during combustion of 
cigarettes, and (c) all CDDs/CDFs contributing to the TEQ are released from the tobacco during 
smoking. 

The available emission factor data presented above provide the basis for two methods of 
estimating the amount of TEQs that may have been released to the air in the United States in 
2000, 1995, and 1987 from the combustion of cigarettes.  The confidence rating assigned to the 
emission factor is low because of the very limited amount of testing performed to date.  First, an 
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Table 5-12. CDD/CDF concentrations (pg/pack) in tobacco cigarette brands 
from various countries 

U.S. 
(avg. of 7 
brands) 

Japan 
(avg. of 6 
brands) 

United 
Kingdom 
(avg. of 3 
brands) 

Taiwan 
(1 brand) 

China 
(1 brand) 

Denmark 
(1 brand) 

Germany 
(1 brand) 

2,3,7,8-TCDD 
1,2,3,7,8-PeCDD 
1,2,3,4,7,8-HxCDD 
1,2,3,6,7,8-HxCDD 
1,2,3,7,8,9-HxCDD 
1,2,3,4,6,7,8-HpCD 
D 
OCDD 

1.2 
1.6 
6.9 
a 

a 

52.7 
589.3 

0.5 
1.4 
4.8 
a 

a 

17.8 
244 

1.7 
3.1 
6.1 
a 

a 

23.9 
189.5 

1 
3.3 

12.2 
a 

a 

26.4 
272.7 

ND 
1.1 
1.1 
a 

a 

2.2 
28.2 

0.5 
0.8 
6.2 
a 

a 

53.3 
354.3 

1.1 
3.3 
5.7 
a 

a 

32.7 
288.6 

2,3,7,8-TCDF 18.2 4.8 15.6 11 1.2 2.2 7.9 
1,2,3,7,8-PeCDF 8.7 5.3 21.2 16 1.5 4.3 14.4 
2,3,4,7,8-PeCDF b b b b b b b 

1,2,3,4,7,8-HxCDF 8.1 8.1 17 12.9 2.2 4.3 13.2 
1,2,3,6,7,8-HxCDF c c c c c c c 

1,2,3,7,8,9-HxCDF c c c c c c c 

2,3,4,6,7,8-HxCDF c c c c c c c 

1,2,3,4,6,7,8-HpCDF 17.6 11.1 13.6 13.2 1.5 7 12.9 
1,2,3,4,7,8,9-HpCDF d d d d d d d 

OCDF 24.6 10.5 8.3 13.9 0.5 10.5 13.9 

Total 2,3,7,8-CDD 651.7 268.5 224.3 315.6 32.6 415.1 331.4 
Total 2,3,7,8-CDF 77.2 39.8 75.7 67 6.9 28.3 62.3 
Total I-TEQDF 7.1 3.8 8.8 7.7 1.1 3.4 6.9 
Total TEQDF-WHO98 7.3 4.3 10.1 9.1 1.7 3.4 8.3 

Total TCDD 47.1 296.3 85.1 329 9.7 17 49.5 
Total PeCDD 27.6 33.6 62.9 150.5 5.2 9.8 40.8 
Total HxCDD 40.6 29.2 49.2 99.4 5.4 26.7 40.6 
Total HpCDD 108.7 40 47.7 62 3.8 93.1 60.2 
Total OCDD 589.3 244 189.5 272.7 28.2 354.3 288.6 
Total TCDF 183.8 102.1 348.9 372.1 35.4 97.8 233.4 
Total PeCDF 57.7 45.9 134.5 149.1 11.2 35.5 97.5 
Total HxCDF 29.1 26.4 51.3 45.8 7.8 18.1 40.8 
Total HpCDF 27.3 16.6 19 18.5 1.7 11.1 21.2 
Total OCDF 24.6 10.5 8.3 13.9 0.5 10.5 13.9 

Total CDD/CDF 1,135.8 844.6 996.4 1513 108.9 673.9 886.5 
aValue reported only for total 2,3,7,8-substituted HxCDDs. 
bValue reported only for total 2,3,7,8-substituted PeCDFs. 
cValue reported only for total 2,3,7,8-substituted HxCDFs. 
dValue reported only for total 2,3,7,8-substituted HpCDFs.

 Source: Matsueda et al. (1994). 

annual emission estimate for 2000 of 0.19 g TEQ (on a TEQDF-WHO98 or I-TEQDF basis) is 
obtained if it is assumed that (a) the average TEQ content of seven brands of U.S. cigarettes 
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Figure 5-7.  Congener group profiles for cigarette tobacco from various 
countries. 

Source:  Matsueda et al. (1994). 

reported by Matsueda et al. (1994)—6.3 pg TEQDF-WHO98/pack (5.5 pg I-TEQDF/pack)—is 
representative of cigarettes smoked in the United States, (b) CDDs/CDFs are not formed and the 
congener profile reported by Matsueda et al. (1994) is not altered during combustion of 
cigarettes, and (c) all CDDs/CDFs contributing to the TEQ are released from the tobacco during 
smoking. 

The second method of estimating is based on the assumption that the TEQ emission rates 
for a common Swedish brand of cigarette reported by Löfroth and Zebühr (1992) for mainstream 
smoke (0.96 pg TEQDF-WHO98/cigarette [0.9 pg I-TEQDF/cigarette]) and sidestream smoke (2.08 
pg TEQDF-WHO98/cigarette [1.96 pg I-TEQDF/cigarette]) are representative of the emission rates 
for U.S. cigarettes.  For 2000, the two methods yield estimates of 0.11 g TEQDF-WHO98 (0.1 g I 
TEQ) and 0.67 g TEQDF-WHO98 (0.63 g I-TEQDF). For 1995, the two methods yield estimates of 
0.2 g (on a TEQDF-WHO98 or I-TEQDF basis) and 1.48 g TEQDF-WHO98 (1.41 g I-TEQDF). For 
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1987, the two methods yield estimates of 0.14 g TEQDF-WHO98 (0.12 g I-TEQDF basis) and 1.75 
g TEQDF-WHO98 (1.67 g I-TEQDF). 

For purposes of this report, the best estimates of annual emissions are assumed to be the 
average of the annual emissions estimated by the two methods for 2000, 1995, and 1987 (0.4 g, 
0.8 g, and 1 g TEQDF-WHO98 or I-TEQDF, respectively).  These emissions are assigned a low 
confidence rating because the emission factor has a low confidence rating.  Although these 
emission quantities are relatively small when compared with the emission quantities estimated 
for various industrial combustion source categories, they are significant because humans are 
directly exposed to cigarette smoke. 

5.6. PYROLYSIS OF BROMINATED FLAME RETARDANTS 

The pyrolysis and photolysis of brominated phenolic derivatives and polybrominated 
biphenyl ethers used as flame retardants in plastics (especially those used in electronic devices), 
textiles, and paints can generate considerable amounts of polybrominated dibenzo-p-dioxins 
(BDDs) and dibenzofurans (BDFs) (Watanabe and Tatsukawa, 1987; Thoma and Hutzinger, 
1989; Luijk et al., 1992).  Watanabe and Tatsukawa (1987) observed the formation of BDFs from 
the photolysis of decabromobiphenyl ether.  Approximately 20% of the decabromobiphenyl ether 
was converted to BDFs in samples that were irradiated with ultraviolet light for 16 hr. 

Thoma and Hutzinger (1989) observed the formation of BDFs during combustion 
experiments with polybutylene-terephthalate polymers containing 9 to 11% decabromodiphenyl 
ether. Maximum formation of BDFs occurred at 400 to 600°C, with a BDF yield of 16%. 
Although the authors did not provide specific quantitative results for similar experiments 
conducted with octabromodiphenyl ether and 1,2-bis(tri-bromophenoxy)ethane, they did report 
that BDDs and BDFs were formed. 

Luijk et al. (1992) studied the formation of BDDs/BDFs during the compounding and 
extrusion of decabromodiphenyl ether into high-impact polystyrene polymer at 275°C.  Hepta
and octa-BDF were formed during repeated extrusion cycles, and the yield of BDFs increased as 
a function of the number of extrusion cycles.  HpBDF increased from 1.5 to 9 ppm (in the 
polymer matrix), and OBDF increased from 4.5 to 45 ppm after four extrusion cycles. 

Insufficient data are available at this time from which to derive annual BDD/BDF 
emission estimates for this source. 

5.7. CARBON REACTIVATION FURNACES 

Granular activated carbon (GAC) is an adsorbent that is widely used to remove organic 
pollutants from wastewater and to treat finished drinking water at water treatment plants. 
Activated carbon is manufactured from the pyrolytic treatment of nut shells and coal (Buonicore, 
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1992a). The properties of GAC make it ideal for adsorbing and controlling vaporous organic and 
inorganic chemicals entrained in combustion plasmas as well as soluble organic contaminants in 
industrial effluents and drinking water.  The high ratio of surface area to particle weight 
(600:1,600 m2/g), combined with the extremely small pore diameter of the particles (15 to 25 
angstroms), increases the adsorption characteristics (Buonicore, 1992a).  GAC eventually 
becomes saturated, and the adsorption properties significantly degrade.  When saturation occurs, 
GAC usually must be discarded and replaced, which significantly increases the costs of pollution 
control. 

The introduction of carbon reactivation furnace technology in the mid-1980s created a 
method involving the thermal treatment of used GAC to thermolytically desorb the synthetic 
compounds and restore the adsorption properties for reuse (Lykins et al., 1987).  Large-scale 
regeneration operations, such as those used in industrial water treatment operations, typically use 
multiple-hearth furnaces. For smaller-scale operations, such as those used in municipal water 
treatment operations, fluidized-bed and infrared furnaces are used.  Emissions are typically 
controlled by afterburners followed by water scrubbers (U.S. EPA, 1997a). 

The used GAC can contain compounds that are precursors to the formation of 
CDDs/CDFs during the thermal treatment process.  A study by EPA (U.S. EPA, 1987a) 
measured precursor compounds in spent GAC that was used as a feed material to a carbon 
reactivation furnace tested during the National Dioxin Study.  The total chlorobenzene content of 
the GAC ranged from 150 to 6,630 ppb.  Trichlorobenzene was the most prevalent species 
present, with smaller quantities of di- and tetra-chlorobenzenes detected.  Total halogenated 
organics were measured to be about 150 ppm. 

EPA has stack-tested two GAC reactivation furnaces for the emission of dioxin (U.S. 
EPA, 1987a; Lykins et al., 1987).  One facility was an industrial carbon reactivation plant, and 
the second facility was used to restore GAC at a municipal drinking water plant.  EPA (U.S. 
EPA, 1997a) reported results of other testing performed at a county water facility in California 
during 1990. 

The industrial carbon reactivation plant processed 36,000 kg/day of spent GAC used in 
the treatment of industrial wastewater effluents.  This facility was chosen for testing because it 
was considered to be representative of other facilities in the source category (U.S. EPA, 1987a). 
Spent carbon was reactivated in a multiple-hearth furnace, cooled in a water quench, and shipped 
back to primary chemical manufacturing facilities for reuse.  The furnace was fired by natural gas 
and consisted of seven hearths arranged vertically in series.  The hearth temperatures ranged from 
480 to 1,000°C. Air pollutant emissions were controlled by an afterburner, a sodium spray 
cooler, and an FF.  Temperatures in the afterburner were about 930°C.  The estimated I-TEQDF 

emission factor (treating nondetect values as zero) was 0.76 ng TEQDF-WHO98/kg (0.64 ng 
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I-TEQDF/kg) carbon processed.  The emission factor for total CDDs/CDFs was 58.6 ng/kg. 
Because analyses were performed only for 2,3,7,8-TCDD; 2,3,7,8-TCDF; OCDD; and OCDF 
and the congener groups, equivalent concentrations were assumed for all toxic and nontoxic 
congeners in each of the penta, hexa, and hepta congener groups. 

The second GAC reactivation facility tested by EPA consisted of a fluidized-bed furnace 
located at a municipal drinking water treatment plant (Lykins et al., 1987).  The furnace was 
divided into three sections: a combustion chamber, a reactivation section, and a dryer section. 
The combustion chamber was fired by natural gas and consisted of a stoichiometrically balanced 
stream of fuel and oxygen.  Combustion temperatures were about 1,038°C.  Gases from the 
reactivation section and combustion chamber were directed through an acid gas scrubber and 
high-temperature afterburner prior to discharge from a stack.  Although measurable 
concentrations of dioxin-like compounds were detected in the stack emissions, measurements of 
the individual CDD/CDF congeners were not performed; therefore, it was not possible to derive 
TEQ emission factors for this facility.  With the afterburner operating, no CDD congeners below 
HpCDD were detected in the stack emissions.  Concentrations of HpCDDs and OCDD ranged 
from 0.001 to 0.05 ppt/volume basis (ppt/v) and 0.006 to 0.28 ppt/v, respectively.  All CDF 
congener groups were detected in the stack emissions even with the afterburner operating.  Total 
CDFs emitted from the stack averaged 0.023 ppt/v. 

EPA (U.S. EPA, 1997a) reported a TEQ emission factor of 1.73 ng I-TEQDF/kg of carbon 
processed for the reactivation unit at a county water facility in California in 1990.  The emission 
factor for total CDDs/CDFs was reported to be 47 ng/kg (i.e., similar to the total CDD/CDF 
emission factor of 58.6 ng/kg at the industrial GAC facility).  Because congener-specific results 
were not reported, it was not possible to calculate the TEQDF-WHO98 emission factor. The report 
also did not provide the configuration and type of furnace tested; however, it did state that the 
emissions from the furnace were controlled by an afterburner and a scrubber. 

The industrial GAC reaction furnace test data indicate that an average of 0.64 ng 
I-TEQDF/kg of GAC may be released.  The I-TEQDF emission rate for the reactivation unit at the 
county water treatment facility was 1.73 ng I-TEQDF/kg carbon.  Low confidence ratings are 
given to these emission factors because only two GAC reactivation furnaces were stack tested, 
and not all congeners were analyzed at the industrial GAC facility. 

The mass of GAC that is reactivated annually in carbon reactivation furnaces is not 
known. However, a rough estimate, to which a low confidence rating is assigned, is the mass of 
virgin GAC shipped each year by GAC manufacturers.  According to the U.S. Department of 
Commerce (U.S. DOC, 1990c), 48,000 metric tons of GAC were shipped in 1987.  EPA reported 
that in 1990, water and wastewater treatment operations consumed 65,000 metric tons of GAC 
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(U.S. EPA, 1995b, 1997a). The 1990 activity level was used in this document as a surrogate for 
the 1995 and 2000 activity levels. 

Applying the average TEQ emission factor of 1.2 ng (TEQDF-WHO98 or I-TEQDF) per kg 
of reactivated carbon for the two tested facilities to the estimates of potential GAC reactivation 
volumes yields annual release estimates of 0.06 g (TEQDF-WHO98 or I-TEQDF) in 1987 and 
0.08 g (TEQDF-WHO98 or I-TEQDF) in 1995 and 2000 (assuming that the activity level for 1990 is 
representative of the 1995 and 2000 activity levels).  These emission estimates are assigned a low 
confidence rating because both the activity and emission factor estimates had low confidence 
ratings. 

5.8. KRAFT BLACK LIQUOR RECOVERY BOILERS 

Kraft black liquor recovery boilers are associated with the production of pulp in the 
making of paper using the Kraft process.  In this process, wood chips are cooked in large vertical 
vessels called digesters at elevated temperatures and pressures in an aqueous solution of sodium 
hydroxide and sodium sulfide.  Wood is broken down into two phases:  a soluble phase 
containing primarily lignin, and an insoluble phase containing the pulp.  The spent liquor (called 
black liquor) from the digester contains sodium sulfate and sodium sulfide, which the industry 
recovers for reuse in the Kraft process. 

In the recovery of black liquor chemicals, weak black liquor is first concentrated in 
multiple-effect evaporators to about 65% solids.  The concentrated black liquor also contains 0.5 
to 4% chlorides by weight, which are recovered through combustion.  The concentrated black 
liquor is sprayed into a Kraft black liquor recovery furnace equipped with a heat recovery boiler. 
The bulk of the inorganic molten smelt that forms in the bottom of the furnace contains sodium 
carbonate and sodium sulfide in a ratio of about 3:1.  The combustion gas is usually passed 
through an ESP that collects PM prior to being vented out the stack.  The PM can be processed to 
further recover and recycle sodium sulfate (Someshwar and Pinkerton, 1992). 

In 1987, EPA stack-tested three Kraft black liquor recovery boilers for the emission of 
dioxin in conjunction with the National Dioxin Study (U.S. EPA, 1987a).  The three sites tested 
by EPA were judged to be typical of Kraft black liquor recovery boilers at that time.  During 
pretest surveys, two facilities were judged to have average potential for CDD/CDF emissions and 
one was judged to have high potential, based on the amount of chlorine found in the feed to these 
units. Dry-bottom ESPs controlled emissions from two of the boilers; a wet-bottom ESP 
controlled emissions from the third.  The results of these tests included congener group 
concentrations but lacked measurement results for specific congeners other than 2,3,7,8-TCDD 
and 2,3,7,8-TCDF.  
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NCASI (1995) provided congener-specific emission test results for six additional boilers 
tested during 1990 to 1993.  Three boilers were of the direct contact type, and three were 
noncontact type.  All were equipped with ESPs.  The average congener and congener group 
emission factors are presented in Table 5-13 for the three facilities reported by EPA (U.S. EPA, 
1987a) and the six facilities reported by NCASI (1995).  Figure 5-8 presents the average 
congener and congener group profiles based on the test results presented by NCASI (1995). 

The average TEQ emission factor, based on the data for the six NCASI facilities with 
complete congener data, was 0.028 ng TEQDF-WHO98/kg (0.029 ng I-TEQDF/kg) of black liquor 


solids, assuming nondetect values were zero, and 0.078 ng TEQDF-WHO98/kg (0.068 ng I 
TEQDF/kg), assuming nondetect values were present at one-half the DL.  This value is assumed to 
apply to all three reference years (1987, 1995, and 2000).  The results for the three facilities 
reported by EPA were not used in the derivation of the TEQ emission factor because congener-
specific measurements for most 2,3,7,8-substituted congeners were not made in the study (U.S. 
EPA, 1987a).  A medium confidence rating is assigned to those emission factors because they 
were derived from the stack testing of six Kraft black liquor recovery boilers that were judged to 
be fairly representative of technologies used at Kraft pulp mills in the United States.  

A 1995 survey of the industry indicated that 215 black liquor recovery boilers were in 
operation at U.S. pulp and paper mills.  All but one of these boilers used ESPs for control of 
particulate emissions; the one unique facility used dual scrubbers.  In addition, ESPs were 
reported to have been the predominant means of particulate control at recovery boilers for the 
past 20 years (letter dated October 8, 1998, from W. Gillespie, National Council of the Paper 
Industry for Air and Stream Improvement, Inc., to G. Schweer, Versar, Inc.). 

The amounts of black liquor solids burned in Kraft black liquor recovery boilers in the 
United States during 1987 and 1995 were 69.8 million metric tons and 80.8 million metric tons, 
respectively (American Paper Institute, 1992; American Forest and Paper Association, 1997). 
These activity level estimates are assigned a high confidence rating because they are based on 
comprehensive industry survey data.  Combining the emission factors derived above with the 
activity level estimates for 1987 and 1995 yields estimated annual emissions from this source of 
approximately 2 g (TEQDF-WHO98 or I-TEQDF) in 1987 and 2.3 g (TEQDF-WHO98  or I-TEQDF) in 
1995. These emission estimates are assigned a medium confidence rating because the emission 
factor have a medium confidence rating. 

For 2000, NCASI provided estimates of activity levels for Kraft recovery furnaces and 
Kraft lime kilns and CDD/CDF releases, including emissions from 11 Kraft recovery furnaces 
and four Kraft lime kilns (Gillespie, 2002).  The activity levels were reported to be 90.7 million 
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Table 5-13. CDD/CDF mean emission factors (ng/kg feed) for black liquor 
recovery boilers 

Congener 

U.S. EPA (1987a) 
(3 facilities) 

NCASI (1995) 
(6 facilities) 

Nondetect set to 
zero 

Nondetect set to ½ 
detection limit 

Nondetect set to 
zero 

Nondetect set to ½ 
detection limit 

2,3,7,8-TCDD 0 0.04 0 0.016 
1,2,3,7,8-PeCDD NR NR 0 0.016 
1,2,3,4,7,8-HxCDD NR NR 0.001 0.018 
1,2,3,6,7,8-HxCDD NR NR 0.003 0.015 
1,2,3,7,8,9-HxCDD NR NR 0.006 0.019 
1,2,3,4,6,7,8-HpCDD NR NR 0.108 0.135 
OCDD 4.24 4.24 1.033 1.054 

2,3,7,8-TCDF 0.04 0.06 0.04 0.049 
1,2,3,7,8-PeCDF NR NR 0.03 0.036 
2,3,4,7,8-PeCDF NR NR 0.033 0.037 
1,2,3,4,7,8-HxCDF NR NR 0.007 0.022 
1,2,3,6,7,8-HxCDF NR NR 0.012 0.021 
1,2,3,7,8,9-HxCDF NR NR 0.005 0.016 
2,3,4,6,7,8-HxCDF NR NR 0.01 0.021 
1,2,3,4,6,7,8-HpCDF NR NR 0.024 0.035 
1,2,3,4,7,8,9-HpCDF NR NR 0 0.014 
OCDF 0.35 0.35 0.113 0.13 

Total TCDD 0.21 0.36 0.106 0.123 
Total PeCDD 0.27 0.35 0.013 0.059 
Total HxCDD 0.8 1.02 0.104 0.122 
Total HpCDD 2.05 2.05 0.252 0.279 
Total OCDD 4.24 4.24 1.033 1.054 
Total TCDF 0.95 1 1.27 1.275 
Total PeCDF 0.64 0.77 0.37 0.376 
Total HxCDF 1.16 1.2 0.102 0.109 
Total HpCDF 1.05 1.05 0.024 0.038 
Total OCDF 0.35 0.35 0.113 0.13 

Total I-TEQDF 
Total TEQDF-WHO98 

0.10a 

0.10a 
0.15a 

0.16a 
0.029 
0.028 

0.065 
0.072 

Total CDD/CDF 11.72 12.39 3.39 3.57 
aEstimate based on the measured data for 2,3,7,8-TCDD; 2,3,7,8-TCDF; OCDD; and OCDF and congener group
 emissions (i.e., for the penta-, hexa-, and hepta-CDD and CDFs, it was assumed that the measured emission factor
 within a congener group was the sum of equal emission factors for all congeners in that group, including non
 2,3,7,8-substituted congeners). 

NR = Not reported 

metric tons for Kraft recovery furnaces and 13 million metric tons for Kraft lime kilns.  These 
activity level estimates are assigned a high confidence rating because they are based on 
comprehensive industry survey data.  Emission factors were taken from “NCASI Handbook of 
Chemical Specific Information for SARA Section 313 Form R Reporting.”  The factors provided 
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Figure 5-8.  Congener and congener group profiles for air emissions from 
Kraft black liquor recovery boilers (nondetect set equal to zero). 

Source:  NCASI (1995). 
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in this handbook were compiled from valid test data supplied to NCASI by a variety of sources, 
including NCASI member companies who had performed the tests in response to a regulatory 
program.  They are assigned a high confidence rating because they are based on a comprehensive 
survey of stack emissions.  Congener-specific CDD/CDF TEQ emission factors were provided 
for both source categories (Table 5-14).  Using the congener-specific emission factors and the 
activity levels provided above, NCASI estimated CDD/CDF TEQDF-WHO98 emissions for each 
congener (Table 5-14) and reported total emissions of 0.75 g TEQDF-WHO98/yr and 6.9e!5 g 
TEQDF-WHO98/yr for Kraft recovery furnaces and Kraft lime kilns, respectively.  This 2000 
emissions estimate has a high confidence rating because both the emission factor and activity 
level are rated as high confidence. 

5.9. OTHER IDENTIFIED SOURCES 

Several manufacturing processes are identified as potential sources of CDD/CDF 
formation because the processes use chlorine-containing components or involve application of 
high temperatures.  However, no testing of emissions from these processes has been performed in 
the United States, and only minimal emission rate information has been reported for these 
processes in other countries. Therefore, these sources are rated as Category E sources, meaning 
their emissions cannot be quantified. 

Burning of candles.  Schwind et al. (1995) analyzed the wicks and waxes of uncolored 
candles as well as the fumes of burning candles for CDDs/CDFs, total chlorophenol, and total 
chlorobenzene content.  The results, presented in Table 5-15, show that beeswax contained the 
highest levels of CDDs/CDFs and total chlorophenols.  In contrast, the concentration of total 
chlorobenzenes in stearin wax was higher than that in paraffin or beeswax by a factor of 2 to 3. 
The concentrations of the three analyte groups were significantly lower in the wicks than in the 
waxes.  Emissions of CDDs/CDFs from all three types of candles were very low during burning. 
In fact, comparison of the emission factor with the original CDD/CDF concentrations in the wax 
indicates a net destruction of the CDDs/CDFs originally present in the wax.  Information on the 
activity level is lacking, therefore, no estimate of environmental release can be made at this time. 

Glass manufacturing.  Annual emissions of less than 1 g I-TEQDF/yr have been 
estimated for glass manufacturing facilities in the Netherlands (Bremmer et al., 1994) and the 
United Kingdom (Douben et al., 1995).  Glass is manufactured by heating a mixture of sand and, 
depending on the type of glass, lime, sodium carbonate, dolomite, clay, or feldspar to a 
temperature of 1,400 to 1,650°C. In addition, various coloring and clarifying agents may be 
added. Chlorine enters the process as a contaminant (NaCl) in sodium carbonate (Bremmer et al. 
1994). However, the emission factors used by Bremmer et al. and Douben et al. were not 
reported. Umweltbundesamt (1996) reported relatively low emission factors (approximately 
0.002 and 0.007 ng I-TEQDF/kg) for two glass manufacturing facilities in Germany. 
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Table 5-14. CDD/CDF TEQ emission factors and emission estimates from Kraft 
recovery furnaces and Kraft lime kilns 

Congener 

Kraft recovery furnaces Kraft lime kilns 

TEQDF-WHO98 

(ng/lb BLS) 
Emissions 

(ng/yr) 
TEQDF-WHO98 

(ng/lb CaO) 
Emissions 

(ng/yr) 

2,3,7,8-TCDD 0.00e+00 0.00e+00 0.00e+00 0.00e+00 
1,2,3,7,8-PeCDD 0.00e+00 0.00e+00 0.00e+00 0.00e+00 
1,2,3,4,7,8-HxCDD 0.00e+00 0.00e+00 0.00e+00 0.00e+00 
1,2,3,6,7,8-HxCDD 2.00e!04 3.33e+07 1.00e–04 2.60e+03 
1,2,3,7,8,9-HxCDD 5.00e!04 8.31e+07 0.00e+00 0.00e+00 
1,2,3,4,6,7,8-HpCDD 4.90e!04 8.15e+07 2.80e!04 7.27e+03 
1,2,3,4,6,7,8,9-OCDD 1.42e!04 2.36e+07 2.56e!04 6.65e+03 

2,3,7,8-TCDF 5.00e!04 8.31e+07 8.00e!04 2.08e+04 
1,2,3,7,8-PeCDF 1.00e!04 1.66e+07 1.00e!04 2.60e+03 
2,3,4,7,8-PeCDF 1.50e!03 2.49e+08 0.00e+00 0.00e+00 
1,2,3,4,7,8-HxCDF 4.00e!04 6.65e+07 9.00e!04 2.34e+04 
1,2,3,6,7,8-HxCDF 2.00e!04 3.33e+07 2.00e!04 5.20e+03 
1,2,3,7,8,9-HxCDF 0.00e+00 0.00e+00 0.00e+00 0.00e+00 
2,3,4,6,7,8-HxCDF 4.00e!04 6.65e+07 0.00e+00 0.00e+00 
1,2,3,4,6,7,8-HpCDF 6.00e!05 9.98e+06 0.00e+00 0.00e+00 
1,2,3,4,7,8,9-HpCDF 0.00e+00 0.00e+00 0.00e+00 0.00e+00 
1,2,3,4,6,7,8,9-OCDF 2.60e!05 4.32e+06 0.00e+00 0.00e+00 

BLS = Black liquor solids 
CaO = Calcium oxide 

Table 5-15. CDD/CDF concentrations in candle materials and emissions 

Concentration Emission factor 

Total Total CDD/CDF 
Wax Candle CDD/CDF chlorophenols chlorobenzenes (ng I-TEQDF/kg 

material component (ng I-TEQDF/kg) (:g/kg) (:g/kg) burnt wax) 

Paraffin Wax 0.59 14.8 130 0.015 
Stearin Wax 1.62 32.3 330 0.027 
Beeswax Wax 10.99 256 120 0.004 

Paraffin Wick 0.18 1.23 0.67 NR 
Stearin Wick 0.12 0.94 0.34 NR 
Beeswax Wick 0.08 0.74 0.35 NR 

Source:  Schwind et al. (1995). 

5-47
 




 

Lime kilns.  Annual emissions from lime kilns in Belgium and the United Kingdom have 
been reported by Wevers and De Fre (1995) and Douben et al. (1995), respectively.  However, 
the emission factors used to generate those estimates were not provided.  Umweltbundesamt 
(1996) reported low emissions (0.016 to 0.028 ng I-TEQDF/kg) during tests at two lime kilns in 
Germany. 

Ceramics and rubber manufacturers.  Douben et al. (1995) estimated annual emissions 
from ceramic manufacturers and rubber manufacturers in the United Kingdom.  Lexen et al. 
(1993) had previously detected high concentrations of CDDs/CDFs in emissions from a ceramic 
manufacturer in Sweden that occasionally glazed ceramics by volatilization of sodium chloride in 
a coal-fired oven. Lexen et al. (1993) also detected high pg/L levels of I-TEQDF in the scrubber 
water from the vulcanization process at a Swedish rubber manufacturer. 
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6. COMBUSTION SOURCES OF CDDs/CDFs:  MINIMALLY CONTROLLED 
AND UNCONTROLLED COMBUSTION SOURCES 

This chapter discusses combustion sources of CDDs/CDFs that have some (in the case of 
combustion of landfill gas) or no post-combustion pollution control equipment for conventional 
pollutant emissions. 

6.1. COMBUSTION OF LANDFILL GAS 

6.1.1. Emissions Data 

Although no data could be located on levels in untreated landfill gas, several studies have 
reported detecting CDDs/CDFs in the emissions resulting from the combustion of landfill gas. 
Only one study of CDD/CDF emissions from a landfill flare has been reported for a U.S. landfill 
(CARB, 1990c).  The TEQDF-WHO98 and I-TEQDF emission factor calculated from the results of 
this study is approximately 2.4 ng TEQ/m3 landfill gas combusted.  The congener-specific results 
of this study are presented in Table 6-1.  Figure 6-1 presents the CDD/CDF congener emission 
profile based on these emission factors.  Bremmer et al. (1994) reported a lower emission factor, 
0.4 ng I-TEQDF/m3, from the incineration of untreated landfill gas in a flare at a facility located in 
the Netherlands.  No congener-specific emission factors were provided.  The average TEQ 
emission factor for the CARB and Bremmer et al. studies is 1.4 ng I-TEQDF/m3 landfill gas 
combusted. 

Umweltbundesamt (1996) reported even lower TEQ emission factors for landfill gas 
burned in engines or boiler mufflers rather than in a flare.  The reported results for 30 engines 
and mufflers tested in Germany ranged from 0.001 to 0.28 ng I-TEQDF/m3, with most values 
below 0.1 ng I-TEQDF/m3 . However, Bremmer et al. (1994) reported an emission factor of 0.5 ng 
I-TEQDF/m3 from a landfill gas-fired engine in the Netherlands. 

6.1.2. Activity Level Information 

In 1996 EPA promulgated emission standards and guidelines to control emissions of 
landfill gas from existing and future landfills under the Clean Air Act (Federal Register, 1996b).  
Those regulations require the largest landfills in the United States (on the basis of design 
capacity) to periodically measure and determine their annual emissions of landfill gas.  Landfills 
that emit more than 50 metric tons of nonmethane organic compounds (NMOC) annually must 
collect landfill gas and reduce its NMOC content by 98% weight through the use of a control 
device. 
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Table 6-1. CDD/CDF emission factors for a landfill flare 

Congener/congener group 
Mean facility emission factora 

(ng/m3 gas combusted) 

2,3,7,8-TCDD 0.02 
1,2,3,7,8-PeCDD 0.09 
1,2,3,4,7,8-HxCDD 0.07 
1,2,3,6,7,8-HxCDD 0.07 
1,2,3,7,8,9-HxCDD 0.26 
1,2,3,4,6,7,8-HpCDD 0.76 
OCDD 4.41 

2,3,7,8-TCDF 14.07 
1,2,3,7,8-PeCDF 0.39 
2,3,4,7,8-PeCDF 1.14 
1,2,3,4,7,8-HxCDF 1.46 
1,2,3,6,7,8-HxCDF 0.42 
1,2,3,7,8,9-HxCDF 0.11 
2,3,4,6,7,8-HxCDF 0.68 
1,2,3,4,6,7,8-HpCDF 1.22 
1,2,3,4,7,8,9-HpCDF 0.07 
OCDF 0.64 

Total 2,3,7,8-CDD 5.68 
Total 2,3,7,8-CDF 20.20 
Total I-TEQDF 2.39 
Total TEQDF-WHO98 2.43 

Total TCDD NR 
Total PeCDD NR 
Total HxCDD NR 
Total HpCDD NR 
Total OCDD NR 
Total TCDF NR 
Total PeCDF NR 
Total HxCDF NR 
Total HpCDF NR 
Total OCDF NR 

Total CDD/CDF NR 
aAssumes heat content of 1.86e+07 J/m3 for landfill gas (Federal Register, 1996a). 

NR = Not reported 

Source:  CARB (1990c). 
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Ratio (congener emission factor/total 2378-CDD/CDF emission factor) 

0 0.1 0.2 0.3 0.4 0.5 

Figure 6-1.  Congener profile for landfill flare air emissions. 

Source: CARB (1990c). 

6.1.2.1.  Activity Levels for 1987 and 1995 

EPA estimated that when the 1996 regulations were implemented, the controls would 
reduce annual NMOC emissions from existing landfills by 77,600 metric tons.  The cost analysis 
supporting this rulemaking based control device costs on open flares because flares are 
applicable to all the regulated facilities.  Assuming that the mass reduction would be achieved by 
the use of flares, the corresponding volume of landfill gas burned would be approximately 14 
billion m3/yr.  The calculation was based on an assumed default NMOC concentration in landfill 
gas of 1,532 ppmv and a conversion factor of 3.545 mg/m3 NMOC per 1 ppmv NMOC (Federal 
Register, 1993b).  
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Of the approximately 312 landfills that were affected by the promulgation of the emission 
standards and guidelines in 1996, EPA estimated that more than 100 had some form of collection 
or control system (or both) in place in 1991 (Federal Register, 1991c).  Thus, a rough 
approximation of the volume of landfill gas combusted in 1995 was 4.7 billion m3/yr (or 33% of 
the future expected 14 billion m3/yr reduction).  This estimate is similar to the 2 to 4 billion m3 

landfill gas estimated by the Energy Information Administration (EIA, 1994) as collected and 
consumed for energy recovery purposes in 1992.  

EIA (1992) estimated that between 0.9 and 1.8 billion m3 of landfill gas were collected 
and burned in 1990 for energy recovery purposes.  Because there were no specific data available 
for 1987, EPA assumed that the mean of this range,  1.35 billion m3, would serve as an 
approximate estimate of the volume of landfill gas combusted in 1987. 

6.1.2.2. Activity Level for 2000 

According to the EPA 2001 inventory of greenhouse gas emissions, approximately 7.7 
billion m3 of landfill gas were combusted in 2000 through 477 landfill flares (average of 16.5 
million m3 of landfill gas per flare).  As of 2003, there were more than 1,000 landfill flares in the 
United States (e-mails dated February 28, 2003, and March 7, 2003, from B. Guzzone, U.S. EPA, 
to K. Riley, Versar).  Assuming that the amount of landfill gas combusted through the 477 
landfill flares inventoried is representative of the landfill gas combusted through these 1,000+ 
flares, approximately 16 billion m3 of landfill gas were combusted in the United States through 
flares in 2000. 

6.1.3. Emission Estimates 

The limited emission factor data that are available were judged inadequate for developing 
national emission estimates that could be included in the national inventory.  However, a 
preliminary estimate of the potential annual TEQ releases from landfills can be obtained using 
the estimated volume of combusted gas and the available emission factors.  Combining the 
estimates of landfill gas volume that was combusted (1.35 billion m3 in 1987, 4.7 billion m3 in 
1995, and 16 billion m3 in 2000) with the emission factor of 1.4 ng I-TEQDF/m3 of flare
combusted gas yields annual emission estimates of 1.9, 6.6, and 22 g I-TEQDF/m3 for 1987, 1995, 
and 2000, respectively.  These estimates should be regarded as preliminary indications of 
possible emissions from this source; further testing is needed to confirm the true magnitude of 
those emissions. 
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6.2. ACCIDENTAL FIRES 

Accidental fires in buildings and vehicles are uncontrolled combustion processes that, 
because of poor combustion conditions, typically result in relatively high emissions of 
incomplete combustion products (Bremmer et al., 1994), which can include CDDs and CDFs. 
Polyvinyl chloride (PVC) building materials and furnishings, chloroparaffin-containing textiles 
and paints, and other chlorinated organic compound-containing materials appear to be the 
primary sources of the chlorine (Rotard, 1993).  Although the results of several studies have 
demonstrated the presence of CDD/CDF concentrations in soot deposits and residual ash from 
such fires, few direct measurements of CDDs/CDFs in the fumes or smoke of fires have been 
reported. The results of some of those studies are described below, and an evaluation of the 
available data follows. 

6.2.1. Soot and Ash Studies 

Christmann et al. (1989a) analyzed the soot formed during combustion and pyrolysis of 
pure PVC and PVC cable sheathings in simple laboratory experiments designed to mimic the 
conditions of fires. For the combustion experiments, 2 g of a PVC sample were incinerated with 
a laboratory gas burner.  The combustion products were collected on the inner walls of a cooled 
gas funnel placed above the sample.  For the pyrolysis experiments, about 50 mg of the sample 
were placed in a quartz tube and heated to about 950°C for 10 min in either an air atmosphere or 
a nitrogen atmosphere.  The combustion experiments yielded CDD/CDF concentrations in soot 
of 110 µg I-TEQDF/kg for a low-molecular-weight PVC, 450 µg I-TEQDF/kg for a high

molecular-weight PVC, and 270 µg I-TEQDF/kg for PVC cable.  The pyrolysis experiments in the 
air atmosphere yielded lower CDD/CDF concentrations in soot:  24.4 µg I-TEQDF/kg for a low
molecular-weight PVC, 18.7 µg I-TEQDF/kg for a high-molecular-weight PVC, and up to 41 µg I
TEQDF/kg for PVC cable. 

In general, more CDFs than CDDs were formed.  The lower-chlorinated CDF congeners 
were dominant in the combustion experiments; however, the HpCDF and OCDF congeners were 
dominant in the pyrolysis experiments.  No CDDs/CDFs were detected in pyrolysis experiments 
under a nitrogen atmosphere.  Also, no CDDs/CDFs were detected when chlorine-free 
polyethylene samples were subjected to the same combustion and pyrolysis conditions. 

Deutsch and Goldfarb (1988) reported finding CDD/CDF concentrations ranging from 
0.04 to 6.6 µg/kg in soot samples collected after a 1986 fire in a State University of New York 
lecture hall. The fire consumed or melted plastic furnishings and cleaning products containing 
chlorine, wood, and paper. 

In a study that analyzed 200 ash and soot samples from sites of accidental fires in which 
PVC was involved (Funcke et al., 1988, as reported in Bremmer et al., 1994; Rotard, 1993), 

6-5
 



 


 

CDDs/CDFs were detected in more than 90% of the samples at concentrations in the ng I
TEQDF/kg to µg I-TEQDF/kg range.  Fires involving the combustion of materials containing 
relatively large amounts of PVC and other chlorinated organic substances resulted in the highest 
levels of CDDs/CDFs, with concentrations ranging from 0.2 to 110 µg I-TEQDF/kg residue. 

Thiesen et al. (1989) analyzed residues from surfaces of PVC-containing materials that 
were partially burned during accidental fires at sites in Germany that manufactured or stored 
plastics. CDD/CDF concentrations in residues were reported as 0.5 µg I-TEQDF/kg for soft PVC, 
4.6 µg I-TEQDF/kg for PVC fibers, and 28.3 µg I-TEQDF/kg for a hard PVC.  The ratio of total 
CDFs to total CDDs in the three samples ranged from 4:1 to 7:1.  The dominant 2,3,7,8
substituted CDF and CDD congeners in all three samples were 1,2,3,4,6,7,8-HpCDF and 
1,2,3,4,6,7,8-HpCDD. 

In an accidental fire at a Swedish carpet factory in 1987, 200 metric tons of PVC and 500 
metric tons of PVC-containing carpet were burned.  Marklund et al. (1989) analyzed snow 
samples up to 1,500 m downwind from the fire site and found CDD/CDF concentrations in the 
top 2 cm ranging from 0.32 µg I-TEQDF/m2 at 10 m from the site to 0.01 µg I-TEQDF/m2 at 1,500 
m. Because of an atmospheric inversion and very light wind at the time of the fire, the smoke 
from the fire remained close to the ground.  The soot deposited onto the snow was thus assumed 
to be representative of the soot generated and released from the fire.  Wipe samples of soot from 
interior posts of the plant that were 5 and 20 m from the fire contained Eadon TEQ 
concentrations of 0.18 and 0.05 µg/m2, respectively.  On the basis of these deposition 
measurements, the investigators estimated total CDD/CDF emissions from the fire to be less than 
3 mg I-TEQDF. 

Carroll (1996) estimated a soot-associated CDD/CDF emission factor for the Swedish 
carpet factory fire (i.e., not including volatile emissions) of 28 to 138 ng I-TEQDF/kg PVC burned 
using the following assumptions:  the PVC carpet backing was one-half the weight of the carpet, 
the carpet backing contained 30% by weight PVC resin, and 20 to 100% of the PVC and PVC 
carpet backing present in the warehouse actually burned.  Using the results of wipe samples 
collected at downwind distances of up to 6,300 m, Carroll (1996) also estimated a similar soot-
associated emission factor (48 to 240 ng I-TEQDF/kg of PVC burned) for a fire at a plastics 
recycling facility in Lengerich, Germany. 

Fiedler et al. (1993) presented a case study of CDD/CDF contamination and associated 
remedial actions taken at a kindergarten in Germany following a fire that destroyed parts of the 
roof, windows, and furnishings.  Soot collected from the building contained CDDs/CDFs at a 
concentration of 45 µg I-TEQDF/kg (15 µg I-TEQDF/m2). The study authors attributed the 
CDDs/CDFs detected to the combustion of plastic and wooden toys, floors, and furnishings; 
however, no information was provided on the quantities of those materials. 
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Fiedler and Lindert (1998) presented results of soot sampling following a serious fire at 
the airport in Düsseldorf, Germany.  Polystyrene sheets and PVC-coated cables were involved in 
the fire, together with PCB-containing condensers (bulbs).  Surface wipe samples contained up to 
0.33 µg I-TEQDF/m2 . Concentrations in soot ranged from 7 to 130 µg I-TEQDF/kg. 
Concentrations of polybrominated dibenzo-p-dioxins and dibenzofurans were detected in soot at 
concentrations as high as 0.9 mg/kg soot. 

Wichmann et al. (1993, 1995) measured the CDD/CDF content of ash and debris and 
deposited surface residues that resulted from experimental test burns of two cars (a 1974 Ford 
Taurus [old car] and a 1988 Renault Espace [new car]), one subway car, and one railway coach in 
a tunnel in Germany.  On the basis of measurements obtained from the sampled ash and debris 
and from soot collectors placed at regular intervals up to 420 m downwind of the burn site, the 
total estimated amount of CDDs/CDFs in the ash/debris and tunnel surface residues from each 
vehicle burn experiment was 0.044 mg I-TEQDF for the 1974 model car, 0.052 mg I-TEQDF for 
the 1988 model car, 2.6 mg I-TEQDF for the subway car, and 10.3 mg I-TEQDF for the railway 
coach. For each vehicle burn experiment, the mass of TEQ in tunnel surface residue exceeded 
the mass in ash and debris: 73 to 89% were accounted for by the tunnel surface residues and 11 
to 27% by ash and debris.  The average CDD/CDF content of the ash and debris from each 
experimental burn was:  0.14 µg I-TEQDF/kg for the new car, 0.3 µg I-TEQDF/kg for the old car, 
3.1 µg I-TEQDF/kg for the subway car, and 5.1 µg I-TEQDF/kg for the railway coach. 

6.2.2. Fume and Smoke Studies 

Merk et al. (1995) collected fume and smoke generated during the burning of 400 kg of 
wood and 40 kg of PVC in a building (4,500 m3 volume) over a 45-min period. The sampling 
device consisted of dual glass fiber filters to collect particles greater than 0.5 µm followed by a 
polyurethane foam filter to collect vapor-phase CDDs/CDFs.  The particulate phase (particles 
greater than 0.5 µm diameter) and the gas phase showed the same congener pattern:  decreasing 
concentration with increasing degree of chlorination, thus indicating no preferential sorption of 
higher-chlorinated congeners to smoke particulates.  However, the CDDs/CDFs found in the gas 
phase (about 5 ng I-TEQDF/m3) accounted for more than 90% of the detected CDDs/CDFs.  The 
authors also reported that the soot deposited from this fire onto a 1 m2 aluminum sheet resulted in 
surface contamination of 0.05 µg I-TEQDF/m2 . 

Although it was stated in Merk et al. (1995) that the building was “closed,” subsequent 
communication with one of the coauthors (telephone conversation on September 29, 1998, 
between Karl-Werner Schramm, GSF-Institute of Ecological Chemistry, and Greg Schweer, 
Versar, Inc.) clarified that a “gas cleaning” system was in operation.  Because a ventilation 
system was in operation, there was likely some loss of vapor-phase CDDs/CDFs from the hall; 
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therefore, the deposits (from particulate deposition and vapor-phase condensation) on the test 
aluminum plate may not have reflected total CDD/CDF formation during the fire. 

Dyke and Coleman (1995) reported a fourfold increase in CDD/CDF TEQ concentrations 
in the ambient air during “bonfire night” (an annual event held on November 5 during which it is 
customary to set off fireworks and have bonfires) in Oxford, England.  Air concentrations before 
and after bonfire night ranged from 0.15 to 0.17 pg I-TEQDF/m3 . The air concentration during 
bonfire night was 0.65 pg I-TEQDF/m3 . The dominant congeners in all samples were the hepta
and octa-CDDs. The study was not designed to collect data that would enable calculation of an 
emission rate or to differentiate the relative importance of the various materials combusted. 
However, the results do indicate that open burning of materials likely to be combusted in 
accidental fires (with the exception of fireworks) results in the release of CDDs and CDFs. 

6.2.3. Data Evaluation 

6.2.3.1. Structural Fires 

6.2.3.1.1. Emissions data.  Only limited emissions data for structural fires were located.  Most 
of the studies obtained involved situations (field and laboratory) where relatively high loadings 
of PVC or plastics were combusted.  The effects of different mixes of combusted materials, 
oxygen supplies, building configurations, and durations of burn, for example, that are likely to 
occur or be found in accidental fires cannot be accounted for by the factors that can be derived 
from these studies. Also, most of the studies addressed only soot or ash residues and did not 
address potential volatile emissions of CDDs/CDFs, which, according to Merk et al. (1995), may 
represent 90% of the CDDs/CDFs generated during the burning of PVC. 

Two reports (Carroll, 1996; Thomas and Spiro, 1995) attempted to quantify CDD/CDF 
emissions from U.S. structural fires, and Lorenz et al. (1996) estimated emissions from structural 
fires in Germany. 

Carroll (1996) estimated the total CDD/CDF content of soot and ash generated from the 
358,000 residential fires in the United States in 1993 (as reported in U.S. DOC, 1995b).  Detailed 
estimates were developed of the PVC content of items in typical homes, including plumbing, 
wiring, siding and windows, wallpaper, blinds and shades, and upholstery.  The typical 
percentage of PVC burned in household fires was assumed to be 9.5%.  Extrapolating to all 
358,000 one- to two-family unit fires yielded an annual mass of 2,470 metric tons PVC burned. 
Carroll then developed TEQ emission factors from the results of Thiesen et al. (1989) and 
Marklund et al. (1989). The estimated CDD/CDF content ranged from 0.47 to 22.8 g I-TEQDF, 
with 0.07 to 8.6 g I-TEQDF in soot and 0.4 to 14.2 g I-TEQDF in ash. A soot emission factor (i.e., 
grams of soot produced per gram of PVC combusted) was derived from the investigator’s 
assumptions regarding the surface area of the soot collection funnel used by Christmann et al. 
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(1989b) and the soot deposition rate on that funnel.  These I-TEQDF emission factors were then 
applied to the estimated 2,470 metric tons of PVC burned annually in one- to two-family unit 
residential fires to obtain estimates of the annual mass of TEQ that would be found in the soot 
and ash of residential fires (0.48 to 22.8 g I-TEQDF/yr).  The average emission per fire is thus 1.3 
to 64 µg I-TEQDF. 

Thomas and Spiro (1995) estimated that 20 g I-TEQDF may be released annually to air 
from structural fires.  This estimate assumes an emission factor of 4 ng I-TEQDF/kg material 
combusted (i.e., the emission rate for “poorly” controlled wood combustion), a material 
combustion factor of 6,800 kg per fire, and 688,000 structural fires per year.  The average 
emission per fire is thus 29 µg I-TEQDF. 

Lorenz et al. (1996) estimated annual generation of CDDs/CDFs in Germany using data 
on the number of residential and industrial/commercial structural fires coupled with data on 
CDD/CDF content in soot and ash residues remaining after fires.  The potential annual I-TEQDF 

generation was estimated to be 78 to 212 g. 
Using the emissions data estimated by Carroll (1996) and Thomas and Spiro (1995) 

provides an average emission factor of 32 µg I-TEQ/fire. 

6.2.3.1.2. Activity level information.  In 1987, there were approximately 2,330,000 fires in the 
Unites States, of which approximately 745,600 (32%) were structural fires (FEMA, 1997).  In 
1995, approximately 574,000 structural fires were reported in the United States.  Of these, 
426,000 were reported to be in residential structures, including 320,000 in one- to two-family 
units, 94,000 in apartments, and 12,000 in other residential settings.  The types of structures for 
the remaining 148,000 fires were public assembly, 15,000; educational, 9,000; institutional, 
9,000; stores and offices, 29,000; special structures, 29,000; storage, 39,000; and industry, utility, 
and defense, 18,000. The latter two categories may be underreported, as some incidents were not 
recorded because they were handled by private fire brigades or fixed suppression systems (U.S. 
DOC, 1997). For 2000, the National Fire Data Center estimated that approximately 1,708,000 
fires occurred in the United States, of which approximately 512,400 (30%) were structural fires 
(FEMA, 2001). 

6.2.3.1.3. Emission estimates.  The limited data available on structural fires were judged 
inadequate for developing national emission estimates.  This conclusion was also reached for 
national emission inventories developed for the Netherlands (Bremmer et al., 1994) and the 
United Kingdom (U.K. Department of the Environment, 1995).  However, preliminary estimates 
were calculated by combining the average emission factor of 32 µg I-TEQ/fire and the number of 
structural fires in the Unites States (745,600 in 1987; 426,000 in 1995; and 512,400 in 2000), 
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yielding an annual release of 24 g I-TEQDF in 1987, 14 g I-TEQDF in 1995, and 16 g I-TEQDF in 
2000. Confidence in these estimated emissions is very low because of the numerous assumptions 
employed in their derivation.  If the conclusion by Merk et al. (1995) is assumed to be correct, 
that 90% of the CDDs/CDFs formed in fires are in the gaseous phase rather than particulate 
phase, and it is also assumed that the estimates by Carroll (1996) and Thomas and Spiro (1995) 
did not totally account for volatile emissions, then the total CDD/CDF emissions estimated by 
Carroll and Thomas and Spiro may be underestimates.  Further testing is needed to confirm the 
true magnitude of these releases. 

6.2.3.2. Vehicle Fires 

As with structural fires, the limited data available on vehicle fires were judged inadequate 
for developing national emission estimates that could be included in the national inventory. 
However, a preliminary estimate of the range of potential CDD/CDF emissions that may result 
from vehicle fires can be calculated using the results reported by Wichmann et al. (1993, 1995) 
for controlled vehicle fires in a tunnel (0.044 mg I-TEQDF for an old car to 2.6 mg I-TEQDF for a 
subway car).  Although Wichmann et al. did not measure volatile CDDs/CDFs (which were 
reported by Merk et al., 1995, to account for the majority of CDDs/CDFs formed during a fire), 
the study was conducted in a tunnel, and it is likely that a significant fraction of the volatile 
CDDs/CDFs sorbed to tunnel and collector surfaces and were thus measured as surface residues. 

The number of vehicle fires reported in the United States was approximately 561,530 in 
1987 (FEMA, 1997), 406,000 in 1995 (U.S. DOC, 1997), and 341,600 in 2000 (FEMA, 2001). 
If it is assumed that 99% of those fires involved cars and trucks (the approximate percentage of 
all U.S. motor vehicles that are in-service cars and trucks; U.S. DOC, 1995b) and that the 
applicable emission rate is 0.044 mg I-TEQDF per incident, then the annual TEQ formation was 
24.4 g I-TEQDF for 1987, 17.7 g I-TEQDF for 1995, and 14.9 g I-TEQDF for 2000. The emission 
factor of 2.6 mg I-TEQDF/fire is assumed to be applicable to the remaining 1% of vehicle fires, 
thus yielding emissions of 14.6 g I-TEQDF/yr for 1987, 10.6 g I-TEQDF/yr for 1995, and 8.9 g I
TEQDF/yr for 2000.  Total TEQ annual emissions for 1987, 1995, and 2000 were roughly 
estimated to have been 39, 28.3, and 23.8 g I-TEQDF/yr, respectively.  These estimates should be 
regarded as preliminary indications of possible emissions from this source category; further 
testing is needed to confirm the true magnitude of these emissions. 
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6.3. LANDFILL FIRES 

6.3.1. Emissions Data 

In the late 1980s, two serious fires occurred in landfills near Stockholm, Sweden.  The 
first fire was in a large pile of refuse-derived fuel.  Using measurements of chlorobenzenes in the 
air emissions, it was estimated that 50 to 100 kg of chlorobenzenes were released.  CDD/CDF 
emissions were estimated to be several tens of grams, on the assumption that the ratio of 
CDDs/CDFs to chlorobenzenes in landfill fire emissions is similar to the ratio observed in stack 
gases of municipal waste combustors.  To measure releases in connection with the second fire, 
which occurred at a large conventional landfill, birch leaves were collected from trees close to 
the fire and at distances up to 2 km downwind of the fire, as well as from nearby areas not 
affected by smoke from the fire.  The discharge of CDDs/CDFs necessary to cause the 
concentrations measured on the leaves was estimated to be several tens of grams (Persson and 
Bergström, 1991). 

In response to these incidents, Persson and Bergström (1991) also measured CDD/CDF 
emissions from experimental fires designed to simulate surface landfill fires and deep landfill 
fires. The experiments used 9-month-old domestic waste.  The tests showed no significant 
difference in CDD/CDF content of the fire gases produced by the simulated surface and that of 
the deep fires.  The average CDD/CDF emission rate was reported to be 1 µg Nordic TEQ/kg 
waste burned. 

Persson and Bergström (1991) and Bergström and Björner (1992) estimated annual 
CDD/CDF Nordic TEQ emissions in Sweden from landfill fires to be 35 g.  The estimate was 
based on the emission rate of 1 µg Nordic TEQ/kg waste burned, an assumed average density of 
landfill waste of 700 kg/m3, an assumed waste burn of 150 m3 for each surface landfill fire (167 
fires in Sweden per year), and an assumed waste burn of 500 m3 for each deep landfill fire (50 
fires in Sweden per year).  The estimates of waste burn mass for each type of fire were the 
average values obtained from a survey of 62 surface fires and 25 deep fires.  The estimated 
number of fires per year was based on the results of a survey of all Swedish municipalities for 
fires reported during 1988 and 1989.  In 1991, Sweden had an estimated 400 municipal landfills 
(Persson and Bergström, 1991). 

Ruokojärvi et al. (1995) measured ambient air concentrations of CDDs/CDFs in the 
vicinity of real and experimental landfill fires in Finland.  The most abundant toxic congeners 
were the hepta- and octa-CDDs and the penta-, hepta-, and octa-CDFs.  The highest contributors 
to the measured TEQ were 1,2,3,7,8-PeCDD and 2,3,4,7,8-PeCDF.  In Finland, annual 
CDD/CDF emissions from landfill fires are estimated to be 50 to 70 g Nordic TEQ (Aittola, 
1993, as reported in Ruokojärvi et al., 1995). 
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6.3.2. Activity Level Information and Emission Estimates 

Although no U.S. monitoring studies are available, an emission factor similar to the 
Swedish emission factor would be expected for the United States because the content of 
municipal waste in the United States and Sweden are expected to be similar.  Because no data 
could be located on characterization of landfill fires in the United States (i.e., number, type, mass 
of waste involved), the limited data available were judged inadequate for developing national 
emission estimates that could be included in the national inventory.  However, a preliminary 
estimate of the potential magnitude of TEQ emissions associated with landfill fires in the United 
States can be obtained by assuming a direct correlation of emissions to population size for the 
United States and Sweden or by assuming a direct correlation between emissions and the number 
of landfills in each country. 

Both the United States and Sweden are industrialized countries.  Although the per capita 
waste generation rate in the United States is nearly 1.5 times that of Sweden, the composition of 
municipal waste and the fraction of municipal waste disposed of in landfills in the two countries 
are nearly identical (U.S. EPA, 1996d).  The population of Sweden was 8,825,417 in 1995 (U.S. 
DOC, 1995b) and 8,873,052 in 2000 (U.S. DOC, 2002).  Based on these population estimates 
and the estimated annual Nordic TEQ emission factor of 35 g, the per capita landfill 
fire–associated Nordic TEQ emission factor was 4 µg TEQ per person per year for both 1995 and 
2000. Because congener-specific results were not provided in Persson and Bergström (1991) or 
Bergström and Björner (1992), it was not possible to derive emission factors in units of TEQDF 
WHO98 or I-TEQDF. Applying this factor to the U.S. population of 263,814,000 in 1995 (U.S. 
DOC, 1995b) and 281,421,906 in 2000 (U.S. DOC, 2003) results in an estimated annual 
emission of 1,050 g TEQ for 1995 and 1,126 g TEQ for 2000.  These estimates should be 
regarded as preliminary indications of possible emissions from this source category; further 
testing is needed to confirm the true magnitude of these emissions. 

6.4. FOREST AND BRUSH FIRES 

6.4.1. Emissions Data 

Because CDDs/CDFs have been detected both in the soot from residential wood burning 
(Bumb et al., 1980; Nestrick and Lamparski, 1982, 1983; Bacher et al., 1992) and in the flue 
gases from residential wood burning (Schatowitz et al., 1993; Vickelsoe et al., 1993; Launhardt 
and Thoma, 2000; Environment Canada, 2000), it is reasonable to assume that wood burned in 
forest and brush fires may also be a source of CDDs/CDFs (Section 4.2 contains details on these 
studies). 

Only one study (Tashiro et al., 1990) could be found that reported direct measurements of 
CDDs/CDFs in emissions from forest fires.  This study reported detection of total CDDs/CDFs in 
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air at levels ranging from about 15 to 400 pg/m3 . The samples were taken from fixed collectors 
located 10 m above the ground and from aircraft flying through the smoke.  Background samples 
collected before and after the tests indicated negligible levels in the atmosphere.  These results 
were presented in a preliminary report; however, no firm conclusions were drawn about whether 
forest fires are a CDD/CDF source.  The final report on this study, Clement and Tashiro (1991), 
showed total CDD/CDF levels in the smoke of about 20 pg/m3 . The authors concluded that 
CDDs/CDFs are emitted during forest fires but recognized that some portion of these emissions 
could represent resuspension from residues deposited on leaves rather than newly formed 
CDDs/CDFs. 

Although not designed to directly assess whether CDDs/CDFs are formed during brush 
fires, Buckland et al. (1994) measured CDD/CDF levels in soil samples from both burnt and 
unburnt areas in national parks in New Zealand 6 weeks after large-scale brush fires.  Four 
surface soil cores (2 cm depth) were collected and composited from each of three burnt and three 
unburnt areas. Survey results indicated that brush fires did not have a major impact on 
CDD/CDF levels in soil.  The I-TEQDF content in the soil sample composites was 3, 8.7, and 10 
ng/kg for the three unburnt areas and 2.2, 3.1, and 36.8 ng/kg for the three burnt areas.  Total 
CDD/CDF content ranged from 1,050 to 7,700 ng/kg in the unburnt area soil samples and from 
1,310 to 27,800 ng/kg in the burnt area soil samples.  OCDD accounted for 94 to 97% of total 
CDD/CDF content in all samples. 

Similarly, a survey of controlled straw-field burning in the United Kingdom (Walsh et al., 
1994) indicated that the straw burning did not increase the CDD/CDF burden in the soil; 
however, a change in congener distribution was observed.  Soils from three fields were sampled 
immediately before and after burning, along with ash from the fire.  The mean I-TEQDF 

concentrations in the preburn soil, postburn soil, and ash were 1.79, 1.72, and 1.81 ng/kg, 
respectively.  Concentrations of 2,3,7,8-TCDF were lower in the postburn soils than in the 
preburn soils. Conversely, concentrations of OCDD were higher in the postburn soils, indicating 
possible formation of OCDD during the combustion process. 

Van Oostdam and Ward (1995) reported finding no detectable levels of 2,3,7,8
substituted CDDs/CDFs in three soil samples and four ash samples following a forest fire in 
British Columbia.  The detection limits (DLs), on a congener-specific basis (unweighted for 
TEQ), ranged from 1 to 2 ng/kg.  Nondetect values were also reported for ashes at a slash and 
burn site: the soil contained about 0.05 ng I-TEQDF/kg, whereas background soil contained about 
0.02 ng I-TEQDF/kg. 

The concentrations presented by Clement and Tashiro (1991) cannot accurately be 
converted to an emission factor because the corresponding rates of combustion gas production 
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and wood consumption are not known. As a result, the following four alternative approaches 
were considered for developing an emission factor. 

Soot-based approach.  This approach assumes that the levels of CDDs/CDFs in chimney 
soot are representative of the CDDs/CDFs in emissions.  The CDD/CDF emission factor is 
calculated as the product of the CDD/CDF concentration in soot and the total particulate 
emission factor. This calculation involves first assuming that the CDD/CDF levels measured in 
chimney soot by Bacher et al. (1992) (720 ng I-TEQDF/kg) are representative of the CDD/CDF 
concentrations of particles emitted during forest fires.  Second, the total particulate generation 
factor must be estimated. Using primarily data for head fires, Ward et al. (1976) estimated the 
national average particulate emission factor for wildfires as 150 lb/ton biomass dry weight. 
Ward et al. (1993) estimated the national average particulate emission factor for prescribed 
burning to be 50 lb/ton biomass dry weight.  Combining the total particulate generation rates 
with the I-TEQDF level in soot results in emission factor estimates of 54 ng of I-TEQDF and 18 ng 
of I-TEQDF/kg of biomass burned in wildfires and prescribed burns, respectively.  These 
estimated factors are likely to be overestimates because the levels of CDDs/CDFs measured in 
chimney soot by Bacher et al. (1992) may represent the accumulation and enrichment of 
CDDs/CDFs measured in chimney soot over time, leading to much higher assumed levels than 
the actual levels on emitted particles. 

Carbon monoxide (CO) approach.  CO is a general indicator of the efficiency of 
combustion, and the emission factors of many emission products can be correlated with the CO 
emission factor. Data from Schatowitz et al. (1993) for emissions during natural wood burning 
in open stoves suggest an emission factor of 10 µg I-TEQDF/kg CO.  Combining this factor with 
the CO emission factor during forest fires (roughly 0.1 kg CO/kg of biomass [Ward et al., 1993]) 
yields an emission factor of 1,000 ng I-TEQDF/kg biomass.  This factor is higher than the soot-
based factor discussed above, which is itself considered to be an overestimate.  In addition, 
although the formation kinetics of CDDs/CDFs during combustion are not well understood, 
CDD/CDF emissions have not been shown to correlate well with CO emissions from other 
combustion sources. 

Wood stove approach.  This approach assumes that the emission factor for residential 
wood burning (using natural wood and open door, i.e., uncontrolled draft) applies to forest fires.  
As discussed in Section 4.2.1, this approach suggests an emission factor of about 0.5 ng I 
TEQ/kg wood combusted.  This value appears more reasonable than the factors suggested by the 
soot and CO approaches because it is based on direct measurement of CDDs/CDFs from 
combustion of wood rather than on indirect techniques.  However, forest fire conditions differ 
significantly from combustion conditions in wood stoves.  For example, forest fire combustion 
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does not occur in an enclosed chamber, and the biomass consumed in forest fires is usually green 
and includes underbrush, leaves, and grass. 

Forest fire simulation approach.  This approach quantifies CDD/CDF emissions 
through the combustion of forest biomass in a controlled-burn facility.  Using this approach, 
Gullet and Touati (2003) estimated CDD/CDF emissions through the testing of three biomass 
samples collected from the Oregon coast near Seal Rock and from four biomass samples 
collected from the North Carolina Piedmont region, approximately 200 km from the Atlantic 
coast. The samples generally consisted of equal portions of live shoots (needles cut from tree 
branches) and needle litter gathered from the forest floor.  The Oregon samples were composed 
of pine needles (Pinus contorta and Pinus monticola) and hemlock needles (Tyuga heterophylla); 
the North Carolina samples were composed entirely of lobolly pine (Pinus taeda). The 
combustion of these seven samples, piled approximately 10 cm high, took place on top of an 
open, flat combustion platform.  CDD/CDF emissions were measured using a Graseby PS-1 
sampler and EPA’s ambient TO-9 method. 

As shown in Table 6-2, the overall average total TEQ emission factor for the seven 
samples was 19.9 ng TEQDF-WHO98/kg (18.6 ng I-TEQDF), assuming nondetects were zero.  
Separately, the average total TEQ emission factors for the three Oregon samples and the four 
North Carolina samples were 15 ng and 25 ng TEQDF-WHO98/kg, respectively.  Even though the 
average TEQ emission factors for the Oregon and North Carolina runs were similar, CDF 
congeners were dominant in the Oregon samples, whereas CDD congeners were dominant in the 
North Carolina samples. Figure 6-2 shows the congener profile for the Oregon and North 
Carolina samples combined. 

To test an alternative CDD/CDF sampling method, CDD/CDF emissions from one of the 
Oregon samples were also measured using a “Nomad” (a prototype portable sampler designed for 
mobile, in-field sampling).  The results from both sampling methods showed very similar 
CDD/CDF TEQ values, total values, and ratio values.  An additional Oregon sample was also 
combusted to test influences of fuel configuration on emissions.  In this experiment, the biomass 
was placed in a metal barrel with air holes cut into the bottom.  The results showed the highest 
total TEQ emission value calculated in this study (47 ng TEQDF-WHO98/kg); however, this value 
is similar to the next highest total TEQ value (46 ng TEQDF-WHO98/kg). 

Because the waxy cuticle layer on pine needles has been demonstrated to absorb 
lipophilic compounds from the atmosphere, Gullet and Touati (2003) also extracted a raw, as-
received Oregon biomass sample to determine whether the observed emissions were due to 
simple vaporization of existing CDDs/CDFs or the formation of new CDDs/CDFs in the 
combustion process. The CDD/CDF concentration in the sample measured 1.3 ng TEQDF 
WHO98/kg, which is approximately 20 times lower than the Oregon CDD/CDF emission 
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Table 6-2.  CDD/CDF mean emission factors (ng/kg) for forest firesa 

Congener Nondetect set to zero 
Nondetect set to ½ detection 

limit

 2,3,7,8-TCDD 1.15 1.28

 1,2,3,7,8-PeCDD 3.83 3.83

  1,2,3,4,7,8-HxCDD 5.68 5.68

  1,2,3,6,7,8-HxCDD 10.70 10.70

  1,2,3,7,8,9-HxCDD 17.34 17.34

 1,2,3,4,6,7,8-HpCDD 166.27 166.27

 OCDD 663.67 663.67

 2,3,7,8-TCDF 6.98 6.98

 1,2,3,7,8-PeCDF 6.34 6.35

 2,3,4,7,8-PeCDF 10.09 10.11

  1,2,3,4,7,8-HxCDF 16.72 16.74

  1,2,3,6,7,8-HxCDF 7.14 7.16

  1,2,3,7,8,9-HxCDF 1.11 1.20

  2,3,4,6,7,8-HxCDF 9.81 9.85

 1,2,3,4,6,7,8-HpCDF 25.39 25.39

 1,2,3,4,7,8,9-HpCDF 3.06 3.12

 OCDF 10.27 10.32

 Total CDD/CDF 965.55 965.99

 Total TEQDF-WHO98 19.90 20.06

  Total I-TEQDF 
18.60 18.75 

aValues were derived from a total of seven biomass samples from Oregon and North Carolina. 

Source:  Gullet and Touati (2003). 

concentrations (average, 25 ng TEQDF-WHO98/kg; range, 14 to 46 ng TEQDF-WHO98/kg).  The 
CDD/CDF isomer patterns of the extracted biomass samples and the emission samples were 
similar.  Therefore, this preliminary evidence suggests CDD/CDF emissions are not due solely to 
vaporization of cuticle-bound CDDs/CDFs but are formed anew during forest fires. 
Additionally, the new CDDs/CDFs formed may be adsorbed to the waxy cuticle layer in such a 
manner that the isomer pattern reflects the ambient CDD/CDF concentrations. 
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Figure 6-2.  Congener profile for forest fire simulation approach emissions. 

Source:  Gullet and Touati (2003). 

Many factors may affect forest fire CDD/CDF emissions, such as the type of fire (crown 
vs. understory and duff), types of species combusted, and location of the fire (near coastal vs. 
inland). Additionally, combustion conditions such as wind speed and fuel moisture content may 
also result in variations in emissions. These variables, therefore, yield uncertainties in the 
calculation of a representative emission factor through forest fire simulations.  However, the 
emission factor of 19.9 ng TEQDF-WHO98/kg (18.6 ng I-TEQDF) calculated through this approach 
appears to be more reasonable than the factors suggested by the soot, CO, and wood stove 
approaches because the forest fire simulation approach directly measures CDD/CDF emissions 
from forest biomass combusted in an open pile.  Additionally, the forest biomass samples 
consisted of both live shoots and needle litter of representative species from two distinct 
locations. 
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6.4.2. Activity Level Information 

6.4.2.1. Approach for Reference Year 2000 (Office of Air Quality Planning and Standards  
[OAQPS]) 

As part of the 2000 National Emissions Inventory, OAQPS developed activity levels of 
wildfires and prescribed burning on a county-level basis for reference year 2000.  The number of 
acres burned by wildfires and prescribed burning was obtained from the U.S. Forest Service 
(USFS) and four U.S. Department of Interior agencies:  Bureau of Land Management, National 
Park Service, U.S. Fish and Wildlife Service, and Bureau of Indian Affairs (BIA).  USFS 
provided data for federal, state, and private lands.  All data were provided on a state level except 
for the BIA wildfire data and the USFS prescribed burning data, which were provided on a 
regional level. 

Prior to allocating the forest fire activity to the county level, the BIA and USFS regional 
data were first allocated to the state level.  The BIA data were allocated using the number of 
acres of tribal land in each state.  The USFS data were allocated using factors developed from 
landcover data in the Biogenic Emissions Landcover Database (BELD2) within EPA’s Biogenic 
Emissions Inventory System; however, the BELD2 data for California were replaced with data 
from the 1996 National Toxics Inventory because USFS’s Region 5 contains both Hawaii and 
California. 

For each of the forest fire categories, the activity from all the agencies were then totaled 
by state and allocated to the county level using state-to-county land cover factors developed from 
BELD2.  These BELD2 factors were based on the acreage of rural forest, brush, and grass in each 
county.  This procedure was used for all states except Alaska and Hawaii, for which BELD2 does 
not contain land cover data. For Alaska and Hawaii, state-to-county factors were derived from 
data contained in the allocation factor file used for the 1996 National Emissions Inventory. 

Using this approach, OAQPS estimated that approximately 8,357,958 acres were burned 
by wildfires in 2000 and approximately 1,261,607 acres were burned by prescribed fires in 2000. 
To obtain the amount of biomass consumed by wildfires and prescribed burning, the acres of 
forest burned were combined with region-specific fuel loading factors, as shown in Table 6-3.  
Nationally, approximately 228 million tons of biomass were consumed by wildfires and 15.8 
million metric tons of biomass were consumed by prescribed burning in 2000. 

6.4.2.2. Approach for Reference Years 1987 and 1995 

According to the Council on Environmental Quality’s 25th annual report (CEQ, 1997), 5 
million acres of forest were lost to wildfires in 1987 and 7 million acres were lost in 1995. 
Estimates of the acreage consumed annually during prescribed burns are not readily available for 
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Table 6-3.  Forest fire fuel loading factors (tons/acre) 

Region Wildfires Prescribed burning

 Alaska 6 12.6

 California 18 14.2

  Intermountain 8 6.3

 North Central 11 8.7

 Northern 60 47.3

 Pacific Northwest 60 47.3

  Rocky Mountain 30 23.7

 Southern 9 7.1

 Southwestern 10 7.9 

Source:  U.S. EPA (2002b). 

1995 and 1997. An estimated 5.1 million acres of biomass were burned in 1989 during 
prescribed burns (Ward et al., 1993).  This value was assumed to be appropriate for use for 
reference years 1987 and 1995. 

To obtain the amount of biomass consumed by wildfires and prescribed burning, the acres 
of forest burned were combined with biomass consumption rates of 9.43 metric tons/acre in areas 
consumed by wildfires (Ward et al., 1976) and 7.44 metric tons/acre in areas consumed in 
prescribed burns. For 1987 and 1995, approximately 38 million tons were consumed by 
prescribed burns.  Approximately 47 million metric tons of biomass were consumed by wild fires 
in 1987 and approximately 66 million metric tons of biomass were consumed in 1995. 

6.4.3. Emission Estimates 

Combining the emission factor developed using the forest fire simulation approach (19.9 
ng TEQDF-WHO98/kg biomass [18.6 ng I-TEQDF/kg biomass]) with the amount of biomass 
consumed annually in wildfires and prescribed fires (total of 85 million metric tons in 1987, 104 
million metric tons in 1995, and 244 million metric tons in 2000) yields annual emission 
estimates of 1,700 g TEQDF-WHO98 (1,581 g I-TEQDF) for 1987; 2,080 g TEQDF-WHO98 (1,934 g 
I-TEQDF) for 1995; and 4,880 g TEQDF-WHO98 (4,538 g I-TEQDF) for 2000. For wildfires 
specifically, annual reference year emission estimates are 940 g TEQDF-WHO98 (874.2 g I 
TEQDF) for 1987; 1,320 g TEQDF-WHO98 (1,228 g I-TEQDF) for 1995; and 4,560 g TEQDF 
WHO98 (4,241 g I-TEQDF) for 2000. For prescribed fires specifically, annual emission estimates 
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are 760 g TEQDF-WHO98 (706.8 g I-TEQDF) for reference years 1987 and 1995 and 320 g TEQDF 
WHO98 (297 g I-TEQDF) for reference year 2000.  

These estimates should be regarded as preliminary indications of possible emissions from 
this source; further testing is needed to confirm the true magnitude of emissions.  The activity 
level for both forest fires and biomass combustion is given a low confidence rating because these 
values were estimated and may not be representative.  The emission factor is highly variable and 
dependent on type of biomass burned, therefore, it is judged to be clearly nonrepresentative. 

6.5. BACKYARD BARREL BURNING 

6.5.1. Emissions Data 

In many rural and nonurban areas of the United States, residences may dispose of 
household refuse through open backyard burning.  This practice usually consists of burning 
refuse in a 208-L capacity steel drum.  Holes are punched near the bottom of the drum to allow 
combustion air to enter.  The fire is ignited with a petroleum fuel, e.g., kerosene.  The low 
combustion temperatures and oxygen-starved conditions associated with household refuse 
burning in these “burn barrels” results in poor and uncontrolled combustion conditions.  Under 
such conditions, products of incomplete combustion are formed and visible smoke is emitted into 
the air.  

The practice of open burning in burn barrels causes CDDs and CDFs to be formed and 
released as toxic air contaminants.  In 1997, EPA’s Control Technology Center, in cooperation 
with the New York State’s Department of Health and Department of Environmental 
Conservation, conducted an initial study that examined, characterized, and quantified emissions 
from simulated open burnings of household waste materials in barrels (Lemieux, 1997).  The 
representative waste was prepared on the basis of the typical percentages of various waste 
materials disposed of by New York State residents; hazardous wastes (e.g., chemicals, paints, 
oils) were not included in the test waste. A variety of compounds, including CDDs/CDFs, were 
measured in the emissions from two simulated open burnings of this “baseline” waste. 

Combustion studies were subsequently performed by EPA to provide additional baseline 
waste tests and an initial indication of the impact of limited variation in waste composition and 
combustion conditions on CDD/CDF emissions from a simulated domestic backyard barrel burn 
of 6.8 kg of unshredded household waste (Gullet et al., 1999, 2000a, b; Lemieux et al., 2000; e-
mail dated September 7, 2000, from P. Lemieux, U.S. EPA, to D. Cleverly, U.S. EPA).  The 
results of seven baseline open burning waste tests were reported in these EPA studies.  These 
tests exhibited variation in the emissions of CDDs/CDFs, with a one to two order-of-magnitude 
spread between the lowest and highest values for individual congeners, congener groups, total 
CDDs/CDFs, and TEQ values.  The average TEQ emission factor for the seven baseline tests was 
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72.8 ng I-TEQDF/kg waste burned (setting nondetect values equal to zero) and 73.7 ng I
TEQDF/kg waste burned (setting nondetect values equal to one-half the DL).  The corresponding 
TEQDF-WHO98 values were 76.8 and 77.7 ng/kg.  Table 6-4 presents the average congener and 
congener group results for these tests. 

In addition to the baseline tests, the combustion experiments included testing at three 
different PVC levels: 0, 1, and 7.5% by weight PVC.  The average emissions were 14, 201, and 
4,916 ng I-TEQDF/kg waste burned, respectively.  Two tests using waste impregnated with 
inorganic chloride (CaCl2) at a concentration of 7.5% by weight (and no PVC) averaged 734 ng I
TEQDF/kg.  Qualitative comparisons suggest that the tests conducted with higher chlorine, via 
PVC or CaCl2, resulted in substantial increases in TEQ emissions. 

Other variations in baseline waste composition included conducting one test with 
compressed waste, one test with a double load of waste, and one test in which some of the waste 
paper was wetted to simulate high-moisture burns.  These tests resulted in a higher mean TEQ 
emission factor (534 ng I-TEQDF/kg) than that of the baseline runs. 

Several waste combustion variables were evaluated, such as average temperatures at 
prescribed barrel heights, length of time temperatures (favorable temperature ranges) for 
CDD/CDF formation, and measurement of CO, CO2, O2, particulate matter, and HCl.  Statistical 
analyses of the results indicated that CO emissions and temperature measured in the uppermost 
portion of the barrel were the best predictors of TEQ variation.  However, the wide variability in 
test results (from less than 10 to more than 6,000 ng I-TEQDF/kg) also indicates that a high degree 
of CDD/CDF emission variation can be expected due to factors that are not wholly related to 
waste composition or burning practice, such as waste orientation.  A mean emission factor of the 
baseline tests (without PVC added) was developed from the data.  This mean emission factor was 
78.6 mg TEQDF-WHO/kg, and it was used to estimate releases from barrel burning.  The 
emission factor is given a low confidence rating because it is possibly nonrepresentative of 
barrel-burning emissions. 

6.5.2. Activity Level Information 

The amount of refuse that is combusted annually in the United States in residential 
backyard burn barrels is largely unknown.  Although no national statistics are available, a limited 
number of telephone surveys have attempted to measure the prevalence of backyard barrel 
burning in a few geographical areas.  This limited number of surveys, combined with census data 
on the rural and nonurban population of the United States, were used to estimate annual activity 
level in terms of the quantity of refuse combusted in burn barrels per reference year.  The 
following is a summary of this estimation procedure. 
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Table 6-4.  CDD/CDF average air emission factors (ng/kg waste burned) 
from barrel burning of household wastea 

Congener/congener group Nondetect set to ½ detection limit Nondetect set to zero 

2,3,7,8-TCDD 3.4 2.7 
1,2,3,7,8-PeCDD 8.2 8.1 
1,2,3,4,7,8-HxCDD 6.6 6.4 
1,2,3,6,7,8-HxCDD 9.9 9.7 
1,2,3,7,8,9-HxCDD 19.1 19 
1,2,3,4,6,7,8-HpCDD 39.8 39.8 
OCDD 49.7 49.7 

2,3,7,8-TCDF 45.6 45.6 
1,2,3,7,8-PeCDF 37.2 37.2 
2,3,4,7,8-PeCDF 65.2 65.2 
1,2,3,4,7,8-HxCDF 113.8 113.8 
1,2,3,6,7,8-HxCDF 38.5 38.5 
2,3,4,6,7,8-HxCDF 61.9 61.9 
1,2,3,7,8,9-HxCDF 3 2.5 
1,2,3,4,6,7,8-HpCDF 128.6 124.4 
1,2,3,4,7,8,9-HpCDF 14.6 15 
OCDF 37.5 36.4 

Total 2,3,7,8-CDD 136.7 135.4 
Total 2,3,7,8-CDF 545.9 540.5 
Total I-TEQDF 73.7 72.8 
Total TEQDF-WHO98 77.7 76.8 

Total TCDD 413 413 
Total PeCDD 281 281 
Total HxCDD 221 221 
Total HpCDD 105 105 
Total OCDD 43 43 
Total TCDF 1,880 1,880 
Total PeCDF 1,021 1,021 
Total HxCDF 492 492 
Total HpCDF 169 169 
Total OCDF 32 30 

Total CDD/CDF 4,657 4,655 
aListed values are the arithmetic averages of seven tests for the congeners and the averages of five tests for the 
congener groups. 

Sources:  E-mail dated September 7, 2000, from P. Lemieux, U.S. EPA, to D. Cleverly, U.S. EPA; Gullett et al. 
(1999, 2000, 2001). 
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6.5.2.1. Summary of Barrel Burn Surveys 

A total of seven surveys of the prevalence of backyard combustion of domestic refuse in 
burn barrels were identified in the literature.  For the most part, these surveys were an attempt to 
estimate the barrel-burning activity in a specific state, county, or region in support of regulatory 
determinations on barrel burning.  In general, the results of the surveys showed a prevalence of 
barrel burning within the rural population to range from 12 to 40%, with a mean of 28%.  The 
following is a review of the surveys. 

The Two Rivers Region Council of Public Officials (TRRCPO) and Patrick Engineering 
conducted a telephone survey in the early 1990s of residents of five central Illinois counties. 
They found that about 40% of the residents in a typical rural county burned household waste. 
The survey also indicated that, on average, those households that burned waste disposed of 
approximately 63% of their household waste by burning it in barrels (TRRCPO, 1994). 

Similar results were obtained in a survey conducted by Zenith Research Group, Inc., 
(2000) for the Western Lake Superior Sanitary District of Minnesota.  This survey of 760 
residents of selected portions of northwestern Wisconsin and northeastern Minnesota addressed, 
in part, the use of burn barrels or other devices to burn household garbage or other materials. 
Among all survey respondents, 27.5% said they used burn barrels or other devices to burn 
household garbage or other materials. 

Environics Research Group conducted a household garbage disposal and burning survey 
of 1,516 residents of Ontario, Canada.  All respondents resided in detached single-family homes. 
Approximately 24% of all respondents reported burning their household refuse in burn barrels 
(Environics Research Group, 2001). 

E.H. Pechan and Associates conducted a residential municipal solid waste survey for the 
Mid-Atlantic/Northeast Visibility Union (MANE-VU) states and tribes (Pechan and Associates, 
2002). The MANE-VU entities include Connecticut, Delaware, the District of Columbia, Maine, 
Maryland, Massachusetts, New Hampshire, New Jersey, New York, Pennsylvania, the Penobscot 
Indian Nation, Rhode Island, the St. Regis Mohawk Tribe, and Vermont.  Household waste 
burning surveys were conducted by telephone for 72 residents of rural, suburban, and urban 
jurisdictions, as classified by the 1990 census.  The residents were asked to estimate the number 
of households in their jurisdiction that burned household waste or trash.  In general, the survey 
estimated that 11.9% of the rural population burned refuse in backyard burn barrels. 

The State of California Air Resources Board (CARB) undertook a study of the prevalence 
of backyard refuse burning in rural areas of 21 air management districts in California (CARB, 
2002). From this study, CARB estimated that approximately 18% of the rural population in 
California combusted their household refuse in backyard burn barrels. 
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In 1993, the St. Lawrence County Planning Office in Canton, NY, conducted a survey of 
open burning of domestic refuse (St. Lawrence County, 1993).  From the survey, it was 
concluded that 48.2% of 9,926 households in rural areas of the county burned household refuse 
in burn barrels. 

In 1997, the State of Maine Department of Conservation Forestry Bureau surveyed rural 
town fire wardens and state fire rangers regarding the prevalence of backyard burning of 
household waste. It was revealed through the survey that each day approximately 19,147 kg of 
domestic refuse was being combusted state wide in approximately 8,510 burn barrels.  In relation 
to the total population, it was noted that one burn barrel existed for every 144 individuals. 

6.5.2.2. Estimates of Activity Level 

The following chart summarizes the steps taken to estimate the quantity of household 
refuse combusted in backyard burn barrels in1987, 1995, and 2000. 

Step Assumption  2000  1995  1987 

1 U.S. population 281,400,000 260,600,000 242,300,000 

2 Population in rural and 
nonurban areas 59,000,000 52,700,000 50,700,000 

3 Percent nonurban 
population burning 
household refuse 28 40 40 

4 Adjusted population 
burning household refuse in 
barrels 16,726,500 21,080,000 20,280,000 

5 Per capita household refuse 
generation rate (kg/yr) 616 616 616 

6 Percent of household refuse 
generated burned at homes 63 63 63 

7 Adjusted per capita 
household refuse burned 
(kg/yr) 388 388 388 

8 Total refuse generated by 
rural and nonurban 
population burning 
household refuse (kg/yr) 6,491,220,120 8,180,726,400 7,870,262,400 

For steps 1 and 2, the U.S. Census Bureau Statistical Abstract of the United States was 
used to determine population size.  For step 3, the assumption of the percent of rural population 
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combusting refuse in burn barrels in 2000 was derived from the overall mean prevalence rate 
from six surveys (CARB, 2002; Zenith Research Group, 2001; Environics Research Group, 
2001: Pechan and Associates, 2004; St. Lawrence County, 1993; and TRRCPO, 1994).  This 
produced a mean prevalence of 28%, which should reflect the impact of state bans or restrictions 
on the practice of open burning of refuse. The 1995 and 1987 population was estimated using 
the survey by TRRCPO (1994).  This produced a prevalence of 40%, which should reflect the 
fact that the practice of open burning of refuse was not banned or restricted by the majority of the 
states. 

The above mean prevalence rates were used in step 4 to calculate the number of people 
residing in rural areas assumed to have burned household refuse in burn barrels in each reference 
year (assumption in step 2 multiplied by the percentage in step 3).  The annual per capita 
household refuse generation rate in step 5 is from Municipal Solid Waste Fact Book (2000). The 
figure of 616 kg/person/yr is the result of subtracting out weight of yard waste from the per capita 
generation rate.  The assumption in step 6 is that 63% of the household refuse generated in rural 
areas is burned in backyard burn barrels.  This percentage was derived from the survey conducted 
in rural counties of Illinois by TRRCPO (1994). 

These activity levels are adopted and assigned a confidence rating of low because they are 
derived from limited surveys that are possibly nonrepresentative of the national activity level.  

6.5.2.3. Alternative Approach to Estimating Activity Level 

The actual amount of refuse combusted in burn barrels in the United States is unknown 
and must be estimated. OAQPS developed activity levels of residential MSW combusted in 
backyard barrels for reference year 2000.  The activity levels were determined by first estimating 
the amount of waste generated for each county in the United States.  The amount of waste 
generated was estimated by using a national average per capita waste generation factor, which is 
1.5 kg/person/day.  This value was calculated using population data from the 2000 census and 
2000 waste generation data (U.S. EPA, 2002c).  To better reflect the actual amount of household 
residential waste subject to being burned, noncombustibles (glass and metals) and yard waste 
were excluded.  This factor was then applied to the portion of the county’s total population that is 
considered rural, since open burning is generally not practiced in urban areas.  

Using data from TRRCPO (1994), it was estimated that for rural populations, 25 to 32% 
of generated MSW is burned.  A median value of 28% was assumed for the nation, and this 
correction factor was applied to the total amount of waste generated.  Controls (or burning bans) 
were accounted for by assuming that no burning takes place in counties where the urban 
population is at least 80% of the total population (i.e., urban plus rural).  Zero emissions from 
open burning were attributed to these counties.  This technique produced an estimated annual 

6-25
 



 


 


activity level of 7.79 billion kg of residential household waste combusted in burn barrels in 2000. 
This estimate is approximately 16.5% greater than the estimate used in this report. 

6.5.3. Emission Estimates 

CDD/CDF emissions from burn barrels for reference years 1987, 1995, and 2000 were 
calculated by multiplying the estimated annual total weight of household refuse combusted in 
burn barrels (see Section 6.5.2.2) by the dioxin emission factor.  The emission factor was 76.8 ng 
TEQDF-WHO98/kg (72.8 ng I-TEQDF/kg) waste burned. 

Annual nationwide TEQ emissions for 1987, 1995, and 2000 were calculated using 
the following equation: 

ETEQ = EFTEQ H AL 

where: 
ETEQ = Annual TEQDF emissions (g/yr) 
EFTEQ = TEQDF emission factor (76.8 ng TEQDF-WHO98/kg waste burned) 
AL = Annual activity level (7,870,262,400 kg in 1987; 8,180,726,400 kg in 1995; and   

  6,491,220,120 kg in 2000). 

Using this equation, estimated nationwide TEQDF emissions were 604 g TEQDF-WHO98 

(573 g I-TEQDF) in 1987, 628 g TEQDF-WHO98 (595 g I-TEQDF) in 1995, and 498.53 g TEQDF 
WHO98 (472.56 g I-TEQDF) in 2000. A low confidence rating is given to both the emission factor 
and the estimate of activity level, therefore, the confidence rating is low for the estimate of TEQ 
emissions from backyard barrel burning of refuse. 

6.5.4. Composition of Ash from Barrel Burning 

Ash samples were collected from open barrel burning (Lemieux, 1997) and analyzed for 
CDDs/CDFs and PCBs.  Ash samples from the experiments were combined, resulting in two 
composite samples, one for recyclers and one for nonrecyclers.  The results for PCBs depict only 
the data for specific PCB congeners.  The remaining PCB data reported in Lemieux (1997) could 
not be related to a particular congener.  The results are presented in Tables 6-5 and 6-6. 

6.6. RESIDENTIAL YARD WASTE BURNING 

6.6.1. Emissions Data 

It is reasonable to assume that residential yard waste burning may be a source of 
CDDs/CDFs, as they have been detected in forest and brush fires.  No direct measurements of 
CDD/CDF emissions from residential yard waste burning have been performed; however, Gullet 

6-26
 




 


Table 6-5.  CDD/CDF analysis for composite ash samples from barrel 
burning (ng/kg ash) 

Congener/congener 
group 

Average 
concentration in 

composite ash sample I-TEQDF TEQDF-WHO98 

Avid 
recycler 

Non-
recycler 

Avid 
recycler 

Non-
recycler 

Avid 
recycler 

Non-
recycler 

2,3,7,8-TCDD 31 9 31 9 31 9 
1,2,3,7,8-PeCDD 230 53 115 26.5 230 53 
1,2,3,4,7,8-HxCDD 270 44 27 4.4 27 4.4 
1,2,3,6,7,8-HxCDD 420 74 42 7.4 42 7.4 
1,2,3,7,8,9-HxCDD 300 56 30 5.6 30 5.6 
1,2,3,4,6,7,8-HpCDD 4,000 630 40 6.3 40 6.3 
OCDD 9,600 690 9.6 0.69 0.96 0.069 

2,3,7,8-TCDF 830 220 83 22 83 22 
1,2,3,7,8-PeCDF 1,000 270 50 13.5 50 13.5 
2,3,4,7,8-PeCDF 2,500 690 1,250 345 1,250 345 
1,2,3,4,7,8-HxCDF 2,300 480 230 48 230 48 
1,2,3,6,7,8-HxCDF 2,100 490 210 49 210 67 
2,3,4,6,7,8-HxCDF 2,900 670 290 67 290 15 
1,2,3,7,8,9-HxCDF 810 150 81 15 81 21 
1,2,3,4,6,7,8-HpCDF 12,000 2,100 120 21 120 1.7 
1,2,3,4,7,8,9-HpCDF 1,400 170 14 1.7 14 0.056 
OCDF 8,200 560 8.2 0.56 0.82 

Total TCDD 2,500 490 - - - -
Total PeCDD 4,100 740 - - - -
Total HxCDD 5,600 1,300 - - - -
Total HpCDD 7,600 1,300 - - - -
Total OCDD 9,600 690 - - - -

Total TCDF 25,000 8,200 - - - -
Total PeCDF 21,000 6,600 - - - -
Total HxCDF 19,000 4,600 - - - -
Total HpCDF 17,000 2,900 - - - -
Total OCDF 8,200 560 - - - -

Total CDD 
Total CDF 

29,400 
90,200 

4,520 
22,860 

-
-

-
-

-
-

-
-

Total CDD/CDF 119,600 27,380 - - - -

Source:  Lemieux (1997). 
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Table 6-6.  PCB analysis for composite ash samples from barrel burning 
(ng/kg ash) 

Compound Avid recycler Nonrecycler 

2-Chlorobiphenyl <2,500 4,900 

2,3'-Dichlorobiphenyl 3,700 4,700 

2,2',6-Trichlorobiphenyl <500 5,600 

2,2',5-Trichlorobiphenyl 32,000 6,300 

2,3',5-Trichlorobiphenyl 800 800 

2,3',4-Trichlorobiphenyl <500 700 

2,4',5-Trichlorobiphenyl 1,500 900 

2,4,4'-Trichlorobiphenyl <500 500 

2,2',4,6'-Tetrachlorobiphenyl <500 1,500 

2,2',3,6'-Tetrachlorobiphenyl 5,300 1,300 

2,2',5,5'-Tetrachlorobiphenyl 3,100 1,800 

2,2',3,5'-Tetrachlorobiphenyl 2,600 1,200 

2,2',4,4',5-Pentachlorobiphenyl 3,400 1,300 

2,2',3,3',5-Pentachlorobiphenyl 400 <500 

2,2',3,4,5,5'-Hexachlorobiphenyl 1,200 <500 

Source:  Lemieux (1997). 

and Touati (2003) measured an average CDD/CDF emission factor of 20 ng TEQDF-WHO98/kg 
during forest fire simulations where biomass samples from Oregon and North Carolina were 
burned on an open platform (see Section 6.4). Therefore, the emission factor of 20 ng TEQDF 
WHO98/kg developed by Gullet and Touati (2003) was used for residential yard waste burning. 

6.6.2. Activity Level Information 

Pechan and Associates (2002) estimated that approximately 233 lb of yard waste per 
household per year (based on a four-person household) were burned in 2000.  This is similar to 
the estimate of 106 to 319 lb yard waste per household per year (based on a four-person 
household) that Pechan calculated using the results of a household yard waste burning survey. 
Pechan’s telephone survey was completed by 181 rural, suburban, and urban jurisdictions of the 
MANE-VU entities. The results indicated that approximately 28% of the population in rural 
areas burned household yard waste and that households typically conducted two to three burns 
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per year.  Additionally, as indicated by information provided by three respondents, 1 to 3 cubic 
yards of yard waste was typically burned at a time. 

As part of the 2000 National Emissions Inventory, OAQPS determined on a county-level 
basis the amount of yard waste burned in 2000.  The activity level estimates were based on the 
assumption that yard waste was generated at a rate of 0.54 lb/person/day in 2000, which in turn 
was derived using population data for 2000 and the assumption that 27.7 million tons of yard 
waste were generated in 2000 (U.S. EPA, 2002c).  Of the total amount of yard waste generated, 
the composition was assumed to be 25% leaves, 25% brush, and 50% grass by weight (U.S. EPA, 
2001b). Because open burning of grass clippings is not typically practiced by homeowners, only 
50% of the yard waste generated was assumed to be burnable.  Additionally, OAQPS assumed 
that burning primarily occurs in rural areas (i.e., the per capita yard waste generation factor was 
applied to only the rural population in each county) and that only 28% of the total yard waste 
generated was actually burned (see Section 6.5). 

The amount of yard waste assumed to be generated in each county was then adjusted for 
variation in vegetation using BELD2.  For counties with 10 to 50% forested land, the amount of 
yard waste generated was reduced to 50% and for counties with less than 10% forested land, to 
zero (i.e., no yard waste was generated).  Adjustments for variation in vegetation were not made 
to counties where the percentage of forested acres was greater than or equal to 50%.  Before 
calculating the percentage of forested acres per county, the acreage of agricultural lands was 
subtracted from the acreage of forested lands to better account for the native vegetation that 
would likely be occurring in the residential yards of farming states.  Controls (or burning bans) 
were accounted for by assuming that no burning took place in counties where the urban 
population exceeded 80% of the total population (i.e., urban plus rural).  Using this method, 
OAQPS estimated that 255,000 metric tons of leaf and 255,000 metric tons of brush (total of 
510,000 metric tons of yard waste) were burned in 2000. 

6.6.3. Emission Estimates 

Using the emission factor of 20 ng TEQDF-WHO98/kg (18.6 ng I-TEQDF/kg) and the 
activity level of 510,000 metric tons yard waste burned in 2000, CDD/CDF emissions from open 
burning of yard waste were 10.2 g TEQDF-WHO98 (9.5 g I-TEQDF) in 2000. Assuming 772 and 
754 million kg of yard waste were burned in 1987 and 1995, respectively, then 15.4 g TEQDF 
WHO98 (14.4 g I-TEQDF) and 15.19 g TEQDF-WHO98 (14 g I-TEQDF) were emitted in 1987 and 
1995, respectively.  These numbers should be regarded as preliminary estimates of possible 
emissions from this source; further testing is needed to confirm the true magnitude of emissions 
because both the emission factor and activity levels are judged to be clearly nonrepresentative of 
the source category. 
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6.7. LAND-CLEARING DEBRIS BURNING 

6.7.1. Emissions Data 

During the clearing of land for the construction of new buildings (residential and 
nonresidential) and highways, trees, shrubs, and brush are often torn out, collected in piles, and 
burned. As with residential yard waste burning, it is assumed that the burning of land-clearing 
debris may generate CDDs/CDFs because emissions have been detected from forest and brush 
fires.  No direct measurements of CDD/CDF emissions from the burning of land-clearing debris 
have been performed, so the average emission factor of 20 ng TEQDF-WHO98/kg, which was used 
for both forest fires and residential yard waste burning, is also used for burning of land clearing 
debris (see Sections 6.4 and 6.6). 

6.7.2. Activity Level Information 

Activity levels associated with land-clearing debris were calculated by OAQPS on a 
county-level basis using the number of acres disturbed through residential, nonresidential, and 
roadway construction. 

6.7.2.1. Residential Construction 

In 2000, approximately 330,551 acres were disturbed by residential construction.  This 
number is based on county-level housing permit data and regional housing start data obtained 
from the U.S. Census Bureau for single-family units, two-family units, and apartment buildings. 
The county permit data were first adjusted to equal regional housing-start data, and then the 
number of buildings in each housing category was estimated.  The total number of acres 
disturbed by residential construction was then determined by applying the following conversion 
factors to the housing-start data for each category:

      Unit type  Acres per building 
Single-family unit  1/4 
Two-family unit  1/3 
Apartments 1/2 

6.7.2.2. Nonresidential Construction 

In 2000, approximately 336,224 acres were disturbed by nonresidential construction. 
This number is based on the national value of construction put in place, as reported by the U.S. 
Census Bureau.  The national value was allocated to counties using construction employment 
data from the Bureau of Labor Statistics and Dun & Bradstreet. A conversion factor of 1.6 acres 
disturbed per $100,000 spent was applied to the county-level estimates of the value of 
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construction put in place to obtain the acres disturbed by nonresidential construction per county. 
The conversion factor was developed using the Price and Cost Indices for Construction by 
adjusting the 1992 value of 2 acres per $100,000 for 2000. 

6.7.2.3. Roadway Construction 

In 2000, approximately 190,367 acres were disturbed by roadway construction.  This 
number is based on 1999 Federal Highway Administration state expenditure data for capital 
outlay within the following six road classifications:  interstate (urban and rural), other arterial 
(urban and rural), and collectors (urban and rural).  The expenditure data were converted to miles 
of road constructed based on data from the North Carolina Department of Transportation 
(NCDOT).  According to NCDOT, approximately $4 million per mile is spent for freeway and 
interstate projects, and approximately $1.9 million per mile is spent for arterial and collector 
projects. The number of miles was then converted to acres disturbed using the following 
conversion factors for each road classification category:

     Road type     Acres per mile 
Interstate, urban 15.2 
Interstate, rural 15.2 
Other arterial, urban 15.2 
Other arterial, rural 12.7 
Collectors, urban  9.8 
Collectors, rural  7.9 

For 1995, state expenditure for capital outlay was assumed to be 74% of total funding. 
This percentage was derived using 2000 data (U.S. DOT, 2002).  For 1987, 74% of the total 
capital outlay of the average of 1985 and 1989 was used (capital outlays for 1985 and 1989 are 
reported in U.S. DOT, 2002). Therefore, approximately 83,110 and 123,140 acres were 
disturbed as the result of roadway construction in 1987 and 1995, respectively. 

6.7.2.4. Fuel Loading Factors 

To obtain the amount of biomass consumed by the burning of land-clearing debris, the 
total acreage of land disturbed in each county by residential, nonresidential, and roadway 
construction was distributed according to vegetation type (hardwood, softwood, and grass) and 
then combined with vegetation-specific fuel loading factors.  The percentage of vegetation type 
within each county was determined using BELD2.  The average loading factors used for each 
fuel type were 99 tons/acre for hardwood, 57 tons/acre for softwood, and 4.5 tons/acre for grass. 
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Using this method, OAQPS estimated that 28.4 million metric tons of biomass were 
burned through land clearing activities in 2000.  EPA developed a national average biomass 
loading factor of 33 metric tons burned per acre in 2000.  Using this loading factor combined 
with total acreage disturbed, EPA estimated that approximately 27.7 and 26.4 million metric tons 
of biomass were burned by land clearing in 1987 and 1995, respectively. 

6.7.3. Emission Estimates 

Using the emission factor of 20 ng TEQDF-WHO98/kg (18.6 ng I-TEQDF/kg) and the 
activity level estimates in Section 6.7.2.4, CDD/CDF emissions from land clearing burning were 
568 g TEQDF-WHO98 (528 g I-TEQDF) in 2000, 528 g TEQDF-WHO98 (491 g I-TEQDF) in 1995, 
and 553 g TEQDF-WHO98 (515 g I-TEQDF) in 1987. These should be regarded as preliminary 
estimates of possible emissions from this source because the emission factor is clearly 
nonrepresentative; further testing is needed to confirm the true magnitude of emissions. 

6.8. UNCONTROLLED COMBUSTION OF POLYCHLORINATED BIPHENYLS 

The accidental combustion of PCB-containing electrical equipment or intentional 
combustion of PCBs in incinerators and boilers not approved for PCB burning (40 CFR 761) 
may produce CDDs/CDFs.  At elevated temperatures, such as in transformer fires, PCBs can 
undergo reactions to form CDFs and other by-products.  More than 30 accidental fires and 
explosions involving PCB transformers and capacitors in the United States and Scandinavia that 
involved the combustion of PCBs and the generation of CDDs/CDFs have been documented 
(Hutzinger and Fiedler, 1991a; O’Keefe and Smith, 1989; Williams et al., 1985).  For example, 
analyses of soot samples from a Binghamton, NY, office building fire detected 20 µg/g total 
CDDs (0.6 to 2.8 µg/g 2,3,7,8-TCDD) and 765 to 2,160 µg/g total CDFs (12 to 270 µg/g 2,3,7,8
TCDF).  At that site, the fire involved a mixture containing PCBs (65%) and chlorobenzene 
(35%). Laboratory analyses of soot samples from a PCB transformer fire that occurred in Reims, 
France, indicated total CDD and CDF levels in the range of 4 to 58,000 ng/g and 45 to 81,000 
ng/g, respectively. 

Using a bench-scale thermal destruction system, Erickson et al. (1984) determined the 
optimum conditions for CDF formation to be a temperature of 675°C, an excess oxygen 
concentration of 8%, and a residence time of 0.8 sec (or longer).  Combusting mineral oil and 
silicone oil containing 5, 50, and 500 ppm of Aroclor 1254 at these conditions yielded PCB to 
CDF conversion efficiencies as high as 4%.  Up to 3% conversion efficiency was observed when 
an Askarel (70% Aroclor 1260) was combusted under the same conditions. 
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The use of PCBs in new transformers in the United States is banned, and their use in 
existing transformers and capacitors is being phased out under regulations promulgated under the 
Toxic Substances Control Act. 

Because of the accidental nature of these incidents, the variation in duration and intensity 
of elevated temperatures, the variation in CDD/CDF content of residues, and uncertainty 
regarding the amount of PCBs still in service in electrical equipment, EPA judged the available 
data inadequate for developing any quantifiable emission estimates.  However, Thomas and 
Spiro (1995) conservatively estimated that about 15 g of TEQ may be generated annually from 
fires in commercial and residential buildings each year.  This estimate is based on the following 
assumptions:  (a) the I-TEQDF emission rate is 20 µg/kg of PCB burned, (b) 74,000 metric tons of 
PCB are still in use in various electrical equipment, and (c) 1% of the in-use PCBs are burned 
during the course of structural fires annually. 

6.9. VOLCANOES 

To date, no studies demonstrating the formation of CDDs/CDFs by volcanoes have been 
published. Given the available information from the studies discussed below, volcanoes do not 
appear to be sources of CDD/CDF release to the environment. 

Gribble (1994) summarized some of the existing information on the formation of 
chlorinated compounds by natural sources, including volcanoes.  Gribble reported that several 
studies had demonstrated the presence of chlorofluorocarbons and simple halogenated aliphatic 
compounds (one and two carbon chain length) in volcanic gases.  In addition, several chlorinated 
monoaromatic compounds as well as three PeCB congeners were detected in the ash from the 
1980 eruption of Mount St. Helens. Gribble hypothesized that the formation of these PCB 
compounds was the result of rapid, incomplete, high-temperature combustion of chloride-
containing plant material in the eruption zone.  However, no information was presented to 
indicate the formation of CDDs/CDFs by volcanoes. 

Lamparski et al. (1990) analyzed groundfall ash samples collected at various distances 
and locations from Mount St. Helens following the eruption in 1980.  The findings of this study 
indicate that volcanic particulate emissions were free of detectable PCBs and nearly free of 
detectable CDDs (0.8 ng/kg HpCDD detected) upon exiting the volcano and remained so 
throughout their period of deposition in the blast zone.  However, upon transport through the 
atmosphere, measurable and increasing levels of CDDs and PCBs were detected in deposited ash 
as it passed from rural to urban environments.  The authors hypothesized that CDDs and PCBs in 
the atmosphere became associated with the volcanic ash particulates through gas-phase sorption 
or particulate agglomeration. 
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Takizawa et al. (1994) investigated the CDD/CDF content of volcanic dust fall from two 
active volcanoes in Japan (Mt. Fugendake and Sakurajima).  The study was not designed to 
determine whether the CDDs/CDFs observed were formed by the volcanoes or were scavenged 
from the atmosphere by the falling dust and ash.  The dust fall was collected for one-month 
periods during July and October 1992; two samples of the volcanic ash were collected in 1992. 
The results of the sample analyses for 2,3,7,8-substituted CDDs and CDFs, presented in Table 
6-7, show that no 2,3,7,8-substituted congeners with less than seven chlorines were detected; 
however, the authors reported that non-2,3,7,8-substituted congeners in the lower-chlorinated 
congener groups were detected. 

Table 6-7.  CDDs/CDFs in dust fall and ashes from volcanoes 

2,3,7,8-substituted 
congener group 

Dust fall (mg/km2/month)a Volcanic ash (ng/kg)b 

July 1992 Oct. 1992 Ash no. 1 Ash no. 2 

TCDD 
PeCDD 
HxCDD 
HpCDD 
OCDD 
TCDF 
PeCDF 
HxCDF 
HpCDF 
OCDF

 <0.5
 <0.5
 <0.5

 9.2
 14 

<0.5
 <0.5
 <0.5

 1.9
 4.2 

<0.5 
<0.5 
<0.5 

5.2 
11 
<0.5 
<0.5 
<0.5 

2.8 
1.8 

<0.1 
<0.1 
<0.1 

2.5 
1.7 

<0.1 
<0.1 
<0.1 

1.2 
<0.5 

<0.1 
<0.1 
<0.1 

1.8 
2.2 

<0.1 
<0.1 
<0.1 

1.2 
<0.5 

aDust fall measured from the active volcano Fugendake. 
bVolcanic ash measured from the active volcano Sakurajima. 

Source:  Takizawa et al. (1994). 

6.10. FIREWORKS 

In order to produce various effects and illuminations, modern fireworks contain black 
powder and substances such as chlorine-based oxidizers, flame-coloring copper salts, and 
pulverized polyvinylchloride, which are known to be involved in dioxin-forming processes. 
During deflagration of pyrotechnics, core temperatures reach as high as 2,500°C, which would 
most likely inhibit the formation of organic pollutants.  However, CDDs/CDFs may be generated 
in the areas adjacent to the combustion zone, where temperatures are lower and dwell times are 
longer.  Therefore, CDDs/CDFs may be generated during the cooling period of the deflagration 

6-34
 



products because the temperatures of the smoke and ash are within the possible temperature 
range of dioxin formation (Fleischer et al., 1999). 

During a celebration in Oxford, England, that was accompanied by fireworks and bonfires, 
Dyke and Coleman (1995) reported a fourfold increase in CDD/CDF TEQ concentrations in the 
ambient air (see Section 6.2.2). Fleischer et al. (1999) conducted an experiment to measure the 
air emissions resulting specifically from the following seven types of fireworks:  firecracker, 
cone fountain, jumping jack, whistler, sparkling rocket, roman candle, and four-color fountain. 
The paper cartridges and charges were separated from each firework and deflagrated separately in 
a steel chamber.  CDD/CDF concentrations were measured both in air samples and in paper and 
ash samples.  The results indicated that dioxins were not present in significant quantities in the 
air samples collected. Therefore, Fleisher et al. suspected that the increased background 
concentrations of CDDs/CDFs detected by Dyke and Coleman (1995) were due mainly to the 
bonfires and not the fireworks. However, concentrations of HpCDD and OCDD/OCDF were 
present in the paper and ash collected after the fireworks were detonated at concentrations 
ranging from less than the DL (10 ng/kg) to 1,200 ng/kg.  Table 6-8 depicts the results of 
Fleischer’s tests.  

Table 6-8. Residue of HpCDD/HpCDF and OCDD/OCDF (ng/kg) in paper 
cartridges and charges of select pyrotechnic products 

Product 

Paper Cartridges Charge 

HpCDD OCDD OCDF HpCDD OCDD OCDF 

Firecracker 16 322 79 <10 535 26 

Cone fountain 111 384 22 <10 <10 <10 

Jumping Jack <10 33 24 <10 28 <10 

Whistler 22 353 121 <10 35 1200 

Sparkling rocket 30 129 12 <10 13 <10 

Roman candle <10 426 39 <10 <10 22 

Four-color fountain <10 18 <10 <10 <10 <10

 Source:  Fleischer et al. (1999). 

Given the lack of information on the potential for CDD/CDF emissions from fireworks, 
emissions cannot be quantified. 
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6.11. OPEN BURNING AND OPEN DETONATION OF ENERGETIC MATERIALS 

Open burning and open detonation (OB/OD) practices are routinely used to destroy surplus 
or unserviceable energetic materials.  Mitchell and Suggs (1998) conducted a study to determine 
emission factors from OB/OD.  Air samples were collected for CDD/CDF analysis during four 
burns and after three detonations.  The results of the study indicated that emission levels of 
CDDs/CDFs as a result of disposal of energetic materials by OB/OD were nondetectable. 

6-36
 




 


7. METAL SMELTING AND REFINING SOURCES OF CDDs/CDFs 

7.1. PRIMARY NONFERROUS METAL SMELTING/REFINING 

Little information has been published on the potential for the formation and 
environmental release of CDDs/CDFs from primary nonferrous metal smelting facilities. 
CDD/CDF releases from these facilities were first reported in the wastewater of a magnesium 
refining facility and in the receiving water sediments downstream of a nickel refining facility in 
Norway (Oehme et al., 1989).  This study resulted in the evaluation of the potential for 
CDD/CDF releases from primary nonferrous metal smelting operations in the United States.  Air 
emissions from several U.S. smelting operation facilities have been sampled.  The findings of 
these studies are reviewed in the following sections. 

7.1.1. Primary Copper Smelting and Refining 

Environmental Risk Sciences (1995) prepared an analysis for the National Mining 
Association on the potential for CDD/CDF emissions from operations in the primary copper 
smelting industry.  The analysis included reviewing the process chemistry and technology of 
primary copper smelting, identifying operating conditions, and comparing process stream 
compositions from seven of the eight U.S. primary copper smelters that are members of the 
National Mining Association.  The analysis also included stack testing for CDDs/CDFs at two 
facilities. The stack testing involved the principal off-gas streams for copper smelters:  the main 
stack stream, the plant tail gas stack stream, and vent fume exhaust (Secor International, Inc., 
1995b). The two facilities that were tested (Phelps Dodge Mining Co. in Playas, NM, and 
Cyprus Miami Mining Co. in Claypool, AZ) were selected as representative of the industry 
because of their similarity to other facilities in terms of process chemistry, process stream 
composition, and process stream temperatures.  CDDs/CDFs were not detected in the air 
emissions from either facility. 

The results of the analysis indicate that although there is some potential for CDD/CDF 
formation in this industry’s operations, several factors lessen the probability, including the 
following:  (a) most of the energy used to melt copper is derived from oxidation of copper sulfide 
ore minerals (CuFeS2) rather than carbon (fossil fuels), (b) low concentrations of organic carbon 
and chloride are present in raw materials and reagents, (c) high concentrations of SO2 are present 
in process gases (6 to 40% by volume), (d) high temperatures are maintained in the furnaces and 
converters (1,100 to 1,500°C), and (e) copper (II) chloride is apparently absent in process 
emissions. 

Although CDDs/CDFs have not been detected in U.S. facilities, CDD/CDF emissions 
have been measured in the stack of a primary copper smelter in Canada.  In 2001, emission 
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measurements for various persistent, bioaccumulative, and toxic substances, including 
CDDs/CDFs, were collected in Canada as a voluntary initiative under the Great Lakes Binational 
Toxics Strategy (Cianciarelli, 2001).  One of the facilities tested was the Falconbridge Kidd 
Metallurgical plant in Timmins, Ontario, a copper smelting plant.  Emission summaries are 
provided in Table 7-1 as TEQ concentrations corrected for 11% oxygen for the average of three 
runs. The total concentrations for the three runs were 3.8, 1.7, and 0.7 pg TEQ/m3 . Annual 
CDD/CDF emission rates were estimated to be 0.002 g I-TEQ/yr. 

In 2002, Environment Canada began developing a generic dioxin/furan emissions testing 
protocol for use by the base metals smelting sector (Charles E. Napier Company, Ltd., 2002). 
Several base metals smelting and refining complexes were identified, and a summary of readily 
available published information on dioxin/furan emissions from the base metals smelter 
processes was compiled.  A summary of this information is provided in Table 7-2.  Four facilities 
were identified as primary copper smelters and had CDD/CDF emission concentrations ranging 
from less than 1 to 559 pg I-TEQ/dscm. 

Table 7-1.  CDD/CDF emission concentrations (pg TEQ/m3 @ 11% oxygen) for 
primary copper smelters 

Congener/congener group Run 1 Run 2 Run 3 

2,3,7,8-TCDD 0 0 0 
1,2,3,7,8-PeCDD 0 0 0.1 
1,2,3,4,7,8-HxCDD 0 0 0 
1,2,3,6,7,8-HxCDD 0.1 0 0 
1,2,3,7,8,9-HxCDD 0.1 0 0 
1,2,3,4,6,7,8-HpCDD 0.1 0.1 0 
OCDD 0 0 0 

2,3,7,8-TCDF 0.7 0.2 0.1 
1,2,3,7,8-PeCDF 0.1 0 0 
2,3,4,7,8-PeCDF 2.2 0.9 0 
1,2,3,4,7,8-HxCDF 0 0.2 0.1 
1,2,3,6,7,8-HxCDF 0.1 0.1 0 
2,3,4,6,7,8-HxCDF 0.3 0.2 0.1 
1,2,3,7,8,9-HxCDF 0 0 0 
1,2,3,4,6,7,8-HpCDF 0.1 0.1 0 
1,2,3,4,7,8,9-HpCDF 0 0 0 
OCDF 0 0 0 

TOTAL 3.8 1.8 0.4 

Source:  Cianciarelli (2001). 
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Table 7-2.  CDD/CDF emissions data from primary and secondary copper 
and secondary lead smelters 

Company, location Process units 
Emission control 

technology 

CDD/CDF emission 
concentration 

(pg I-TEQ/dscm) 

Primary copper smelters 

Norddeutsche Affinerie, 
Germany 

Outokumpu flash smelting 
furnace 

Waste heat boiler, ESP < 20 

Peirce-Smith converter ESP NA 

Falconbridge, Sudbury, 
Ontario (nickel and copper) 

Roasting 
Electric smelting 
Peirce-Smith converters 

Cyclone/ESP 559 

Noranda, Horne smelter, 
Noranda, Quebec 

Noranda reactor 
Noranda continuous converter 

ESP <1 

Noranda, Gaspe smelter, 
Murdockville, Quebec 

Reverberatory furnace ESP NA 

Peirce-Smith converter 82 

Secondary copper smelters 

Norddeutsche Affinerie, 
Germany 

Peirce-Smith converter FF <500 

Huttenwerke Kayser, 
Germany 

Blast furnace Post-combustion, waste 
heat boiler, FF 

<500 

Peirce-Smith converters 
Hearth furnace (for tin/lead) 

FF <100 

Reverberatory anode furnace Waste heat boiler, FF 

Mansfelder Kupfer und 
Messing, Germany 

Blast furnace Post-combustion, waste 
heat boiler, cooler, FF, FF 
with lime/coke injection 

<500 

Unknown company, 
Germany 

Shaft furnace Post-combustion, dry 
quench with secondary 
off-gas, FF 

<100 

Unknown company, 
Germany 

Rotary furnace FF <100–1,000 

Unknown company, 
Germany 

Rotary furnace Gas cooling, FF <100 

Unknown company, 
Germany 

Rotary furnace Gas cooling, FF, activated 
carbonized lignite 
adsorbent boxes 

<100 

ESP = Electrostatic precipitator 
FF = Fabric filter 
NA = Not available 

Source:  Charles E. Napier Company, Ltd. (2002). 
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In 1995, eight primary smelters were in operation in the United States, one of which 
closed at the end of that year (Edelstein, 1995).  Total refinery production was 1.60 million 
metric tons in 1995, including 0.36 million metric tons from scrap material (Edelstein, 1995), 
and 1.13 million metric tons in 1987 (USGS, 1997a).  In 2000, four primary smelters of copper 
were in operation in the United States, producing 1.61 million metric tons of copper (USGS, 
2002). 

CDD/CDF emission estimates for primary copper smelters were developed using the 
stack test data from the two tested facilities in the United States.  Conservatively assuming that 
all nondetect values were present at one-half the detection limit, Environmental Risk Sciences, 
Inc. (1995) calculated the annual TEQ emission to air to be less than 0.5 g I-TEQDF in 1995 for 
the seven facilities (out of a total of eight) belonging to the National Mining Association. 
Assuming that 1987 feed and processing materials were similar, 1987 releases can be estimated 
at less than 0.5 g I-TEQDF as well. Because the number of facilities was reduced in 2000, the 
national emissions estimate was reduced proportionally to 0.29 g I-TEQ.  The activity level 
estimates are assigned a high confidence rating and the emission factor estimates a medium 
rating; therefore, the emission estimates are assigned a medium confidence rating.  The activity 
levels are based on comprehensive surveys.  The emission factors are reasonably representative 
of emissions from the source category. 

7.1.2. Primary Magnesium Smelting and Refining 

Oehme et al. (1989) reported that the production of magnesium can lead to the formation 
of CDDs and CDFs.  They estimated that 500 g of I-TEQDF were released to the environment in 
wastewater and 6 g I-TEQDF were released to air annually from a magnesium production facility 
in Norway; CDFs predominated, with a CDF-to-CDD concentration ratio of 10:1.  At the time of 
sampling, the magnesium production process involved formation of magnesium oxide (MgO) 
from calcinated dolomite followed by a step in which magnesium chloride (MgCl2) was produced 
by heating MgO/coke pellets in a shaft furnace in a pure chlorine atmosphere to about 700 to 
800°C. The MgCl2 was then electrolyzed to form metallic magnesium and chloride.  The 
chloride excess from the MgCl2 process and the chloride formed during electrolysis were 
collected by water scrubbers and directly discharged to the environment.  The discharged 
wastewater contained 200 to 500 ppm of suspended particulate matter.  All but trace quantities of 
the hexa through octa congeners were associated with the particulates; up to 10% of the tetra and 
penta congeners were present in the water phase. 

A study by the firm operating the facility (Musdalslien et al., 1998) indicated that 
installation of a water treatment system had reduced annual emissions to water to less than 1 g 
Nordic TEQ, and emissions to air had been reduced to less than 2 g Nordic TEQ.  This study also 
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presented results demonstrating that the carbon-reducing agent used in the MgCl2 production step 
and the operating conditions of the shaft furnace greatly affected the formation of CDDs/CDFs. 
Gases from the furnace were measured nine times over sampling periods of 6 to 8 hr.  The 
calculated emission factor to air (i.e., before any air pollution control device [APCD] controls) 
ranged from 468 to 3,860 ng Nordic TEQ per kg of MgCl2 produced. The APCD controls 
consisted of three water scrubbers, a wet electrostatic precipitator (ESP), and an incinerator. 

From 1950 to 2000, the United States was the world’s largest producer of metallic 
magnesium (Kramer, 1995).  In 1995, three magnesium production facilities were operating in 
the United States.  As in the Norwegian plant, an electrolytic process (electrolysis of MgCl2) was 
used at the plants in Texas (capacity of 65,000 metric tons/yr) and Utah (capacity of 40,000 
metric tons/yr) to recover metallic magnesium from MgCl2. However, these two facilities 
reportedly used seawater and lake brines as the source of magnesium, and the procedures to 
obtain and purify MgCl2 did not involve chlorinating furnaces and carbonized pellets (Lockwood 
et al., 1981). A thermic process was used to recover magnesium from dolomite at the facility in 
Washington (capacity of 40,000 metric tons/yr) (Kramer, 1995).  In thermic processes, MgO, a 
component of calcinated dolomite, is reacted with a metal such as silicon (usually alloyed with 
iron) to produce metallic magnesium.  In 2000, the Magnesium Corporation of America facility 
near Rowley, UT, was the only operational magnesium smelting facility in the United States. 

Monitoring of wastewater discharges from U.S. magnesium production facilities for 
CDD/CDF content has not been reported.  Wastewater discharges of CDDs/CDFs reported for 
the Norwegian facility (Oehme et al., 1989), discussed in the previous paragraphs, are not 
adequate to support development of wastewater emission factors for U.S. facilities because of 
possible differences in the processes used to manufacture MgCl2 and pollution control 
equipment. 

Monitoring of air emissions for CDD/CDF content has been reported for the Magnesium 
Corporation of America facility near Rowley, UT (Western Environmental Services and Testing, 
Inc., 2000).  The average emission rates (for three tests) reported for the melt reactor stack and 
the cathode stack were 0.31 mg I-TEQDF/hr and 0.16 mg I-TEQDF/hr, respectively. 

Emissions data were judged inadequate for developing national emission estimates for 
1987 that could be included in the national inventory.  The confidence in the degree to which the 
one tested facility represents emissions from the other two U.S. facilities is low.  However, an 
estimate of the potential TEQ annual emissions for 1995 from U.S. primary magnesium 
production facilities can be made by assuming that the average total emission factor for the Utah 
facility measured in May 2000 (0.47 mg I-TEQDF/hr ) is representative of the other two facilities 
for magnesium production.  Specifically, if it is assumed that this facility operated for 24 hr/day 
for 365 days in 1995, then the annual release in 1995 would have been 4.1 g I-TEQDF. If it is 
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further assumed that this facility operated at 98% of its rated capacity of 40,000 metric tons/yr, 
then the production-based emission factor would be 105 ng I-TEQDF/kg of magnesium produced. 
Applying this emission factor to 98% of the industry’s production capacity in 1995 (142,000 
metric tons) yields a preliminary annual emissions estimate of 14.6 g I-TEQDF in 1995. 

In 2000, the Magnesium Corporation of America facility near Rowley, UT, was the only 
magnesium smelting facility operating in the United States.  Production of primary magnesium at 
this facility was 41,000 metric tons in 2000.  Using the emission factor of 105 ng I-TEQDF/kg of 
magnesium produced, the national estimate for dioxin releases in 2000 due to primary 
magnesium smelting is 4.3 g I-TEQ/yr.  The emission factor has a high confidence rating because 
it was developed using data from this facility; therefore, the emissions estimate is assigned a high 
confidence level. 

7.1.3. Primary Nickel Smelting and Refining 

Oehme et al. (1989) reported that certain primary nickel refining processes generate 
CDDs and CDFs, primarily CDFs.  Although the current low-temperature process used at a 
Norwegian facility was estimated to result in releases to water of only 1 g I-TEQDF/yr, a high-
temperature (800°C) process to convert nickel chloride to nickel oxide that had been used for 
17 yr at the facility is believed to have resulted in significant releases in earlier years, based on 
the parts-per-billion levels of CDFs detected in aquatic sediments downstream of the facility. 

According to Kuck (1995), the only nickel mining and smelting complex in the United 
States (located in Oregon) had a capacity of 16,000 metric tons/yr.  The facility had been on 
standby since August 1993 and had no production in 1994.  The facility restarted operations in 
April 1995 and produced 8,290 metric tons of nickel that year.  In 1998, the smelter closed 
because of low nickel prices (USGS, 2002).  Monitoring for discharges of CDDs/CDFs at this 
facility has not been reported.  Emissions of CDDs/CDFs were reported for a Norwegian facility 
in the late 1980s, as discussed above (Oehme et al., 1989).  The emissions information contained 
in the Norwegian study is not adequate to support development of emission factors for the U.S. 
facility for 1987 and 1995.  Because the facility closed in 1998, emission estimates for 2000 for 
primary nickel smelting are zero. 

7.1.4. Primary Aluminum Smelting and Refining 

No sampling of air emissions for the presence of CDDs/CDFs has been reported for this 
industry.  Lexen et al. (1993) reported that samples of filter powder and sludge from a lagoon at 
the only primary aluminum production plant in Sweden showed no or little CDDs/CDFs. 
Because the primary smelting process does not use chlorine, there is widespread belief that 
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dioxin emissions from primary aluminum smelting facilities do not exist; therefore, no sampling 
has been done. 

In the primary aluminum smelting process, bauxite ore, a hydrated oxide of aluminum 
consisting of 30 to 56% alumina (Al2O3), is refined into alumina by the Bayer process.  The 
alumina is then shipped to a primary aluminum smelter for electrolytic reduction to aluminum. 
Electrolytic reduction of alumina occurs in shallow rectangular cells, or pots, which are steel 
shells lined with carbon. Carbon electrodes (petroleum coke mixed with a pitch binder) 
extending into the pot serve as the anodes, and the carbon lining serves as the cathode.  Three 
types of pots are used:  prebaked anode cell, horizontal stud Soderberg anode cell, and vertical 
stud Soderberg anode cell.  Most of the aluminum produced in the United States is produced 
using the prebaked cells.  Molten cryolite (Na3AlF6) functions as both the electrolyte and the 
solvent for the aluminum. Aluminum is deposited on the cathode as molten metal (U.S. EPA, 
1998a). 

Prior to casting, the molten aluminum may be batch treated in reverberatory furnaces 
(such as those used in secondary aluminum smelting) to remove oxides, gaseous impurities, and 
active metals such as sodium and magnesium.  One process consists of adding a flux of chloride 
and fluoride salts and then bubbling chlorine gas through the molten mixture (U.S. EPA, 1998a). 

U.S. production of primary aluminum was 3.343 million metric tons in 1987 and 3.375 
million metric tons in 1995. In 1995, 13 companies operated 22 primary aluminum reduction 
plants (USGS, 1997b, c). In 2000, 12 companies operated 23 primary aluminum reduction 
plants, and primary aluminum smelters produced 3.7 million metric tons of aluminum (USGS, 
2002). Because emission factors have not been developed for this sector, there are no emission 
estimates for this category. 

7.1.5. Primary Titanium Smelting and Refining 

It has been suggested that carbochlorination processes used in this industry may be a 
source of CDDs/CDFs (Bramley,1998; ERG, 1998).  As discussed below, CDDs/CDFs have 
been measured in titanium dioxide production sludges.  A brief summary of the processes used in 
this industry is presented in the following paragraphs. 

In primary titanium smelting, titanium oxide ores and concentrates are chlorinated in 
fluidized-bed reactors in the presence of coke at 925 to 1,010°C to form titanium tetrachloride 
(TiCl4). The TiCl4 is separated from other chlorides by double distillation.  The TiCl4 is then 
either oxidized at 985°C to form pigment-grade titanium dioxide or reduced using sodium or 
magnesium to form titanium sponge (i.e., metallic titanium) (Knittel, 1983).  Titanium ingot is 
produced by melting titanium sponge or scrap or a combination of both using electron beam, 
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plasma, and vacuum arc methods. Scrap currently supplies about 50% of ingot feedstock 
(Gambogi, 1996). 

Titanium sponge is produced at two facilities in the United States, one in Albany, OR, 
and the other in Henderson, NV. In 1995, the U.S. production volume of titanium sponge was 
withheld to avoid disclosing proprietary data; domestic sponge capacity was 29,500 metric 
tons/yr.  In 1987, U.S. production of titanium sponge was 17,849 metric tons.  

More than 90% of titanium dioxide is produced using the process described above. 
Titanium dioxide pigment is used in paints, plastics, and paper products.  In 1995, titanium 
dioxide was produced at nine facilities in the United States.  Production volumes in 1987 and 
1995 were 821,000 and 1.8 million metric tons, respectively (Gambogi, 1996; USGS, 1997d).  In 
2000, four companies at eight facilities in seven states produced 1.44 million metric tons of 
titanium dioxide (USGS, 2002).  

Titanium dioxide production creates a sludge waste, and CDDs/CDFs have been 
measured in these sludges (U.S. EPA, 2001c).  For the most part, these sludges have been 
disposed of in either on-site or off-site RCRA Subtitle D solid waste disposal facilities. 
However, given the potential for leaching of the heavy metals from the sludge in the Subtitle D 
landfill, EPA has listed this waste as hazardous waste under Subtitle C.  These sludges are now 
considered a hazardous waste under RCRA and must be disposed of in permitted landfills (U.S. 
EPA, 2001c). Therefore, they are not considered to cause environmental releases under the 
definition in this document and are not included in the inventory. 

7.2. SECONDARY NONFERROUS METAL SMELTING 

Secondary smelters primarily engage in the recovery of nonferrous metals and alloys from 
new and used scrap and dross. The principal metals of this industry, both in terms of volume and 
value of product shipments, are aluminum, copper, lead, zinc, and precious metals (U.S. DOC, 
1990a). Scrap metal and metal wastes may contain organic impurities such as plastics, paints, 
and solvents. Secondary smelting and refining processes for some metals (e.g., aluminum, 
copper, and magnesium) use chemicals such as sodium chloride, potassium chloride, and other 
salts.  The combustion of these impurities and chlorine salts in the presence of various types of 
metal during reclamation processes can result in the formation of CDDs/CDFs, as evidenced by 
their detection in the stack emissions of secondary aluminum, copper, and lead smelters (Aittola 
et al., 1992; U.S. EPA, 1987a, 1997a). 

7.2.1. Secondary Aluminum Smelters 

Secondary aluminum smelters reclaim aluminum from scrap using two processes: 
precleaning and smelting.  Both processes may produce CDD/CDF emissions. 
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Precleaning processes involve sorting and cleaning scrap to prepare it for smelting.  Cleaning 
processes that may produce CDD/CDF emissions use heat to separate aluminum from 
contaminants and other metals.  These techniques are “roasting” and “sweating.”  Roasting uses 
rotary dryers with a temperature high enough to vaporize organic contaminants but not high 
enough to melt aluminum.  An example of roasting is the delacquering and processing of used 
beverage cans.  Sweating involves heating aluminum-containing scrap metal to a temperature 
above the melting point of aluminum but below the melting temperature of other metals such as 
iron and brass.  The melted aluminum trickles down and accumulates in the bottom of the sweat 
furnace and is periodically removed (U.S. EPA, 1997a). 

After precleaning, the treated aluminum scrap is smelted and refined.  This usually takes 
place in a reverberatory furnace.  Once smelted, flux is added to remove impurities.  The melt is 
demagged to reduce the magnesium content of the molten aluminum by adding chlorine gas.  The 
molten aluminum is then transferred to a holding furnace and alloyed to final specifications (U.S. 
EPA, 1997a). 

CDD/CDF emissions to air have been measured at seven U.S. secondary aluminum 
operations. Five facilities were tested in 1995 and 1996 and two facilities were tested in 1992. 
Four of the 1995 tests were conducted by EPA in conjunction with The Aluminum Association, 
Inc., to identify emission rates from facilities with potentially maximum-achievable-control
technology-grade operations and APCD equipment.  The fourth test was performed by EPA (U.S. 
EPA, 1995c). Results from two facilities tested by the California Air Resources Board (CARB) 
in 1992 were presented in two confidential reports. 

The first facility tested in 1995 was a top-charge melt furnace (Advanced Technology 
Systems, Inc., 1995).  During testing, the charge material to the furnace was specially formulated 
to contain no oil, paint, coatings, rubber, or plastics other than incidental amounts.  The TEQ 
emission factor from such a clean charge, 0.27 ng TEQDF-WHO98/kg (0.26 ng I-TEQDF/kg) charge 
material, would be expected to represent the low end of the normal industry range. 

The second facility operated a sweat furnace to preclean the scrap and a reverberatory 
furnace to smelt the precleaned aluminum (U.S. EPA, 1995c).  Stack emissions were controlled 
by an afterburner operated at 788°C.  The TEQ emission factor for this facility was 3.37 ng 
TEQDF-WHO98/kg (3.22 ng I-TEQDF/kg) aluminum produced. 

The third facility employed a crusher/roasting dryer as a precleaning step followed by a 
reverberatory furnace (Galson Corporation, 1995).  The emissions from the two units were 
vented separately.  The exhaust from the crusher/dryer was treated with an afterburner and a 
fabric filter (FF).  The exhaust from the furnace passed through an FF with lime injection.  Both 
stack exhausts were tested, and the combined TEQ emission factor was 13.55 ng TEQDF 
WHO98/kg (12.95 ng I-TEQDF/kg) aluminum produced.  Because the activity level of the facility 
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at the time of sampling was treated as confidential business information, the calculated emission 
factor was based on the reported typical production rates of the two operations:  26,000 lb/hr for 
the crusher/dryer and 6,700 lb/hr for the furnace. 

The fourth facility operated a scrap roasting dryer followed by a sidewell reverberatory 
furnace (Weston,1996).  The emissions from the two units were vented separately.  Exhaust from 
the dryer passed through an afterburner and a lime-coated FF.  The exhaust from the furnace 
passed through a lime-coated FF.  Both stack exhausts were tested, and the combined TEQ 
emission factor was 8.52 ng TEQDF-WHO98/kg (7.93 ng I-TEQDF/kg) of charge material.  

The two facilities tested by CARB in 1992, which were reported in two confidential 
reports (CARB, 1992a, b, as reported in U.S. EPA, 1997a) had TEQ emission factors of 55.68 
and 23.44 ng TEQDF-WHO98/kg (52.21 and 21.67 ng I-TEQDF/kg) of scrap aluminum consumed. 
One facility was equipped with a venturi scrubber; the other was assumed to be uncontrolled 
(U.S. EPA, 1997a). 

The seventh facility was tested in 1995 by Commonwealth Aluminum Corp. (1995).  The 
test involved sampling air emissions from a delaquering kiln.  The facility was equipped with an 
FF as the primary APCD. 

The CDD/CDF congener and congener group emission factors derived from these stack 
tests were used to represent emissions from secondary aluminum facilities operating in 2000, 
1995, and 1987. Table 7-3 shows the TEQ emission factors for facilities operating in 2000, and 
Table 7-4 shows those for 1995 and 1987. The 2000 emission factors do not include the results 
from the two facilities tested by CARB (1992a, b) because it was assumed that all facilities 
operating in 2000 were equipped with APCDs on all vents and stacks.  The average congener and 
congener group profiles are presented in Figure 7-1.  The average of the TEQ emission factors 
measured at the five tested facilities representative of the year 2000 is 5.17 ng TEQDF-WHO98/kg 
(4.90 ng I-TEQDF/kg) of scrap feed.  A low confidence rating is assigned to the average emission 
factor for 2000 because it is based on the results of testing at only five facilities, and they may 
not be representative of all facilities operating in the United States in that year. 

The emission factors for facilities operating in 1995 and 1987 do include the results from 
the two facilities tested by CARB in 1992.  The average of the TEQ emission factor measured at 
the seven tested facilities representative of the years 1995 and 1987 is 15.0 ng TEQDF-WHO98/kg 
(14.05 ng I-TEQDF/kg) of scrap feed.  A low confidence rating is assigned to the average 
emission factor for 1995 and 1987 because it is based on the results of testing at only seven 
facilities, and that may not be representative of all facilities operating in the United States in 
those reference years. 
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Table 7-3.  CDD/CDF emission factors (ng/kg scrap feed) for secondary 
aluminum smelters for 2000 

Congener 

Mean facility emission factor 
Overall 
mean 

emission 
factor a b c d e 

2,3,7,8-TCDD ND (0.01) 0.13 0.51 0.40 0.01 0.21 
1,2,3,7,8-PeCDD 0.02 0.39 1.19 1.19 0.02 0.56 
1,2,3,4,7,8-HxCDD 0.05 0.24 1.35 0.72 0.02 0.48 
1,2,3,6,7,8-HxCDD 0.13 0.86 1.52 0.94 0.03 0.70 
1,2,3,7,8,9-HxCDD 0.15 1.26 2.51 1.62 0.05 1.12 
1,2,3,4,6,7,8-HpCDD 0.51 7.67 2.6 3.49 0.10 2.87 
OCDD 0.42 14.97 1.01 NR NR 5.47 

2,3,7,8-TCDF 0.44 0.74 14.20 10.46 0.07 5.18 
1,2,3,7,8-PeCDF 0.06 1.51 10.47 12.52 0.08 4.93 
2,3,4,7,8-PeCDF 0.17 2.44 11.06 6.98 0.12 4.15 
1,2,3,4,7,8-HxCDF 0.32 2.44 21.84 8.14 0.16 6.58 
1,2,3,6,7,8-HxCDF 0.11 2.69 7.1 2.74 0.06 2.54 
1,2,3,7,8,9-HxCDF 0.02 1.02 0.47 0.14 0.01 0.33 
2,3,4,6,7,8-HxCDF 0.3 3.82 7.09 4.30 0.08 3.12 
1,2,3,4,6,7,8-HpCDF 0.07 11.39 14.61 3.18 0.17 5.88 
1,2,3,4,7,8,9-HpCDF 0.03 5.5 1.21 0.45 0.04 1.45 
OCDF 0.3 30.4 3.15 1.23 0.06 7.03 

Total I-TEQDF 
f 0.26 3.22 12.95 8.09 0.14 4.93 

Total TEQDF-WHO98 
f 0.27 3.37 13.55 8.68 0.15 5.20 

aSource:  Advanced Technology Systems, Inc. (1995).
 
bSource:  U.S. EPA (1995c).
 
cSource:  Galson Corporation (1995).
 
dSource: Weston (1996).
 
eSource:  Commonwealth Aluminum Corp. (1995).
 
fTEQ calculations assume nondetect values were zero.     


NR = Not reported
 
ND = Not detected (value in parenthesis is the detection limit)
 

For comparison purposes, the European Commission uses 22 ng I-TEQDF/kg scrap 
aluminum as the typical emission factor for the European Dioxin Inventory (Quab and Fermann, 
1997). Umweltbundesamt (1996) reported stack testing results for 25 aluminum smelters and 
foundries in Germany.  This study provided sufficient data to enable calculation of TEQ emission 
factors for 11 of the tested facilities. The calculated emission factors ranged from 0.01 to 167 ng 
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Table 7-4.  CDD/CDF emission factors (ng/kg scrap feed) for secondary 
aluminum smelters for 1995 and 1987 

Congener 

Mean facility emission factor 
Overall 
mean 

emission 
factor a b c d e f f 

2,3,7,8-TCDD ND (0.01) 0.13 0.51 0.40 0.01 1.97 0.85 0.54 
1,2,3,7,8-PeCDD 0.02 0.39 1.19 1.19 0.02 7.1 3.64 1.94 
1,2,3,4,7,8-HxCDD 0.05 0.24 1.35 0.72 0.02 4.26 2.82 1.35 
1,2,3,6,7,8-HxCDD 0.13 0.86 1.52 0.94 0.03 5.3 4.12 1.84 
1,2,3,7,8,9-HxCDD 0.15 1.26 2.51 1.62 0.05 5.3 2.02 1.84 
1,2,3,4,6,7,8-HpCDD 0.51 7.67 2.6 3.49 0.10 28.9 19.3 8.94 
OCDD 0.42 14.97 1.01 NR NR 33.2 24.3 14.78 

2,3,7,8-TCDF 0.44 0.74 14.20 10.46 0.07 23.2 4.84 7.71 
1,2,3,7,8-PeCDF 0.06 1.51 10.47 12.52 0.08 33.8 1.18 8.52 
2,3,4,7,8-PeCDF 0.17 2.44 11.06 6.98 0.12 48 23.3 13.15 
1,2,3,4,7,8-HxCDF 0.32 2.44 21.84 8.14 0.16 46.1 17.6 13.80 
1,2,3,6,7,8-HxCDF 0.11 2.69 7.1 2.74 0.06 46.1 16.9 10.81 
1,2,3,7,8,9-HxCDF 0.02 1.02 0.47 0.14 0.01 22 1.35 3.57 
2,3,4,6,7,8-HxCDF 0.3 3.82 7.09 4.30 0.08 39 16 10.08 
1,2,3,4,6,7,8-HpCDF 0.07 11.39 14.61 3.18 0.17 122 42.6 27.71 
1,2,3,4,7,8,9-HpCDF 0.03 5.5 1.21 0.45 0.04 27.1 6.2 5.79 
OCDF 0.3 30.4 3.15 1.23 0.06 60.5 29.5 17.88 

Total I-TEQDF
g 0.26 3.22 12.95 8.09 0.14 52.21 21.68 14.08 

Total TEQDF-WHO98
g 0.27 3.37 13.55 8.68 0.15 55.68 23.45 15.02 

aSource:  Advanced Technology Systems, Inc. (1995).
 
bSource:  U.S. EPA (1995c).
 
cSource:  Galson Corporation (1995).
 
dSource: Weston (1996).
 
eSource:  Commonwealth Aluminum Corp. (1995).
 
fSource:  CARB (1992a, b), as reported in U.S. EPA (1997a).
 
gTEQ calculations assume nondetects were zero.
 

NR = Not reported
 
ND = Not detected (value in parenthesis is the detection limit)
 

I-TEQDF/kg of scrap feed.  Three facilities had emission factors exceeding 100 ng I-TEQDF/kg, 
and two facilities had emission factors of less than 1 ng I-TEQDF/kg.  The mean emission factor 
for the 11 facilities was 42 ng I-TEQDF/kg. 

Approximately 727,000 metric tons of scrap aluminum were consumed by 67 secondary 
aluminum smelters in the United States in 1987 (U.S. DOC, 1995c).  In 1995, consumption of 

7-12
 




 


Figure 7-1.  Congener and congener group profiles for air emissions from 
secondary aluminum smelters. 

Sources:  U.S. EPA (1995c); Galson Corporation (1995). 

scrap aluminum by the 76 facilities that composed the secondary aluminum smelting industry 
had nearly doubled, to 1.3 million metric tons (USGS, 1997e; The Aluminum Association, Inc., 
1997). In 2000, secondary aluminum smelters consumed 1.6 million metric tons of scrap 
aluminum (USGS, 2002). A high confidence rating is assigned to these production estimates 
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because they are based on government survey data.  Applying the 15.0 ng TEQDF-WHO98/kg 
(14.05 ng I-TEQDF/kg) emission factor to the metric tons of scrap aluminum processed in 1987 
and 1995 yields estimated annual emissions of 10.9 g TEQDF-WHO98 (10.21 g I-TEQ) in 1987 
and 19.5 TEQDF-WHO98 (18.27 g I-TEQDF) in reference year 1995.  Applying the emission factor 
of 5.17 ng TEQDF-WHO98/kg (4.9 ng I-TEQDF/kg) to the metric tons of scrap aluminum processed 
in 2000 yields estimated annual emissions of 8.27 g TEQDF-WHO98 (7.84 g I-TEQ) in reference 
year 2000.  These emission estimates are assigned a low confidence rating because the rating 
given to the emission factor was low. 

It should be noted that a significant amount of scrap aluminum is also consumed by other 
segments of the aluminum industry.  However, this scrap is generally from metal manufacturing 
processes, including metal and alloy production (e.g., borings, turnings, and dross), rather than 
old scrap that results from recycling of consumer products (e.g., cans, radiators, auto shredders). 
In 1995, integrated aluminum companies consumed 1.4 million metric tons of scrap aluminum, 
and independent mill fabricators consumed 0.68 million metric tons (USGS, 1997e). 

7.2.2. Secondary Copper Smelters 

Secondary copper smelting is part of the scrap copper, brass, and bronze reprocessing 
industry.  Brass is an alloy of copper and zinc; bronze is an alloy of copper and tin.  Facilities in 
this industry fall into three general classifications: secondary smelting, ingot making, and 
remelting.  Similar processing equipment may be used at all three types of facilities, so the 
distinguishing features are not immediately apparent (U.S. EPA, 1994b). 

The feature that distinguishes secondary smelters from ingot makers and remelters is the 
extent to which pyrometallurgical purification is performed.  A typical charge at a secondary 
smelter may contain from 30 to 98% copper.  The secondary smelter upgrades the material by 
reducing the quantity of impurities and alloying materials, thereby increasing the relative 
concentration of copper. This degree of purification and separation of the alloy constituents does 
not occur at ingot makers and remelters.  Feed material to a secondary copper smelter is a 
mixture of copper-bearing scrap such as tubing, valves, motors, windings, wire, radiators, 
turnings, mill scrap, printed circuit boards, telephone switching gear, and ammunition casings. 
Nonscrap items such as blast furnace slags and drosses from ingot makers or remelters may 
represent a portion of the charge.  Secondary smelter operators use a variety of processes to 
separate the alloy constituents.  Some purify the scrap in the reductive atmosphere of a blast 
furnace and then purify the charge in the oxidizing atmosphere of a converter; others perform all 
purification by oxidation in top-blown rotary converters or in reverberatory furnaces (U.S. EPA, 
1994b). 
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Ingot maker operators blend and melt scrap copper, brass, and bronze of various 
compositions to produce a specification brass or bronze ingot.  When necessary, they add ingots 
of other metals (e.g., zinc or tin) to adjust the metallurgy of the final product.  The feed materials 
for ingot makers contain relatively high amounts of copper.  Examples of feed materials include 
copper tubing, valves, brass and bronze castings, ammunition shell casings, and automobile 
radiators. “Fire-refined” anode copper or cathode copper may also be charged.  Items such as 
motors, telephone switchboard scrap, circuit board scrap, and purchased slags are not used by 
ingot makers.  The reductive step (melting in a reducing atmosphere, as in a blast furnace) that 
some secondary smelters employ is not used by ingot makers.  Ingot makers do, however, use 
some of the other types of furnaces used by secondary smelters, including direct-fired converters, 
reverberatory furnaces, and electric induction furnaces (U.S. EPA, 1994b). 

Remelting facilities do not conduct substantial purification of the incoming feeds.  These 
facilities typically melt the charge and then cast or extrude a product.  The feeds to a remelter are 
generally alloy material of approximately the desired composition of the product (U.S. EPA, 
1994b). 

7.2.2.1. Emissions Data 

Stack emissions of CDDs/CDFs from a secondary copper smelter were measured by EPA 
during 1984 and 1985 as part of the National Dioxin Tier 4 Study (U.S. EPA, 1987a).  The 
facility chosen for testing was estimated to have a high potential for CDD/CDF emissions 
because of the abundance of chlorinated plastics in the feed.  This facility ceased operations in 
1986. The facility was chosen for testing by EPA because the process technology and APCD 
equipment in place were considered typical for the source category. 

During operations, copper and iron-bearing scrap were fed in batches to a cupola blast 
furnace, which produced a mixture of slag and black copper.  Approximately 4 to 5 tons of 
metal-bearing scrap were fed to the furnace per charge, with materials typically being charged 10 
to 12 times per hour. Coke fueled the furnace and represented approximately 14% (by weight) of 
the total feed. During the stack tests, the feed consisted of electronic telephone scrap and other 
plastic scrap, brass and copper shot, iron-bearing copper scrap, precious metals, copper-bearing 
residues, refinery by-products, converter furnace slag, anode furnace slag, and metallic floor-
cleaning material.  The telephone scrap made up 22% (by weight) of the feed and was the only 
scrap component that contained plastic materials.  Oxygen-enriched combustion air for 
combustion of the coke was blown through tuyeres (nozzles) at the bottom of the furnace.  At the 
top of the blast furnace were four natural gas-fired afterburners to aid in completing combustion 
of the exhaust gases.  Particulate emissions were controlled by FFs, and the flue gas was then 
discharged into a common stack.  The estimated emission factors derived for this site are 
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presented in Table 7-5. The emission factors are based on the total weight of scrap fed to the 
furnace. Based on the measured congener and congener group emission factors, the TEQ 
emission factor is 779 ng I-TEQDF/kg (810 ng TEQDF-WHO98/kg) of scrap metal smelted.  Figure 
7-2a presents the congener group profile based on these emission factors. 

In 1992, stack testing of the blast furnace emissions of a secondary smelter located in 
Philadelphia, PA (Franklin Smelting and Refining Co.), was conducted by Applied Geotechnical 
& Environmental Services Corporation (AGES, 1992).  Like the facility tested by EPA during 
1984 and 1985, this facility processed low-purity copper-bearing scrap, telephone switch gear, 
and slags, as well as higher-copper-content materials (U.S. EPA, 1994b).  The facility used a 
blast (cupola-type) furnace coupled with a pair of rotary converters to produce blister copper. 
The blast furnace used coke as both the fuel and the agent to maintain a reducing atmosphere. 
The black copper-slag mixture from the blast furnace was charged to the rotary converters for 
further refining with the aid of oxygen, sand, and oak logs (AGES, 1992; U.S. EPA, 1994b).  The 
APCD equipment installed on the blast furnace included an afterburner, a cooling tower, and an 
FF.  During testing, the afterburner was reported to be operating erratically and was particularly 
low during one of the two sampling episodes.  Stack gas flow was also low during both sampling 
episodes because one or more FF compartments were inoperable (AGES, 1992).  The estimated 
emission factors derived for this site from the AGES results are presented in Table 7-5.  The 
emission factors were based on the total weight of scrap fed to the blast furnace.  The TEQ 
emission factor was 16,618 ng I-TEQDF/kg (16,917 ng TEQDF-WHO98/kg) of scrap.  Figure 7-2b 
presents the congener and congener group profiles based on these emission factors. 

In 1991, stack testing of the rotary furnace stack emissions of a secondary smelter 
(Chemetco, Inc.) located in Alton, IL, was conducted by Sverdrup Corp. (1991).  The Chemetco 
facility used four tap-down rotary (i.e., oxidizing) furnaces.  Furnace-processed gas emissions 
were controlled by a primary quencher and a venturi scrubber.  The feed was relatively high-
purity copper scrap containing minimal, if any, plastics.  The same manufacturing process and 
APCD equipment were in place in 1987 and 1995 (U.S. EPA, 1994b).  Because this facility 
operated under oxidizing rather than reducing conditions and processed relatively high-purity 
scrap, the potential for CDD/CDF formation and release was expected to be dramatically 
different from that of the two tested facilities reported above.  The estimated emission factors 
derived for this site from the results of Sverdrup Corp. (1991) are presented in Table 7-5.  The 
emission factors were based on the total weight of scrap feed going to the furnace.  The TEQ 
emission factor was 3.60 ng I-TEQDF/kg (3.66 ng TEQDF-WHO98/kg) of scrap. 
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Table 7-5.  CDD/CDF mean emission factors (ng/kg scrap feed) for secondary 
copper smelters 

Congener/ 
congener group 

EPA Tier 4 
facilitya,b 

Franklin smelting 
facilityc 

Chemetco smelting 
facilityd 

2,3,7,8-TCDD 127 227 ND (0.05) 
1,2,3,7,8-PeCDD NR 846 0.21 
1,2,3,4,7,8-HxCDD NR 1,476 0.39 
1,2,3,6,7,8-HxCDD NR 1,746 0.70 
1,2,3,7,8,9-HxCDD NR 2,132 1.26 
1,2,3,4,6,7,8-HpCDD NR 17,065 8.95 
OCDD 1,350 55,668 22.45 

2,3,7,8-TCDF 2,720 4,457 2.11 
1,2,3,7,8-PeCDF NR 9,455 1.47 
2,3,4,7,8-PeCDF NR 5,773 2.63 
1,2,3,4,7,8-HxCDF NR 70,742 7.30 
1,2,3,6,7,8-HxCDF NR 20,524 2.15 
1,2,3,7,8,9-HxCDF NR 5,362 4.06 
2,3,4,6,7,8-HxCDF NR 12,082 0.27 
1,2,3,4,6,7,8-HpCDF NR 37,251 11.48 
1,2,3,4,7,8,9-HpCDF NR 7,570 2.74 
OCDF 2,520 82,192 21.61 

Total I-TEQDF 
e 779f 16,618 3.59 

Total TEQDF-WHO98 
e 810f 16,917 3.66 

Total TCDD 736 14,503 3.05 
Total PeCDD 970 30,248 5.19 
Total HxCDD 1,260 55,765 9.62 
Total HpCDD 2,080 38,994 16.71 
Total OCDD 1,350 55,668 22.45 
Total TCDF 13,720 108,546 46.42 
Total PeCDF 8,640 71,136 27.99 
Total HxCDF 4,240 164,834 27.96 
Total HpCDF 3,420 66,253 23.38 
Total OCDF 2,520 82,192 21.61 

Total CDD/CDF 38,936 688,139 204.38 
aNo nondetect values were reported for 2,3,7,8-TCDD, 2,3,7,8-TCDF, or any congener group in the three test runs.
 
bSource:  U.S. EPA (1987a).
 
cSource:  AGES (1992).
 
dSource:  Sverdrup Corp. (1991).
 
eTEQ calculations assume nondetect values were zero.
 
f Estimated using the measured data for 2,3,7,8-TCDD, 2,3,7,8-TCDF, OCDD, and OCDF and congener group 

emissions (i.e., for the penta-, hexa-, and hepta-CDDs and CDFs, it was assumed that the measured emission factor
 
within a congener group was the sum of equal emission factors for all congeners in that group, including non-

2,3,7,8-substituted congeners).
 

NR = Not reported
 
ND = Not detected (value in parenthesis is the detection limit)
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Figure 7-2a.  Congener group profile for air emissions from a secondary 
copper smelter. 

Source:  U.S. EPA (1987d). 

Only limited data on emissions from secondary copper smelters are reported in the 
European Dioxin Inventory (LUA, 1997).  TEQ emission factors reported for German shaft 
furnaces/converters and reverberatory furnaces range from 5.6 to 110 ng I-TEQDF/kg and from 
0.005 to 1.56 ng I-TEQDF/kg, respectively.  Emission factors reported for two smelter and casting 
furnaces in Sweden in which relatively clean scrap is used as input are 0.024 and 0.04 ng I 
TEQDF/kg.  A smelter in Austria is reported to have a TEQ emission factor of 4 ng I-TEQDF/kg. 
The minimum, typical, and maximum default emission factors selected in LUA (1997) are 5, 50, 
and 400 ng I-TEQDF/kg, respectively. 

In the 2002 Environment Canada report on CDD/CDF emissions from the base metals 
smelting sector (Charles E. Napier Company, Ltd., 2002), three secondary copper smelters were 
identified (see Table 7-2). CDD/CDF emission concentrations were reported as ranging from 
less than 100 to less than 500 pg I-TEQ/dscm. 

7-18
 




 


Figure 7-2b.  Congener and congener group profiles for a closed secondary 
copper smelter. 

Source:  AGES (1992). 
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7.2.2.2. Activity Level Information 

In 1987, four secondary copper smelters were in operation:  Franklin Smelting and 
Refining Co. (Philadelphia, PA), Chemetco, Inc. (Alton, IL), Southwire Co. (Carrollton, GA), 
and a facility located in Gaston, SC, that was owned by American Telephone and Telegraph 
(AT&T) until 1990, when it was purchased by Southwire Co.  In 1987, estimated smelter 
capacities were 13,600 metric tons for the Franklin facility, 120,000 metric tons for the 
Chemetco facility, 48,000 metric tons for the Southwire facility, and 85,000 metric tons for the 
AT&T facility (telephone conversation on August 17, 1999, between D. Edelstein, U.S. 
Geological Survey, and G. Schweer, Versar, Inc.).  In 1995, only three of these four facilities 
were still in operation. The Southwire facility in Gaston was closed in January 1995.  The 
Franklin facility ceased operations in August 1997.  Estimated smelter capacities in 1995 were 
16,000 metric tons for the Franklin facility, 135,000 metric tons for the Chemetco facility, and 
92,000 metric tons for the Southwire Georgia facility (Edelstein, 1999).  In May 2000, the 
Southwire Co. closed its Georgia facility and ceased operations (Edelstein, 2000).  In November 
2001, Chemetco closed its facility and ceased operations (Edelstein, 2001).  

According to Edelstein (2001), smelters and refineries consumed 255,000 metric tons of 
purchased copper-based scrap in 2000 and 196,000 metric tons in 2001.  Assuming Chemetco 
was the sole smelter facility operating in 2001, and that it operated for 10 of 12 months in 2001, 
its estimated annual consumption of copper-based scrap would be 235,000 metric tons per year. 
Assuming Chemetco’s annual consumption rate did not change from 2000 to 2001, the estimated 
consumption of copper-based scrap for the Southwire Co. in 2000 was 20,000 metric tons. 

7.2.2.3. Emission Estimates 

Although little research has been done to define the CDD/CDF formation mechanisms in 
secondary copper smelting operations, two general observations have been made (Buekens et al., 
1997). First, the presence of chlorinated plastics in copper scraps used as feed for smelters is 
believed to increase CDD/CDF formation.  Second, the reducing or pyrolytic conditions in blast 
furnaces can lead to high CDD/CDF concentrations in the furnace process gases.  As noted in 
Section 7.2.2.1, two of the U.S. facilities that have been tested (U.S. EPA, 1987a; AGES, 1992) 
had the following characteristics:  both processed low-purity copper-bearing scrap containing 
significant quantities of plastics and telephone switch gears, and both used blast furnaces.  The 
APCD equipment at both facilities consisted of an afterburner, a cooling tower (Franklin facility 
only), and an FF (U.S. EPA, 1994b).  The other tested U.S. facility used oxidizing rather than 
reducing conditions and processed relatively high-purity scrap (Sverdrup Corp., 1991). 
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Annual TEQ emissions for 1987, 1995, and 2000 were derived as the sum of the TEQ 
emissions for each secondary copper facility in operation during the reference years.  The 
following discussion summarizes the procedure used to estimate annual TEQ air emissions. 

The Franklin Smelting facility operated in 1987 and 1995 but not in 2000.  The TEQ 
emission factor measured at this facility in 1992 is assumed to be representative of the TEQ 
emission factors in 1987 and 1995. Combining this emission factor (16,618 ng I-TEQDF/kg 
[16,917 ng TEQDF-WHO98/kg] of scrap feed) with the estimated smelter capacities (data are not 
available on the amount of scrap processed) for this facility in 1987 (13,600,000 kg) and 1995 
(16,000,000 kg) yields TEQ emission estimates of 226 g I-TEQ DF (230 g TEQDF-WHO98) in 1987 
and 266 g I-TEQDF (271 g TEQDF-WHO98) in 1995. This facility ceased operations in 1997. 

The Chemetco facility operated in 1987, 1995, and 2000.  Similarly, for purposes of this 
report, the TEQ emission factor for the Chemetco facility is considered to be representative of the 
TEQ emission factor for this facility for 1987, 1995, and 2000.  Combining this emission factor 
(3.60 ng I-TEQDF/kg [3.66 ng TEQDF-WHO98/kg] of scrap feed) with the estimated smelter 
capacities of 120,000,000 kg in 1987 and 135,000,000 kg in 1995 yields TEQ estimates of 0.43 g 
I-TEQDF (0.44 g TEQDF-WHO98) in 1987 and 0.49 g I-TEQDF (0.49 g TEQDF-WHO98) in 1995. 
Combining the same emission factor with the scrap consumption for this facility in 2000 
(235,000,000 kg) yields a TEQ estimate of 0.85 g I-TEQDF (0.86 g TEQDF-WHO98) for 2000. 

The facility in Gaston, SC, was in operation during 1987 but ceased operations in 1995. 
Prior to 1990, when this facility was owned by AT&T, the plant processed a great deal of high 
plastics-content scrap (such as whole telephones).  This scrap was fed to a pyrolysis unit prior to 
entering the blast furnace.  In addition to a blast furnace, the facility also had an oxidizing 
reverberatory furnace for processing higher-purity scrap.  The facility had separate FFs for the 
blast furnace, the converters, and the reverberatory furnace (U.S. EPA, 1994b).  Because this 
facility processed low-purity, high-plastics-content scrap in 1987, and presumably processed 
much of this in the reducing atmosphere of a pyrolysis unit and blast furnace, the average of the 
TEQ emission factors for the Tier 4 EPA-tested facility (U.S. EPA, 1987a) and the Franklin 
facility (8,700 ng I-TEQDF/kg [8,860 ng TEQDF-WHO98/kg]) was used to estimate potential 
emissions in 1987 of 740 g I-TEQDF (753 g TEQDF-WHO98) (assuming an activity level of 
85,000,000 kg).  This activity level is the estimated capacity of the facility; data were not 
available on the amount of scrap processed. 

The Southwire facility had both a blast furnace and a reverberatory furnace.  In 1992, 
approximately 50% of incoming scrap was processed in each furnace (U.S. EPA, 1994b).  Unlike 
the Franklin, Chemetco, and Gaston secondary copper smelters, the Southwire facility stopped 
processing plastic-coated scrap in the 1970s.  In addition, this facility had a more complex APCD 
system, which may have reduced the formation and release of CDDs/CDFs.  The blast furnace
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processed gases passed through an afterburner (871°C), U-tube coolers, and an evaporative spray 
system before entering the FF at a temperature of 107 to 191°C.  For these reasons, EPA has 
determined that the existing emissions data for secondary smelters cannot reliably be used to 
generate a quantitative estimate of potential emissions during 1987, 1995, or 2000 for this 
facility. 

Total secondary copper smelter emissions for 1987 are the sum of the Franklin smelting 
facility emissions (271 g TEQDF-WHO98 [266 g I-TEQDF]), the Chemetco smelter facility (0.44 g 
TEQDF-WHO98 [0.43 g I-TEQDF]) and the Gaston, SC, facility (753 g TEQDF-WHO98 [740 g I
TEQDF]).  Total secondary copper smelter emissions for 1987 are 983.44 g TEQDF-WHO98 

(966.43 g I-TEQDF). 
Total secondary copper smelter emissions for 1995 are the sum of the Franklin smelting 

facility emissions (271 g TEQDF-WHO98 [266 g I-TEQ DF]) and the Chemetco smelter facility 
(0.49 g TEQDF-WHO98 [0.49 g TEQDF-WHO98]). Total secondary copper smelter emissions for 
1995 are 271.49 g TEQDF-WHO98 (266.49 I-TEQDF). 

The Chemetco smelter provides the TEQ emissions estimate for the year 2000.  Total 
secondary copper smelter emissions for 2000 are 0.86 g TEQDF-WHO98 (0.85 g I-TEQDF). 

A high confidence rating is assigned to the production and consumption estimates 
because they are based on government survey data.  A low confidence rating is assigned to the 
TEQ emission estimates because they are based on limited measurements made at three smelters, 
one of which was not in operation in 1987 or 1995. 

It should be noted that a significant amount of scrap copper is consumed by other 
segments of the copper industry.  In 1995 and 2000, brass mills and wire-rod mills consumed 
886,000 and 1,070,000 metric tons of copper-based scrap, respectively; foundries and 
iscellaneous manufacturers consumed 71,500 and 96,200 metric tons, respectively (USGS, 
1997e; Edelstein, 2001). As noted above, however, these facilities generally do not conduct any 
significant purification of the scrap.  Rather, the scrap consumed is already of alloy quality, and 
processes employed typically involve only melting, casting, and extruding.  Thus, the potential 
for formation of CDDs/CDFs is expected to be much less than the potential during secondary 
smelting operations. 

7.2.3. Secondary Lead Smelters 

The secondary lead smelting industry produces elemental lead through the chemical 
reduction of lead compounds in a high-temperature furnace (1,200 to 1,260°C).  Smelting is 
performed in reverberatory, blast, rotary, or electric furnaces.  Blast and reverberatory furnaces 
are the most common types of smelting furnaces used by the 23 facilities that make up the 
current secondary lead smelting industry in the United States.  Of the 45 furnaces at these 23 
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facilities, 15 are reverberatory furnaces, 24 are blast furnaces, 5 are rotary furnaces, and 1 is an 
electric furnace.  The electric furnace and 11 of the 24 blast furnaces are co-located with 
reverberatory furnaces, and most share a common exhaust and emissions control system (U.S. 
EPA, 1994c). 

Furnace charge materials consist of lead-bearing raw materials, lead-bearing slag and 
drosses, fluxing agents (blast and rotary furnaces only), and coke.  Scrap motor vehicle lead-acid 
batteries represent about 90% of the lead-bearing raw materials at a typical lead smelter.  Fluxing 
agents consist of iron, silica sand, and limestone or soda ash.  Coke is used as fuel in blast 
furnaces and as a reducing agent in reverberatory and rotary furnaces.  Organic emissions from 
co-located blast and reverberatory furnaces are more similar to the emissions of a reverberatory 
furnace than to those of a blast furnace (U.S. EPA, 1994c). 

In 1987, the lead smelting industry consisted of 24 facilities producing 0.72 million 
metric tons of lead (U.S. EPA, 1994c). In 1995, there were 23 companies producing 0.97 million 
metric tons (USGS, 1997e), and in 2000 there were 27 secondary lead smelters in operation in 
the United States producing 1.02 million metric tons (USGS, 2002).  In 1995, the total annual 
production capacity of the 23 companies that made up the U.S. lead smelting industry was 1.36 
million metric tons. Blast furnaces not co-located with reverberatory furnaces accounted for 21% 
of capacity (0.28 million metric tons).  Reverberatory furnaces and blast and electric furnaces co
located with reverberatory furnaces accounted for 74% of capacity (1.01 million metric tons). 
Rotary furnaces accounted for the remaining 5% of capacity (0.07 million metric tons) (U.S. 
EPA, 1994c). 

Actual production volume statistics by furnace type were not available.  However, if it is 
assumed that the total actual production volume of the industry reflects the production capacity 
breakdown by furnace type, then the estimated actual production volumes of blast furnaces (not 
co-located), reverberatory and co-located blast/electric and reverberatory furnaces, and rotary 
furnaces were 0.15, 0.53, and 0.04 million metric tons, respectively, in 1987; 0.2, 0.72, and 0.05 
million metric tons, respectively, in 1995; and 0.29, 1, and 0.07 million metric tons, respectively, 
in 2000. 

A report commissioned by Environment Canada (Charles E. Napier Company, Ltd., 
2000) reviewed published literature and other information on the dioxin/furan formation 
mechanisms; dioxin/furan emissions; emission control technology, including cost; and 
dioxin/furan published emission standards pertinent to steel production processes of plants 
in Canada.  The report included four facilities identified as primary lead smelters.  CDD/CDF 
emission concentrations were reported to range from less than 100 to less than 1,000 pg I 
TEQ/dscm. 
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CDD/CDF emission factors were estimated for secondary lead smelters using the results 
of emission tests performed by EPA at three smelters (a blast furnace [U.S. EPA, 1995d], a co
located blast/reverberatory furnace [U.S. EPA, 1992c], and a rotary kiln furnace [U.S. EPA, 
1995e]).  The air pollution control systems at the three tested facilities consisted of both FFs and 
scrubbers. Congener-specific measurements were made at both APCD exit points at each 
facility.  Table 7-6 presents the congener and congener group emission factors for the FF and the 
scrubber for each site. Figure 7-3 presents the corresponding profiles for the FF emissions from 
the tested blast furnace and reverberatory furnace.  For the facilities in operation in 1995, all 23 
smelters employed FFs, with only 9 employing scrubber technology. Facilities with scrubbers 
accounted for 14% of the blast furnace (not co-located) production capacity, 52% of the 
reverberatory and co-located furnace production capacity, and 57% of the rotary furnace 
production capacity.  TEQ emission factors (ng TEQ/kg lead produced when nondetect values 
are set equal to zero) from the reported data for each of the three furnace configurations, 
presented as a range reflecting the presence or absence of a scrubber, are 

•	 Blast furnace:  0.64 to 8.81 ng TEQDF-WHO98/kg (0.63 to 8.31 ng I-TEQDF/kg) 

•	 Reverberatory/co-located furnace:  0.05 to 0.42 ng TEQDF-WHO98/kg (0.05 to 0.41 ng 
I-TEQDF/kg) 

•	 Rotary furnace:  0.24 to 0.66 ng TEQDF-WHO98/kg (0.24 to 0.66 ng I-TEQDF/kg) 

If these ranges of emission rates are assumed to be representative of those at nontested 
facilities with the same basic furnace configuration, with and without scrubbers, then combining 
these emission rates with the estimated production volumes derived above and the percentage of 
each configuration type that have scrubbers yields the estimated air emissions shown in Table 7-7 
for reference years 1987, 1995, and 2000. 

A medium confidence rating is assigned to the emission factors because stack test data 
were available for 3 of the 27 smelters operating in the United States (of which only 16 were in 
operation as of December 1993), and the stack test data used represent the three major furnace 
configurations.  The activity level estimate has been assigned a medium confidence rating 
because, although it is based on a U.S. Department of Commerce estimate of total U.S. 
production, no production data were available on a furnace type or furnace configuration basis. 
Therefore, a medium confidence rating is assigned to the emission estimates. 
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Table 7-6.  CDD/CDF emission factors (ng/kg lead produced) for secondary 
lead smeltersa 

Congener/congener 
group 

Blast furnaceb 
Blast/reverberatory 

furnacec Rotary kilnd 

Before 
scrubber/ 

FF 

After 
scrubber/ 

FF 

Before 
scrubber/ 

FF 

After 
scrubber/ 

FF 

Before 
scrubber/ 

FF 

After 
scrubber/ 

FF 

2,3,7,8-TCDD 2.11 0.25 0 0 0.1 0.24 
1,2,3,7,8-PeCDD 0.99 0.03 0 0 0.01 0 
1,2,3,4,7,8-HxCDD 0.43 0 0 0 0 0 
1,2,3,6,7,8-HxCDD 0.99 0.03 0 0 0 0 
1,2,3,7,8,9-HxCDD 1.55 0.03 0 0 0 0 
1,2,3,4,6,7,8-HpCDD 2.06 0.08 0.1 0.06 0 0.22 
OCDD 1.4 0.39 0.57 0.55 0.24 2.41 

2,3,7,8-TCDF 8.73 0.93 1.46 0.49 0.40 1.2 
1,2,3,7,8-PeCDF 3.88 0.43 0.24 0.02 0.14 0.4 
2,3,4,7,8-PeCDF 6.65 0.36 0.31 0 0.14 0.46 
1,2,3,4,7,8-HxCDF 5.83 0.37 0.63 0 0.11 0.27 
1,2,3,6,7,8-HxCDF 1.67 0.11 0.19 0 0.02 0.1 
1,2,3,7,8,9-HxCDF 0.11 0 0 0 0.04 0.13 
2,3,4,6,7,8-HxCDF 2.06 0.11 0.15 0 0 0 
1,2,3,4,6,7,8-HpCDF 2.34 0.19 0.48 0 0.03 0.13 
1,2,3,4,7,8,9-HpCDF 0.63 0.06 0 0 0 0 
OCDF 1.39 0.18 0.29 0 0 0 

Total 2,3,7,8-CDD 9.53 0.81 0.67 0.61 0.35 2.87 
Total 2,3,7,8-CDF 33.29 2.74 3.75 0.51 0.88 2.69 
Total I-TEQDF
  (nondetect set to zero) 

8.31 0.63 0.42 0.05 0.24 0.67 

Total TEQDF-WHO98
  (nondetect set to zero) 

8.81 0.64 0.42 0.05 0.24 0.66 

Total TCDD 74.33 7.39 0.97 1.58 3.4 7.9 
Total PeCDD 39.29 1.73 0.15 0.16 0.29 0.27 
Total HxCDD 20.05 0.81 0.14 0.02 0.1 0.23 
Total HpCDD 4.2 9.72 0.09 0.09 0.01 0.29 
Total OCDD 1.39 0.18 0.57 0.55 0.24 2.41 
Total TCDF 145.71 17.34 8.21 4.71 10.82 28.57 
Total PeCDF 69.59 3.45 3.07 0.36 1.69 5.04 
Total HxCDF 19.73 1.02 1.14 0.19 0.15 0.73 
Total HpCDF 4.74 0.11 0.72 0.01 0.05 0.14 
Total OCDF 1.39 0.18 0.29 0.00 0 0 

Total CDD/CDF 
(nondetect set to zero) 

380.42 41.93 15.35 7.67 16.75 45.58 

aExcept where noted, emission factors were calculated assuming nondetect values were zero. 
bSource:  U.S. EPA (1995d). 
cSource:  U.S. EPA (1992c). 
dSource:  U.S. EPA (1995e). 

FF = Fabric filter 
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Figure 7-3.  Congener and congener group profiles for air emissions from 
secondary lead smelters.  Profiles are for emissions from fabric filters; nondetect 
values set equal to zero. 

Sources:  U.S. EPA (1992c, 1995d, e). 
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Table 7-7.  Estimated annual TEQ emissions (g TEQ)a 

Configuration 

Ref. year 1987 Ref. year 1995 Ref. year 2000 

TEQDF 
WHO98 I-TEQDF 

TEQDF 
WHO98 I-TEQDF 

TEQDF 
WHO98 I-TEQDF 

Blast furnaces w/scrubbers 0.013 0.013 0.018 0.018 0.026 0.026 

Blast furnaces w/o 
scrubbers 

1.136 1.072 1.515 1.429 2.197 2.073 

Reverberatory furnaces 
w/scrubbers 

0.014 0.014 0.019 0.019 0.026 0.026 

Reverberatory furnaces w/o 
scrubbers 

0.106 0.104 0.145 0.142 0.202 0.197 

Rotary furnaces 
w/scrubbers 

0.015 0.015 0.019 0.019 0.026 0.026 

Rotary furnaces w/o 
scrubbers 

0.004 0.004 0.005 0.005 0.007 0.007 

TOTAL 1.288 1.222 1.721 1.632 2.484 2.355 
aCalculated using emission factors based on nondetect values set equal to zero. 

7.3. PRIMARY FERROUS METAL SMELTING/REFINING 

Iron is manufactured from its ores (magnetic pyrites, magnetite, hematite, and carbonates 
of iron) in a blast furnace, and the iron obtained from this process is further refined in steel plants 
to make steel. The primary production of iron and steel involves two operations identified by 
European researchers as potential emission sources of CDDs/CDFs:  iron ore sinter production 
and coke production. Each of these potential sources is discussed in the following subsections. 

7.3.1. Sinter Production 

At some iron manufacturing facilities, iron ores and waste iron-bearing materials undergo 
sintering to convert the materials to usable feed for the blast furnace.  In the sintering process, 
iron ore fines and waste materials are mixed with coke fines, and the mixture is placed on a grate 
that is then heated to a temperature of 1,000 to 1,400°C.  The heat generated during combustion 
sinters the small particles.  Iron-bearing dusts and slags from processes in the steel plant are the 
types of iron-bearing waste materials used as a feed mix for the sintering plant (Knepper, 1981; 
Capes, 1983; U.S. EPA, 1995b). 
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Several European investigators have reported that iron ore sintering plants are major 
sources of airborne emissions of CDDs/CDFs (Rappe, 1992a; Lexen et al., 1993; Lahl, 1993, 
1994). Lahl reported that the practice of recycling dusts and scraps from other processes in the 
steel plant for use in the sintering plant introduces traces of chlorine and organic compounds that 
generate the CDDs/CDFs found in these plants. 

Organic compounds that are potential precursors to CDD/CDF formation come primarily 
from oil, which is found in mill scale, as well as from some blast furnace sludges that are used as 
part of the sinter feed mixture.  Most U.S. plants limit the amount of oil because it increases 
emissions of volatile organic compounds and may create a fire hazard.  In addition, plants with 
FFs must limit the oil content because the oil tends to blind the FFs.  Typical oil content of the 
feed at U.S. sintering plants ranges from 0.1 to 0.75% (Calcagni et al., 1998). 

Sintering plants in Sweden have been reported to emit up to 3 ng I-TEQDF/Nm3 stack gas, 
or 2 to 4 g I-TEQDF/yr (Rappe, 1992a; Lexen et al., 1993).  Bremmer et al. (1994) reported the 
results of stack testing at three iron ore sintering plants in the Netherlands.  One facility equipped 
with wet scrubbers (WSs) had an emission factor of 1.8 ng I-TEQDF/dscm (at 11% oxygen).  The 
other two facilities, both equipped with cyclones, had emission factors of 6.3 and 9.6 ng I 
TEQDF/dscm (at 7% oxygen).  Lahl (1993, 1994) reported stack emissions for sintering plants in 
Germany (after passage through mechanical filters and ESPs) ranging from 3 to 10 ng I
TEQDF/Nm3 . A compilation of emission measurements by the German Federal Environmental 
Agency indicated stack emission concentrations ranging from 1.2 to 60.6 ng I-TEQDF/m3 (at 7% 
oxygen); the majority of emissions in 1996 were around 3 ng I-TEQDF/m3 (Umweltbundesamt, 
1996). 

The report commissioned by Environment Canada in 2000 to review steel production 
processes in Canadian plants (Charles E. Napier Company, Ltd., 2000) included information on 
emissions from iron sintering.  For iron sintering, the CDD/CDF emissions from one facility, the 
Stelco Hilton Works sintering plant, were assumed to be representative of the 1998 sinter 
production. The average emission rate was 19.9 ng I-TEQ/day.  Applying a production rate of 
1,143 metric tons/day yields a mass emission factor of 17.4 ng I-TEQ/kg of sinter. 

EPA conducted tests at two of the nine U.S. sintering plants operating in 1997 in order to 
quantify emissions of CDDs/CDFs (Calcagni et al., 1998).  In choosing representative plants for 
testing, EPA considered a variety of issues, including the types and quantities of feed materials, 
the types of emission controls, and the oil content of the sinter feed.  EPA decided to test a plant 
with an FF and a plant with a venturi (or wet) scrubber.  FFs and WSs are the principal APCDs 
used to control emissions from the sintering plant windbox.  Four plants used an FF and five 
plants used a WS.  The types of feed materials and oil content at the two selected plants were 
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determined to be representative of other plants in the industry.  Sampling was performed over 3 
days (4 hr/day) at each plant. 

The average CDD/CDF TEQ concentrations measured in the stack emissions were 0.19 
ng I-TEQDF/Nm3 and 0.81 ng I-TEQDF/Nm3 for the WS and the FF, respectively.  The 
corresponding TEQ emission factors are 0.62 ng TEQDF-WHO98/kg (0.55 ng I-TEQDF/kg) sinter 
and 4.61 ng TEQDF-WHO98/kg (4.14 ng I-TEQDF/kg) sinter, respectively, for WSs and FFs. 
These emission factors are assigned a high rating because they are based on EPA testing at two 
facilities considered by EPA to be representative of both current and 1995 standard industry 
practices. 

Congener-specific emission factors for these two facilities are presented in Table 7-8. 
Figure 7-4 presents the congener profiles for these facilities.  Although concentrations were 
higher from the FF than from the WS, both concentrations were low relative to what had been 
reported from testing at German, Dutch, Swedish, and Canadian sintering plants.  This disparity 
may be due to differences in the operation or APCDs of U.S. sintering plants and the tested 
European plants. 

Most of the U.S. integrated iron and steel plants, including those with sintering plants, 
have eliminated the purchase and use of chlorinated organics in their facilities, and their rolling 
mill oils (lubricants and hydraulic fluids) do not contain chlorinated compounds.  In addition, 
routine analyses of waste materials going to the sintering plant have not detected any chlorinated 
solvents. 

Finally, none of the U.S. plants use an ESP to control emissions from the sinter windbox 
(Calcagni et al., 1998). 

In 1996 (data were not readily available for 1995), 11 sintering plants were operating in 
the United States, with a total annual production capacity of about 17.6 million metric tons 
(Metal Producing, 1996).  Since the 1980s, the size of this industry has decreased dramatically. 
In 1982, 33 facilities were in operation, with a combined total capacity of 48.3 million metric 
tons (U.S. EPA, 1982a). The nine U.S. sintering plants operating in 1995 had a combined 
capacity of 15.6 million metric tons (Calcagni et al., 1998).  In 1987, sinter consumption by iron 
and steel plants was 14.5 million metric tons (AISI, 1990); in 1995, consumption was 12.4 
million metric tons (Fenton, 1996), or approximately 70% of production capacity, assuming that 
production capacity in 1995 was the same as in 1996.  These activity level estimates are assigned 
a confidence rating of medium. 

Based on the production capabilities shown in Table 7-9, 59% of 1998 sinter production 
capacity was at facilities with WSs and 41% was at facilities with FFs.  If it is assumed that these 
proportions of APCD-to-production capacity existed in 1995 and that actual production in 1995 
was equal to sinter consumption at iron and steel plants (12.4 million metric tons), then estimated 
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Table 7-8.  CDD/CDF emission factors (ng/kg sinter) for sintering plants 

Congener/congener 
group 

Wet scrubber Fabric filter 

Nondetect set 
to zero 

Nondetect set to ½ 
detection limit 

Nondetect set 
to zero 

Nondetect set to ½ 
detection limit 

2,3,7,8-TCDD 0.049 0.049 0.406 0.406 
1,2,3,7,8-PeCDD 0.138 0.138 0.937 0.937 
1,2,3,4,7,8-HxCDD 0.03 0.03 0.135 0.135 
1,2,3,6,7,8-HxCDD 0.612 0.612 1.469 1.469 
1,2,3,7,8,9-HxCDD 0.288 0.288 0.609 0.609 
1,2,3,4,6,7,8-HpCDD 0.696 0.696 0.698 0.698 
OCDD 0.496 0.496 0.695 0.695 

2,3,7,8-TCDF 0.602 0.602 10.232 10.232 
1,2,3,7,8-PeCDF 0.343 0.343 3.518 3.518 
2,3,4,7,8-PeCDF 0.349 0.349 3.228 3.228 
1,2,3,4,7,8-HxCDF 0.421 0.421 1.382 1.382 
1,2,3,6,7,8-HxCDF 0.164 0.164 0.495 0.495 
1,2,3,7,8,9-HxCDF 0.011 0.014 0.029 0.057 
2,3,4,6,7,8-HxCDF 0.142 0.142 0.285 0.285 
1,2,3,4,6,7,8-HpCDF 0.247 0.247 0.316 0.316 
1,2,3,4,7,8,9-HpCDF 0.036 0.036 0 0.115 
OCDF 0.103 0.103 0.05 0.192 

Total 2,3,7,8-CDD 2.309 2.309 4.949 4.949 
Total 2,3,7,8-CDF 2.418 2.421 19.820 19.82 
Total I-TEQDF 0.55 0.55 4.14 4.14 
Total TEQDF-WHO98 0.62 0.62 4.61 4.61 

Total TCDD NR NR NR NR 
Total PeCDD NR NR NR NR 
Total HxCDD NR NR NR NR 
Total HpCDD NR NR NR NR 
Total OCDD 0.496 0.496 0.695 0.695 
Total TCDF NR NR NR NR 
Total PeCDF NR NR NR NR 
Total HxCDF NR NR NR NR 
Total HpCDF NR NR NR NR 
Total OCDF 0.103 0.103 0.050 0.192 

Total 2,3,7,8 CDD/CDFa 4.73 4.73 24.77 24.77 
aThe listed values for total CDD/CDF include only the 17 toxic congeners. 

Source:  Calcagni et al. (1998). 
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Figure 7-4.  Congener profiles for air emissions from U.S. iron ore sintering 
plants. 

Source:  Calcagni et al. (1998). 

TEQ emissions from WS-equipped facilities were 4.5 g TEQDF-WHO98 (4 g I-TEQDF) and 
emissions from FF-equipped facilities were 23.4 g TEQDF-WHO98 (21 g I-TEQDF), for a total of 
27.9 g TEQDF-WHO98 (25.1 g I-TEQDF).  These emission estimates are assigned an overall 
medium confidence rating on the basis of the medium rating for the activity level estimates. 

If these same assumptions are applied to the 1987 sinter consumption rate of 14.5 million 
metric tons, then estimated TEQ emissions from WS-equipped facilities were 5.3 g TEQDF 
WHO98 (4.7 g I-TEQDF) and emissions from FF-equipped facilities were 27.4 g TEQDF-WHO98 

(24.6 g I-TEQDF), for a total of 32.7 g TEQDF-WHO98 (29.3 g I-TEQDF). These emission 
estimates are less certain than the estimates for 1995 because of uncertainties concerning actual 
APCDs in place in 1987 and the content of waste feed (i.e., oil content and presence of 
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Table 7-9.  Operating parameters for U.S. iron ore sintering plants 

Company Location 

1998 capacity 
(1,000 metric 

tons/yr) 

Current air 
pollution control 

device 

AK Steel Middletown, OH  907 Wet scrubber 

AK Steela Ashland, KY 816a NA 

Bethlehem Steel Burns Harbor, IN  2,676 Wet scrubber 

Bethlehem Steel Sparrows Point, MD  3,856 Wet scrubber 

Geneva Steel Provo, UT  816 Fabric filter 

Inland Steel East Chicago, IN  1,089 Fabric filter 

LTV Steel East Chicago, IN  1,270 Wet scrubber 

U.S. Steel Gary, IN  3,992 Fabric filter 

Weirton Steela Weirton, WV  1,179a NA 

Wheeling-Pittsburgh Steel East Steubenville, WV  519 Wet scrubber 

WCI Steel Warren, OH  477 Fabric filter 

TOTAL  17,597b 

aNot in operation during 1998 (Calcagni et al., 1998).
 
bWhen the Ashland, KY, and Weirton, WV, facilities are excluded, total 1998 capacity was 15,600,000 metric tons.
 

NA = Not available 

Sources:  Metal Producing (1991, 1996); Calcagni et al. (1998). 

chlorinated organics in the oil) at that time.  Consequently, a low confidence rating is assigned to 
the emission factor and the emissions estimate. 

In 2000, a total of 10,600 million metric tons of sinter were consumed in blast furnaces 
(Fenton, 2001). This activity level has a high confidence rating because it is based on a 
comprehensive survey.  Assuming the same proportions for facilities with WSs and facilities 
with FFs as in 1995 and 1987, then estimated TEQ emissions from WS-equipped facilities were 
3.9 g TEQDF-WHO98 (3.4 g I-TEQDF) and emissions from FF-equipped facilities were 23.7 g 
TEQDF-WHO98 (21.3 g I-TEQDF), for a total of 27.6 TEQDF-WHO98 (24.4 g I-TEQDF) for 2000. 
This emissions estimate is assigned a high confidence rating on the basis of the high ratings 
given to the activity level and emission factor for reference year 2000. 

7.3.2. Coke Production 

Coke is the principal fuel used in the manufacture of iron and steel.  It is the solid 
carbonaceous material produced by the destructive distillation of coal in high-temperature ovens. 
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No testing of CDD/CDF emissions from U.S. coke facilities has been reported.  However, at a 
facility in the Netherlands, Bremmer et al. (1994) measured a CDD/CDF emission rate to air 
during the water quenching of hot coke of 0.23 ng I-TEQDF/kg of coal consumed.  Bremmer et al. 
estimated minimal CDD/CDF air emissions (0.002 ng I-TEQDF/kg of coal) for flue gases 
generated during the charging and emptying of the coke ovens. 

The report commissioned by Environment Canada in 2000 to review steel production 
processes in Canadian plants (Charles E. Napier Company, Ltd., 2000) also provided information 
on emissions from coke ovens. Mean emission factors (ng I-TEQ/kg) of the four Canadian coke 
oven facilities (as indicated in Table 7-10) were 0.3 ng I-TEQ/kg coke produced. 

Although there are no testing data on which to base an estimate of CDD/CDF emissions 
in the United States, a preliminary estimate of potential TEQ annual emissions from U.S. coke 
plants can be made by combining the estimated consumption values of 33.5 million metric tons 
in 1987, 29.9 million metric tons in 1995, and 26.2 million metric tons in 2000 (EIA, 2002) with 
the emission factor reported by Bremmer et al. (1994) for a Dutch coke plant (0.23 ng I
TEQDF/kg of coal consumed).  These calculations yield annual emissions of 7.7, 6.9, and 6.03 g I
TEQDF for 1987, 1995, and 2000, respectively.  These estimates should be regarded as 
preliminary indications of possible emissions from this source category; further testing is needed 
to confirm the true magnitude of these emissions. 

7.4. SECONDARY FERROUS METAL SMELTING/REFINING 

Electric arc furnaces in Europe have been reported to be sources of CDD/CDF emissions; 
no testing has been reported at U.S. facilities.  Electric arc furnaces are used to produce carbon 
and steel alloys, primarily from scrap material, using a batch process.  The input material is 
typically 100% scrap.  Scrap, alloying agents, and fluxing materials are loaded into the 
cylindrical, refractory-lined furnace, and then carbon electrodes are lowered into the mix.  The 
current of the opposite-polarity electrodes generates heat through the scrap.  Processing time of a 
batch ranges from about 1.5 to 5 hr to produce carbon steel and from 5 to 10 hr to produce alloy 
steel (U.S. EPA, 1995b). 

The melting of scrap ferrous material contaminated with metalworking fluids and plastics 
that contain chlorine provides the conditions conducive to formation of CDDs/CDFs.  Tysklind 
et al. (1989) studied the formation and release of CDDs/CDFs at a pilot 10-ton electric furnace in 
Sweden. Scrap ferrous metal feedstocks containing varying amounts of chlorinated compounds 
(PVC plastics, cutting oils, or calcium chloride) were charged into the furnace under different 
operating conditions (continuous feed, batch feed into the open furnace, or batch feed through the 
furnace lid). During continuous charging operations, the highest emissions, 1.5 ng Nordic 
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Table 7-10. CDD/CDF emission estimates for Canadian coke oven facilities, 
blast furnace facilities, and electric arc furnaces 

Company/facility Location 

Plant 
capacity 

(1,000 net 
tonnes/yr) 

Estimated 
production 
(1,000 net 

tonnes) 

Estimated 
CDD/CDF 
emissions 
(g I-TEQ) 

Estimated 
CDD/CDF 
emission 

factor 
(ng I

TEQ/kg) 

Coke oven facilities 

Algoma Steel Inc. Sault Ste. Marie, Ontario 1,021 979 0.29 0.296 

Dofasco Inc. Hamilton, Ontario 1,656 1,588 0.48 0.302 

Stelco Inc., Lake Erie Steel Nanticoke, Ontario 563 540 0.16 0.296 

Stelco Inc., Hilton Works Hamilton, Ontario 1,035 993 0.30 0.302 

TOTAL 4,275 4,100 1.23 

Blast furnace facilities 

Algoma Steel Inc. Sault Ste. Marie, Ontario 2,270 2,177 <0.01 NA 

Dofasco Inc. Hamilton, Ontario 2,725 2,613 <0.01 NA 

Stelco Inc., Lake Erie Steel Nanticoke, Ontario 1,680 1,611 <0.01 NA 

Stelco Inc., Hilton Works Hamilton, Ontario 2,720 2,608 <0.01 NA 

TOTAL 9,395 9,009 <0.01 

Electric arc furnaces 

AltaSteel Ltd. Edmonton, Alberta 295 256 0.67 2.62 

Atlas Specialty Steels Welland, Ontario 218 189 0.49 2.59 

Atlas Stainless Steels Tracy, Quebec 118 103 0.27 2.62 

Co-Steel Lasco Whitby, Ontario 907 788 0.79 1.00 

Dofasco Inc. Hamilton, Ontario 1,225 1,065 0.50 0.469 

Gerdau MRM Steel Inc. Cambridge, Ontario 290 252 0.66 2.62 

Gerdan MRM Steel Inc. Selkirk, Manitoba 281 244 0.63 2.58 

IPSCO Inc. Regina, Saskatchewan 907 788 1.13 1.43 

Ispat Sidbec Inc. Contrecoeur, Quebec 1,633 1,419 3.69 2.60 

Ivanco Rolling Mills Inc. L’Original, Ontario 408 355 0.92 2.59 

Slater Steels, Hamilton 
Specialty Bar Div. 

Hamilton, Ontario 363 315 0.82 2.60 

Stelco-McMaster Ltèe Contrecoeur, Quebec 499 434 1.13 2.60 

Sydney Corp. Sydney, Nova Scotia 454 395 0.40 1.01 

TOTAL  7,598  6,603  12.10 
NA = Not available 

Source:  Charles E. Napier Company, Ltd. (2000). 
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TEQ/dry Nm3 (after an FF), were observed with a feedstock consisting of scrap metal with PVC 
plastics (1.3 g chlorine/kg feedstock).  This emission rate equates to 7.7 ng Nordic TEQ/kg of 
feedstock. 

The highest emissions during batch charging also occurred when the scrap metal with 
PVC plastic was combusted (0.3 ng Nordic TEQ/dry Nm3 [1.7 ng Nordic TEQ/kg] feedstock). 
Much lower emissions (0.1 ng Nordic TEQ/dry Nm3 [0.6 ng Nordic TEQ/kg] feedstock) were 
observed when scrap metal with cutting oils that contained chlorinated additives (0.4 g 
chlorine/kg feedstock) was melted.  Although these cutting oil-related emissions were not 
significantly different from the emissions observed from the melting of no-chlorine scrap metal, 
relatively high levels of CDDs/CDFs (110 ng Nordic TEQ/dry Nm3) were detected in flue gases 
prior to the FF. 

The congener profiles of raw flue gas samples (prior to the APCD) showed that CDFs 
rather than CDDs were predominant in all three feedstock types.  The congener profile from the 
test burn with PVC-containing feedstock showed a higher chlorinated congener content than was 
observed with the other feedstocks. 

Eduljee and Dyke (1996) used a range of 0.7 to 10 ng I-TEQDF/kg of scrap feed to 
estimate national emissions for the United Kingdom.  This range was assumed to be 
representative of no-chlorine and high-chlorine operations.  However, the study authors provided 
little information on the supporting emission test studies (i.e., tested facility operational 
materials, feed rates, congener-specific emission rates). 

Umweltbundesamt (1996) reported stack testing results for a variety of electric arc 
furnaces in Germany.  Sufficient data were provided in the report to enable calculation of TEQ 
emission factors for six of the tested facilities.  Two facilities had emission factors exceeding 1 
ng I-TEQDF/kg of scrap processed, and two facilities had emission factors of less than 0.1 ng I 
TEQDF/kg of scrap.  The mean emission factor was 1.15 ng I-TEQDF/kg of scrap.  The TEQ 
concentrations in the stack gases at these facilities (corrected to 7% oxygen) ranged from less 
than 0.1 to 1.3 ng I-TEQDF/m3 . 

The report commissioned by Environment Canada in 2000 to review steel production 
processes at Canadian plants (Charles E. Napier Company, Ltd., 2000) included information on 
emissions from iron sintering and provided information on emissions from electric arc furnaces, 
which were estimated on the basis of plant capacity and estimated production.  Mean emission 
factors (ng I-TEQ/kg) of the 13 Canadian electric arc furnace facilities (as indicated in Table 
7-10) were 2.1 ng I-TEQDF/kg steel produced. 

In March 2000, Environment Canada reported on source testing to determine CDD/CDF 
emissions from a facility in Ontario (Cianciarelli, 2000).  Sampling was conducted on the 
exhaust stack of the electric arc furnace of Dofasco Inc., and both concentrations and emission 
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rates were provided (see Table 7-11).  Total CDD/CDF concentrations were reported to be 51.15 
pg TEQ/m3, and the total emission rate was reported to be 0.47 ng TEQ/kg steel produced.  In 
August 2000, the Emissions Research and Measurement Division of Environment Canada 
conducted source testing to determine CDDs/CDFs from the electric arc furnace of another 
facility, Gerdau Courtice Steel Inc. (Cianciarelli, 2001).  These results (presented in Table 7-11) 
are being used to support the Canadian dioxin/furan inventory for electric arc furnaces.  The total 
CDD/CDF concentrations were reported to be 125.5 pg TEQ/m3, and the total emission rate was 
reported to be 1.1 ng TEQ/kg steel produced. 

In 1987, electric arc furnaces accounted for 38.1% of U.S. steel production, or 30.8 
billion kg of raw steel produced (Peters, 1988).  In 1995, electric arc furnaces accounted for 
40.4% of U.S. steel production, or 38.4 of the total 95.2 million metric tons of raw steel produced 
(Fenton, 1996). In 2000, electric arc furnaces accounted for 46.2% of U.S. steel production, or 
49 of the 106 million metric tons of raw steel produced (USGS, 2002). 

No testing of CDD/CDF emissions from U.S. electric arc furnaces on which to base an 
estimate of national emissions has been reported.  A preliminary estimate of potential TEQ 
annual emissions from U.S. electric arc furnaces can be made by combining the production 
estimate of steel and an average emission factor of 1.21 ng I-TEQDF/kg steel derived from the 
data reported in Umweltbundesamt (1996) and the three Environment Canada reports (Charles E. 
Napier Company, Ltd., 2000; Cianciarelli, 2000, 2001).  This calculation yields an annual 
emissions estimate of 37.3 g I-TEQDF in 1987, 46.5 g I-TEQDF in 1995, and 59.3 g I-TEQDF in 
2000. These estimates should be regarded as preliminary indications of possible emissions from 
this source category; further testing is needed to confirm the true magnitude of these emissions. 

7.5. FERROUS FOUNDRIES 

Ferrous foundries produce high-strength iron and steel castings used in industrial 
machinery, pipes, and heavy transportation equipment.  Iron and steel castings are solid solutions 
of iron, carbon, and various alloying materials.  Castings are produced by injecting or pouring 
molten metal into cavities of a mold made of sand, metal, or ceramic material. Metallic raw 
materials are pig iron, iron and steel scrap, foundry returns, and metal turnings (U.S. EPA, 
1995b, 1997a). 

The melting process takes place primarily in cupola (or blast) furnaces and to a lesser 
extent in electric arc furnaces.  About 70% of all iron castings are produced using cupolas, 
although steel foundries rely almost exclusively on electric arc furnaces or induction furnaces for 
melting.  The cupola is typically a vertical, cylindrical steel shell with either a refractory-lined or 
a water-cooled inner wall.  Charges are loaded at the top of the unit; the iron is melted as it flows 
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Table 7-11. CDD/CDF emission concentrations and rates for Canadian 
electric arc furnaces 

Congener 

Mean facility concentration 
(pg TEQ/m3) 

Mean facility emission rate 
(ng TEQ/tonne steel) 

Run 1 Run 2 Run 3 Avg. Run 1 Run 2 Run 3 Avg. 

Dofasco Inc. 

2,3,7,8-TCDD 0 1.99 0 0.66 0 17.2 0 5.7 
1,2,3,7,8-PeCDD 1.96 4.09 6.44 4.16 20.5 35.3 60.5 38.8 
1,2,3,4,7,8-HxCDD 0 0 0 0 0 0 0 0 
1,2,3,6,7,8-HxCDD 0 0.33 1.13 0.49 0 2.8 10.6 4.5 
1,2,3,7,8,9-HxCDD 0.25 0 0.63 0.29 2.7 0 5.9 2.9 
1,2,3,4,6,7,8-HpCDD 0.11 0 0.05 0.05 1.2 0 0.5 0.6 
OCDD 0.04 0.01 0 0.02 0.4 0 0 0.1 

2,3,7,8-TCDF 9.96 37.11 29.45 25.51 104.2 320.9 276.5 233.9 
1,2,3,7,8-PeCDF 0.48 1.23 1.60 1.1 5 10.6 15 10.2 
2,3,4,7,8-PeCDF 5.88 14.9 22.98 14.59 61.6 128.8 215.7 135.4 
1,2,3,4,7,8-HxCDF 1.12 2.23 3.86 2.4 11.7 19.3 36.3 22.4 
1,2,3,6,7,8-HxCDF 0.51 0.81 2.02 1.11 5.3 7 19 10.4 
2,3,4,6,7,8-HxCDF 0 0.52 1.43 0.65 0 4.5 13.4 6 
1,2,3,7,8,9-HxCDF 0 0 0 0 0 0 0 0 
1,2,3,4,6,7,8-HpCDF 0.11 0.05 0.16 0.11 1.1 0.4 1.5 1 
1,2,3,4,7,8,9-HpCDF 0 0 0 0 0 0 0 0 
OCDF 0.01 0 0 0 0.1 0 0 0 

TOTAL 20.43 63.27 69.75 51.14 213.8  546.8 654.9 471.9 

Gerdau Courtice Steel Inc. 

2,3,7,8-TCDD 6.3 2.7 2.6 3.9 57 21 22 33.3 
1,2,3,7,8-PeCDD 8.3 4.7 3.1 5.4 75 37 27 46.3 
1,2,3,4,7,8-HxCDD 0.6 0.4 0.2 0.4 5 3 2 3.3 
1,2,3,6,7,8-HxCDD 1 0.7 0.4 0.7 9 6 3 6 
1,2,3,7,8,9-HxCDD 0.8 0.5 0.3 0.5 8 4 3 5 
1,2,3,4,6,7,8-HpCDD 0.2 0.1 0.1 0.1 1 1 1 1 
OCDD 0 0 0 0 0 0 0 0 

2,3,7,8-TCDF 65 29.4 18 37.5 588 232 154 324.7 
1,2,3,7,8-PeCDF 5.5 2.9 1.7 3.4 50 23 15 29.3 
2,3,4,7,8-PeCDF 95.5 46.2 26 55.9 864 364 222 483.3 
1,2,3,4,7,8-HxCDF 12.5 7.9 4.3 8.2 113 63 37 71 
1,2,3,6,7,8-HxCDF 6.9 4.6 2.4 4.6 62 36 20 39.3 
2,3,4,6,7,8-HxCDF 5.8 4.3 1.7 3.9 52 34 14 33.3 
1,2,3,7,8,9-HxCDF 0.5 0.5 0.2 0.4 5 4 2 3.7 
1,2,3,4,6,7,8-HpCDF 0.7 0.5 0.2 0.5 6 4 2 4 
1,2,3,4,7,8,9-HpCDF 0.1 0.1 0 0.1 1 1 0 0.7 
OCDF 0 0 0 0 0 0 0 0 

TOTAL 209.7 105.5 61.2 125.5 1,896 833 524 1,084.2 

Source:  Cianciarelli (2000). 
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down the cupola and is removed at the bottom.  Electric induction furnaces are batch-type 
furnaces in which the charge is melted by a fluctuating electromagnetic charge produced by 
electrical coils surrounding the unit (U.S. EPA, 1995b, 1997a). 

Iron and steel foundries, particularly those using electric arc furnaces, are highly 
dependent on iron and steel scrap.  Of the estimated 72 million metric tons of iron and steel scrap 
consumed by the iron and steel industry in 1995, 25% (18 million metric tons) were used by 
ferrous foundries. The other 75% were used by primary ferrous metal smelters (principally those 
using electric arc furnaces) (USGS, 1997f).  In 2000, 20% (12.4 million metric tons) were used 
by ferrous foundries; the remaining 80% were used by primary ferrous smelters (USGS, 2000). 

In 2000, there were approximately 1,100 ferrous foundries in the United States producing 
1.3 million metric tons of steel castings and 10 metric tons of iron castings.  Thus, foundries face 
the same potential for CDD/CDF emissions as do electric arc furnaces because of their use of 
scrap that contains chlorinated solvents, plastics, and cutting oils (see Section 7.4)  The potential 
for formation and release of CDDs/CDFs during the casting process is not known. 

In 1993, emissions testing was conducted at a U.S. ferrous foundry (CARB, 1993, as 
reported in U.S. EPA, 1997a). The tested facility consisted of a batch-operated, coke-fired 
cupola furnace charged with pig iron, scrap iron, scrap steel, coke, and limestone.  Emission 
control devices operating during the testing were an oil-fired afterburner and an FF.  The 
congener and congener group emission factors derived from the testing are presented in Table 
7-12. The calculated TEQ emission factor for this set of tests is 0.42 ng TEQDF-WHO98 (0.37 ng 
I-TEQDF/kg) of metal charged to the furnace. 

Umweltbundesamt (1996) reported stack testing results for a variety of ferrous foundries 
in Germany.  Sufficient data were provided to enable calculation of TEQ emission factors for 
eight of the tested facilities.  Three facilities had emission factors exceeding 1 ng I-TEQDF/kg of 
metal charge, and four facilities had emission factors less than 0.1 ng I-TEQDF/kg of metal 
charge.  The emission factors span more than four orders of magnitude.  The mean emission 
factor was 1.26 ng I-TEQDF/kg of metal feed. 

In 1997, EPA conducted testing for emissions of dioxins at two ferrous foundries (U.S. 
EPA, 1999c, f). One study was conducted on the cupola’s WS; the second study was performed 
on the cupola’s FF.  A summary of the results is presented in Table 7-13.  The emission factor 
developed from these tests is 2.05 ng I-TEQ/kg of metal processed. 

Because of the wide range of emissions for the tested German foundries reported in 
Umweltbundesamt (1996), the confidence in the degree to which the three tested U.S. facilities 
represent the mean emission factor for the approximately 1,100 U.S. foundries is considered very 
low. Therefore, the limited data available were judged inadequate for developing national 
emission estimates that could be included in the national inventory.  However, a preliminary 
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Table 7-12. CDD/CDF emission factors for a U.S. ferrous foundry 

Congener/congener group 
Mean facility emission factor 

(ng/kg scrap feed) 

2,3,7,8-TCDD 0.033 
1,2,3,7,8-PeCDD 0.086 
1,2,3,4,7,8-HxCDD NR 
1,2,3,6,7,8-HxCDD 0.051 
1,2,3,7,8,9-HxCDD NR 
1,2,3,4,6,7,8-HpCDD 0.093 
OCDD NR 

2,3,7,8-TCDF 0.52 
1,2,3,7,8-PeCDF 0.305 
2,3,4,7,8-PeCDF 0.35 
1,2,3,4,7,8-HxCDF 0.19 
1,2,3,6,7,8-HxCDF 0.17 
1,2,3,7,8,9-HxCDF NR 
2,3,4,6,7,8-HxCDF 0.101 
1,2,3,4,6,7,8-HpCDF 0.193 
1,2,3,4,7,8,9-HpCDF NR 
OCDF 0.059 

Total 2,3,7,8-CDD 0.263 
Total 2,3,7,8-CDF 1.888 
Total I-TEQDF (for reported congeners) 0.372 
Total TEQDF-WHO98 0.415 

Total TCDD 3.96 
Total PeCDD 1.76 
Total HxCDD 0.55 
Total HpCDD 0.19 
Total OCDD NR 
Total TCDF 25.8 
Total PeCDF 850 
Total HxCDF 1.74 
Total HpCDF 0.24 
Total OCDF 0.06 

Total CDD/CDF (not including OCDD) 884.3 
NR = Not reported 

Source:  CARB (1993), as reported in U.S. EPA (1997a). 

estimate of potential TEQ annual emissions from U.S. ferrous foundries can be made by 
combining the mean emission factor (1.23 ng I-TEQDF/kg of metal feed) derived from the data 
reported in Umweltbundesamt (1996), CARB (1993), and U.S. EPA (1997a) with an estimated 
activity level for U.S. foundries. 
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Table 7-13.  Congener-specific profile for ferrous foundries 

Congener 

Mean emission factor (2 facilities) 
(ng I-TEQ/kg) 

Nondetect set to zero Nondetect set to ½ detection limit 

2,3,7,8-TCDD 0.11 0.11 
1,2,3,7,8-PeCD 0.15 0.15 
1,2,3,4,7,8-HxCDD 0.012 0.012 
1,2,3,6,7,8-HxCDD 0.023 0.023 
1,2,3,7,8,9-HxCDD 0.028 0.028 
1,2,3,4,6,7,8-HpCDD 0.0033 0.0033 
OCDD 0.16 0.16 

2,3,7,8-TCDF 0.084 0.084 
1,2,3,7,8-PeCDF 1.08 1.08 
2,3,4,7,8-PeCDF 0.21 0.21 
1,2,3,4,7,8-HxCDF 0.1 0.1 
1,2,3,6,7,8-HxCDF 0.0079 0.0079 
1,2,3,7,8,9-HxCDF 0.075 0.075 
2,3,4,6,7,8-HxCDF 0.0082 0.0082 
1,2,3,4,6,7,8-HpCDF 0.0014 0.0014 
1,2,3,4,7,8,9-HpCDF 0.00009 0.00009 
OCDF 0.00007 0.00007 

Total I-TEQ 2.05 2.05 

Sources:  U.S. EPA (1999c, f). 

In 1987, U.S. shipments from ferrous foundries were 9.19 million metric tons, of which 
about 90% were iron castings and 10% were steel castings (Houck, 1991).  In 1995, U.S. 
shipments from the approximately 1,000 U.S. ferrous foundries were 13.9 million metric tons, of 
which about 90% were iron castings and 10% were steel castings (Fenton, 1996).  In 2000, U.S. 
shipments from the approximate 1,100 U.S. ferrous foundries were 11.3 million metric tons, of 
which about 89% were iron castings and 11% were steel castings (USGS, 2001).  Using the mean 
emission factors and these activity levels yields annual emission estimates of 11.3 g I-TEQDF, 
17.1 g I-TEQDF, and 13.9 g I-TEQDF for 1987, 1995, and 2000, respectively.  These estimates 
should be regarded as preliminary indications of possible emissions from this source category; 
further testing is needed to confirm the true magnitude of these emissions. 

7.6. SCRAP ELECTRIC WIRE RECOVERY 

The objective of wire recovery is to reclaim the metal (copper, lead, silver, and gold) in 
the electric wire by removing the insulating material.  The recovery facility then sells the 
reclaimed metal to a secondary metal smelter.  Wire insulation commonly consists of a variety of 
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plastics, asphalt-impregnated fabrics, or burlap.  Chlorinated organics are used to preserve the 
cable casing in below-ground cables.  The combustion of chlorinated organic compounds in the 
cable insulation, catalyzed by the presence of wire metals such as copper and iron, can lead to the 
formation of CDDs and CDFs (Van Wijnen et al., 1992). 

Although, in the past, scrap electric wire was commonly recovered using thermal 
processing to burn off the insulating material, current recovery operations typically no longer 
involve thermal treatment, according to industry and trade association representatives.  Instead, 
scrap electric wire is mechanically chopped into fine particles.  The insulating material is then 
removed by mixing, followed by settling of the heavier metal (telephone conversations between 
T. Leighton, Versar, Inc., and R. Garino, Institute of Scrap Recycling Industries, March 2, 1993, 
and T. Leighton and J. Sullivan, Triple F. Dynamics, March 8, 1993). 

EPA measured dioxin-like compounds emitted to the air from a scrap wire reclamation 
incinerator during its 1986 National Dioxin Study of combustion sources (U.S. EPA, 1987a). 
EPA determined that the tested facility was typical of this industrial source category at that time. 
Insulated wire and other metal-bearing scrap material were fed to the incinerator on a steel pallet. 
The incinerator operated in a batch mode, with the combustion cycles for each batch of scrap 
feed lasting between 1 and 3 hr.  Natural gas was used to incinerate the material.  Although most 
of the wire had a tar-based insulation, PVC-coated wire was also fed to the incinerator. 
Temperatures during combustion in the primary chamber furnace were about 570°C.  The tested 
facility was equipped with a high-temperature, natural gas-fired afterburner (980 to 1090°C). 
Emission factors estimated for this facility are presented in Table 7-14.  The estimated TEQ 
emission factor (based only on 2,3,7,8-TCDD, 2,3,7,8-TCDF, OCDD, and OCDF) is 15.8 ng 
TEQDF-WHO98 (16.9 ng I-TEQDF/kg) of scrap feed.  Figure 7-5 presents a congener group profile 
based on these emission factors. 

Bremmer et al. (1994) reported emission factors for three facilities in the Netherlands that 
subsequently ceased operations.  Emission rates at a facility burning underground cables and 
cables containing PVC ranged from 3.7 ng I-TEQDF/kg to 14 ng I-TEQDF/kg.  The emission rates 
at a second facility ranged from 21 ng I-TEQDF/kg of scrap (when burning copper core coated 
with greasy paper) to 2,280 ng I-TEQDF/kg of scrap (when burning lead cable).  The third facility, 
which burned motors, was reported to have an emission rate of 3,300 ng I-TEQDF/kg of scrap. 
On the basis of these measurements, Bremmer et al. used emission rates of 40 ng I-TEQDF/kg of 
scrap and 3,300 ng I-TEQDF/kg of scrap for estimating national emissions in the Netherlands for 
facilities burning wires and cables and those burning motors, respectively. 

Although limited emissions testing has been conducted at one U.S. facility, the activity 
level for this industry sector in reference years 1987, 1995, and 2000 is unknown; therefore, an 
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Table 7-14. CDD/CDF emission factors for a scrap wire incinerator 

Congener/congener group Mean facility emission factora (ng/kg scrap feed) 

2,3,7,8-TCDD 
1,2,3,7,8-PeCDD 
1,2,3,4,7,8-HxCDD 
1,2,3,6,7,8-HxCDD 
1,2,3,7,8,9-HxCDD 
1,2,3,4,6,7,8-HpCDD 
OCDD 

0.374 
NR 
NR 
NR 
NR 
NR 

1,000 

2,3,7,8-TCDF 2.67 
1,2,3,7,8-PeCDF NR 
2,3,4,7,8-PeCDF NR 
1,2,3,4,7,8-HxCDF NR 
1,2,3,6,7,8-HxCDF NR 
1,2,3,7,8,9-HxCDF NR 
2,3,4,6,7,8-HxCDF NR 
1,2,3,4,6,7,8-HpCDF NR 
1,2,3,4,7,8,9-HpCDF NR 
OCDF 807 

Total 2,3,7,8-CDD NR 
Total 2,3,7,8-CDF NR 
Total I-TEQDF 16.9b 

Total TEQDF-WHO98 15.8 

Total TCDD 1,000 
Total PeCDD 4.42 
Total HxCDD 13.7 
Total HpCDD 71.1 
Total OCDD 347 
Total TCDF 107 
Total PeCDF 97.4 
Total HxCDF 203 
Total HpCDF 623 
Total OCDF 807 

Total CDD/CDF 3,274 
aNo nondetect values were reported for 2,3,7,8-TCDD, 2,3,7,8-TCDF, or any congener group in the three test runs. 
bEstimated on the basis of the measured data for 2,3,7,8-TCDD, 2,3,7,8-TCDF, OCDD, and OCDF and congener
 group emissions (i.e., for the penta-, hexa-, and hepta-CDDs and CDFs, it was assumed that the measured
 emission factor within a congener group was the sum of equal emission factors for all congeners in that group,
 including non-2,3,7,8-substituted congeners). 

NR = Not reported 

Source:  U.S. EPA (1987a). 
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Figure 7-5.  Congener group profile for air emissions from a scrap wire 
incinerator. 

Source:  U.S. EPA (1987a). 

estimate of national emissions cannot be made.  It is uncertain how many facilities in the United 
States still combust scrap wire. Trade association and industry representatives state that U.S. 
scrap wire recovery facilities now burn only minimal quantities of scrap wire.  However, an 
inventory of CDD/CDF sources in the San Francisco Bay area noted that two facilities thermally 
treated electric motors to recover electrical windings (BAAQMD, 1996). 

In addition to releases from regulated recovery facilities, CDD/CDF releases from small-
scale burning of wire at unregulated facilities and open air sites have occurred; however, the 
current magnitude of these types of activity in the United States is not known.  Harnly et al. 
(1995) analyzed soil/ash mixtures from three closed metal recovery facilities and from three 
closed sites using open burning for copper recovery near a California desert town.  The geometric 
means of the total CDD/CDF concentrations at the facility sites and the open burning sites were 
86,000 and 48,500 ng/kg, respectively.  The geometric mean TEQ concentrations were 2,900 and 
1,300 ng I-TEQDF/kg, respectively.  A significantly higher geometric mean concentration (19,000 
ng I-TEQDF/kg) was found in fly ash located at two of the facility sites.  The congener-specific 
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and congener group results from this study are presented in Table 7-15.  The results show that the 
four dominant congeners in the soil samples at both the facility and the open burning sites were 
OCDF, 1,2,3,4,6,7,8-HpCDF, 1,2,3,4,7,8-HxCDF, and 2,3,7,8-TCDF.  A slightly different profile 
was observed in the fly ash samples, with 1,2,3,7,8-PeCDF and 1,2,3,4,7,8,9-HpCDF replacing 
OCDD and 2,3,7,8-TCDF as the dominant congeners. 

Table 7-15. CDD/CDF concentrations in fly ash and ash/soil at metal recovery 
sites 

Congener/congener 
group 

Metal recovery facilities Open burn sites 

Fly ash (2 sites) Ash/soil (3 sites) Ash/soil (3 sites) 

Geometric
 mean 

(:g/kg) 

Relative 
percent of 

total 
CDD/CDF 

Geometric
 mean 

(:g/kg) 

Relative 
percent of 

total 
CDD/CDF 

Geometric
 mean 

(:g/kg) 

Relative 
percent of 

total 
CDD/CDF 

2,3,7,8-TCDD 
1,2,3,7,8-PeCDD 
1,2,3,4,7,8-HxCDD 
1,2,3,6,7,8-HxCDD 
1,2,3,7,8,9-HxCDD 
1,2,3,4,6,7,8-HpCDD 
OCDD 

a 

400 
1,200 
2,300 
1,700 

12,000 
18,000 

0.1 
0.2 
0.5 
0.3 
2.4 
3.5

 a 

0.24 
0.25 
0.49 
1.3 
2.6 
7.2 

0.3 
0.3 
0.6 
1.5 
3.1 
8.5

 a 

0.24 
0.13 
0.33 
0.39 
1.2 
3.4 

0.5 
0.3 
0.7 
0.8 
2.5 
7 

2,3,7,8-TCDF 15,000 2.9 6.4 7.5 1.7 3.5 
1,2,3,7,8-PeCDF 35,000 6.9 2.9 3.4 0.58 1.2 
2,3,4,7,8-PeCDF 10,000 2 1.4 1.6 0.66 1.4 
1,2,3,4,7,8-HxCDF 46,000 9 5.9 6.9 2.7 5.6 
1,2,3,6,7,8-HxCDF 12,000 2.4 1.8 2.1 0.76 1.6 
1,2,3,7,8,9-HxCDF 5,000 1 0.92 1.1 0.66 1.4 
2,3,4,6,7,8-HxCDF 5,000 1 1.6 1.9 0.49 1 
1,2,3,4,6,7,8-HpCDF 71,000 13.9 12 14.1 4.3 8.9 
1,2,3,4,7,8,9-HpCDF 25,000 4.9 3 3.5 0.71 1.5 
OCDF 100,000 19.6 14 16.5 6.6 13.6 

Total TCDD a a a a a a 

Total PeCDD 2,000 0.4 1.4 1.6 2.8 5.8 
Total HxCDD 4,000 0.8 2.7 3.2 0.98 2 
Total HpCDD 24,000 4.7 4.1 4.8 2 4.1 
Total OCDD 18,000 3.5 7.2 8.5 3.4 7 
Total TCDF 23,000 4.5 14 16.5 5.6 11.5 
Total PeCDF 110,000 21.6 12 14.1 7 14.4 
Total HxCDF 88,000 17.3 12 14.1 7.6 15.7 
Total HpCDF 110,000 21.6 17 20 7.4 15.3 
Total OCDF 100,000 19.6 14 16.5 6.6 13.6 

Total I-TEQDF 
Total CDD/CDF 

16,968 
479,000 

3 
84.4 

1.3 
48.4 

aAnalytical method used had low sensitivity for TCDDs; results were not reported. 

Source:  Harnly et al. (1995). 
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Van Wijnen et al. (1992) reported similar results for soil samples collected from 
unpermitted incineration sites of former scrap wire and cars in the Netherlands.  Total CDD/CDF 
concentrations in the soil ranged from 60 to 98,000 ng/kg, with 9 of the 15 soil samples having 
levels above 1,000 ng/kg.  Chen et al. (1986) reported finding high levels of CDDs/CDFs in 
residues from open air burning of wire in Taiwan, and Huang et al. (1992) reported elevated 
levels in soil near wire scrap recovery operations in Japan.  Bremmer et al. (1994) estimated an 
emission rate to air of 500 ng I-TEQDF/kg of scrap for illegal, unregulated burning of cables in the 
Netherlands. 

7.7. DRUM AND BARREL RECLAMATION FURNACES 

Hutzinger and Fiedler (1991a) reported detecting CDDs/CDFs in stack gas emissions 
from drum and barrel reclamation facilities at levels ranging from 5 to 27 ng/m3 . EPA measured 
dioxin-like compounds in the stack gas emissions of a drum and barrel reclamation furnace as 
part of the National Dioxin Study (U.S. EPA, 1987a). 

Drum and barrel reclamation facilities operate a burning furnace to thermally clean used 
55-gallon steel drums of residues and coatings.  The drums processed at these facilities come 
from a variety of sources in the petroleum and chemical industries.  The thermally cleaned drums 
are then repaired, repainted, relined, and sold for reuse.  The drum-burning process subjects the 
used drums to an elevated temperature in a tunnel furnace fired by auxiliary fuel for a sufficient 
time so that the paint, interior linings, and previous contents are burned or disintegrated.  Used 
drums are loaded onto a conveyor that moves at a fixed speed.  As the drums pass through the 
preheat and ignition zone of the furnace, residual contents of the drums drain into the furnace ash 
trough.  A drag conveyor moves these sludges and ashes to a collection pit.  The drums are air-
cooled as they exit the furnace.  Exhaust gases from the burning furnace are typically drawn 
through a breeching fan to a high-temperature afterburner. 

The afterburner at the facility tested by EPA operated at an average of 827°C during 
testing and achieved a 95% reduction in CDD/CDF emissions (U.S. EPA, 1987a).  Emission 
factors estimated for this facility are presented in Table 7-16.  On the basis of the measured 
congener and congener group emissions, the average TEQ emission factor is estimated to be 17.5 
ng TEQDF-WHO98/drum (16.5 ng I-TEQDF/drum). The congener group profile is presented in 
Figure 7-6. 

Approximately 2.8 to 6.4 million 55-gallon drums are reclaimed by incineration annually 
in the United States (telephone conversation between C. D. Ruiz, Versar, Inc., and P. Rankin, 
Association of Container Reconditioners, December 21, 1992).  This estimate is based on the 
assumption that 23 to 26 incinerators are in operation; each incinerator, on average, handles 500 
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Table 7-16.  CDD/CDF emission factors for a drum and barrel reclamation 
facility 

Congener/congener group Mean facility emission factora (ng/drum) 

2,3,7,8-TCDD 2.09 
1,2,3,7,8-PeCDD NR 
1,2,3,4,7,8-HxCDD NR 
1,2,3,6,7,8-HxCDD NR 
1,2,3,7,8,9-HxCDD NR 
1,2,3,4,6,7,8-HpCDD NR 
OCDD 37.5 

2,3,7,8-TCDF 36.5 
1,2,3,7,8-PeCDF NR 
2,3,4,7,8-PeCDF NR 
1,2,3,4,7,8-HxCDF NR 
1,2,3,6,7,8-HxCDF NR 
1,2,3,7,8,9-HxCDF NR 
2,3,4,6,7,8-HxCDF NR 
1,2,3,4,6,7,8-HpCDF NR 
1,2,3,4,7,8,9-HpCDF NR 
OCDF 22.4 

Total 2,3,7,8-CDD NR 
Total 2,3,7,8-CDF NR 
Total I-TEQDF 16.5b 

Total TEQDF-WHO98 17.5 

Total TCDD 50.29 
Total PeCDD 29.2 
Total HxCDD 32.2 
Total HpCDD 53.4 
Total OCDD 37.5 
Total TCDF 623 
Total PeCDF 253 
Total HxCDF 122 
Total HpCDF 82.2 
Total OCDF 22.4 

Total CDD/CDF 1,305.2 
aNo nondetect values were reported for 2,3,7,8-TCDD, 2,3,7,8-TCDF, or any congener group in the three test runs. 
bEstimated on the basis of the measured data for 2,3,7,8-TCDD, 2,3,7,8-TCDF, OCDD, and OCDF and congener
 group emissions (i.e., for the penta-, hexa-, and hepta-CDDs and CDFs, it was assumed that the measured
 emission factor within a congener group was the sum of equal emission factors for all congeners in that group,
 including non-2,3,7,8-substituted congeners). 

NR = Not reported 

Source:  U.S. EPA (1987a). 
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Figure 7-6.  Congener group profile for air emissions from a drum incinerator. 

Source:  U.S. EPA (1987a). 

to 1,000 drums each day and, on average, each incinerator operates 5 days/wk, with 14 downtime 
days annually for maintenance activities.  The weights of 55-gallon drums vary considerably; 
however, on average, a drum weighs 38 lb (or 17 kg); therefore, an estimated 48 to 109 million 
kg of drums are incinerated annually.  For 1987 and 1995, EPA assumed that 4.6 million drums 
were burned each year (i.e., the midpoint of the range); applying the emission factors developed 
above, the estimated annual emission is 0.08 g TEQDF-WHO98 (0.08 g I-TEQDF). 

The Reusable Industrial Packaging Association estimated that approximately 35 million 
55-gallon barrels were reclaimed in 1997 (RIPA, 1997).  Assuming the number of drums treated 
has remained constant through 2000, the estimate for 2000 would be 0.61 g TEQDF-WHO98 (0.58 
g I-TEQDF). 

A low confidence rating is assigned to the activity level estimates for all reference years 
because they are based on expert judgment rather than a published reference.  A low confidence 
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rating is also assigned to the emission factor because it was developed from stack tests conducted 
at just one U.S. drum and barrel furnace and thus may not represent average emissions from 
current operations in the United States.  Based on these ratings, the emission estimates are 
assigned a low confidence rating. 

7.8. SOLID WASTE FROM PRIMARY/SECONDARY IRON/STEEL 

MILLS/FOUNDRIES 

Table 17 in Quab and Fermann (1997) contains summary data on the typical annual 
quantities and ranges of TEQ (Norwegian-TEQ [NTEQ] and I-TEQ) from various solid residuals 
from the metallurgical industries in Europe, but support information and specific congeners were 
not discussed. The summary data for annual TEQ generation are presented below (in grams) for 
informational purposes only and are not included in the inventory of dioxin releases presented in 
this report because they are disposed of in permanent landfills and are not considered an 
environmental release. 

• Grey iron foundries, FF dust and scrubber sludge:  0.817 NTEQ 
• Steel mill coke oven door leakage dust:  0.31 NTEQ 
• Steel mill coke oven door leakage dust:  0.04 I-TEQ 
• Pig iron tapping slag:  0.041 NTEQ 
• Basic oxygen furnace scrubber sludge:  1.53 NTEQ (range, 0.3–7.81) 
• Electric furnace FF dust: 3.1 I-TEQ (range of 0.4–2.4) 
• Electric furnace slag or FF dust:  19.2 NTEQ 
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8. CHEMICAL MANUFACTURING AND PROCESSING SOURCES
 

8.1. BLEACHED CHEMICAL WOOD PULP AND PAPER MILLS
 

In March 1988, EPA and the U.S. pulp and paper industry jointly released the results of a 
screening study that provided the first comprehensive data on the formation and discharge of 
CDDs/CDFs from pulp and paper mills (U.S. EPA, 1988d).  This early screening study of five 
bleached kraft mills (the Five Mill Study) confirmed that the pulp bleaching process was 
primarily responsible for the formation of CDDs/CDFs.  The study results showed that 2,3,7,8
TCDD was present in seven of nine bleached pulps, five of five wastewater treatment sludges, 
and three of five treated wastewater effluents.  The study results also indicated that 2,3,7,8
TCDD and 2,3,7,8-TCDF were the principal CDDs/CDFs formed. 

To provide EPA with more complete data on the release of these compounds, EPA and 
the pulp and paper industry jointly conducted a survey during 1988 of 104 pulp and paper mills 
in the United States to measure levels of 2,3,7,8-TCDD and 2,3,7,8-TCDF in effluent, sludge, 
and pulp. The survey study, commonly called the 104 Mill Study, was managed by the National 
Council of the Paper Industry for Air and Stream Improvement, Inc. (NCASI), with oversight by 
EPA, and included all mills where chemically produced wood pulps were bleached with chlorine 
or chlorine derivatives. The final study report (U.S. EPA, 1990e) was released in July 1990. 

An initial phase of the 104 Mill Study involved the analysis of bleached pulp (10 
samples), wastewater sludge (9 samples), and wastewater effluent (9 samples) from eight kraft 
mills and one sulfite mill for all 2,3,7,8-substituted CDDs/CDFs.  These analyses were conducted 
to test the conclusion drawn in the Five Mill Study that 2,3,7,8-TCDD and 2,3,7,8-TCDF were 
the principal CDDs/CDFs found in pulp, wastewater sludge, and wastewater effluent on a TEQ 
basis. Although at the time of the study there were no reference analytical methods for many of 
the 2,3,7,8-substituted CDDs/CDFs, the data obtained were considered valid by EPA for the 
purposes intended because of the identification and quantification criteria used, duplicate sample 
results, and limited matrix spike experiments.  Table 8-1 presents a summary of the results 
obtained in terms of the median concentrations and the range of concentrations observed for each 
matrix (pulp, sludge, and effluent).  Figures 8-1, 8-2, and 8-3 present congener profiles for each 
matrix (normalized to total CDD/CDF) using the median reported concentrations. 

After examination of the raw, mill-specific data, EPA concluded that the congener 
profiles were fairly consistent across matrices within mills and that 2,3,7,8-TCDD and 2,3,7,8
TCDF accounted for the majority of TEQ in the samples (U.S. EPA, 1990e).  Using the median 
concentrations and treating nondetect values as either zero or one-half the detection limit (DL), 
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Table 8-1. CDD/CDF concentrations in pulp and paper mill bleached pulp, wastewater sludge, and wastewater 
effluent (circa 1988) 

8-2
 

Congener/congener 
group 

Bleached pulp Wastewater sludge Wastewater effluent 

Median 
(ng/kg) 

Range 
(ng/kg) 

No. of 
detects 

(10 samples) 
Median 
(ng/kg) 

Range 
(ng/kg) 

No. of 
detects 

(9 samples) 
Median 
(pg/L) 

Range 
(pg/L) 

No. of 
detects 

(9 samples) 

2,3,7,8-TCDD 6.4 0.4 to 124 10 63 ND(6.3) to 180 8 42 ND(11) to 98 8 
1,2,3,7,8-PeCDD ND(0.3) ND(0.1) to 1.4 2 ND(2.5) ND(1.4) to 28 1 ND(9.6) ND(2.8) to ND(25) 0 
1,2,3,4,7,8-HxCDD ND(0.4) ND(0.2) to 0.4 1 ND(3.1) ND(1.5) to 40 1 ND(12) ND(6.6) to ND(12) 0 
1,2,3,6,7,8-HxCDD ND(0.5) ND(0.2) to 1.6 2 ND(3.2) ND(1.7) to 95 1 ND(12) ND(6.6) to ND(24) 0 
1,2,3,7,8,9-HxCDD ND(0.5) ND(0.2) to 0.5 1 ND(3.9) ND(1.7) to 80 1 ND(12) ND(6.6) to ND(23) 0 
1,2,3,4,6,7,8-HpCDD 3.3 2.3 to 8.4 10 37 18 to 490 9 170 77 to 270 9 
OCDD 46 28 to 81 10 698 263 to 1,780 9 3,000 1,000 to 4,600 9 

2,3,7,8-TCDF 18 1.4 to 716 10 233 13 to 1150 9 120 12 to 840 9 
1,2,3,7,8-PeCDF ND(0.7) ND(0.1) to 3.9 4 6.2 ND(1.2) to 22 6 ND(7.2) ND(2.2) to 36 2 
2,3,4,7,8-PeCDF ND(0.2) ND(0.1) to 4.7 3 4.7 ND(0.9) to 38 6 ND(6.3) ND(2.2) to 33 2 
1,2,3,4,7,8-HxCDF ND(0.3) ND(0.2) to ND(0.6) 0 ND(2.5) ND(0.9) to 31 2 ND(8.4) ND(4.8) to ND(15) 0 
1,2,3,6,7,8-HxCDF ND(0.3) ND(0.1) to ND(0.4) 0 ND(1.4) ND(0.9) to 33 1 ND(7.1) ND(4.8) to ND(15) 0 
1,2,3,7,8,9-HxCDF ND(0.3) ND(0.1) to ND(0.4) 0 ND(1.7) ND(0.9) to ND(4) 0 ND(6.2) ND(2.5) to ND(15) 0 
2,3,4,6,7,8-HxCDF ND(0.3) ND(0.2) to ND(0.4) 0 ND(1.7) ND(0.9) to 34 1 ND(8.2) ND(4.8) to ND(15) 0 
1,2,3,4,6,7,8-HpCDF ND(0.6) ND(0.1) to 0.8 3 6.6 ND(3.6) to 70 7 ND(23) ND(13) to 44 3 
1,2,3,4,7,8,9-HpCDF ND(0.6) ND(0.1) to ND(2.1) 0 ND(1.6) ND(1.2) to 10 1 ND(22) ND(6.4) to ND(41) 0 
OCDF 2.2 ND(2.8) to 4.3 8 22 ND(54) to 168 8 190 ND(180) to 230 8 

Total 2,3,7,8-CDDa,b 55.7 798 3,212 
Total 2,3,7,8-CDFa,b 20.2 272.5 310 
Total I-TEQDF 8.28 90.12 58.89 
  (nondetect = 0)b 91.72 66.57 
Total I-TEQDF 

  (nondetect = ½ DL)b 
8.56 

Total TEQDF-WHO98 

  (nondetect = 0)b 
8.24 89.47 56.02 

Total TEQDF-WHO98 

  (nondetect = ½ DL)b 
8.59 91.7 66.09 

Total CDD/CDFb 75.9 1,070.5 3,522 
aCalculated assuming nondetect values were zero.
 
bSum of median values. 


DL = Detection limit 

ND = Not detected (value in parenthesis is the detection limit)
 

Source:  U.S. EPA (1990e).
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Figure 8-1.  104 Mill Study full congener analysis results for pulp (nondetects 
equal to zero). 

Source:  Median concentrations from U.S. EPA (1990e). 
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Figure 8-2.  104 Mill Study full congener analysis results for sludge. 

Source:  Median concentrations from U.S. EPA (1990e). 
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Figure 8-3.  104 Mill Study full congener analysis results for effluent. 

Source:  Median concentrations from U.S. EPA (1990e). 

EPA concluded that 2,3,7,8-TCDF accounted for 77.8 to 99.5% of the total TEQDF-WHO98 (77.3 
to 99% of the total I-TEQDF) in pulp, 70.4 to 96.5% of the TEQDF-WHO98 (69.9 to 95.8% of the 
I-TEQDF) in sludge, and 75.0 to 96.4% of the TEQDF-WHO98 (71.3 to 91.7% of the I-TEQDF) in 
effluent. 

NCASI reported on a similar full-congener analysis study for samples collected from 
eight mills during the mid-1990s (letter dated February 10, 1997, from W. Gillespie, National 
Council of the Paper Industry for Air and Stream Improvement, Inc., to G. Schweer, Versar, 
Inc.).  The results of these analyses are presented in Table 8-2.  The frequency of detection of 
2,3,7,8-TCDD and 2,3,7,8-TCDF was significantly lower than in the 1988 study; therefore, 
deriving meaningful summary statistics concerning the relative importance of 2,3,7,8-TCDD and 
2,3,7,8-TCDF to the total TEQ is difficult.  With all nondetect values assumed to be zero, 
2,3,7,8-TCDD and 2,3,7,8-TCDF accounted for 97% of the total effluent TEQDF-WHO98 (91% of 
the I-TEQDF), 53% of the total sludge TEQDF-WHO98 (46% of the I-TEQDF), and 87% of the total 
pulp TEQDF-WHO98 (87% of the I-TEQDF). Because of the high frequency of nondetects when all 
nondetect values are one-half the DL, 2,3,7,8-TCDD and 2,3,7,8-TCDF accounted for only 13% 
of the total effluent I-TEQDF, 13% of the total sludge I-TEQDF, and 28% of the total pulp I
TEQDF. 
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Table 8-2. CDD/CDF concentrations in pulp and paper mill bleached pulp, wastewater sludge, and wastewater 
effluent (mid-1990s) 
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Bleached pulp Wastewater sludge Wastewater effluent 

Mean Mean Mean 
nondetect No. of nondetect No. of nondetect No. of 

Congener/congener = 0 Median Range detects/ = 0 Median Range detects/ = 0 Median Range detects/ 
group (ng/kg) (ng/kg) (ng/kg)  samples (ng/kg) (ng/kg) (ng/kg)  samples (pg/L) (ng/kg) (pg/L)  samples 

2,3,7,8-TCDD 0.3 ND(1) ND(1) to 5 1/18 0.8 ND(1) ND(1) to 4 4/12 1.2 ND(11) ND(10) to 21 1/18 
1,2,3,7,8-PeCDD 0 ND(5) ND(3) to ND(7) 0/18 0 ND(5) ND(4) to ND(52) 0/12 0 ND(53) ND(50) to ND(55) 0/18 
1,2,3,4,7,8-HxCDD 0 ND(5) ND(3) to ND(7) 0/18 0.5 ND(5) ND(4) to 7 1/13 0 ND(53) ND(50) to ND(55) 0/18 
1,2,3,6,7,8-HxCDD 0 ND(5) ND(3) to ND(7) 0/18 2.3 ND(5) ND(4) to 18 2/13 0 ND(53) ND(50) to ND(55) 0/18 
1,2,3,7,8,9-HxCDD 0 ND(5) ND(3) to ND(7) 0/18 1.6 ND(5) ND(4) to 14 2/13 0 ND(53) ND(50) to ND(55) 0/18 
1,2,3,4,6,7,8-HpCDD 0 ND(5) ND(3) to ND(7) 0/18 41.4 7 ND(4) to 330 9/13 3.2 ND(53) ND(50) to 58 1/18 
OCDD 2.4 ND(10) ND(10) to 15 3/16 445 150 21 to 2,900 10/10 99 ND(110) ND(100) to 370 6/14 

2,3,7,8-TCDF 10.3 ND(1) ND(1) to 170 7/18 6.2 3 ND(1) to 31 9/12 2.3 ND(11) ND(10) to 23 2/18 
1,2,3,7,8-PeCDF 0 ND(5) ND(3) to ND(7) 0/18 0 ND(5) ND(4) to ND(52) 0/13 ND(53) ND(50) to ND(55) 0/18 
2,3,4,7,8-PeCDF 0.4 ND(5) ND(3) to 7 1/18 0.5 ND(5) ND(4) to 7 1/13 ND(53) ND(50) to ND(55) 0/18 
1,2,3,4,7,8-HxCDF 0 ND(5) ND(3) to ND(7) 0/18 0 ND(5) ND(4) to ND(52) 0/13 ND(53) ND(50) to ND(55) 0/18 
1,2,3,6,7,8-HxCDF 0 ND(5) ND(3) to ND(7) 0/18 0 ND(5) ND(4) to ND(52) 0/13 ND(53) ND(50) to ND(55) 0/18 
1,2,3,7,8,9-HxCDF 0 ND(5) ND(3) to ND(7) 0/18 0 ND(5) ND(4) to ND(52) 0/13 ND(53) ND(50) to ND(55) 0/18 
2,3,4,6,7,8-HxCDF 0 ND(5) ND(3) to ND(7) 0/18 0.5 ND(5) ND(4) to 6 1/13 ND(53) ND(50) to ND(55) 0/18 
1,2,3,4,6,7,8-HpCDF 0 ND(5) ND(3) to ND(7) 0/18 1.2 ND(5) ND(4) to 10 2/13 ND(53) ND(50) to ND(55) 0/18 
1,2,3,4,7,8,9-HpCDF 0 ND(5) ND(3) to ND(7) 0/18 0 ND(5) ND(4) to ND(52) 0/13 ND(53) ND(50) to ND(55) 0/18 
OCDF 0 ND(10) ND(6) to ND(14) 0/18 0 ND(10) ND(9) to ND(100) 0/13 ND(106) ND(104) to ND(110) 0/18 

Total 2,3,7,8-CDDa 2.7 491.6 103 
Total 2,3,7,8-CDFa 10.7 8.4 2.3 
Total I-TEQDF 1.53 3 1.5 
   (nondetect = 0)a 53.6 
Total I-TEQDF 6.4 12.9 1.4 
   (nondetect = ½ DL)a 66.5 
Total TEQDF-WHO98 

   (nondetect = 0)a 
1.5 2.6 

Total TEQDF-WHO98 

   (nondetect = ½ DL)a 
7.6 15.2 

a Sum of mean values. 

DL = Detection limit 

ND = Not detected (value in parenthesis is the detection limit)
 

Source:  Letter dated February 10, 1997, from W. Gillespie, National Council of the Paper Industry for Air and Stream Improvement, Inc., to G. Schweer, Versar, Inc.
 




 

In 1992, the pulp and paper industry conducted its own NCASI-coordinated survey of 
2,3,7,8-TCDD and 2,3,7,8-TCDF emissions (NCASI, 1993).  Ninety-four mills participated in 
the study, and NCASI assumed that the remaining 10 (of 104) operated at the same levels as 
measured in the 1988 104 Mill Study.  All nondetect values were counted as one-half the DL.  If 
a DL was not reported, it was assumed to be 10 pg/L for effluent and 1 ng/kg for sludge or 
bleached pulp.  The data used in the report were provided by individual pulp and paper 
companies that had been requested by NCASI to generate the data using the same protocols used 
in the 104 Mill Study. 

In 1993, as part of its efforts to develop revised effluent guidelines and standards for the 
pulp, paper, and paperboard industry, EPA published the development document for the 
guidelines and standards being proposed for this industry (U.S. EPA, 1993b).  The development 
document presented estimates of the 2,3,7,8-TCDD and 2,3,7,8-TCDF annual discharges in 
wastewater from the mills in this industry as of January 1, 1993.  To estimate these discharges, 
EPA used the most recent information about each mill from four databases (104 Mill Study, EPA 
short-term monitoring studies at 13 mills, EPA long-term monitoring studies at eight mills, and 
industry self-monitoring data submitted to EPA).  The 104 Mill Study data were used for only 
those mills that did not report making any process changes subsequent to the 104 Mill Study and 
did not submit any more recent effluent monitoring data. 

Gillespie (1994) and Gillespie (1995) reported the results of 1993 and 1994 updates, 
respectively, to the 1992 NCASI survey.  As in the 1992 survey, companies were requested to 
follow the same protocols for generating data that were used in the 104 Mill Study.  Gillespie 
(1994, 1995) reported that fewer than 10% of mills had 2,3,7,8-TCDD and 2,3,7,8-TCDF 
concentrations in effluent above the nominal DLs of 10 pg/L and 100 pg/L, respectively.  EPA 
obtained similar results in its short- and long-term sampling for 18 mills; 2,3,7,8-TCDD was 
detected at four mills, and 2,3,7,8-TCDF was detected at nine mills (U.S. EPA, 1993b). 

Gillespie (1994) reported that wastewater sludges at most mills (90%) contained less than 
31 ng/kg of 2,3,7,8-TCDD and less than 100 ng/kg of 2,3,7,8-TCDF.  Gillespie (1995) reported 
that 90% of the mills had 2,3,7,8-TCDD and 2,3,7,8-TCDF concentrations in sludge of less than 
17 ng/kg and 76 ng/kg, respectively, in 1994.  U.S. EPA (1993b) reported similar results but 
found detectable levels of 2,3,7,8-TCDD and 2,3,7,8-TCDF in sludges from 64% and 85%, 
respectively, of the facilities sampled. 

Gillespie (1994) reported that nearly 90% of the bleached pulps contained less than 2 
ng/kg of 2,3,7,8-TCDD and less than 160 ng/kg of 2,3,7,8-TCDF.  Gillespie (1995) reported that 
90% of the bleached pulps contained 1.5 ng/ng or less of 2,3,7,8-TCDD and 5.9 ng/kg or less of 
2,3,7,8-TCDF.  The final levels in white paper products would correspond to levels in bleached 
pulp, so bleached paper products would also be expected to contain less than 2 ng/kg of 2,3,7,8
TCDD. 
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On April 15, 1998, EPA promulgated effluent limitation guidelines and standards for 
certain segments of the pulp, paper, and paperboard industry (Federal Register, 1998c).  The 
industry segments covered by this rulemaking (i.e., the bleached paper-grade kraft and soda 
subcategory and the paper-grade sulfite subcategory) are those segments responsible for more 
than 90% of the bleached chemical pulp production in the United States.  For this rule, EPA 
updated the estimates of baseline loadings made in 1993 for the proposed rule by using more 
recent data collected by EPA, NCASI (including the 1994 NCASI survey), and individual 
facilities (U.S. EPA, 1997d). These revised estimates are presented in the last column in Table 
8-3. EPA projects that, after full compliance with these rules, annual TEQ discharges will be 
reduced to 5 g in effluent and 7 g in sludge. 

Table 8-3.  Summary of bleached chemical pulp and paper mill discharges 
(g/yr) of 2,3,7,8-TCDD and 2,3,7,8-TCDF 

Matrix Congener 
U.S. EPA 

1988a 
NCASI 
1992b 

U.S. EPA 
1993c 

NCASI 
1993b 

NCASI 
1994b 

U.S. EPA 
1995d 

Effluent 2,3,7,8-TCDD 
2,3,7,8-TCDF 
TEQ 

201 
1,550 

356 

22 
99 
32 

71 
341 
105 

19 
76 
27 

14.6 
49.0 
19.5 

16 
120 

28 

Sludgee 2,3,7,8-TCDD 
2,3,7,8-TCDF 
TEQ 

210 
1,320 

343 

33 
118 
45 

-
-

177 

24 
114 

35 

18.9 
95.2 
28.4 

-
-

50 

Pulp 2,3,7,8-TCDD 
2,3,7,8-TCDF 
TEQ 

262 
2,430 

505 

24 
124 
36 

-
-

149 

22 
106 

33 

16.2 
78.8 
24.1 

-
-

40 
aData from the 104 Mill Study (U.S. EPA, 1990e).  The total discharge rate of congener or TEQ (based only on 
2,3,7,8-TCDD and 2,3,7,8-TCDF concentrations) was summed across all 104 mills. 

bThe total discharge rate of congener or TEQ (based only on 2,3,7,8-TCDD and 2,3,7,8-TCDF concentrations) was 
summed across all 104 mills.  The daily discharge rates reported in NCASI (1993) and Gillespie (1994, 1995) were 
multiplied by a factor of 350 days/yr to obtain estimates of annual discharge rates.  NCASI 1992 survey (NCASI, 
1993), 1993 update (Gillespie, 1994), and 1994 update (Gillespie, 1995). 

cThe discharges in effluent and sludge were estimated in U.S. EPA (1993b, 1997d) for January 1, 1993.  The TEQ 
discharge in pulp was estimated by multiplying the 1988 discharge estimate by the ratio of the 1988 and1993 
effluent discharge estimates (i.e., the estimate of the reduction in 1988 discharges achieved by pollution prevention 
measures taken by the industry between 1988 and 1993). 

dThe discharges in effluent and sludge were estimated in U.S. EPA (1997d) for mid-1995.  The TEQ discharge in 
pulp was estimated by multiplying the 1988 discharge estimate by the ratio of the 1988 and1995 effluent discharge 
estimates (i.e., the estimate of the reduction in 1988 discharges achieved by pollution prevention measures taken by 
industry between 1988 and 1995). 

eApproximately 20.5% of the sludge generated in 1990 was incinerated.  The remaining 79.5% was predominantly 
landfilled (56.5%) or placed in surface impoundments (18.1%); 4.1% was land-applied directly or as compost, and 
0.3% was distributed or marketed (U.S. EPA, 1993e). 

NCASI = National Council of the Paper Industry for Air and Stream Improvement, Inc. 
-- = No information given 
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8.1.1. Estimates of National Emissions in 1987 and 1995 

The U.S. annual discharges of 2,3,7,8-TCDD and 2,3,7,8-TCDF are summarized in Table 
8-3 for each of the six surveys discussed above.  EPA release estimates for 1988 (U.S. EPA, 
1990e) and 1995 (U.S. EPA, 1997d) are believed to best represent emissions in reference years 
1987 and 1995, respectively.  During the period between EPA’s 104 Mill Study and issuance of 
the development document (U.S. EPA, 1993b), the U.S. pulp and paper industry reduced releases 
of CDDs/CDFs, primarily by instituting numerous process changes to reduce the formation of 
CDDs/CDFs during the production of chemically bleached wood pulp.  Details on the process 
changes implemented are provided in U.S. EPA (1993b) and Gillespie (1995).  Much of the 
reduction between 1988 and 1995 can be attributed to process changes for pollution prevention. 

The confidence ratings for these release estimates are judged to be high because direct 
measurements were made at virtually all facilities, providing a high level of confidence in both 
the production and the emission factor estimates.  The best estimates of annual emissions in 1987 
(i.e., the 1988 estimates presented in Table 8-3) are 356 g TEQ/yr for effluent and 343 g TEQ/yr 
for sludge.  The best estimates of annual emissions in 1995 (i.e., the 1995 estimates presented in 
Table 8-3) are 28 g TEQ/yr for effluent and 50 g TEQ/yr for sludge.  The CDD/CDF content in 
bleached chemical wood pulp as a product is estimated to be approximately 505 g TEQ and 40 g 
TEQ in 1987 and 1995, respectively.  Although EPA provided an estimate of contaminant levels 
of CDDs/CDFs in wood pulp, it is currently not known whether the dioxin contamination in the 
product actually resulted in a release to the open and circulating environment. 

In 1990, the majority (75.5%) of the wastewater sludge generated by these facilities was 
placed in landfills or in surface impoundments, with the remainder incinerated (20.5%), applied 
to land directly or as compost (4.1%), or distributed as a commercial product (less than 1%) 
(U.S. EPA, 1993e). Data on the disposition of wastewater sludges are available only for years 
1988 through 1995.  On the basis of these data, the best estimate of TEQ applied to land (i.e., not 
incinerated or landfilled) is 14.1 g TEQ (4.1% of 343 g) for 1987 and 2 g (4.1% of 50 g) for 
1995. These emission estimates are assigned a high level of confidence on the basis of the high 
confidence ratings given to both the activity level and the emission factor estimates. 

8.1.2. Estimates of National Emissions in 2000 

In 2000, NCASI provided estimates of congener-specific CDD/CDF releases from the 
pulp and paper industry in effluent, wastewater residuals, and pulp (Gillespie, 2002).  Emission 
factors were taken from “NCASI Handbook of Chemical Specific Information for SARA 
(Superfund Amendments and Reauthorization Act) Section 313 Form R Reporting.”  Emission 
factors were compiled from valid test data supplied to NCASI by a variety of sources, including 
member companies that had performed the tests in response to a regulatory program.  The mass 
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throughput parameter of total pulp production (31.9 million metric tons/yr) was provided by the 
American Forest and Paper Association and included data from 12 elemental chlorine-free mills. 
The effluent flow from chemical pulp mills with aerated stabilization basins (1,509 million 
gal/day) and with activated sludge treatment (660 million gal/day) was taken from the NCASI 
database and included data from five aerated stabilization basin mills and three activated sludge 
treatment mills. The primary waste treatment residuals from pulp mills (0.974 million dry metric 
tons/yr) and the combined, secondary, and dredged waste treatment residuals from pulp mills 
(1.37 million dry metric tons/yr) were also taken from the NCASI database and included data 
from five mills for the primary residuals and data from three mills for the secondary residuals 
(Gillespie, 2002). 

Table 8-4 provides a breakdown of TEQDF-WHO98 concentrations and emissions by 
congener.  Total TEQDF-WHO98 concentrations were reported to be 0.49 pg/L, 1.76 ng/kg, and 
0.02 pg/g for effluent, sludge, and pulp, respectively.  CDD/CDF emission estimates were 
reported as 1.02 g TEQDF-WHO98/yr, 1.93 g TEQDF-WHO98/yr, and 0.582 g TEQDF-WHO98/yr for 
effluent, sludge, and pulp, respectively. 

Fifty-one percent of the sludge generated in 2000 was sent to landfills or lagoons.  It is 
uncertain how much of the remaining 49% of the sludge was applied to land.  However, a 
conservative estimate can be developed by applying the 4.1% used to develop the 1987 and 1995 
estimates. In this case, 0.08 g TEQDF-WHO98/yr of sludge is estimated to have been applied to 
land in 2000. These estimates are assigned a high confidence rating because they are based on 
recent industry survey data; however, EPA is working with NCASI to develop a QA/QC protocol 
to monitor the data being collected. 

8.2. MANUFACTURE OF CHLORINE, CHLORINE DERIVATIVES, AND METAL 
CHLORIDES 

Testing of CDD/CDF emissions to air, land, or water from U.S. manufacturers of 
chlorine, chlorine derivatives, and metal chlorides on which to base estimates of national 
emissions has not been reported.  Sampling of graphite electrode sludges from European chlorine 
manufacturers indicates high levels of CDFs.  Limited sampling of chlorine derivatives and metal 
chlorides in Europe indicates low-level contamination in some products. 

8.2.1. Manufacture of Chlorine 

Chlorine gas is produced by electrolysis of brine electrolytic cells.  Until the late 1970s, 
the primary type of electrolytic process used in the chlor-alkali industry to produce chlorine 
consisted of the use of mercury cells containing graphite electrodes.  As shown in Table 8-5, high 
levels of CDFs have been found in several samples of graphite electrode sludge from facilities in 
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Table 8-4.  CDD/CDF TEQ concentrations and emissions for the paper and 
pulp industry by source 

Congener 

Effluent 

Waste treatment 
residuals not lagooned 
or landfilled (sludge) 
(49% not landfilled) Pulp 

TEQ 
conc.a 

(pg/L) 

TEQ 
emissions 

(ng/yr) 

TEQ 
conc.a 

(ng/kg) 

TEQ 
emissions 

(ng/yr) 

TEQ 
conc.a 

(pg/g pulp) 

TEQ 
emissions 

(ng/yr) 

2,3,7,8-TCDD 0 0.00e+00 4.00e!01 4.63e+08 1.00e!02 2.90e+08 
1,2,3,7,8-PeCDD 0.00e+00 0.00e+00 5.00e!02 6.24e+07 0.00e+00 0.00e+00 
1,2,3,4,7,8-HxCDD 0.00e+00 0.00e+00 1.00e!02 1.25e+07 0.00e+00 0.00e+00 
1,2,3,6,7,8-HxCDD 1.30e!01 2.71e+08 8.00e!02 8.53e+07 0.00e+00 0.00e+00 
1,2,3,7,8,9-HxCDD 9.00e!02 1.88e+08 9.00e!02 9.05e+07 0.00e+00 0.00e+00 
1,2,3,4,6,7,8-HpCDD 7.00e!02 1.46e+08 1.82e!01 1.97e+08 3.00e!03 8.69e+07 
1,2,3,4,6,7,8,9-OCDD 7.37e!02 1.54e+08 2.80e!01 2.81e+08 3.04e!03 8.80e+07 
2,3,7,8-TCDF 1.00e!01 2.08e+08 4.00e!01 4.66e+08 1.00e!03 2.90e+07 
1,2,3,7,8-PeCDF 0.00e+00 0.00e+00 1.00e!02 1.25e+07 0.00e+00 0.00e+00 
2,3,4,7,8-PeCDF 0.00e+00 0.00e+00 1.00e!01 1.25e+08 0.00e+00 0.00e+00 
1,2,3,4,7,8-HxCDF 0.00e+00 0.00e+00 4.00e!02 4.63e+07 0.00e+00 0.00e+00 
1,2,3,6,7,8-HxCDF 0.00e+00 0.00e+00 1.00e!02 1.25e+07 0.00e+00 0.00e+00 
1,2,3,7,8,9-HxCDF 0.00e+00 0.00e+00 5.00e!02 5.15e+07 2.00e!03 5.79e+07 
2,3,4,6,7,8-HxCDF 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00 
1,2,3,4,6,7,8-HpCDF 1.90e!02 3.96e+07 1.70e!02 1.83e+07 1.00e!03 2.90e+07 
1,2,3,4,7,8,9-HpCDF 5.00e!03 1.04e+07 0.00e+00 0.00e+00 0.00e+00 0.00e+00 
1,2,3,4,6,7,8,9-OCDF 2.00e!03 4.17e+06 3.70e!03 3.93e+06 6.00e!05 1.74e+06 
TEQDF-WHO98 0.49 1.02e+09 1.76 0.02 5.83e+08 
Residuals total 
Residuals not landfilled 

1.93e+09 
9.44e+08 

aTEQ concentrations are in TEQDF-WHO98. 

Source:  Gillespie (2002). 

Europe. The CDFs predominate in these sludges, and the 2,3,7,8-substituted congeners account 
for a large fraction of the respective congener totals (Rappe et al., 1990a, 1991; Rappe, 1993; 
Strandell et al., 1994). During the 1980s, titanium metal anodes were developed to replace 
graphite electrodes (U.S. EPA, 1982b; Curlin and Bommaraju, 1991).  Currently, no U.S. facility 
is believed to use graphite electrodes in the production of chlorine gas (telephone conversation 
between L. Phillips, Versar, Inc., and T. Fielding, U.S. EPA, Office of Water, February 1993). 
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Table 8-5.  CDD/CDF concentrations (µg/kg) in graphite electrode sludge 
from chlorine production 

Congener/congener group Sludge 1 Sludge 2 Sludge 3 Sludge 4 

2,3,7,8-TCDD ND (0.006) ND (0.009) ND (0.009) ND 
1,2,3,7,8-PeCDD ND (0.007) ND (0.009) ND (0.009) ND (0.033) 
1,2,3,4,7,8-HxCDD ND (0.018) ND (0.026) ND (0.029) ND (0.49) 
1,2,3,6,7,8-HxCDD ND (0.012) ND (0.016) ND (0.019) ND (0.053) 
1,2,3,7,8,9-HxCDD ND (0.016) ND (0.022) ND (0.025) ND (1.2) 
1,2,3,4,6,7,8-HpCDD 0.095 0.21 0.25 0.055 
OCDD 0.92 2 2.2 0.65 
2,3,7,8-TCDF 26 56 57 52 
1,2,3,7,8-PeCDF 25 55 56 55 
2,3,4,7,8-PeCDF 12 25 24 27 
1,2,3,4,7,8-HxCDF 32 71 73 44 
1,2,3,6,7,8-HxCDF 7 16 15 12 
1,2,3,7,8,9-HxCDF 1.3 2.8 2.6 1.7 
2,3,4,6,7,8-HxCDF 0.87 1.9 2 1.3 
1,2,3,4,6,7,8-HpCDF 9.1 19 19 15 
1,2,3,4,7,8,9-HpCDF 8.1 19 20 14 
OCDF 31 76 71 81 

Total 2,3,7,8-CDDa 1.02 2.21 2.45 0.7 
Total 2,3,7,8-CDFa 152.37 341.7 339.6 303 
Total I-TEQDF 

a 14.2 30.5 30.2 27.7 
Total TEQDF-WHO98 

a 14.1 30.4 30.2 27.6 

Total TCDD ND (0.006) ND (0.009) ND (0.009) -
Total PeCDD ND (0.070) ND (0.009) ND (0.009) -
Total HxCDD ND (0.046) ND (0.064) ND (0.074) -
Total HpCDD 0.22 0.48 0.56 -
Total OCDD 0.92 2 2.2 0.65 
Total TCDF 64 150 140 -
Total PeCDF 75 240 240 -
Total HxCDF 68 140 140 -
Total HpCDF 24 53 54 -
Total OCDF 31 76 71 81 

Total CDD/CDFa 263.14 661.48 647.76 -
aCalculated assuming nondetect values were zero. 

ND = Not detected (value in parenthesis is the reported detection limit) 
-- = No information given 

Sources:  Rappe et al. (1991); Rappe (1993). 

Although the origin of the CDFs in graphite electrode sludge is uncertain, chlorination of 
the cyclic aromatic hydrocarbons (such as dibenzofuran) present in the coal tar used as a binding 
agent in the graphite electrodes has been proposed as the primary source (Strandell et al., 1994). 

8-11
 

jdagdigian
Highlight




 


For this reason, sludges produced using metal electrodes were not expected to contain CDFs. 
However, results of an analysis of metal electrode sludge from a facility in Sweden, analyzed as 
part of the Swedish Dioxin Survey, showed that the sludge contained high levels of CDFs 
(similar to those of the graphite sludge) and primarily nondetectable levels of CDDs (Strandell et 
al., 1994). The sludge showed the same type of CDF congener pattern reported by Rappe et al. 
(1991) and Rappe (1993). Strandell et al. suggested that chlorination of polyaromatic 
hydrocarbons present in the rubber linings of the electrolytic cell may have produced the CDFs 
found in the one sample analyzed. 

Although EPA does not regulate CDDs/CDFs specifically, it issued restrictions under 
RCRA on the land disposal of wastewater and sludges generated by chlorine manufacturers that 
use the mercury cell process and the diaphragm process (with graphite electrodes) (waste codes 
K071, K073, and K106) (40 CFR 268). 

The Chlorine Chemistry Council (CCC), a trade association representing manufacturers 
that produce and/or use chlorine, sampled the treated wastewater discharges to surface waters  at 
seven chlor-alkali facilities in the U.S. (CCC, 2004).  The results of this study are presented in 
Table 8-6. The measurements are intended to represent wastewater discharges in both 2000 and 
1995. As indicated in Table 8-6, 1.79 g TEQDF-WHO98 (1.81 g I-TEQ) were released to water 
from chlor-alkali facilities in 2000 and 1995.  The emission estimates for 2000 and 1995 are 
assigned a high confidence rating, because they were derived from the testing of chlor-alkali 
facility treated wastewater. 

The CCC reported on air emissions from two chlor-alkali production facilities in 2000 
(CCC, 2004). Table 8-7 summarizes the CDD/CDF congener-specific and TEQ annual releases 
to air from the Dow Chemical chlor-alkali facility in Midland, MI, and the PPG Industries facility 
in Natrium, WV. Total releases to air in 2000 were 0.08 g TEQDF-WHO98 (0.08 g I-TEQ).  There 
are no data showing air releases from  chlor-alkali facilities in 1995 and 1987.  A high 
confidence rating is to assigned the estimate for 2000 because it is based on actual measurements 
of chlor-alkali facilities. 

8.2.2. Manufacture of Chlorine Derivatives and Metal Chlorides 

The limited sampling of chlorine-derivative products indicates that they contain very low, 
if any, concentrations of CDDs/CDFs.  Rappe et al. (1990b) analyzed a sample of chlorine bleach 
consisting of 4.4% sodium hypochlorite.  Most of the 2,3,7,8-substituted CDD/CDF congeners 
were below the limits of detection (0.3 to 7 pg/L for all congeners except OCDD and OCDF, 
which were 12 and 20 pg/L, respectively).  No 2,3,7,8-substituted CDDs were detected.  Tetra-, 
penta-, and hexa-CDFs were detected at levels of 13 pg/L or lower.  The TEQ content of the 
sample was 4.9 pg I-TEQDF/L.  Hutzinger and Fiedler (1991b) reported finding no CDDs/CDFs at 

8-12
 

jdagdigian
Highlight

jdagdigian
Highlight

jdagdigian
Highlight

jdagdigian
Highlight

jdagdigian
Highlight




 

Table 8-6.  Releases of dioxin-like compounds in wastewater discharges from 
chlor-alkali and mixed chemical manufacturing facilities to surface water in 
reference years 2000 and 1995 

Congener 

Occidental Chemical Corporation 
PPG 
Industries 

Total 
Battleground, 

TX 
Deer 

Park, TX 
Delaware 
City, DE 

Hahnville, 
LA 

Mobile, 
AL 

Muscle 
Shoals, 

AL 
Natrium, 

WV 

2,3,7,8 TCDD 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.02 

1,2,3,7,8 PeCDD 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

1,2,3,4,7,8 HxCDD 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

1,2,3,6,7,8 HxCDD 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

1,2,3,7,8,9 HxCDD 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

1,2,3,4,6,7,8 HpCDD 0.00 0.08 0.00 0.01 0.00 0.00 0.22 0.31 

OCDD 0.48 21.50 4.09e!03 0.10 1.15e!03 1.13e!09 3.13 25.22 

2,3,7,8 TCDF 0.00 0.63 1.02e!03 0.19 2.88e!04 3.94e!08 0.06 0.89 

1,2,3,7,8 PeCDF 0.00 1.20 0.00 0.90 0.00 1.33e!07 0.06 2.16 

2,3,4,7,8 PeCDF 0.00 0.21 0.00 0.85 0.00 7.99e!08 0.33 1.39 

1,2,3,4,7,8 HxCDF 0.00 2.11 0.00 2.96 0.00 1.85e!07 0.11 5.18 

1,2,3,6,7,8 HxCDF 0.00 0.38 0.00 1.18 0.00 9.76e!08 0.00 1.56 

1,2,3,7,8,9 HxCDF 0.00 2.03e!03 0.00 0.63 0.00 2.29e!08 0.00 0.63 

2,3,4,6,7,8 HxCDF 0.00 0.00 0.00 0.60 0.00 3.28e!08 0.00 0.60 

1,2,3,4,6,7,8 HpCDF 0.00 0.59 2.31e!03 4.47 6.49e!04 1.32e!07 0.15 5.22 

1,2,3,4,7,8,9 HpCDF 0.00 5.66e!03 0.00 0.69 0.00 6.30e!08 0.00 0.69 

OCDF 0.00 4.88 0.00 1.75 0.00 1.34e!07 0.66 7.29 

Total I-TEQ 4.83e!04 0.53 1.29e!04 1.08 3.64e!05 8.65e!08 0.19 1.80 

Total TEQDF-WHO98 4.83e!05 0.51 1.26e!04 1.08 3.54e!05 8.63e!08 0.19 1.59 

Source:  CCC (2004). 

a DL of 4 µg/kg in chlorine gas or in samples of 10% sodium hypochlorite, 13% sodium 
hypochlorite, and 31 to 33% hydrochloric acid at a DL of 1 µg/kg. 

Hutzinger and Fiedler (1991b) reported the results of analyses of samples of ferric 
trichloride (FeCl3), aluminum trichloride (AlCl3), copper chloride (CuCl2), cuprous chloride 
(CuCl), silicon tetrachloride (SiCl4), and titanium tetrachloride (TiCl4) for their HpCDF, OCDF, 
HpCDD, and OCDD content. The sample of FeCl3 contained HpCDF and OCDF in the low 
micrograms per kilogram range, but no HpCDD or OCDD was detected at a DL of 0.02 µg/kg. 
One of the two samples of AlCl3 analyzed also contained a low (µg/kg) concentration of OCDF. 
The samples of CuCl2 and CuCl contained concentrations of HpCDF, OCDF, and OCDD of less 
than 1 µg/kg.  The results are presented in Table 8-8. 
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Table 8-7.  Congener-specific and TEQ annual releases to air (g/yr) from 
chlor-alkali and mixed chemical production facilities in 2000 

Congener 
Dow Chemical Co. 

Midland, MI 
PPG Industries 
Natrium, WV 

2,3,7,8-TCDD 0.027 0.003 
1,2,3,7,8-PeCDD 0.004 0.000 
1,2,3,4,7,8-HxCDD 0.008 0.000 
1,2,3,6,7,8-HxCDD 0.000 0.002 
1,2,3,7,8,9-HxCDD 0.003 0.002 
1,2,3,4,6,7,8-HpCDD 0.020 0.087 
OCDD 0.086 0.208 
2,3,7,8-TCDF 0.023 0.044 
1,2,3,7,8-PeCDF 0.009 0.003 
2,3,4,7,8-PeCDF 0.008 0.030 
1,2,3,4,7,8-HxCDF 0.066 0.044 
1,2,3,6,7,8-HxCDF 0.000 0.006 
1,2,3,7,8,9-HxCDF 0.002 0.006 
2,3,4,6,7,8-HxCDF 0.009 0.022 
1,2,3,4,6,7,8-HpCDD 0.148 0.142 
1,2,3,4,7,8,9-HpCDD 0.028 0.039 
OCDF 0.225 0.064 
Total I-TEQDF 0.047 0.034 
Total TEQDF-WHO98 0.049 0.033 

Source:  Chlorine Chemistry Council (2004). 

8.3. MANUFACTURE OF HALOGENATED ORGANIC CHEMICALS 

Several chemical production processes generate CDDs/CDFs (Versar, Inc., 1985; 
Hutzinger and Fiedler, 1991b).  CDDs/CDFs can be formed during the manufacture of 
chlorophenols, chlorobenzenes, and chlorobiphenyls (Versar, 1985; Ree et al., 1988). 
Consequently, disposal of industrial wastes from manufacturing facilities producing these 
compounds may result in the release of CDDs/CDFs to the environment.  Also, the products 
themselves may contain these compounds, and their use or consumption may result in additional 
releases to the environment. 

CDD/CDF congener distribution patterns indicative of noncombustion sources have been 
observed in sediments in southwest Germany and the Netherlands.  According to Ree et al. 
(1988), the congener patterns found suggest that wastes from the production of chlorinated 
organic compounds may be important historical sources of CDD/CDF contamination in these 

8-14
 

jdagdigian
Highlight




 

Table 8-8.  CDD/CDF concentrations (µg/kg) in metal chlorides 

Congener group FeCl3 AlCl3 
a AlCl3 

a CuCl2 CuCl TiCl4 SiCl4 

Total TCDD - - - - - - -
Total PeCDD - - - - - - -
Total HxCDD - - - - - - -
Total HpCDD ND ND ND 0.03 ND ND ND 
Total OCDD ND ND 0.1 0.60 0.03 ND ND 

Total TCDF - - - - - - -
Total PeCDF - - - - - - -
Total HxCDF - - - - - - -
Total HpCDF 12 ND ND 0.10 0.08 ND ND 
Total OCDF 42 ND 34.0 0.50 0.20 ND ND 

aAlCl3 was tested twice. 

ND = Not detected; detection limit of 0.02 µg/kg 
-- = No information given 

Source:  Hutzinger and Fiedler (1991b). 

regions.  The production and use of many of the chlorophenols, chlorophenoxy herbicides, and 
PCB products are now banned or strictly regulated in most countries.  However, these products 
may have been a source of the environmental contamination that occurred prior to the 1970s and 
may continue to be a source of environmental releases under certain limited use and disposal 
conditions (Rappe, 1992b). 

8.3.1. Chlorophenols 

Chlorophenols have been widely used for a variety of pesticidal applications.  The higher-
chlorinated phenols (tetrachlorophenol and pentachlorophenol [PCP]) and their sodium salts 
have been used primarily for wood preservation.  The lower-chlorinated phenols have been used 
primarily as chemical intermediates in the manufacture of other pesticides.  For example, 2,4
dichlorophenol is used to produce the herbicides 2,4-dichlorophenoxyacetic acid (2,4-D), 4-(2,4
dichlorophenoxy)butanoic acid (2,4-DB), 2-(2,4-dichlorophenoxy)-propanoic acid (2,4-DP), 
Nitrophen, Genite, and Zytron and 2,4,5-trichlorophenol was used to produce hexachlorophene, 
2,4,5-T, Silvex, Erbon, Ronnel, and Gardona (Gilman et al., 1988; Hutzinger and Fiedler, 
1991b). (Sections 8.3.7 and 8.3.8 contain information on EPA actions to control CDD/CDF 
contamination of pesticides, including PCP and its salts, and to obtain additional data on 
CDD/CDF contamination of pesticides.) 
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The two major commercial methods used to produce chlorophenols are (1) electrophilic 
chlorination of molten phenol by chlorine gas in the presence of catalytic amounts of a metal 
chloride and organic chlorination promoters and stabilizers, and (2) alkaline hydrolysis of 
chlorobenzenes under heat and pressure using aqueous methanolic sodium hydroxide.  Other 
manufacturing methods include conversion of diazonium salts of various chlorinated anilines and 
chlorination of phenolsulfonic acids and benzenesulfonic acids, followed by the removal of the 
sulfonic acid group (Gilman et al., 1988; Hutzinger and Fiedler, 1991b). 

Because of the manufacturing processes employed, commercial chlorophenol products 
can contain appreciable amounts of impurities (Gilman et al., 1988).  During the direct 
chlorination of phenol, CDDs/CDFs can form either by the condensation of tri-, tetra-, and 
pentachlorophenols or by the condensation of chlorophenols with hexachlorocyclohexadienone 
(which forms from excessive chlorination of phenol).  During alkaline hydrolysis of 
chlorobenzenes, CDDs/CDFs can form through chlorophenate condensation (Ree et al., 1988; 
Gilman et al., 1988; Hutzinger and Fiedler, 1991b). 

The limited information on CDD/CDF concentrations in chlorophenols published in the 
1970s and early 1980s was compiled by Versar, Inc. (1985) and Hutzinger and Fiedler (1991b). 
The results of several major studies cited by these reviewers (Firestone et al., 1972; Rappe et al., 
1978a, b) are presented in Table 8-9. Typically, CDDs/CDFs were not detected in mono- and 
dichlorophenols but were reported in tri- and tetrachlorophenols.  More recent results of testing 
of 2,4-dichlorophenol, performed in response to the Toxic Substances Control Act (TSCA) 
dioxin/furan test rule, showed no detectable concentrations of 2,3,7,8-substituted tetra- through 
hepta-CDD/CDFs. 

Other than a study by Hagenmaier (1986), which reported finding 2,3,7,8-TCDD at a 
concentration of 0.3 µg/kg in a sample of 2,3,4,5-tetrachlorophenol, no more recent data on 
concentrations of CDDs and CDFs could be found in the literature for the mono- through 
tetrachlorophenols. Tables 8-10 and 8-11 present summaries of several studies that reported 
CDD/CDF concentrations in PCP and in PCP-Na products, respectively.  Many of these studies 
do not report congener-specific concentrations, and many are based on products obtained from 
non-U.S. sources. 

8.3.1.1. Regulatory Actions for Chlorophenols 

Section 8.3.8 of this report describes regulatory actions taken by EPA to control the 
manufacture and use of chlorophenol-based pesticides.  In the mid-1980s, EPA’s Office of Solid 
Waste (OSW) promulgated, under RCRA, land disposal restrictions on wastes (wastewaters and 
nonwastewaters) resulting from the manufacture of chlorophenols (40 CFR 268).  Table 8-12 
lists all wastes in which CDDs/CDFs are specifically regulated by EPA as hazardous 
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Table 8-9.  CDD/CDF concentrations (mg/kg) in mono- through tetrachlorophenols 
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Congener/ 
congener 2,4,5-TrCP 2,4,6-TrCP 2,3,4,6-TeCP 

group 2-CPa 2,4-DCPa 2,6-DCPa (Na salt)a 2,4,5-TrCPa 2,4,6-TrCPa (Na salt)b 2,3,4,6-TeCPa (Na salt)b 

Total TCDD ND (0.02) ND (0.02) ND (0.02) ND (0.02) to 14 ND (0.02) to 6.5 ND (0.02) to 49 <0.02 ND (0.02) 0.7 
Total PeCDD ND (0.02) ND (0.02) ND (0.02) ND (0.02) ND (0.02) to 1.5 ND (0.02) <0.03 ND (0.02) 5.2 
Total HxCDD ND (0.02) ND (0.02) ND (0.02) ND (0.02) ND (0.02) ND (0.02) <0.03 ND (0.02) to 15 9.5 
Total HpCDD ND (0.02) ND (0.02) ND (0.02) ND (0.02) ND (0.02) ND (0.02) <0.1 ND (0.02) to 5.1 5.6 
Total OCDD ND (0.02) ND (0.02) ND (0.02) ND (0.02) ND (0.02) ND (0.02) <0.1 ND (0.02) to 0.17 0.7 

Total TCDF + ND ND ND ND + 1.5 + 0.5 
Total PeCDF ND ND ND ND ND + 17.5 + 10 
Total HxCDF ND ND ND ND ND + 36 + 70 
Total HpCDF ND ND ND ND ND ND 4.8 + 70 
Total OCDF ND ND ND ND ND ND - + 10 

TOTAL - - - - - - - - -
aSource:  Firestone et al. (1972); because of poor recoveries, the authors stated that actual CDD/CDF levels may have been considerably higher than those 
reported. 

bSources:  Rappe et al. (1978a, b); common Scandinavian commercial chlorophenols. 

ND = Not detected (value in parenthesis is the detection limit, if reported) 
+ = Detected but not quantified 
-- = No information given 




 


Table 8-10.  CDD/CDF concentrations (historical and current) (µg/kg) in technical-grade pentachlorophenol 
(PCP) products 
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Congener/ 
congener group 1973a 1978b 1979c 1984d 1985e 1986e 1987f 1987g 1985–88h 1991i 1988–99e 1988–99j 

Un
knownk 

2,3,7,8-TCDD - - - ND (10) ND (0.05) ND (0.05) ND (0.03) ND (0.05) ND (0.05) ND - ND (0.5) ND (10) 
1,2,3,7,8-PeCDD - - - ND (10) ND (1) ND (1) 1 2 ND (1) ND - - ND (10) 
1,2,3,4,7,8-HxCDD - - - - 6 8 ND (1) ND (1) 8 - - - ND (10) 
1,2,3,6,7,8-HxCDD - - - 2,200 2,565 1,532 831 1,480 600 - - - 860 
1,2,3,7,8,9-HxCDD - - - 100 44 28 28 53 13 - - - 20 
1,2,3,4,6,7,8-HpCDD - - - 100,000 210,000 106,000 78,000 99,900 89,000 - - - 36,400 
OCDD - - - 610,000 1,475,000 930,000 733,000 790,000 2,723,000 1,100,000 - - 296,810 

2,3,7,8-TCDF - - - ND (10) ND (0.5) ND (0.5) ND (0.1) ND (0.1) ND (0.5) ND - - ND (10) 
1,2,3,7,8-PeCDF - - - - ND (1) ND (1) 0.5 0.2 ND (1) ND - - ND (10) 
2,3,4,7,8-PeCDF - - - - ND (1) ND (1) 1.5 0.9 ND (1) ND - - ND (10) 
1,2,3,4,7,8-HxCDF - - - - 49 34 125 163 67 - - - 200 
1,2,3,6,7,8-HxCDF - - - - 5 4 ND (1) ND (1) 2 - - - ND (20) 
1,2,3,7,8,9-HxCDF - - - - 5 ND (1) 32 146 ND (1) - - - ND (20) 
2,3,4,6,7,8-HxCDF - - - - ND (1) ND (1) ND (1) ND (1) ND (1) - - - ND (20) 
1,2,3,4,6,7,8-HpCDF - - - - 34,000 29,000 11,280 19,940 22,000 - - - 2,000 
1,2,3,4,7,8,9-HpCDF - - - - 4,100 6,200 637 980 3,400 - - - 140 
OCDF - 130,000 - 130,000 222,000 233,000 118,000 137,000 237,000 170,000 - - 19,940 

Total 2,3,7,8-CDD1 

Total 2,3,7,8-CDF1 

Total I-TEQDF 
1 

Total TEQDF-WHO98 
1 

-
-
-
-

-
-
-
-

-
-
-
-

712,300130,000 

1,970 

1,687,615

 260,159 

4,445

 1,037,568 
268,238 

2,735 

1,689 

811,860 
130,076 

1,853 
1,088 

891,435 
158,230 

2,321 
1,488 

2,812,621 
262,469 

4,173 

1,509 

1,100,000 
170,000 
$1,270 

>127 

-
-
-
-

-
-
-
-

334,090 
22,280 

810 
525 

1,304 2,918
Total TCDD ND (20) - - ND (10) ND ND 1.9 0.4 ND ND (10) ND (1) ND -
Total PeCDD ND (30) - - ND (10) ND ND 6.5 15.2 ND ND (10) ND (10) 3 -
Total HxCDD 5,500 - 10,100 4,500 4,694 2,925 1,700 3,300 912 8,900 1,440 1,490 -
Total HpCDD 98,000 - 296,000 135,000 283,000 134,000 154,000 198,000 117,000 130,000 55,560 48,430 -
Total OCDD 220,000 - 1,386,000 610,000 1,475,000 930,000 733,000 790,000 2,723,000 1,100,000 - 191,700 -
Total TCDF 40 900 - ND (10) 6 ND 0.8 0.4 ND ND (10) ND (10) 48 -
Total PeCDF 250 4,000 1,400 - 10 3 141 343 200 ND (10) ND (10) 520 -
Total HxCDF 22,000 32,000 9,900 - 1,982 1,407 4,300 13,900 1,486 14,000 3,070 13,650 -
Total HpCDF 150,000 120,000 88,000 62,000 125,000 146,000 74,000 127,000 99,000 36,000 36,530 76,090 -
Total OCDF 160,000 130,000 43,000 130,000 222,000 233,000 118,000 137,000 237,000 170,000 - 136,310 -

Total CDD/CDFl 655,790 286,900 1,834,400 941,500 2,111,692 1,447,335 1,085,150 1,269,559 3,178,598 1,458,900 960,000 468,241 -
aSource:  Buser and Bosshardt (1976); mean of 10 samples of “high” CDD/CDF-content PCP received from Swiss commercial sources in 1973. 
bSource:  Rappe et al. (1978b); sample of U.S. origin, “presumably prepared by alkaline hydrolysis of hexachlorobenzene.” 
cSource:  U.S. Department of Health and Human Services (1989); composite of technical-grade materials produced in 1979 by Monsanto Industrial Chemical Co. 
(St. Louis, MO), Reichhold Chemicals, Inc. (White Plains, NY), and Vulcan Materials Co. (Birmingham, AL). 




 


Table 8-10.  CDD/CDF concentrations (historical and current) in technical-grade pentachlorophenol (PCP) 
products (µg/kg) (continued) 

d Source:  Cull et al. (1984); mean of four “recent” production batches from each of two manufacturers of technical PCP using three different analytical methods; 
ANOVA showed no statistically significant difference in CDD/CDF concentrations between the eight samples (samples obtained in the United Kingdom). 

e Source:  Letter dated February 7, 1997, from John Wilkinson, Pentachlorophenol Task Force, to Matthew Lorber, U.S. EPA; average of monthly batch samples 
for the period January 1987 to August 1996. 
f Source:  Hagenmaier and Brunner (1987); sample of Witophen P (Dynamit Nobel - Lot no. 7777) (obtained in Germany). 
g Source:  Hagenmaier and Brunner (1987); sample of PCP produced by Rhone Poulenc (obtained in Germany). 
h Source:  Letter dated February 7, 1997, from John Wilkinson, Pentachlorophenol Task Force, to Matthew Lorber, U.S. EPA; samples of “penta” manufactured in 
1985, 1986, and 1988. 
i Source:  Harrad et al. (1991); PCP-based herbicide formulation from the New York State Department of Environmental Conservation. 
j Source:  Letter dated March 5, 1997, from Thomas Mitchell, KMG-Bernuth, to Matthew Lorber, U.S. EPA; average of monthly batch samples for the period 
February 1987 to December 1996 (excluding the following months, for which data were not available:  February 1993, January 1992, December 1991, 
September 1991, December 1988, and September 1988). 

k Source:  Schecter et al. (1997); sample found stored in a barn in Vermont. 
l Calculated assuming nondetects were zero. 

ND = Not detected (value in parenthesis is the detection limit) 
-- = No information given 8-19
 




 


Table 8-11. Historical CDD/CDF concentrations (µg/kg) in pentachlorophenol-Na 
(PCP-Na) 

Congener/congener 
group 1969a 1973b 1973c 1987d 1987e 1992f 1980sg 

2,3,7,8-TCDD - - - 0.23 0.51 0.076 ND (1.4) 
1,2,3,7,8-PeCDD - - - 18.2 3.2 18.7 28.3 
1,2,3,4,7,8-HxCDD - - - 28.3 13.3 96 ND (6.1) 
1,2,3,6,7,8-HxCDD - - - 2,034 53 4,410 4,050 
1,2,3,7,8,9-HxCDD - - - 282 19 328 ND (1.4) 
1,2,3,4,6,7,8-HpCDD - - - 9,100 3,800 175,400 33,800 
OCDD 3,600 - - 41,600 32,400 879,000 81,000 

2,3,7,8-TCDF - - - 1.8 0.79 ND (1) 149 
1,2,3,7,8-PeCDF - - - 8.2 1.9 ND (4) 319 
2,3,4,7,8-PeCDF - - - 6.6 1.1 ND (4) 324 
1,2,3,4,7,8-HxCDF - - - 48 4.6 27.6 ND (2.8) 
1,2,3,6,7,8-HxCDF - - - 69 1.3 21.9 225 
1,2,3,7,8,9-HxCDF - - - ND (1) 1.3 9.8 480 
2,3,4,6,7,8-HxCDF - - - 87 4.6 103 ND (385) 
1,2,3,4,6,7,8-HpCDF - - - 699 197 9,650 6,190 
1,2,3,4,7,8,9-HpCDF - - - 675 36 2,080 154 
OCDF - - - 37,200 4,250 114,600 36,000 

Total 2,3,7,8-CDDh - - - 53,062.7 36,289 1,059,252.8 118,878.3 
Total 2,3,7,8-CDFh - - - 38,794.6 4,498.6 126,492.3 43,841 
Total I-TEQDF 

h - - - 452 89.5 3,374 1,201 
Total TEQDF-WHO98 

h - - - 390 58.1 2,489 1,110 

Total TCDD - 140 50 27 52 3.6 1.9 
Total PeCDD - 40 ND (30) 213 31 142.7 140 
Total HxCDD 17,000 140 3,400 3,900 230 9,694 14,000 
Total HpCDD 9,600 1,600 38,000 18,500 5,800 260,200 100,000 
Total OCDD 3,600 4,000 110,000 41,600 32,400 879,000 81,000 
Total TCDF - ND (20) ND (20) 82 12 10.1 1,200 
Total PeCDF - 60 40 137 27 88.4 6,400 
Total HxCDF - 1,400 11,000 3,000 90 9,082.3 49,000 
Total HpCDF - 4,300 47,000 13,200 860 75,930 91,000 
Total OCDF - 4,300 26,500 37,200 4,250 114,600 36,000 

Total CDD/CDFh 30,200 15,980 235,990 117,859 43,752 1,348,751  378,742 
aSource:  Firestone et al. (1972); mean of two samples of PCP-Na obtained in the United States between 1967 and 
1969. 

bSource:  Buser and Bosshardt (1976); mean of five samples of “low” CDD/CDF-content PCP-Na received from 
Swiss commercial sources. 

cSource:  Buser and Bosshardt (1976); sample of “high” CDD/CDF-content PCP-Na received from a Swiss 
commercial source. 

dSource:  Hagenmaier and Brunner (1987); sample of Dowicide-G purchased from Fluka; sample obtained in 
Germany. 

eSource:  Hagenmaier and Brunner (1987); sample of Preventol PN (Bayer AG); sample obtained in Germany. 
fSource:  Santl et al. (1994); 1992 sample of PCP-Na from Prolabo, France. 
gSource:  Palmer et al. (1988); sample of a PCP-Na formulation collected from a closed sawmill in California in the 
late 1980s. 

hCalculated assuming nondetect values were zero. 

ND = Not detected (value in parenthesis is the detection limit) 
-- = No information given 
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Table 8-12. Summary of specific dioxin-containing wastes that must comply 
with land disposal restrictionsa 

EPA 
hazardous Land disposal Regulated 
waste restriction waste 
number Waste description effective date constituent 

F020 Wastes (except wastewater and spent carbon 
from HCl purification) from the production or 
manufacturing use (as a reactant, chemical 
intermediate, or component in a formulating 
process) of tri- or tetrachlorophenol or of 
intermediates used to produce their pesticide 
derivatives.  (This listing does not include 
wastes from the production of hexachlorophene 
from highly purified 2,4,5-trichlorophenol.) 

November 8, 1988 TCDDs 
PeCDDs 
HxCDDs 
TCDFs 
PeCDFs 
HxCDFs 

F021 Wastes (except wastewater and spent carbon 
from HCl purification) from the production or 
manufacturing use (as a reactant, chemical 
intermediate, or component in a formulating 
process) of pentachlorophenol or of 
intermediates used to produce its derivatives. 

November 8, 1988 TCDDs 
PeCDDs 
HxCDDs 
TCDFs 
PeCDFs 
HxCDFs 

F022 Wastes (except wastewater and spent carbon 
from HCl purification) from the manufacturing 
use (as a reactant, chemical intermediate, or 
component in a formulating process) of tetra-, 
penta-, or hexachlorobenzenes under alkaline 
conditions. 

November 8, 1988 TCDDs 
PeCDDs 
HxCDDs 
TCDFs 
PeCDFs 
HxCDFs 

F023 Wastes (except wastewater and spent carbon 
from HCl purification) from the production of 
materials on equipment previously used for the 
production or manufacturing use (as a reactant, 
chemical intermediate, or component in a 
formulating process) of tri- and 
tetrachlorophenols. (This listing does not 
include wastes from equipment used only for the 
production or use of hexachlorophene from 
highly purified 2,4,5-trichlorophenol.) 

November 8, 1988 TCDDs 
PeCDDs 
HxCDDs 
TCDFs 
PeCDFs 
HxCDFs 

F026 Wastes (except wastewater and spent carbon 
from HCl purification) from the production of 
materials on equipment previously used for the 
manufacturing use (as a reactant, chemical 
intermediate, or component in a formulating 
process) of tetra-, penta-, or hexachlorobenzene 
under alkaline conditions. 

November 8, 1988 TCDDs 
PeCDDs 
HxCDDs 
TCDFs 
PeCDFs 
HxCDFs 
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Table 8-12. Summary of specific dioxin-containing wastes that must comply 
with land disposal restrictionsa (continued) 

EPA 
hazardous Land disposal Regulated 
waste restriction waste 
number Waste description effective date constituent 

F027 Discarded unused formulations containing tri-, 
tetra-, or pentachlorophenol or discarded unused 
formulations containing compounds derived 
from these chlorophenols.  (This listing does not 
include formulations containing 
hexachlorophene synthesized from prepurified 
2,4,5-trichlorophenol as the sole component.) 

November 8, 1988 TCDDs 
PeCDDs 
HxCDDs 
TCDFs 
PeCDFs 
HxCDFs 

F028 Residues resulting from the incineration or 
thermal treatment of soil contaminated with 
EPA Hazardous Wastes No. F020–F023, F026, 
and F027 

November 8, 1988 TCDDs 
PeCDDs 
HxCDDs 
TCDFs 
PeCDFs 
HxCDFs 

F039 Leachate (liquids that have percolated through 
land-disposed wastes) resulting from the 
disposal of more than one restricted waste 
classified as hazardous under Subpart D of 40 
CFR 268.  (Leachate resulting from the disposal 
of one or more of the following EPA hazardous 
wastes and no other hazardous wastes retains its 
EPA hazardous waste number(s): F020, F021, 
F022, F026, F027, and/or F028.) 

August 8, 1990 
(wastewater) 
May 8, 1992 

(nonwastewater) 

TCDDs 
PeCDDs 
HxCDDs 
TCDFs 
PeCDFs 
HxCDFs 

K043 2,6-Dichlorophenol waste from the production 
of 2,4-D 

June 8, 1989 TCDDs 
PeCDDs 
HxCDDs 
TCDFs 
PeCDFs 
HxCDFs 

K099 Untreated wastewater from the production of 
2,4-D 

August 8, 1988 TCDDs 
PeCDDs 
HxCDDs 
TCDFs 
PeCDFs 
HxCDFs 

aFor wastewater, the treatment standard for all regulated waste constituents except PeCDFs is 0.063 µg/L; the 
 standard for PeCDFs is 0.035 µg/L.  For nonwastewater, the treatment standard for all regulated waste
 constituents is 1 µg/kg.  Treatment standards are based on incineration to 99.9999% destruction and removal
 efficiency. 

Source:  40 CFR 268. 
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constituents, including chlorophenol wastes (waste codes F020 and F021).  The regulations 
prohibit the land disposal of these wastes until they are treated to a level below the routinely 
achievable DLs for the EPA hazardous waste numbers listed in Table 8-12 for each of the 
following congener groups:  TCDDs, PeCDDs, HxCDDs, TCDFs, PeCDFs, and HxCDFs. 
Wastes from PCP-based wood-preserving operations (waste codes K001 and F032) are also 
regulated as hazardous wastes under RCRA (40 CFR 261). 

EPA’s Office of Water promulgated effluent limitations for facilities that manufacture 
chlorinated phenols and discharge treated wastewater (40 CFR 414.70).  These effluent 
limitations do not specifically regulate CDDs or CDFs.  The effluent limitations for the 
individually regulated chlorinated phenols are less than or equal to 39 µg/L for facilities that use 
biological end-of-pipe treatment. 

Di- and trichlorophenols are subject to reporting under the dioxin/furan test rule, which is 
discussed in Section 8.3.7 of this report.  Since the effective date of that rule (June 5, 1987), only 
the 2,4-dichlorophenol isomer has been commercially produced in (or imported to) the United 
States, and as noted in Table 8-9, no CDDs/CDFs were detected in the product.  Testing is 
required for the other di- and trichlorophenols if manufacture or importation resumes.  Similarly, 
tetrachlorophenols were subject to reporting under the Dioxin/Furan Pesticide Data Call-In (DCI) 
(discussed in Section 8.3.8 of this report). Since issuance of the DCI, the registrants of 
tetrachlorophenol-containing pesticide products have elected to no longer support the registration 
of their products in the United States. 

In January 1987, EPA entered into a settlement agreement with PCP manufacturers that 
set limits, effective in February 1989, on the allowed uses of PCP and its salts and the maximum 
allowable concentrations of 2,3,7,8-TCDD and HxCDDs.  Section 8.3.8 discusses the 1987 PCP 
settlement agreement and includes estimates of current releases of CDDs/CDFs associated with 
the use of PCP in the United States. Section 11.3.1 (Chapter 11) provides an estimate of the 
amount of CDDs/CDFs that may have entered the environment or that are contained in treated 
wood products as a result of prior use of PCP and PCP-Na. 

Since the late 1980s, U.S. commercial production of chlorophenols has been limited to 
2,4-dichlorophenol and PCP. As noted above, disposal of wastes generated during the 
manufacture of chlorophenols is strictly regulated, and thus releases to the environment are 
expected to be negligible.  With regard to releases associated with the use of 2,4-dichlorophenol, 
no CDDs/CDFs have been detected in 2,4-dichlorophenol.  Releases associated with the use of 
PCP are presented in Sections 8.3.8 and 11.3.1. 
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8.3.2. Chlorobenzenes 

Chlorobenzenes have been produced in the United States since 1909.  U.S. production 
operations were developed primarily to provide chemical raw materials for the production of 
phenol, aniline, and various pesticides based on the higher-chlorinated benzenes.  Because of 
(incremental) changes in the processes used to manufacture phenol and aniline and the phaseout 
of highly chlorinated pesticides such as DDT and hexachlorobenzene, U.S. production of 
chlorobenzenes in 1988 had decreased to 50% of the peak production level, in 1969. 

Chlorobenzenes can be produced via three methods:  (1) electrophilic substitution of 
benzene (in liquid or vapor phase) with chlorine gas in the presence of a metal salt catalyst, (2) 
oxidative chlorination of benzene with HCl at 150 to 300°C in the presence of a metal salt 
catalyst, and (3) dehydrohalogenation of hexachlorocyclohexane wastes at 200 to 240°C with a 
carbon catalyst to produce trichlorobenzene, which can be further chlorinated to produce higher-
chlorinated benzenes (Ree et al., 1988; Hutzinger and Fiedler, 1991b; Bryant, 1993). 

All chlorobenzenes currently manufactured in the United States are produced by the 
electrophilic substitution process using liquid-phase benzene (i.e., temperature is at or below 
80°C). FeCl3 is the most common catalyst employed.  Although this method can be used to 
produce mono- through hexachlorobenzene, the extent of chlorination is controlled to yield 
primarily monochlorobenzene and dichlorobenzene.  The finished product is a mixture of 
chlorobenzenes, and refined products must be obtained by distillation and crystallization (Bryant, 
1993). 

CDDs/CDFs can be produced inadvertently during the manufacture of chlorobenzenes by 
nucleophilic substitution and pyrolysis mechanisms (Ree et al., 1988).  The criteria required for 
production of CDDs/CDFs via nucleophilic substitution are oxygen as a nuclear substituent (i.e., 
presence of chlorophenols) and production or purification of the substance under alkaline 
conditions. Formation via pyrolysis requires reaction temperatures above 150°C (Ree et al., 
1988; Hutzinger and Fiedler, 1991b).  The liquid-phase electrophilic substitution process 
currently used in the United States does not meet either of these criteria.  Although Ree et al. and 
Hutzinger and Fiedler state that the criteria for formation of CDDs/CDFs via nucleophilic 
substitution may be present in the catalyst neutralization and purification/distillation steps of the 
manufacturing process, Opatick (1995) states that the chlorobenzene reaction product in U.S. 
processes remains mildly acidic throughout these steps. 

Table 8-13 summarizes the very limited published information on CDD/CDF 
contamination of chlorobenzene products.  The presence of CDDs/CDFs has been reported in 
tri-, penta-, and hexachlorobenzene.  No CDDs/CDFs have been reported in mono- or 
dichlorobenzene.  Conflicting data exist concerning the presence of CDDs/CDFs in 
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Table 8-13. CDD/CDF concentrations (µg/kg) in chlorobenzenes 
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1,2-DCBz Mixed 
Congener/ (for 1,2,4-TrCBz TrCBz 1,2,4,5-TCBz PeCBz HCBz 
congener group MCBza synthesis)a (“pure”)b (47%)a (99%)a (98%)a (97%)a HCBzb 

Total TCDD 
Total PeCDD 
Total HxCDD 
Total HpCDD 
Total OCDD 
Total TCDF 
Total PeCDF 
Total HxCDF 
Total HpCDF 
Total OCDF 

ND (0.02) 
ND (0.02) 
ND (0.02) 
ND (0.02) 
ND (0.02) 
ND (0.02) 
ND (0.02) 
ND (0.02) 
ND (0.02) 
ND (0.02) 

0.3 
ND (0.02) 
ND (0.02) 
ND (0.02) 
ND (0.02) 
ND (0.02) 

0.5 
ND (0.02) 
ND (0.02) 
ND (0.02) 

ND (0.1) 
ND (0.1) 
ND (0.1) 
ND (0.1) 
ND (0.1) 
ND (0.1) 
ND (0.1) 
ND (0.1) 
ND (0.1) 
ND (0.1) 

0.027 
0.14 

0.259 
0.253 
0.081 
0.736 
0.272 
0.091 
0.03 

0.016 

ND (0.02)0.2 
0.5 
0.8 
0.4 
0.03 
0.2 
0.8 
1.5 
2.1 

ND (0.02) 
ND (0.02)

0.02 
0.02 
0.05 
0.02 

ND (0.02) 
ND (0.02)

0.1 
0.1 

ND (20) 
ND (20) 
ND (20) 

470 
6,700 

ND (20) 
ND (20) 
ND (20) 

455 
2,830 

-
-
-
-

50–212,000 
-
-
-
-

350–58,300 

Total CDD/CDF ND 0.8
 ND 

1.9 
6.5 

10,455 400–270,300 
0.3aSource:  Hutzinger and Fiedler (1991b); unpublished results of tests performed at the University of Bayreuth, Germany, and by Dr. H. Hagenmaier. 

bSource:  Villanueva et al. (1974); range of three samples of commercially available HCBz. 

ND = Not detected (value in parenthesis is the detection limit, if reported) 
-- = No information given 




 

trichlorobenzene.  One study (Villanueva et al., 1974) detected no CDDs/CDFs in one sample of 
1,2,4-TCBz at a DL of 0.1 µg/kg.  Hutzinger and Fiedler (1991b) reported unpublished results of 
a study by Dr. Hans Hagenmaier showing CDD/CDF congener group concentrations ranging 
from 0.02 to 0.074 µg/kg in a sample of mixed trichlorobenzene.  Because the TCBz examined 
by Hagenmaier contained about 2% hexachlorocyclohexane, it is reasonable to assume that it was 
produced by dehydrohalogenation of hexachlorocyclohexane (a manufacturing process not 
currently used in the United States). 

8.3.2.1. Regulatory Actions for Chlorobenzenes 

EPA determined, as part of the Federal Insecticide, Fungicide, and Rodenticide Act 
(FIFRA) DCI (discussed in Section 8.3.8), that the 1,4-dichlorobenzene manufacturing processes 
used in the United States are not likely to form CDDs/CDFs.  Mono-, di-, and trichlorobenzene 
are listed as potential precursor chemicals under the TSCA dioxin/furan test rule and are subject 
to reporting (see Section 8.3.7).  In addition, EPA issued a Significant New Use Rule (SNUR) 
under Section 5(a)(2) of TSCA on December 1, 1993 (effective January 14, 1994) for 
pentachlorobenzene and 1,2,4,5-tetrachlorobenzene (Federal Register, 1993c).  This rule requires 
that EPA be notified at least 90 days before the manufacture, import, or processing of either of 
these compounds in amounts of 10,000 pounds or greater per year per facility for any use.  All 
registrations of pesticide products containing hexachlorobenzene were cancelled in the mid
1980s (Carpenter et al., 1986). 

OSW promulgated land disposal restrictions on wastes (i.e., wastewaters and 
nonwastewaters) resulting from the manufacture of chlorobenzenes (40 CFR 268).  Table 8-12 
lists all solid wastes for which EPA specifically regulates CDDs and CDFs, including 
chlorobenzene wastes, as hazardous constituents.  The regulations prohibit the land disposal of 
these wastes until they are treated to a level below the routinely achievable DLs in the waste 
extract listed in Table 8-12 for each of the following congener groups:  TCDDs, PeCDDs, 
HxCDDs, TCDFs, PeCDFs, and HxCDFs. 

EPA’s Office of Water promulgated effluent limitations for facilities that manufacture 
chlorinated benzenes and discharge treated wastewater (40 CFR 414.70).  These effluent 
limitations do not specifically address CDDs and CDFs.  The following chlorinated benzenes are 
regulated:  chlorobenzene; 1,2-dichlorobenzene; 1,3-dichlorobenzene; 1,4-dichlorobenzene; 
1,2,4-trichlorobenzene; and hexachlorobenzene.  The effluent limitations for the individual 
regulated chlorinated benzenes are less than or equal to 77 µg/L for facilities that use biological 
end-of-pipe treatment and less than or equal to 196 µg/L for facilities that do not use biological 
end-of-pipe treatment. 
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Since at least 1993, U.S. commercial production of chlorobenzenes has been limited to 
monochlorobenzene, 1,2-dichlorobenzene, 1,4-dichlorobenzene, and, to a much lesser extent, 
1,2,4-trichlorobenzene.  As noted above, CDD/CDF formation is not expected under the normal 
operating conditions of the processes currently used in the United States to produce these four 
chemicals. No tetra-, penta-, or hexachlorinated benzenes are now intentionally produced or used 
in the United States (Bryant, 1993).  Thus, releases of CDDs/CDFs from the manufacture of 
chlorobenzenes in 1995 were estimated to be negligible.  Because the information available on 
CDD/CDF content of mono- through pentachlorobenzene is very limited and is based primarily 
on unpublished European data, and because information on the chlorobenzene manufacturing 
processes in place during 1987 is not readily available, no emission estimates can be made for 
1987. 

8.3.3. Chlorobiphenyls 

PCBs are manufactured by the direct batch chlorination of molten biphenyl in the 
presence of a catalyst, followed by separation and purification of the desired chlorinated biphenyl 
fractions. During the manufacture of PCBs, the inadvertent production of CDFs also occurs. 
This section focuses on levels of CDD/CDF contamination that may have been present in PCB 
products. 

CDFs have been shown to form when PCB-containing transformers and capacitors 
undergo malfunctions or are subjected to fires that result in accidental combustion of the 
dielectric fluid. The direct releases of dioxin-like PCBs from sources is reviewed in Chapter 10.  

During the commercial production of PCBs, thermal oxidative cyclization under alkaline 
conditions resulted in the inadvertent production of CDFs in most of the commercial PCB 
mixtures (Brown et al., 1988; ATSDR, 1993).  Bowes et al. (1975a) first reported detection of 
CDFs in Aroclor products; samples of unused Aroclors manufactured in 1969 and 1970 were 
found to have CDF (TCDF through HxCDF) concentrations ranging from 0.8 to 2 mg/kg.  Bowes 
et al. used congener-specific analytical methodology and detected 2,3,7,8-TCDF and 2,3,4,7,8
PeCDF at concentrations ranging from 0.11 to 0.33 mg/kg and 0.12 to 0.83 mg/kg, respectively, 
in unused samples of Aroclor 1254 and Aroclor 1260.  The presence of CDDs in commercial 
PCB mixtures, although at much lower concentrations than those of the CDFs, was reported by 
Hagenmaier (1987) and Malisch (1994).  Table 8-14 presents the CDF and CDD congener group 
concentrations reported by Bowes et al. (1975a) and those reported in subsequent years for 
unused PCBs by Erickson (1986), ATSDR (1993), Hagenmaier (1987), and Malisch (1994). 

Several researchers have reported concentrations of specific CDD/CDF congeners in 
commercial PCB mixtures (Bowes et al., 1975b; Brown et al., 1988; Hagenmaier, 1987; Malisch, 
1994). Table 8-15 presents the results of these four studies.  Only the Hagenmaier and Malisch 
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Table 8-14. Concentrations of CDD/CDF congener groups in unused commercial polychlorinated biphenyl (PCB) 
mixtures (mg/kg) 
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PCB mixture 
Year of 

manufacture 

CDD congener group concentrations CDF congener group concentrations 

Source TCDD PeCDD HxCDD HpCDD OCDD 
Total 
CDD TCDF PeCDF HxCDF HpCDF OCDF 

Total 
CDF 

Aroclor 1016 1972 - - - - - - ND ND ND - - ND a 

Aroclor 1242 - - - - - - - 0.07 0.03 0.003 - - 0.15 b, c 
Aroclor 1242 - - - - - - - 2.3 2.2 ND - - 4.5 b, c 
Aroclor 1242 - - - - - - - 0.25 0.7 0.81 - - 1.9 b 
Clophen A-30 - 0.0007 ND 0.001 0.006 0.031 0.039 6.377 2.402 0.805 0.108 0.016 9.708 d 
Clophen A-30 - ND ND ND 0.005 0.025 0.030 0.713 0.137 0.005 0.001 ND 0.855 e 

Aroclor 1248 
Clophen A-40 
Kanechlor 400 

1969 
-
-

-
ND 
-

-
ND 
-

-
ND 
-

-
0.012 
-

-
0.030 
-

-
0.042 
-

0.5 
1.289 
-

1.2 
0.771 
-

0.3 
0.144 
-

-
0.02 
-

-
0.011 
-

22.2352 b 
e 

b, c 

Aroclor 1254 1969 - - - - - - 0.1 0.2 1.4 - - 1.7 a 
Aroclor 1254 1970 - - - - - - 0.2 0.4 0.9 - - 1.5 a 
Aroclor 1254 - - - - - - - 0.02 0.2 0.6 - - 0.8 b, c 
Aroclor 1254 - - - - - - - 0.05 0.1 0.02 - - 0.2 b 
Clophen A-50 - ND ND ND 0.011 0.027 0.038 5.402 2.154 2.214 0.479 0.069 10.318 e 

Aroclor 1260 - - - - - - - 0.3 1 1.1 1.35 - 3.8 b, c 
Aroclor 1260 1969 - - - - - - 0.1 0.4 0.5 - - 1 a 
Aroclor 1260 - - - - - - - 0.8 0.9 0.5 - - 2.2 b, c 
Aroclor 1260 - - - - - - - 0.2 0.3 0.3 - - 0.8 a 
Clophen A-60 - 0.0004 0.002 0.002 0.003 0.015 0.022 15.786 11.655 4.456 1.517 0.639 34.052 d 
Clophen A-60 - ND ND ND 0.014 0.032 0.046 16.34 21.164 7.63 2.522 1.024 48.681 e 
Clophen A-60 - - - - - - - 1.4 5 2.2 - - 8.6 a 
Phenoclor DP-6 - - - - - - - 0.7 10 2.9 - - 13.6 a 

Clophen T-64 - - -   - - - 0.3 1.73 2.45 0.82 - 5.4 b 

Prodelec 3010 - - -   - - - 1.08 0.35 0.07 - - 2 b 
aSource:  Bowes et al. (1975a). 
bSource:  Erickson (1986). 
cSource:  ATSDR (1993). 
dSource:  Malisch (1994). 
eSource:  Hagenmaier (1987). 

ND = Not detected 
-- = No information given 




 



 


 

 


 


 


 


 

Table 8-15.  2,3,7,8-Substituted congener concentrations in unused polychlorinated biphenyl (PCB) mixtures (µg/kg) 
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Congener 

Congener concentrations in Clophens Congener concentrations in Aroclors 

A-30a A-30b A-40b A-50b A-60a A-60b 1016c 1242c 1248d 1254c 1254c 1254c 1254d 1260c 1260c 1260c 

2,3,7,8-TCDD ND ND ND ND ND ND - - - - - - - - - -
1,2,3,7,8-PeCDD ND ND ND ND 0.1 ND - - - - - - - - - -
1,2,3,4,7,8-HxCDD ND ND ND ND 0.2 ND - - - - - - - - - -
1,2,3,6,7,8-HxCDD 0.8 ND ND ND ND ND - - - - - - - - - -
1,2,3,7,8,9-HxCDD ND ND ND ND ND ND - - - - - - - - - -
1,2,3,4,6,7,8-HpCDD 5.6 2.4 4.4 5.3 2.5 6.8 - - - - - - - - - -
OCDD 31.1 24.7 30.3 26.9 14.9 32.3 - - - - - - - - - -

2,3,7,8-TCDF 1,032.6 36.9 250.2 1,005.7 2,287.7 3,077.2 0.1 40.1 330 28 20.9 55.8 110 63.5 6.88 29 
1,2,3,7,8-PeCDF 135.8 14.9 52.7 155.2 465.2 1,750.8 - - - - - - - - - -
2,3,4,7,8-PeCDF 509.2 13.1 171.3 407.5 1,921.9 2,917.0 1.75 40.8 830 110 179 105 120 135 58.2 112 
1,2,3,4,7,8-HxCDF 301.4 1.9 48.4 647.5 1,604.2 2,324.1 - - - - - - - - - -
1,2,3,6,7,8-HxCDF 65.3 0.8 19.6 227.5 157.6 351.3 - - - - - - - - - -
1,2,3,7,8,9-HxCDF ND ND 0.7 8.3 42.8 19 0.08 0.26 - 28.8 28.7 19.4 - 5.1 9.7 10.7 
2,3,4,6,7,8-HxCDF 50.6 0.1 6.8 62.5 369.5 4,08.3 - - - - - - - - - -
1,2,3,4,6,7,8-HpCDF 43.7 0.6 7 205.5 480.6 1,126.1 - - - - - - - - - -
1,2,3,4,7,8,9-HpCDF 22.5 ND 2.8 72.2 321.7 304 - - - - - - - - - -
OCDF 15.7 ND 11.4 69.2 639.2 1,024.3 - - - - - - - - - -

Total TCDD 0.7 ND ND ND 0.4 ND - - - - - - - - - -
Total PeCDD ND ND ND ND 2 ND - - - - - - - - - -
Total HxCDD 1.2 ND ND ND 1.8 ND - - - - - - - - - -
Total HpCDD 5.6 5.4 11.6 11 3 13.5 - - - - - - - - - -
Total OCDD 31.1 24.7 30.3 26.9 14.9 32.3 - - - - - - - - - -

Total TCDF 6,376.6 713 1,289.4 5,402.3 15,785.7 16,340 - - - - - - - - - -
Total PeCDF 2,402.4 136.5 770.8 2,153.7 11,654.6 21,164 - - - - - - - - - -
Total HxCDF 804.8 5.1 143.6 2,213.8 4,455.8 7,630.2 - - - - - - - - - -
Total HpCDF 108.3 0.8 19.5 478.8 1,517 2,522.3 - - - - - - - - - -
Total OCDF 15.7 ND 11.4 69.2 639.2 1,024.3 - - - - - - - - - -

Total CDD/CDFe 

Total I-TEQDF 
e 

Total TEQDF-WHO98 
e 

9,746.4 
407.2 
407.2 

885.5 
11.3 
11.3 

2,276.6 10,355.7 
409.6 
409.5 

34,074.4 
1,439.2 
1,439 

48,726.6 
2,179 
2,178 

-
-
-

-
-
-

-
-
-

-
-
-

-
-
-

-
-
-

-
-
-

-
-
-

-
-
-

-
-
-

aSource:  Malisch (1994).
 
bSource:  Hagenmaier (1987).
 
cSource:  Brown et al. (1988).
 
dSource:  Bowes (1975b).
 
eCalculated assuming nondetect values were zero.
 

ND = Not detected 

-- = No information given
 




 


studies, however, reported the concentrations of all 2,3,7,8-substituted CDDs and CDFs.  It is 
evident from the table that major variations are found in the levels of 2,3,7,8-TCDF and 
2,3,4,7,8-PeCDF in the Clophen mixtures reported by Hagenmaier and Malisch and the 
corresponding levels in the Aroclor mixtures reported by Bowes et al. and Brown et al. 

Brown et al. (1988) compared the levels of 2,3,7,8-TCDF; 2,3,4,7,8-PeCDF; and 
1,2,3,7,8,9-HxCDF in used samples (from previously used capacitors and transformers) and 
unused samples of Aroclor 1016, 1242, 1254, and 1260. The concentration ranges reported for 
the used and unused Aroclors were similar, leading Brown et al. (1988) to conclude that CDFs 
are not formed during the normal use of PCBs in electrical equipment. 

8.3.4. Ethylene Dichloride/Vinyl Chloride Monomer/Polyvinyl Chloride Manufacturing 

In the United States the manufacture of PVC is an integrated manufacturing process. 
This means that most manufacturing facilities produce all the precursors and chemical 
intermediates necessary to manufacture PVC as well as PVC resins and products.  For example, 
ethylene dichloride (EDC) is used to produce vinyl chloride monomer (VCM).  VCM is then 
converted to PVC resins. The resins are used to manufacture various PVC products. 

 PVC resins are produced from the polymerization of VCM.  VCM is typically produced 
by the thermal dehydrochlorination (commonly known as cracking) of EDC.  The cracking of 
EDC requires elevated pressure (20 to 30 atm) and temperature (450 to 650°C) and yields VCM 
and HCl at about a 1:1 molar ratio. EDC is produced by two different methods:  (1) direct 
chlorination of ethylene with chlorine in the presence of a catalyst at a temperature of 50 to 60°C 
and pressure of 4 to 5 atm, and (2) oxychlorination, which involves reaction of ethylene with HCl 
and oxygen in the presence of a catalyst at temperatures generally less than 325°C.  The primary 
source of HCl for the oxychlorination process is the HCl produced from the cracking of EDC to 
form VCM. Most VCM manufacturing facilities are integrated with EDC production facilities 
(The Vinyl Institute, 1998). 

Although it has been generally recognized that CDDs/CDFs can be formed during the 
manufacture of EDC, VCM, and PVC, manufacturers and environmental public interest groups 
have disagreed as to the quantity of CDDs/CDFs that are formed and released to the environment 
in wastes and possibly in PVC products.  Although EPA regulates emissions from EDC/VCM 
production facilities under the Clean Water Act (40 CFR 61), the Clean Air Act (40 CFR 414), 
and RCRA (40 CFR 268, waste codes F024, K019, and K020), CDDs/CDFs are not specifically 
regulated pollutants; as a consequence, monitoring data for CDDs/CDFs in emissions were 
generally lacking until the early 1990s. 

Greenpeace International initially determined that CDDs and CDFs can be formed during 
the manufacture of PVC. In 1993, it issued a report on CDD/CDF emissions associated with the 
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production of EDC/VCM (Greenpeace, 1993). Greenpeace estimated that 5 to 10 g I-TEQDF 

were released to the environment (air, water, and ground combined) annually for every 100,000 
metric tons of VCM produced.  This emission factor was based on data gathered by Greenpeace 
on four European plants. The Vinyl Institute responded with a critique of the Greenpeace report 
(ChemRisk, 1993). Miller (1993) summarized the differing views of the two parties.  According 
to Miller, European PVC manufacturers claimed the emission factor was 0.01 to 0.5 g I 
TEQDF/100,000 metric tons of VCM, but although Greenpeace and ChemRisk used basically the 
same monitoring information to develop their emission factors, Greenpeace adjusted the 
emission factor to account for unquantified fugitive emissions and waste products that contain 
unspecified amounts of CDDs/CDFs. 

In 1995, Greenpeace issued a second report (Stringer et al., 1995) reiterating the 
organization’s concern that the generation and emission of CDDs/CDFs may be significant and 
urging that further work be initiated to quantify and prevent emissions.  Stringer et al. presented 
the results of analyses of three samples of chlorinated wastes obtained from U.S. EDC/VCM 
manufacturing facilities.  The three wastes were characterized according to EPA hazardous waste 
classification numbers as an F024 waste (waste from the production of short-chain aliphatics by 
free radical-catalyzed processes), a K019 waste (heavy ends from the distillation of ethylene from 
EDC production), and a probable K020 waste (heavy ends from distillation of vinyl chloride in 
VCM manufacture). Table 8-16 presents the analytical results reported by Stringer et al.  This 
study acknowledged that because EDC/VCM production technologies and waste treatment and 
disposal practices are very site-specific, the limited information available on CDD/CDF 
generation and emissions made it difficult to quantify amounts of CDDs/CDFs generated and 
emitted. 

In response to the lack of definitive studies, and at the recommendation of EPA, U.S. 
PVC manufacturers began an extensive monitoring program, the Dioxin Characterization 
Program (DCP).  The objective of the DCP was  to evaluate the extent and magnitude of 
potential CDD/CDF releases to air, water, and land, as well as the potential for PVC product 
contamination. Manufacturers performed emissions and product testing at several facilities that 
were representative of various manufacturing and process control technologies.  In 1998, The 
Vinyl Institute completed studies of CDD/CDF releases in wastewater, wastewater treatment 
plant solids, and stack gases, as well as studies of the CDD/CDF content of products (PVC resins 
and EDC sold as products) (The Vinyl Institute, 1998). 

In September 2002, the CCC met to review dioxin release estimates for 2000 submitted 
by various EDC/VCM manufacturing facilities.  Several companies provided stack gas emissions 
and wastewater release data as well as a discussion of how they generated the release and transfer 
estimates reported in the Toxics Release Inventory for 2000.  In March 2004, the CCC met again 
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Table 8-16. Reported CDD/CDF concentrations (µg/kg) in wastes from 
polyvinyl chloride (PVC) manufacture 

Congener/congener group F024 waste K019 waste K020 waste 

2,3,7,8-TCDD 0.37 260 0.06 
1,2,3,7,8-PeCDD 0.14 890 0.05 
1,2,3,4,7,8-HxCDD 0.3 260 0.08 
1,2,3,6,7,8-HxCDD 0.14 330 0.06 
1,2,3,7,8,9-HxCDD 0.11 620 0.07 
1,2,3,4,6,7,8-HpCDD 4.2 920 0.89 
OCDD 15 1,060 3 

2,3,7,8-TCDF 0.91 680 0.44 
1,2,3,7,8-PeCDF 9.5 975 1.8 
2,3,4,7,8-PeCDF 1.6 1,050 0.58 
1,2,3,4,7,8-HxCDF 110 10,100 11 
1,2,3,6,7,8-HxCDF 24 9,760 2.4 
1,2,3,7,8,9-HxCDF 9.5 21,800 1.3 
2,3,4,6,7,8-HxCDF 3.1 930 0.89 
1,2,3,4,6,7,8-HpCDF 250 13,400 38 
1,2,3,4,7,8,9-HpCDF 51 1,340 6 
OCDF 390 43,500 650 

Total 2,3,7,8-CDD 20.3 4,340 4.21 
Total 2,3,7,8-CDF 849.6 103,535 712.4 
Total I-TEQDF 20 5,928 3.2 
Total TEQDF-WHO98 19.7 6,333 2.6 

Total TCDD 3.1 1,230 1.9 
Total PeCDD 3.6 3,540 1.7 

a 
Total HxCDD 
Total HpCDD 
Total OCDD 
Total TCDF 
Total PeCDF 
Total HxCDF 
Total HpCDF 
Total OCDF 

1.3 
5 

15 
15 
65 

300 
450 
390 

3,950 
1,270 
1,060 

20,600 
45,300 
63,700 
16,600 
43,500 

1.7 
3 
6 

11 
27 
58 

650 

Total CDD/CDF 1,248 200,750 760.3 
aCongener group concentration reported in source is not consistent with reported congener concentrations. 

Source:  Stringer et al. (1995). 
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to discuss the results, to date, of its CDD/CDF data validation study for PVC/EDC/VCM and 
chlor-alkali facilities.  The study’s goal was to provide facility-specific water, air, and land 
release estimates for 2000 and 2002. As of the date of this report, data validation studies were 
provided for 17 of 20 facilities in the CCC that were considered chlor-alkali production facilities 
and PVC/EDC/VCM manufacturing plants. 

8.3.4.1. Water Releases 

This section presents estimates of releases of dioxin-like compounds in wastewater 
discharges to surface waters for 2000 and 1995 from the integrated EDC, VCM, and PVC 
manufacturing facilities in the United States.  Site-specific testing of the wastewater from 
facilities operated by Dow Chemical Co., Occidental Chemical Corp., Georgia Gulf Corp., PPG 
Industries, and DuPont provide the basis for estimating annual releases of dioxin-like compounds 
in 2000 (CCC, 2005, 2003a, b, c, d).  In total, these tests represent site-specific analysis of 17 
manufacturing facilities throughout the United States.  The site-specific releases of dioxin-like 
compounds for these facilities are shown in Table 8-17.  In 2000, approximately 23.08 g TEQDF 
WHO98 (23.94 g I-TEQ) were released from 17 EDC/VCM/PVC manufacturing facilities in the 
United States. These estimates are assigned a high confidence rating because they were derived 
from the testing of individual manufacturing facilities and the activity level is known with a high 
degree of certainty. 

Estimating TEQ wastewater discharges for 1995 from EDC/VCM/PVC integrated 
chemical manufacturing facilities is problematic.  A report by The Vinyl Institute (1998) did not 
represent a comprehensive testing of the wastewaters from all existing EDC/VCM/PVC 
manufacturing facilities in 1995.  The report presented results for treated wastewater samples 
collected during April and May of 1995 at only 10 manufacturing sites (6 that manufactured only 
PVC, 3 that manufactured EDC and VCM, and 1 that manufactured EDC, VCM, and PVC).  In 
terms of production, the 10 sites represented only about 27% of the total estimated 1995 
EDC/VCM/PVC production. 

The representativeness of these sites to total EDC/VCM/PVC manufacturing is 
questionable because the testing program did not include some of the higher-emitting facilities 
discovered in 2000 (CCC, 2003a).  For example, the CCC reports that provided the basis for the 
2000 release estimates (CCC, 2005, 2003a, b, c, d) indicated that the Dow facility in Freemont, 
TX, and the Occidental facility in Ingleside, TX, released approximately 3 g and 1.6 g TEQDF 
WHO98, respectively, as wastewater discharges into surface waters.  These two facilities are 
about an order of magnitude higher in wastewater releases than are the 10 facilities tested in 1995 
(The Vinyl Institute, 1998).  In an attempt to overcome this deficiency, it is assumed that the 
wastewater releases from EDC/VCM/PVC integrated chemical production facilities in 1995 were 
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Table 8-17. Releases of dioxin-like compounds (g/yr) in wastewater discharges from EDC/VCM/PVC and 
integrated chlorine chemical manufacturing facilities to surface water in reference years 2000 and 1995 
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 Dowa  Freeport, TX 0.00 0.00 0.57 0.00 0.35 15.61 74.61 2.63 3.57 1.68 26.28 0.00 0.00 5.00 125.74 19.36 297.94 6.48 6.14 

 Dow  Midland, MI 0.00 0.00 0.02 0.00 0.00 0.54 3.63 0.02 0.00 0.01 0.06 0.00 0.00 0.04 0.88 0.01 1.25 0.04 0.03 

 Dow  Plaquemine, LA 0.06 0.12 0.87 0.00 0.33 18.72 285.79 4.78 3.77 1.97 21.42 0.00 0.98 3.14 161.57 11.81 374.10 7.03 6.50 

 DuPontb  DeLisle, MS 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 DuPont  Edge Moor, DE 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.14 0.12 13.49 0.02 0.01 

 DuPont  Johnsonville, TN 0.00 0.00 0.00 0.00 0.00 0.00 1.41 0.00 0.00 0.00 0.44 0.00 0.00 0.00 1.23 0.00 11.03 0.07 0.06 

 Georgia Gulf c  Plaquemine, LA 0.00 0.00 0.00 0.00 0.00 0.03 0.12 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.11 0.02 0.41 0.02 0.02 

 Occidentald  Convent, LA 0.00 0.00 0.00 0.00 0.00 0.00 0.15 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.04 0.002 0.002 

 Occidental  Deer Park, TX 0.00 0.00 0.00 0.00 0.00 0.08 1.19 0.00 0.00 0.00 0.04 0.03 0.03 0.01 0.69 0.26 5.85 0.03 0.02 

 Occidental  Ingleside, TX 0.02 0.09 0.08 0.09 0.08 0.09 0.18 0.02 0.09 0.09 0.09 0.10 0.10 0.10 0.10 0.10 0.19 0.18 0.23 

 Occidental  LaPorte, TX 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.12 0.03 0.67 0.01 0.01 

 Occidental  Mobile, AL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3e!04 0.00 0.00 0.00 0.00 0.00 0.00 6e!04 0.00 0.00 4e!05 4e!05 

 Occidental  Battleground, TX 0.00 0.00 0.00 0.00 0.00 0.00 0.48 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 5e!04 5e!05 

 Occidental  Delaware City, DE 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1e!03 0.00 0.00 0.00 0.00 0.00 0.00 2e!03 0.00 0.00 1e!04 1e!04 

 Occidental  Hahnville, LA 0.00 0.00 0.00 0.00 0.00 0.01 0.10 0.19 0.90 0.85 2.96 1.18 0.63 0.60 4.47 0.69 1.75 1.08 1.08 

 Occidental  Muscle Shoals, AL 0.00 0.00 0.00 0.00 0.00 0.00 1e!09 4e!08 1e!07 8e!08 2e!07 1e!07 2e!08 3e!08 1e!07 6e!08 1e!07 9e!08 9e!08 

 PPG Industries  Lake Charles, LA 0.00 0.00 0.01 0.01 0.00 0.40 2.97 6.47 14.30 10.83 12.29 3.96 3.23 1.57 4.41 2.64 12.13 8.98 8.97 

TOTAL 0.08 0.22 1.55 0.10 0.77 35.49 370.78 14.13 22.64 15.46 63.73 5.29 4.98 10.47 299.47 35.03 718.85 23.94 23.08 




 


 


 


 

 


 


 


 


 


Table 8-17. Releases of dioxin-like compounds (g/yr) in wastewater discharges from EDC/VCM/PVC and 
integrated chlorine chemical manufacturing facilities to surface water in reference years 2000 and 1995 
(continued) 

aDow Chemical Company.
 
bDuPont. 

cGeorgia Gulf Corporation.
 
dOccidental Chemical Corporation.
 

Source:  Chlorine Chemistry Council (2004).
 

EDC = Ethylene dichloride
 
PVC = Polyvinyl chloride
 
VCM = Vinyl chloride monomer
 

8-35
 




 


equal to wastewater discharges in 2000.  Based on this assumption, approximately 23.08 g 
TEQDF-WHO98 (23.94 g I-TEQ) were released from 17 EDC/VCM/PVC manufacturing facilities 
in the United States in reference year 1995.  These estimates are assigned a low confidence rating 
because they may not be representative of wastewater discharges from facilities operating in 
1995, although the activity level is known with a high degree of certainty and is assigned a high 
confidence rating.  The site-specific releases of dioxin-like compounds for facilities operating in 
1995 are shown in Table 8-17. 

A number of EDC/VCM/PVC manufacturing facilities have reported significant 
reductions in CDD/CDF wastewater discharges to surface water in 2002 from 2000 levels.  For 
example, the Dow facility in Freemont, TX, achieved a 47% reduction (from 6.4 g TEQDF 
WHO98 in 2000 to 3.43 g TEQDF-WHO98 in 2002) (CCC, 2003a), the Dow  facility in 
Plaquemine, LA, achieved a 69% reduction (from 6.86 g TEQDF-WHO98 in 2000 to 2.16 g 
TEQDF-WHO98 in 2002) (CCC, 2003a), and the PPG Industries facility in Lake Charles, LA, 
achieved a 28% reduction (from 8.97 g TEQDF-WHO98 in 2000 to 6.47 g TEQDF-WHO98 in 2002) 
(CCC, 2003b). 

8.3.4.2. Land Releases 

Only one EDC/VCM/PVC manufacturing facility (the Georgia Gulf facility in 
Plaquemine, LA) reported CDD/CDF releases to land from the land application of wastewater 
sludge in 2000 (CCC, 2003c).  The congener-specific and TEQ releases are presented in Table 
8-18. Releases to land from EDC/VCM/PVC manufacturing in 2000 and 1995 were 1.36 g 
TEQDF-WHO98 (1.45 g I-TEQDF), assuming that the land application rates were the same in both 
years. 

These emission estimates for 2000 are assigned a high confidence rating because the 
releases to land were determined from the actual measurements taken from the single facility that 
applies the wastewater sludge to land.  The emission estimates for 1995 are assigned a medium 
confidence rating because the estimates were based on assuming that the CDD/CDF levels of 
contamination in the wastewater solids and the land application rates were the same in both 
reference years. 

8.3.4.3. Air Releases 

The Vinyl Institute conducted a study of releases of EDC/VCM/PVC to air (The Vinyl 
Institute, 1998).  Based on similarities in design and service, thermal destruction units at 
EDC/VCM and/or PVC manufacturing units were subcategorized into three types:  type A, vent 
gas incinerators at PVC-only resin plants; type B, vent gas thermal oxidizers at EDC/VCM 
plants; and type C, liquid-only and liquid/vent gas thermal oxidizers at EDC/VCM plants.  Using 
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Table 8-18. Congener-specific releases to land from an EDC/VCM/PVC 
integrated chemical manufacturing facilitya in reference years 2000 and 1995 

Congener Annual release to land (g/yr) 

2,3,7,8-TCDD 0.004 
1,2,3,7,8-PeCDD 0.039 
1,2,3,4,7,8-HxCDD 0.123 
1,2,3,6,7,8-HxCDD 0.122 
1,2,3,7,8,9-HxCDD 0.078 
1,2,3,4,6,7,8-HpCDD 1.710 
OCDD 8.640 
2,3,7,8-TCDF 0.077 
1,2,3,7,8-PeCDF 0.354 
2,3,4,7,8-PeCDF 0.370 
1,2,3,4,7,8-HxCDF 2.690 
1,2,3,6,7,8-HxCDF 2.110 
1,2,3,7,8,9-HxCDF 1.540 
2,3,4,6,7,8-HxCDF 0.595 
1,2,3,4,6,7,8-HpCDD 28.100 
1,2,3,4,7,8,9-HpCDD 6.540 
OCDF 118.000 
Total I-TEQDF 1.450 

Total TEQDF-WHO98 1.360 
aGeorgia Gulf, Plaquemine, LA. 

Source:  CCC (2004). 

EDC = Ethylene dichloride 
PVC = Polyvinyl chloride 
VCM = Vinyl chloride monomer 

an industry-wide survey, The Vinyl Institute identified 22 type A units at 11 facilities, 23 type B 
units at 10 facilities, and 17 type C units at 10 facilities.  Test data were gathered from 5 of the 22 
type A units (3 facilities representing 7% of total U.S. and Canadian EDC/VCM/PVC production 
in 1995), 14 of the 23 type B units (8 facilities), and 13 of the 17 type C units (7 facilities).  The 
sampled type B and C units represented 70% of total U.S. and Canadian EDC/VCM/PVC 
production in 1995. 

Annual I-TEQDF emission estimates were generated by combining estimated emissions 
from tested units (based on measured stack gas results and plant-specific activity data) with an 
estimate of emissions from untested units.  The emissions from the untested units were estimated 
by multiplying the average emission factor for the tested units in the category (the most likely 
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estimate) or the average emission factor of the tested units with the highest emissions in each 
class (the upper-bound estimate) by the activity level for the untested units.  It is not possible to 
calculate emission factors for TEQDF-WHO98 using the data presented in The Vinyl Institute 
report. 

The Vinyl Institute estimates of most likely and upper-bound emissions during 1995 for 
these three categories are as follows: 

Most likely emissions Upper-bound emissions 
Category estimate (g I-TEQDF/yr) estimate (g I-TEQDF/yr) 

PVC-only incinerators 0.0014  0.0019 
EDC/VCM liquid and liquid/vents 3.7 7.2 
EDC/VCM vents for VCM only 6.9 21.6 

The study also estimated emissions that may have resulted from incineration of 
EDC/VCM/PVC wastes processed by off-site, third-party processing.  Using the emission factors 
for liquid and liquid/vents developed in its study, it was estimated that potential emissions to air 


from this source category would be 0.65 g I-TEQDF/yr (most-likely estimate) and 2.3 g I
TEQDF/yr (upper-bound estimate).  Combining these third-party release estimates with those 
developed above yields a 1995 estimate of 11.2 g I-TEQDF/yr. 

Data validation studies by the CCC indicate that eight EDC/VCM/PVC manufacturing 
facilities released 5.51 g TEQDF-WHO98 (5.56 g I-TEQDF) to air (CCC, 2004); more than 85% of 
the releases occurred at two facilities.  Congener-specific and TEQ release estimates to air from 
EDC/VCM/PVC manufacturing facilities are shown in Table 8-19. The emission estimates for 
1995 and 2000 are assigned a high confidence rating because they were based on emissions 
testing of on-site incinerator and vent releases. 

8.3.4.4. Transfers to Secure Landfills 

The CCC reported on the amount of CDDs/CDFs contained in wastewater treatment plant 
sludges used to secure landfills in 2000 (CCC, 2004).  These data were determined on the basis 
of sampling wastewater sludges at 16 integrated EDC/VCM/PVC manufacturing facilities.  Table 
8-20 summarizes the estimated CDD/CDF congener-specific and TEQ amounts (based on actual 
test data) transferred from specific facilities in 2000.  It should be noted that, because the wastes 
were transferred to secure landfills, this is not considered to have been an environmental release; 
therefore, these transfers were not incorporated into the inventory. 
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Table 8-19. Congener-specific and TEQ releases to air (g/yr) from EDC/VCM/PVC integrated chemical 
manufacturing facilities in reference years 2000 and 1995 
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Dowa Freeport, TX 0.01 0.20 1.01 0.00 0.39 3.73 9.46 1.26 1.80 1.28 11.98 0.00 0.34 2.50 32.35 5.34 66.92 3.08 3.11 

Dow Midland, MI 0.026 0.004 0.008 0.000 0.003 0.02 0.086 0.023 0.009 0.008 0.066 0.000 0.002 0.009 0.148 0.028 0.225 0.05 0.05 

Dow Plaquemine, LA 0.00 0.00 0.03 0.00 0.01 0.10 0.27 0.03 0.04 0.03 0.40 0.00 0.00 0.05 1.47 0.10 3.21 0.09 0.09 

DuPontb DeLisle, MS 0.000 0.001 0.000 0.000 0.000 0.004 0.011 0.004 0.004 0.006 0.007 0.005 0.002 0.013 0.028 0.003 0.042 0.007 0.007 

DuPont Edge Moor, DE 0.000 0.001 0.000 0.000 0.000 0.003 0.016 0.001 0.002 0.002 0.003 0.002 0.005 0.003 0.011 0.018 0.204 0.004 0.004 

DuPont Johnsonville, TN 0.000 0.001 0.000 0.000 0.000 0.003 0.007 0.005 0.006 0.008 0.010 0.008 0.004 0.023 0.043 0.003 0.043 0.011 0.011 

Georgia Gulf c Plaquemine, LA 0.00 0.00 0.00 0.00 0.00 0.02 0.12 0.09 0.07 0.03 0.17 0.07 0.04 0.01 0.32 0.03 1.01 0.07 0.07 

Occidentald Convent, LA 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.02 0.02 0.01 0.01 0.01 0.00 0.00 0.02 0.00 0.02 0.02 0.03 

Occidental Deer Park, TX 0.00 0.01 0.05 0.03 0.06 1.37 13.54 0.06 0.12 0.14 1.38 0.58 0.55 0.06 11.88 2.32 52.83 0.58 0.53 

Occidental Ingleside, TX 0.01 0.03 0.11 0.12 0.09 1.58 9.51 0.04 0.35 0.37 3.58 3.38 0.77 1.94 25.71 5.13 46.90 1.61 1.58 

Occidental LaPorte, TX 0.00 0.01 0.01 0.02 0.01 0.15 0.48 0.01 0.02 0.03 0.04 0.04 0.01 0.04 0.25 0.02 0.23 0.04 0.04 

TOTAL 0.05 0.27 1.21 0.18 0.56 6.99 33.49 1.54 2.45 1.92 17.65 4.09 1.74 4.64 72.22 13.01 171.64 5.56 5.51 
aDow Chemical Company.
 
bDuPont. 

cGeorgia Gulf Corporation.
 
dOccidental Chemical Corporation.
 

Source:  Chlorine Chemistry Council (2004).
 

EDC = Ethylene dichloride
 
PVC = Polyvinyl chloride
 
VCM = Vinyl chloride monomer
 




 


 
 

Table 8-20. Congener-specific and TEQ transfers to secure landfills (g/yr)a from EDC/VCM/PVC integrated 
chemical production facilities in 2000 
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Dowb Freeport, TX 0.00 0.00 0.57 0.00 0.35 15.61 74.61 2.63 3.57 1.68 26.28 0.00 0.00 5.00 125.74 19.36 297.94 6.14 

Dow Midland, MI 0.00 0.00 0.02 0.00 0.00 0.54 3.63 0.02 0.00 0.01 0.06 0.00 0.00 0.04 0.88 0.01 1.25 0.03 

Dow Plaquemine, LA 0.06 0.12 0.87 0.00 0.33 18.72 285.79 4.78 3.77 1.97 21.42 0.00 0.98 3.14 161.57 11.81 374.10 6.50 

DuPontc DeLisle, MS 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

DuPont Edge Moor, DE 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.14 0.12 13.49 0.01 

DuPont Johnsonville, TN 0.00 0.00 0.00 0.00 0.00 0.00 1.41 0.00 0.00 0.00 0.44 0.00 0.00 0.00 1.23 0.00 11.03 0.06 

Georgia Gulf c Plaquemine, LA 0.00 0.00 0.00 0.00 0.00 0.03 0.12 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.11 0.02 0.41 0.02 

Occidentale Convent, LA 0.00 0.00 0.00 0.00 0.00 0.00 0.15 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.04 0.002 

Occidental Deer Park, TX 0.00 0.00 0.00 0.00 0.00 0.08 1.19 0.00 0.00 0.00 0.04 0.03 0.03 0.01 0.69 0.26 5.85 0.02 

Occidental Ingleside, TX 0.02 0.09 0.08 0.09 0.08 0.09 0.18 0.02 0.09 0.09 0.09 0.10 0.10 0.10 0.10 0.10 0.19 0.23 

Occidental LaPorte, TX 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.12 0.03 0.67 0.01 

Occidental Mobile, AL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3e!04 0.00 0.00 0.00 0.00 0.00 0.00 6e!04 0.00 0.00 4e!05 

Occidental Battleground, TX 0.00 0.00 0.00 0.00 0.00 0.00 0.48 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 5e!05 

Occidental Delaware City, DE 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1e!03 0.00 0.00 0.00 0.00 0.00 0.00 2e!03 0.00 0.00 1e!04 

Occidental Hahnville, LA 0.00 0.00 0.00 0.00 0.00 0.01 0.10 0.19 0.90 0.85 2.96 1.18 0.63 0.60 4.47 0.69 1.75 1.08 

Occidental Muscle Shoals, AL 0.00 0.00 0.00 0.00 0.00 0.00 1e!09 4e!08 1e!07 8e!08 2e!07 1e!07 2e!08 3e!08 1e!07 6e!08 1e!07 9e!08 

TOTAL 0.08 0.22 1.54 0.09 0.76 35.09 367.81 7.65 8.33 4.62 51.44 1.32 1.75 8.90 295.06 32.40 706.72 14.11 
aNot considered to be environmental releases. EDC = Ethylene dichloride 
bDow Chemical Company. PVC = Polyvinyl chloride 
cDuPont. VCM = Vinyl chloride monomer 
dGeorgia Gulf Corporation. 
eOccidental Chemical Corporation. 

Source:  CCC (2004). 



 

 


 

8.3.4.5 Products 

The Vinyl Institute (1998) presented results for 22 samples from 14 of the 24 U.S. and 
Canadian facilities manufacturing suspension and mass PVC resins (13 pipe resins, 3 bottle 
resins, and 6 packaging resins).  The results for U.S. manufacturers are summarized in Table 
8-21. The 14 sampled sites represented approximately 74% of estimated 1995 U.S. and 
Canadian suspension and mass PVC resin production.  CDDs/CDFs were detected in only one 
sample (0.043 ng I-TEQDF/kg, assuming nondetects equal to zero).  The overall mean TEQ 
concentrations were 0.002 ng I-TEQDF/kg (assuming nondetects equal to zero) and 0.7 ng 
I-TEQDF/kg (assuming nondetects equal to one-half the DL).  The DLs were 2 ng/kg or less for 
all congeners in all samples except for OCDD and OCDF, which had DLs of 6 ng/kg or less. 

The same study also presented results for six samples from four of the seven U.S. 
facilities manufacturing dispersion PVC resins.  CDDs/CDFs were detected in five of the 
samples. The results are summarized in Table 8-21.  In terms of production, the four sampled 
sites represent approximately 61% of estimated 1995 U.S. dispersion PVC resin production.  The 
results ranged from not detected to 0.008 ng I-TEQDF/kg (overall mean = 0.001 ng I-TEQDF/kg, 
assuming nondetects equal to zero, and 0.4 ng I-TEQDF/kg, assuming nondetects equal to one-
half the DL).  The DLs were 2 ng/kg or less for all congeners in all samples except for OCDD 
and OCDF, which had DLs of 4 ng/kg or less. 

Results were also presented for five samples from 5 of the 15 U.S. facilities 
manufacturing EDC.  The results are summarized in Table 8-21.  In terms of production, the five 
sampled sites represented approximately 71% of the estimated EDC produced in the United 
States in 1995. CDDs/CDFs were detected in only one sample (0.03 ng I-TEQDF/kg).  The 
overall mean TEQ concentrations were 0.006 ng I-TEQDF/kg (nondetects equal to zero) and 0.21 
ng I-TEQDF/kg (nondetects equal to one-half the DL).  The DLs for all congeners were 1 ng/kg or 
less. 

Using 1995 U.S. production data, 4.846 million metric tons of suspension and mass PVC, 
0.367 million metric tons of dispersion PVC resins, and 1.362 million metric tons of EDC were 
produced.  Based on the average TEQ concentration observed, The Vinyl Institute estimated that 
the total I-TEQDF contents of suspension/mass PVC resins, dispersion PVC resins, and EDC were 
0.01 g, 0.004 g, and 0.008 g, respectively (nondetects equal to zero), and 3.39 g, 0.15 g, and 0.29 
g, respectively (nondetects equal to one-half the DL).  Therefore, total I-TEQDF present in PVC in 
1995 was estimated to be between 0.02 g (nondetects equal to zero) and 3.83 g (nondetects equal 
to one-half the DL).  It is not possible using the data presented in The Vinyl Institute report to 
calculate emission factors for TEQDF-WHO98. However, because neither 1,2,3,7,8-PeCDD nor 
OCDD was detected in any sample, the TEQDF-WHO98 emission factors would be very similar to 
the I-TEQDF emission factors. 
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Table 8-21. CDD/CDF concentrations in products from U.S. EDC/VCM/PVC manufacturers 
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Congener/congener group 

Suspension and mass PVC resins Dispersion PVC resins EDC sold as productd 

No. detects/ 
samplesa 

Rangeb (ng/kg) No. of 
detects/ 
samples 

Rangec (ng/kg) 
No. detects/ 

samples 

Rangee (ng/kg) 

Min. Max. Min. Max. Min. Max. 

2,3,7,8-TCDD 0/22 ND ND 0/6 ND ND 0/5 ND ND 
1,2,3,7,8-PeCDD 0/22 ND ND 0/6 ND ND 0/5 ND ND 
1,2,3,4,7,8-HxCDD 0/22 ND ND 0/6 ND ND 0/5 ND ND 
1,2,3,6,7,8-HxCDD 0/22 ND ND 0/6 ND ND 0/5 ND ND 
1,2,3,7,8,9-HxCDD 0/22 ND ND 0/6 ND ND 0/5 ND ND 
1,2,3,4,6,7,8-HpCDD 1/22 ND 0.64 1/6 ND 0.8 0/5 ND ND 
OCDD 0/22 ND ND 0/6 ND ND 0/5 ND ND 

2,3,7,8-TCDF 0/22 ND ND 0/6 ND ND 0/5 ND ND 
1,2,3,7,8-PeCDF 0/22 ND ND 0/6 ND ND 0/5 ND ND 
2,3,4,7,8-PeCDF 0/22 ND ND 0/6 ND ND 0/5 ND ND 
1,2,3,4,7,8-HxCDF 0/22 ND ND 0/6 ND ND 0/5 ND ND 
1,2,3,6,7,8-HxCDF 0/22 ND ND 0/6 ND ND 0/5 ND ND 
1,2,3,7,8,9-HxCDF 0/22 ND ND 0/6 ND ND 0/5 ND ND 
2,3,4,6,7,8-HxCDF 1/22 ND 0.37 0/6 ND ND 0/5 ND ND 
1,2,3,4,6,7,8-HpCDF 0/22 ND ND 0/6 ND ND 1/5 ND 1.1 
1,2,3,4,7,8,9-HpCDF 0/22 ND ND 0/6 ND ND 1/5 ND 0.4 
OCDF 0/22 ND ND 2/6 ND 0.38 1/5 ND 11 

Mean I-TEQDF (nondetect = 0) 
Mean I-TEQDF (nondetect = ½ DL) 

0.002 
0.7 

0.001 
0.4 

0.001 
0.21 

Total TCDD 0/22 ND ND 1/6 ND 0.24 0/5 ND ND 
Total PeCDD 0/22 ND ND 1/6 ND 0.32 0/5 ND ND 
Total HxCDD 0/22 ND ND 5/6 ND 0.97 0/5 ND ND 
Total HpCDD 1/22 ND 0.64 1/6 ND 1.3 0/5 ND ND 
Total OCDD 0/22 ND ND 0/6 ND ND 0/5 ND ND 
Total TCDF 0/22 ND ND 0/6 ND ND 0/5 ND ND 
Total PeCDF 0/22 ND ND 1/6 ND 0.3 0/5 ND ND 
Total HxCDF 1/22 ND 0.37 0/6 ND ND 0/5 ND ND 
Total HpCDF 0/22 ND ND 0/6 ND ND 1/5 ND 2.02 
Total OCDF 0/22 ND ND 2/6 ND 0.38 1/5 ND 11 




 


Table 8-21. CDD/CDF concentrations in products from U.S. EDC/VCM/PVC manufacturers (continued) 

aTwo of these 22 samples were duplicate samples from two sites.  The results were averaged and treated as one sample for each site. 
bDetection limits (DLs) for individual samples were less than 2 ng/kg for all congeners and congener groups except OCDD and OCDF, which had
 DLs less than 6 ng/kg. 
cDLs for individual samples were less than 2 ng/kg for all congeners and congener groups except OCDD and OCDF, which had DLs less than 4 ng/kg. 
d“Sales” EDC is defined as EDC sold commercially for non-VCM uses or exported from the United States. 
eDLs were less than 1 ng/kg for all congeners in all samples. 

DL = Detection limit 
EDC = Ethylene dichloride 
ND = Not detected 
PVC = Polyvinyl chloride 
VCM = Vinyl chloride monomer 

Source: The Vinyl Institute (1998). 
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Approximately 6.55 million metric tons of PVC and 9.91 million metric tons of EDC 
were produced in North America in 2000 and approximately 5.58 million metric tons of PVC and 
7.83 million metric tons of EDC were produced in 1995 (C&EN, 2002).  Approximately 94% of 
PVC production and approximately 17% of EDC production in 1995 occurred in the United 
States. Of the PVC produced, 87% was for suspension and mass PVC products and 7% was for 
dispersion PVC resins. Assuming these product percentages remained the same for 2000, it is 
estimated that approximately 5.69 million metric tons of suspension and mass PVC and 0.46 
million metric tons of dispersion PVC resins were produced and 1.69 million metric tons of EDC 
product were produced. Applying the same average TEQ observed in The Vinyl Institute 
samples from 1998, EPA estimated the total I-TEQDF contents of suspension/mass PVC resins, 
dispersion PVC resins, and EDC produced in 2000 to be 0.01 g, 0.0004 g, and 0.01 g, 
respectively (nondetects equal to zero) and 3.99 g, 0.17 g, and 0.36 g, respectively (nondetects 
equal to one-half the DL).  Therefore, total I-TEQDF present in PVC in 2000 was estimated to be 
between 0.02 g (nondetects equal to zero) and 4.52 g (nondetects equal to one-half the DL). 

8.3.5. Other Aliphatic Chlorine Compounds 

Aliphatic chlorine compounds are used as monomers in the production of plastics, as 
solvents and cleaning agents, and as precursors for chemical synthesis (Hutzinger and 
Fiedler, 1991b).  These compounds are produced in large quantities.  In 1992, 14.6 million metric 
tons of halogenated hydrocarbons were produced in the United States (U.S. ITC, 1946–1994), 
with 1,2-dichloroethane and vinyl chloride accounting for 82% of total production.  Highly 
chlorinated CDDs/CDFs (hexa- to octa-chlorinated congeners) have been found in nanograde
quality samples of 1,2-dichloroethane (55 ng/kg of OCDF in one of five samples), 
tetrachloroethene (47 ng/kg of OCDD in one of four samples), epichlorohydrin (88 ng/kg of 
CDDs and 33 ng/kg of CDFs in one of three samples), and hexachlorobutadiene (360 to 425 
ng/kg of OCDF in two samples) obtained in Germany from Promochem (Hutzinger and Fiedler, 
1991b; Heindl and Hutzinger, 1987).  No CDDs/CDFs were detected in two samples of allyl 
chloride, three samples of 1,1,1-trichloroethane, and four samples of trichloroethylene (DL 
ranged from 5 to 20 ng/kg) (Heindl and Hutzinger, 1987).  Because no more recent or additional 
data could be found in the literature to confirm these values for products manufactured or used in 
the United States, no national estimates of CDD/CDF emissions were made for the inventory. 

EPA’s Office of Water promulgated effluent limitations for facilities that manufacture 
chlorinated aliphatic chlorine compounds and discharge treated wastewater (40 CFR 414.70). 
These effluent limitations do not specifically address CDDs/CDFs.  Regulated limits for 
chlorinated aliphatic compounds are 68 µg/L for 1,2-dichloroethane and 22 µg/L for 
tetrachloroethylene.  Similarly, OSW promulgated restrictions on land disposal of wastes 
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generated during the manufacture of many chlorinated aliphatics (40 CFR 268); however, these 
restrictions do not specifically regulate CDDs/CDFs. 

8.3.6. Dyes, Pigments, and Printing Inks 

Several researchers have analyzed various dyes, pigments, and printing inks obtained in 
Canada and Germany for the presence of CDDs/CDFs (Williams et al., 1992; Hutzinger and 
Fiedler, 1991b; Santl et al., 1994).  The following subsections discuss the findings of those 
studies. 

8.3.6.1. Dioxazine Dyes and Pigments 

Williams et al. (1992) analyzed the CDD/CDF content in dioxazine dyes and pigments 
available in Canada. As shown in Table 8-22, OCDD and OCDF concentrations in the 
nanogram-per-kilogram range and HpCDD, HxCDD, and PeCDD concentrations in the 
microgram-per-kilogram range were found in Direct Blue 106 dye (three samples), Direct Blue 
108 dye (one sample), and Violet 23 pigments (six samples).  These dioxazine pigments are 
derived from chloranil, which has been found to contain high levels of CDDs/CDFs and has been 
suggested as the source of contamination among these dyes (Christmann et al., 1989b; Williams 
et al., 1992; U.S. EPA, 1992d).  In May 1990, EPA received test results showing that chloranil 
was heavily contaminated with dioxins; levels as high as 2,903 µg TEQDF-WHO98/kg (3,065 µg I
TEQDF/kg) were measured in samples from four importers (mean value of 1,388 µg TEQDF 
WHO98/kg [1,754 µg I-TEQDF/kg]) (U.S. EPA, 1992d; Remmers et al., 1992).  (See Section 8.3.6 
for analytical results.) 

In the early 1990s, EPA learned that I-TEQDF levels in chloranil could be reduced by 
more than two orders of magnitude (to less than 20 µg/kg) through manufacturing feedstock and 
process changes.  EPA’s Office of Pollution Prevention and Toxics subsequently began efforts to 
complete an industry-wide switch from the use of contaminated chloranil to low-dioxin chloranil. 
Although chloranil is not manufactured in the United States, significant quantities are imported. 
As of May 1992, EPA had negotiated agreements with all chloranil importers and domestic 
dye/pigment manufacturers known to EPA that used chloranil in their products to switch to low-
dioxin chloranil.  In May 1993, when U.S. stocks of chloranil with high levels of CDDs/CDFs 
had been depleted, EPA proposed a SNUR under Section 5 of TSCA that would require industry 
to notify EPA at least 90 days prior to the manufacture, import, or processing, for any use, of 
chloranil containing CDDs/CDFs at a concentration greater than 20 µg I-TEQDF/kg (Federal 
Register, 1993a; U.S. EPA, 1993d). 
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Table 8-22. CDD/CDF concentrations (µg/kg) in samples of dioxazine dyes and pigments (Canada) 
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Congener/congener 
group Blue 106 Blue 108 Violet 23 

2,3,7,8-TCDD 
1,2,3,7,8-PeCDD 
1,2,3,4,7,8-HxCDD 
1,2,3,6,7,8-HxCDD 
1,2,3,7,8,9-HxCDD 
1,2,3,4,6,7,8-HpCDD 
OCDD 

ND (0.3) 
ND (0.3) 

-
ND (0.3) 
ND (0.3) 

31 
41,953 

ND (0.3) 
ND (0.3)

-

ND (0.3) 
ND (0.3)

6 
28,523 

ND (0.3) 
ND (0.3) 

-
ND (0.3) 
ND (0.3) 

9 
18,066 

ND (0.3) 
ND (0.3) 

-
ND (0.3) 
ND (0.3) 
ND (0.3) 

23 

ND (0.3) 
ND (0.3) 

-
ND (0.3) 
ND (0.3) 

9 
7,180 

ND (0.3) 
ND (0.3) 

-
ND (0.3) 
ND (0.3) 

1 
806 

ND (0.3) 
ND (0.3) 

-
ND (0.3) 
ND (0.3) 

16 
11,022 

ND (0.3) 
ND (0.3) 

-
ND (0.3) 
ND (0.3) 

10 
7,929 

ND (0.3) 
ND (0.3) 

-
ND (0.3) 
ND (0.3) 

2 
1,627 

ND (0.3) 
ND (0.3) 

-
ND (0.3) 
ND (0.3) 

4 
1,420 

2,3,7,8-TCDF ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) 
1,2,3,7,8-PeCDF ND (0.3) ND (0.3) ND (0.3) ND (0.3) 0.5 ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) 
2,3,4,7,8-PeCDF ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) 
1,2,3,4,7,8-HxCDF 12 2 2 ND (0.3) 76 4 39 31 9 7 
1,2,3,6,7,8-HxCDFa 

1,2,3,7,8,9-HxCDF - - - - - - - - - -
2,3,4,6,7,8-HxCDF ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) 
1,2,3,4,6,7,8-HpCDF 50 10 14 9 13 10 11 4 1 12 
1,2,3,4,7,8,9-HpCDF - - - - - - - - - -
OCDF 12,463 1,447 1,006 11 941 125 3,749 1,556 147 425 
Total 2,3,7,8-CDD 41,984 28,529 18,075 23 7,189 807 11,038 7,939 1,629 1,424 
Total 2,3,7,8-CDF 12,525 1,459 1,022 20 1,030.5 139 3,799 1,591 157 444 
Total I-TEQDF 

b 56.4 30.3 19.5 0.1 16 1.4 18.9 12.7 2.7 2.7 
Total TEQDF-WHO98 

b 7.45 3.4 2.3 0.1 8.7 0.6 5.6 4.2 1.1 1 
Total TCDD ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) 
Total PeCDD ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) 
Total HxCDD ND (0.3) ND (0.3) ND (0.3) 1 21 2 7 ND (0.3) ND (0.3) 1 
Total HpCDD 34 8 12 ND (0.3) 30 5 36 11 2 6 
Total OCDD 41,953 28,523 18,066 23 7,180 806 11,022 7,929 1,627 1,420 
Total TCDF ND (0.3) 0.3 ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) 0.4 ND (0.3) 
Total PeCDF ND (0.3) ND (0.3) ND (0.3) ND (0.3) 0.5 ND (0.3) ND (0.3) ND (0.3) ND (0.3) ND (0.3) 
Total HxCDF 12 2 2 ND (0.3) 76 5 39 31 9 7 
Total HpCDF 71 32 26 12 26 14 29 13 2 21 
Total OCDF 12,463 1,447 1,006 11 941 125 3,749 1,556 147 425 
Total CDD/CDF b 54,533 30,012.3 19,112 47 8,274.5 957 14,882 9,540 1,787.4 1,880 




 


Table 8-22. CDD/CDF concentrations in samples of dioxazine dyes and pigments (µg/kg) (Canada) (continued) 

aResults listed for 1,2,3,4,7,8-HxCDF include concentrations for 1,2,3,6,7,8-HxCDF. 
bCalculations assume nondetected values were equal to zero. 

ND = Not detected (value in parenthesis is the detection limit) 
-- = Not reported 

Source:  Williams et al. (1992). 
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In 1983, approximately 36,500 kg of chloranil were imported (U.S. ITC, 1984).  The U.S. 
International Trade Commission has not published quantitative import data for chloranil since 
1984. If it is assumed that this import volume reflects actual usage of chloranil in the United 
States during 1987 and that the CDD/CDF contamination level was 1,388 µg TEQDF-WHO98/kg 
(1,754 µg I-TEQDF/kg), then the maximum release to the environment via processing wastes and 
finished products was 50.6 g TEQDF-WHO98 (64 g I-TEQDF).  If it is assumed that the import 
volume in 1995 was also 36,500 kg but that the imported chloranil contained 10 µg I-TEQDF/kg 
on average, then the total potential annual TEQ release associated with chloranil in 1995 was 
50.6 g TEQDF-WHO98 (64 g I-TEQDF). 

In 1986, EPA promulgated the Inventory Update Rule (IUR) that requires the partial 
updating of the TSCA Chemical Inventory database.  Every four years, chemical manufacturers 
and importers of chemicals listed in the TSCA inventory that produce at one plant site or import 
at production volume levels of 10,000 lb or more must report the range of chemical production or 
import. According to information entered in the TSCA database, 10,000 to 500,000 lb (4,540 to 
227,000 kg) of chloranil were imported in 1994 and 2000 (http://www.epa.gov/opptintr/iur 
/iur02/search03.htm). Assuming the imported chloranil contained the same concentration of 
dioxin as the 1995 estimate (10 µg I-TEQDF/kg), the total potential annual TEQ release associated 
with chloranil in 2000 was 0.05 to 2.27 g I-TEQDF-WHO98 (mean of 1.16 g I-TEQDF). 

8.3.6.2. Phthalocyanine Dyes and Printing Inks 

Hutzinger and Fiedler (1991b) found CDDs/CDFs (tetra-, penta-, and hexa-chlorinated 
congeners) in the microgram-per-kilogram range in a sample of a Ni-phthalocyanine dye.  No 
CDDs/CDFs were detected (DL of 0.1 to 0.5 µg/kg) in two samples of Cu-phthalocyanine dyes 
and in one Co-phthalocyanine dye (Hutzinger and Fiedler, 1991b). 

Santl et al. (1994) reported the results of analyses of four printing inks obtained from a 
supplier in Germany.  Two of the inks are used for rotogravure printing and two are used for 
offset printing.  The results of the analyses are presented in Table 8-23.  The TEQDF-WHO98 

content of the inks ranged from 17.7 to 87.2 ng/kg (15 to 88.6 ng/kg on an I-TEQDF basis). 
Primarily non-2,3,7,8-substituted congeners were found.  The identities of the dyes and pigments 
in these inks were not reported. 

Although EPA provided an estimate of potential environmental releases based on limited 
information of contaminant levels of CDDs/CDFs in the product, the estimate is still too 
uncertain to include in the quantitative inventory of sources.  It is currently not known whether 
the dioxin contamination in the product actually results in a release to the open and circulating 
environment. 
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Table 8-23. CDD/CDF concentrations (ng/kg) in printing inks (Germany) 

Congener/congener group 
Rotogravure 

(2-color) 
Rotogravure 

(4-color) 
Offset 

(4-color) 
Offset 

(4-color) 

2,3,7,8-TCDD ND (1) ND (1.5) ND (2) ND (2) 
1,2,3,7,8-PeCDD 8 ND (4) 15 6 
1,2,3,4,7,8-HxCDD 19 ND (5) 16 11 
1,2,3,6,7,8-HxCDD 325 310 82 21 
1,2,3,7,8,9-HxCDD 155 105 42 14 
1,2,3,4,6,7,8-HpCDD 2,770 1,630 540 240 
OCDD 5,810 2,350 890 230 

2,3,7,8-TCDF 2.5 14 7 7 
1,2,3,7,8-PeCDF ND (2) ND (4) ND (4) ND (3) 
2,3,4,7,8-PeCDF ND (2) ND (4) ND (4) ND (3) 
1,2,3,4,7,8-HxCDF 4 7 27 35 
1,2,3,6,7,8-HxCDF ND (3) ND (5) ND (5) ND (5) 
1,2,3,7,8,9-HxCDF ND (3) ND (5) ND (5) ND (5) 
2,3,4,6,7,8-HxCDF ND (3) ND (5) ND (5) ND (5) 
1,2,3,4,6,7,8-HpCDF 40 14 315 42 
1,2,3,4,7,8,9-HpCDF ND (4) ND (7) 11 ND (6) 
OCDF 129 ND (10) 960 165 

Total 2,3,7,8-CDD 9,087 4,395 1,585 522 
Total 2,3,7,8-CDF 175.5 35 1,320 249 
Total I-TEQDF 

a 88.6 62.4 35.4 15 
Total TEQDF-WHO98 87.2 60.3 41.2 18 

Total TCDD 4 ND (2) 77 38 
Total PeCDD 58 145 35 25 
Total HxCDD 2,679 2,485 660 246 
Total HpCDD 5,630 3,460 1,100 445 
Total OCDD 5,810 2,350 890 230 
Total TCDF 5.5 28 90 35 
Total PeCDF 13 ND (4) 340 110 
Total HxCDF 29 45 95 94 
Total HpCDF 64 14 566 63 
Total OCDF 129 ND (10) 960 165 

Total CDD/CDF 14,421.5 8,527 4,813 1,451 
aCalculations assume nondetect values were zero.
 

ND = Not detected (value in parenthesis is the detection limit)
 

Source:  Santl et al. (1994).
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8.3.7. TSCA Dioxin/Furan Test Rule 

Citing evidence that halogenated dioxins and furans may be formed as by-products during 
chemical manufacturing processes (Versar, Inc., 1985), EPA issued a rule under Section 4 of 
TSCA that requires chemical manufacturers and importers to test for the presence of 
CDDs/CDFs and brominated dibenzo-p-dioxins (BDDs) and brominated dibenzofurans (BDFs) 
in certain commercial organic chemicals (Federal Register, 1987a).  The rule listed 12 
manufactured or imported chemicals that required testing and 20 chemicals not currently 
manufactured or imported that would require testing if manufacture or importation resumed. 
These chemicals are listed in Table 8-24. The specific dioxin and furan congeners that require 
quantitation and the target limits of quantitation (LOQs) that are specified in the rule are listed in 
Table 8-25. Under Section 8(a) of TSCA, the final rule also required that chemical 
manufacturers submit data on manufacturing processes and reaction conditions for chemicals 
produced using any of the 28 precursor chemicals listed in Table 8-26.  The rule stated that 
subsequent to this data-gathering effort, testing may be proposed for additional chemicals if any 
of the manufacturing conditions used favored the production of dioxins and furans. 

Twenty-three sampling and analytical protocols and test data for 10 of the 12 chemicals 
that required testing were submitted to EPA (U.S. EPA, 2003a, c).  Manufacture or import of two 
substances (tetrabromobisphenol-A-bis-2,3-dibromopropylether and tetrabromobisphenol-A
diacrylate) have stopped since the test rule was promulgated.  (All data and reports in the EPA 
TSCA docket are available for public review and inspection at EPA Headquarters in Washington, 
DC.) 

Table 8-27 presents the results of analytical testing for CDDs/CDFs for the chemicals that 
have data available in the TSCA docket.  Five of these 10 chemicals contained CDDs/CDFs. 
Positive results were obtained for 2,3,5,6-tetrachloro-2,5-cyclohexadiene-1,4-dione (chloranil), 
pentabromodiphenyloxide, octabromodiphenyloxide, decabromodiphenyloxide, and 1,2
bis(tribromophenoxy)-ethane.  Table 8-28 presents the quantitative analytical results for four 
submitted chloranil samples, as well as the results of an EPA analysis of a sample of carbazole 
violet, which is manufactured from chloranil. 

Although testing conducted under this test rule for 2,4,6-tribromophenol indicated no 
halogenated dioxins or furans above the LOQs, Thoma and Hutzinger (1989) reported detecting 
BDDs and BDFs in a technical-grade sample of this substance.  Total TBDD, TBDF, and PeBDF 
were found at 84 µg/kg, 12 µg/kg, and 1 µg/kg, respectively.  No hexa-, hepta-, or octa-BDFs 
were detected.  The investigators also analyzed analytical-grade samples of two other brominated 
flame retardants, pentabromophenol and tetrabromophthalic anhydride; no BDDs or BDFs were 
detected (DLs not reported). 
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Table 8-24. Chemicals requiring Toxic Substances Control Act Section 4 
testing under the dioxin/furan rule 

CAS No. Chemical name 

Currently manufactured or imported as of June 5, 1987 

79-94-7 Tetrabromobisphenol-A 
118-75-2 2,3,5,6-Tetrachloro-2,5-cyclohexadiene-1,4-dione 
118-79-6 2,4,6-Tribromophenol 
120-83-2 2,4-Dichlorophenol 
1163-19-5 Decabromodiphenyloxide 
4162-45-2 Tetrabromobisphenol-A-bisethoxylate 
21850-44-2 Tetrabromobisphenol-A-bis-2,3-dibromopropylethera 

25327-89-3 Allyl ether of tetrabromobisphenol-A 
32534-81-9 Pentabromodiphenyloxide 
32536-52-0 Octabromodiphenyloxide 
37853-59-1 1,2-Bis(tribromophenoxy)-ethane 
55205-38-4 Tetrabromobisphenol-A-diacrylatea 

Not manufactured or imported as of June 5, 1987b 

79-95-8 Tetrachlorobisphenol-A 
87-10-5 3,4',5-Tribromosalicylanide 
87-65-0 2,6-Dichlorophenol 
95-77-2 3,4-Dichlorophenol 
95-95-4 2,4,5-Trichlorophenol 
99-28-5 2,6-Dibromo-4-nitrophenol 
120-36-5 2[2,4-(Dichlorophenoxy)]-propanoic acid 
320-72-9 3,5-Dichlorosalicyclic acid 
488-47-1 Tetrabromocatechol 
576-24-9 2,3-Dichlorophenol 
583-78-8 2,5-Dichlorophenol 
608-71-9 Pentabromophenol 
615-58-7 2,4-Dibromophenol 
933-75-5 2,3,6-Trichlorophenol 
1940-42-7 4-Bromo-2,5-dichlorophenol 
2577-72-2 3,5-Dibromosalicylanide 
3772-94-9 Pentachlorophenyl laurate 
37853-61-5 Bismethylether of tetrabromobisphenol-A 
- Alkylamine tetrachlorophenate 
- Tetrabromobisphenol-B 

aNo longer manufactured in or imported into the United States (memorandum dated May 4, 1993, from Gordon 
Cash, U.S. EPA/OPPTS, to John Schaum, U.S. EPA/ORD). 
bAs of August 5, 1995, neither manufacture nor importation of any of these chemicals had resumed in the United 
 States (memorandum dated August 2, 1995, from T.S. Holderman, U.S. EPA, to A. Adenuga, Versar, Inc.). 

8-51 





 


Table 8-25. Congeners and limits of quantitation (LOQs) for which 
quantitation is required under the dioxin/furan test rule and pesticide Data 
Call-In 

Chlorinated dioxins 
and furans 

Brominated dioxins 
and furans 

LOQ 
(µg/kg) 

2,3,7,8-TCDD 2,3,7,8-TBDD 0.1 
1,2,3,7,8-PeCDD 1,2,3,7,8-PeBDD 0.5 
1,2,3,4,7,8-HxCDD 1,2,3,4,7,8-HxBDD 2.5 
1,2,3,6,7,8-HxCDD 1,2,3,6,7,8-HxBDD 2.5 
1,2,3,7,8,9-HxCDD 1,2,3,7,8,9-HxBDD 2.5 
1,2,3,4,6,7,8-HpCDD 1,2,3,4,6,7,8-HpBDD 100 
2,3,7,8-TCDF 2,3,7,8-TBDF 1 
1,2,3,7,8-PeCDF 1,2,3,7,8-PeBDF 5 
2,3,4,7,8-PeCDF 2,3,4,7,8-PeBDF 5 
1,2,3,4,7,8-HxCDF 1,2,3,4,7,8-HxBDF 25 
1,2,3,6,7,8-HxCDF 1,2,3,6,7,8-HxBDF 25 
1,2,3,7,8,9-HxCDF 1,2,3,7,8,9-HxBDF 25 
2,3,4,6,7,8-HxCDF 2,3,4,6,7,8-HxBDF 25 
1,2,3,4,6,7,8-HpCDF 1,2,3,4,6,7,8-HpBDF 1,000 
1,2,3,4,7,8,9-HpCDF 1,2,3,4,7,8,9-HpBDF 1,000 

8.3.8. Halogenated Pesticides and FIFRA Pesticides Data Call-In 

In the late 1970s and early 1980s, attention began to focus on pesticides as potential 
sources of CDDs/CDFs in the environment.  Up to that time, CDD/CDF levels were not 
regulated in end-use pesticide products.  However, some of the active ingredients in pesticides, 
particularly chlorinated phenols and their derivatives, were known or suspected to be 
contaminated with CDDs/CDFs.  During the 1980s and 1990s, EPA took several actions to 
investigate and control CDD/CDF contamination of pesticides. 

In 1983, EPA cancelled the sale of Silvex and 2,4,5-T for all uses (Federal Register, 
1987a). Earlier, in 1979, EPA had ordered emergency suspension of the forestry, rights-of-way, 
and pasture uses of 2,4,5-T. Emergency suspensions of the forestry, rights-of-way, pasture, home 
and garden, commercial/ornamental turf, and aquatic weed control/ditch bank uses of Silvex 
were also ordered (Federal Register, 1979; Plimmer, 1980).  The home and garden, 
commercial/ornamental turf, and aquatic weed control/ditch bank uses of 2,4,5-T had been 
suspended in 1970. 
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Table 8-26. Precursor chemicals subject to reporting requirements under 
Toxic Substances Control Act Section 8(a)a 

CAS No. Chemical name 

85-22-3 Pentabromoethylbenzene 
87-61-6 1,2,3-Trichlorobenzene 
87-84-3 1,2,3,4,5-Pentabromo-6-chlorocyclohexane 
89-61-2 1,4-Dichloro-2-nitrobenzene 
89-64-5 4-Chloro-2-nitrophenol 
89-69-0 2,4,5-Trichloronitrobenzene 
92-04-6 2-Chloro-4-phenylphenol 
97-74-6 4-Chloro-o-toloxy acetic acid 
94-81-5 4-(2-Methyl-4-chlorophenoxy) butyric acid 
95-50-1 o-Dichlorobenzene 
95-56-7 o-Bromophenol 
95-57-8 o-Chlorophenol 
95-88-5 4-Chlororesorcinol 
95-94-3 1,2,4,5-Tetrachlorobenzene 
95-50-7 5-Chloro-2,4-dimethoxyaniline 
99-30-9 2,6-Dichloro-4-nitroaniline 
99-54-7 1,2-Dichloro-4-nitrobenzene 

106-46-7 p-Dichlorobenzene 
108-70-3 1,3,5-Trichlorobenzene 
108-86-1 Bromobenzene 
108-90-7 Chlorobenzene 
117-18-0 1,2,4,5-Tetrachloro-3-nitrobenzene 
120-82-1 1,2,4-Trichlorobenzene 
348-51-6 o-Chlorofluorobenzene 
350-30-1 3-Chloro-4-fluoronitrobenzene 
615-67-8 Chlorohydroquinone 
626-39-1 1,3,5-Tribromobenzene 
827-94-1 2,6-Dibromo-4-nitroaniline 

aDibromobenzene (CAS No. 106-37-6) was identified in the preamble to 52 FR 21412 as one of 29 precursor 
 chemicals; however, it was inadvertently omitted from the regulatory text.  Because the regulatory text identified
 only 28 chemicals, 28 chemicals appear in 40 CFR 766.38 and in this table. 

In 1984, EPA issued a notice of intent to cancel registrations of pesticide products 
containing PCP (including its salts) for all wood preservative uses (Federal Register, 1984).  This 
notice specified modifications to the terms and conditions of product registrations that were 
required in order to avoid cancellation of the products.  In response to this notice, several trade 
associations and registrants requested administrative hearings to challenge EPA’s determinations. 
After carefully considering the comments and alternatives suggested during the prehearing stage 
of the administrative proceedings, EPA concluded that certain changes to the 1984 notice were 
appropriate. These changes, finalized in 1986 (Federal Register, 1986), included the following:  
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Table 8-27. Results of analytical testing for dioxins and furans in the 
chemicals tested to date under Section 4 of the dioxin/furan test rule 

CAS No. Chemical name 

No. of 
chemical 
companies 
that 
submitted 
data 

No. of 
positive 
studies 

Congeners detected 
(detection range in µg/kg) 

79-94-7 Tetrabromobisphenol-A 3 0 a 

118-75-2 2,3,5,6-Tetrachloro-2,5
cyclohexadiene
1,4-dione (chloranil) 

6 5  See Table 8-28 

118-79-6 2,4,6-Tribromophenol 1 0  a 

120-83-2 2,4-Dichlorophenol 1 0 a 

1163-19-5 Decabromodiphenyl 
oxide 

3 3  2,3,7,8-PeBDD (ND–0.1)
 1,2,3,4,7,8/1,2,3,6,7,8-HxBDD (ND–0.5)
 1,2,3,7,8,9-HxBDD (ND–0.76)
 1,2,3,7,8-PeBDF (ND–0.7)
 1,2,3,4,7,8/1,2,3,6,7,8-HxBDF (ND–0.8)
 1,2,3,4,6,7,8-HpBDF (17–186) 

25327-89-3 Allyl ether of 
tetrabromobisphenol-A 

1 0  a 

32536-52-0 Octabromodiphenyl 
oxide 

3 3  2,3,7,8-TBDD (ND–0.71)
 1,2,3,7,8-PeBDD (ND–0.1)
 2,3,7,8-TBDF (ND–12.6)
 1,2,3,7,8-PeBDF (ND–6.3)
 2,3,4,7,8-PeBDF (ND–83.1)
 1,2,3,4,7,8/1,2,3,6,7,8-HxBDF (ND–67.8)
 1,2,3,7,8,9-HxBDF (ND–56.0)
 1,2,3,4,6,7,8-HpBDF (ND–330) 

378-53-59-1 1,2-Bis(tribromo
phenoxy)-ethane 

1 1  2,3,7,8-TBDF (ND–0.04)
 1,2,3,4,7,8/1,2,3,6,7,8-HxBDF (ND–0.03)
 1,2,3,4,6,7,8-HpBDF (ND–0.33) 

32534-81-9 Pentabromodiphenyl 
oxide 

3 3  1,2,3,7,8-PeBDD (ND–5.9)
 1,2,3,4,7,8/1,2,3,6,7,8-HxBDD (ND–6.8)
 1,2,3,4,7,8/1,2,3,6,7,8-HxBDD (ND–6.8)
 1,2,3,7,8,9-HxBDD (ND–0.02)
 2,3,7,8-TBDF(ND–3.1)
 1,2,3,7,8-PeBDF (0.7–10.2)
 2,3,4,7,8-PeBDF (0.1–2.9)
 1,2,3,4,7,8/1,2,3,6,7,8-HxBDF (15.6–61.2)
 1,2,3,4,6,7,8-HpBDF (0.7–3.0) 

4162-45-2 Tetrabromobisphenol-A
bisethoxylate 

1 0  a 

aNo 2,3,7,8-substituted dioxins and furans detected above the test rule target limits of quantitation (see 
 Table 8-20). 

ND = Not detected 

Source:  Holderman and Cramer (1995). 
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Table 8-28. CDD/CDF concentrations (µg/kg) in chloranil and carbazole 
violet samples analyzed pursuant to the EPA dioxin/furan test rule 

Congener 

Chloranil 

Carbazole 
violet 

Importer 
1 

Importer 
2 

Importer 
3 

Importer 
4 

2,3,7,8-TCDD ND (1) ND (1) ND (2) ND (2) ND (0.8) 
1,2,3,7,8-PeCDD ND (2) ND (2) ND (5) ND (6) ND (0.5) 
1,2,3,4,7,8-HxCDD ND (3) ND (10) ND (5) ND (3) ND (1.2) 
1,2,3,6,7,8-HxCDD ND (3) 75 ND (5) 6 ND (1.2) 
1,2,3,7,8,9-HxCDD ND (1) 48 ND (5) 9 ND (1.2) 
1,2,3,4,6,7,8-HpCDD 110 8,200 390 2,300 28 
OCDD 240,000 180,000 760,000 71,000 1,600 

2,3,7,8-TCDF ND (1) ND (2) ND (1) ND (2) ND (1.6) 
1,2,3,7,8-PeCDF ND (1) ND (1) ND (3) ND (5) ND (0.9) 
2,3,4,7,8-PeCDF ND (1) ND (1) ND (3) ND (5) ND (0.9) 
1,2,3,4,7,8-HxCDF 35 ND (860) ND (4) 5,600 ND (20) 
1,2,3,6,7,8-HxCDF ND (5) ND (860) ND (4) ND (600) ND (20) 
1,2,3,7,8,9-HxCDF 6 ND (680) ND (4) ND (600) ND (20) 
2,3,4,6,7,8-HxCDF ND (5) ND (680) ND (4) ND (600) ND (20) 
1,2,3,4,6,7,8-HpCDF 33 240,000 36 230,000 15,000 
1,2,3,4,7,8,9-HpCDF ND (15) ND (100) ND (15) ND (400) ND (20) 
OCDF 18,000 200,000 50,000 110,000 59,000 

Total I-TEQDF 
a 263 2,874 814 3,065 211 

Total TEQDF-WHO98 
a 31 2,532 85 2,903 156 

aCalculated assuming nondetect values are zero. 

ND = Not detected (value in parenthesis is the minimum detection limit) 

Source:  Remmers et al. (1992). 

(a) all wood preservative uses of PCP and its salts were classified as “restricted use” only by 
certified applicators, (b) specific worker protection measures were required, (c) limits were 
placed on the HxCDD content of PCP, and (d) label restrictions for home and farm uses of PCP 
prohibited its application indoors and to wood intended for interior use (with a few exceptions) 
as well as its application in a manner that might result in direct exposure of domestic animals or 
livestock or in the contamination of food, feed, or drinking and irrigation water. 

EPA subsequently amended its Notice on the wood preservative uses to establish reliable 
and enforceable methods for implementing certified limits for HxCDD and 2,3,7,8-TCDD in 
registered wood preservative pesticide products (Federal Register, 1987b).  Levels of 2,3,7,8
TCDD were not allowed to exceed 1 ppb in any product, and after February 2, 1989, any 
manufacturing-use PCP released for shipment could not contain HxCDD levels that exceeded an 
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average of 2 ppm over a monthly release or a batch level of 4 ppm (a gradually phased-in 
requirement). On January 21, 1987, EPA prohibited the registration of PCP and its salts for most 
nonwood uses (Federal Register, 1987c).  EPA deferred action on several uses (uses in 
pulp/paper mills, oil wells, and cooling towers) pending receipt of additional exposure, use, and 
ecological effects data.  On January 8, 1993, EPA issued a press advisory stating that its special 
review of these deferred nonwood uses was being terminated because all of these uses had been 
either voluntarily cancelled by the registrants or cancelled by EPA for failure of the registrants to 
pay the required annual maintenance fees (U.S. EPA, 1993e). 

PCP was one of the most widely used biocides in the United States prior to the regulatory 
actions to cancel and restrict certain of its wood and nonwood preservative uses.  PCP was 
registered for use as a herbicide, defoliant, mossicide, and mushroom house biocide.  It also 
found use as a biocide in pulp-paper mills, oil wells, and cooling towers.  These latter three uses 
were terminated on or before 1993 (U.S. EPA, 1993e).  However, the major use (greater than 
80% of consumption) of PCP was and continues to be wood preservation. 

The production of PCP for wood preserving began on an experimental basis in the 1930s. 
In 1947, nearly 3,200 metric tons of PCP were reported to have been used in the United States by 
the commercial wood preserving industry.  Use in this industry steadily increased through the 
mid-1970s (American Wood Preservers Institute, 1977).  Although domestic consumption 
volumes are not available for all years, it is estimated, on the basis of historical production/export 
data for PCP reported in Mannsville (1983), that 90 to 95% of production volume has typically 
been consumed domestically rather than exported.  A reasonable estimate of average annual 
domestic PCP consumption during the period of 1970 to 1995 is about 400,000 metric tons.  This 
estimate assumes an average annual consumption rate of 20,000 metric tons/yr during the 1970s, 
15,000 metric tons/yr during the 1980s, and 10,000 metric tons/yr during the 1990s. 

Table 8-10 presents a compilation of published data on the CDD/CDF content of 
technical-grade PCP.  The only samples that have been analyzed for all dioxin-like CDDs/CDFs 
were manufactured in the mid to late 1980s.  Figure 8-4 presents these data in graphical form.  It 
is evident from the figures that the predominant congener groups are OCDD, OCDF, HpCDF, 
and HpCDD and the dominant 2,3,7,8-substituted congeners are OCDD, 1,2,3,4,6,7,8-HpCDD, 
and OCDF. Waddell et al. (1995) tested analytical-grade PCP (from Aldrich Chemical Co.) for 
CDD/CDF content and found the same congener profile; however, the CDD/CDF levels were 
three to four orders of magnitude lower.  Table 8-11 presents a similar compilation of published 
data on the CDD/CDF content of PCP-Na.  The table shows the same patterns of dominant 
congeners and congener groups reported for PCP. 
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Figure 8-4.  Congener profile for technical-grade PCP (developed from data 

in last column in Table 8-10). 

Samples of technical-grade PCP manufactured during the mid to late 1980s contained 
about 1.7 mg TEQDF-WHO98/kg (3 mg I-TEQ/kg), based on the data presented in Table 8-10.  No 
published reports could be located that present the results of any congener-specific analyses of 
PCP manufactured since the late 1980s. However, monthly measurements of CDD/CDF 
congener group concentrations in technical PCP manufactured for use in the United States have 
been reported to EPA from 1987 to the present (letter dated March 5, 1997, from Thomas 
Mitchell, KMG-Bernuth, to Matthew Lorber, U.S. EPA; letter dated February 7, 1997, from John 
Wilkinson, Pentachlorophenol Task Force, to Matthew Lorber, U.S. EPA; U.S. EPA, 1999a). 
The average congener group concentrations reported to EPA for the years 1988 (i.e., one year 
after EPA regulations were imposed limiting HxCDD and 2,3,7,8-TCDD concentrations in PCP) 
to 1999 are presented in Table 8-10. In general, the average congener group concentrations 
during the period of 1988 to 1999 are lower by factors of 2 to 4 than those observed in the mid to 
late 1980s’ full congener analysis samples.  If it is assumed that the toxic CDD/CDF congeners 
have also been reduced by similar factors, then the TEQ content of PCP manufactured since 1988 
is about 0.6 mg TEQDF-WHO98/kg (1 mg I-TEQ/kg). 
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An estimated 12,000 metric tons of PCP were used for wood preservation in the United 
States in 1987 (WHO, 1991).  An estimated 8,400 metric tons were used in 1994 (American 
Wood Preservers Institute, 1995); for purposes of this report, it is assumed that an identical 
amount was used in 1995. In 1999, approximately 7,710 metric tons of PCP were produced 
annually in the United States (Council of Great Lakes Industries, 1999); for purposes of this 
report, it is assumed that an identical amount was produced in 2000.  Assuming that 95% of the 
production volume was consumed domestically (Mannsville, 1983), and that all of the PCP 
produced in 2000 was used for wood preservation, approximately 7,325 metric tons of PCP was 
used in the United States for wood preservation.  Combining these activity level estimates with 
the TEQ concentration estimates presented above indicates that 20,000 µg TEQDF-WHO98 

(36,000 µg I-TEQDF), 4,800 µg TEQDF-WHO98 (8,400 µg I-TEQDF), and 4,175 µg TEQDF-WHO98 

(7,325 µg I-TEQDF) were incorporated into PCP-treated wood products in 1987, 1995, and 2000, 
respectively.  These amounts in PCP products are not considered an environmental release and 
therefore are not included in the inventory.  As discussed below, there is some evidence that 
releases could occur, but no consistent estimation approach could be found.   

Although the estimates of the mass of TEQ in treated wood are fairly certain, no studies 
are available that provide measured CDD/CDF release rate data from which a reliable estimate 
can be made of the amount of CDDs/CDFs that have or will volatilize or leach from treated 
wood. Several recent field studies, discussed in the following paragraphs, demonstrate that 
CDDs/CDFs do apparently leach into soil from PCP-treated wood, but the studies do not provide 
release rate data.  No studies were located that provide any measured CDD/CDF volatilization 
rates from PCP-treated wood. Although CDDs/CDFs have very low vapor pressures, they are 
not bound to, nor do they react with, the wood in any way that would preclude volatilization. 
Several studies, discussed below, have attempted to estimate potential CDD/CDF volatilization 
releases using conservative assumptions or modeling approaches, but these estimates span many 
orders of magnitude. 

Gurprasad et al. (1995) analyzed three PCP-treated utility poles and their surrounding 
surface soils for penta- through octa-CDD content.  All three poles showed significant levels of 
HxCDD (0.29 to 0.47 mg/kg), HpCDD (4.69 to 6.63 mg/kg), and OCDD (27.9 to 42.1 mg/kg), 
but no PeCDD.  Surface soils collected 2 cm from the poles also had detectable levels of 
HxCDD, HpCDD, and OCDD; however, no consistent pattern was found between the CDD 
concentrations in the poles and those in the adjacent soils.  The soil concentrations did, however, 
show the same relative congener group pattern observed in the wood.  CDD concentrations in 
soils obtained 20 cm from the poles were an order of magnitude less than those measured at 2 
cm. Soils 26 m from the poles showed nondetect values or values close to the DL of 0.01 to 0.02 
mg/kg. 

8-58
 




 


In a study of the leaching of PCP from 31 utility poles, the Electric Power Research 
Institute (EPRI, 1995) found patterns of PCP distribution in soils surrounding poles similar to 
those found by Gurprasad et al. (1995) for CDDs.  PCP concentrations decreased by as much as 
two orders of magnitude between 7.5 cm from the poles and 20 cm from the poles, with an 
average decrease of slightly more than one order of magnitude over this distance.  The EPRI 
study also found no obvious trend between PCP concentration in the wood (eight poles analyzed) 
and the age of the poles (4 to 11 years) or the PCP concentration in the surface soil.  On the basis 
of their results and those of the EPRI study, Gurprasad et al. concluded that CDDs probably leach 
from PCP-treated utility poles with the PCP/oil carrier and travel in the soil in a similar manner. 

Wan (1995) and Wan and Van Oostdam (1995) measured CDD/CDF concentrations in 
waters and sediments from ditches surrounding utility poles and railroad ties and demonstrated 
that chlorophenol-treated wood could serve as a source of CDD/CDFs to the aquatic 
environment. Ten samples were collected at each of six utility pole sites and five railroad tie 
sites 1 to 2 days after major rainfall events and then were composited into one sample per site 
prior to analyses.  Total CDDs (mean value of 76.7 mg/kg) and total CDFs (mean value of 18.7 
mg/kg) detected in chlorophenol/creosote-treated utility poles were about six to eight times 
greater, respectively, than the CDD and CDF concentrations detected in chlorophenol/creosote
treated railroad ties.  

Total CDDs found in water from railway ditches without utility poles (i.e., only treated 
railroad ties were present) were approximately 20 times higher than the background level found 
in farm ditch water. Total CDDs in railway ditches with utility poles were 4,300 times higher 
than the background levels.  Water from railway ditches without utility poles contained total 
CDF levels 13 times higher than background levels, whereas water in ditches adjacent to poles 
had levels 8,500 times higher than background levels.  Total CDDs in ditch sediments adjacent to 
and 4 m downstream of utility poles were about 5,900 and 2,200 times higher, respectively, than 
background levels; total CDFs for the same sites were about 8,100 and 1,700 times higher, 
respectively, than background levels.  Total CDDs found in ditch sediments of railway and ditch 
sediments adjacent to utility poles were about 5 and 700 times higher, respectively, than 
background levels, and total CDFs were about 9 and 1,800 times higher, respectively, than 
background levels.  Both CDDs and CDFs were found in utility ditch sediments 4 m downstream 
of treated power poles, but at levels 200 and 400 times lower, respectively, than those found 
adjacent to poles, indicating that they were transported from point sources of contamination.  The 
corresponding values for CDFs were 5,400 and 8,000 times higher, respectively, in 
concentration. 

Bremmer et al. (1994) estimated an annual release of 15 to 125 g I-TEQDF from PCP-
treated wood in the Netherlands. The lower estimate was based on three basic assumptions: 
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(1) the half-life of PCP in treated wood is 15 years (according to industry sources), (2) the half-
life of CDDs/CDFs in treated wood is 10 times that of PCP (i.e., 150 years) because of the lower 
vapor pressures of CDDs/CDFs relative to PCP, and (3) the typical CDD/CDF concentration in 
PCP has been 3,000 µg/kg.  The higher estimate was based on an assumed half-life of PCP in 
wood of 15 years and the results of an indoor air study by Papke et al. (1989) conducted at 
several kindergartens where PCP-treated wood had been used.  Although Papke et al. found no 
clear correlation between indoor air concentrations of CDDs/CDFs and PCP across the range of 
CDD/CDF concentrations observed in the 20-plus samples (2.6 to 427 pg CDD/CDF/m3), there 
did appear to be a positive correlation at the sites with more elevated CDD/CDF concentrations. 
Bremmer et al. (1994) reported the average ratio of PCP to I-TEQ DF air concentrations at these 
elevated sites to be 1:5 × 10-6 (or about the same ratio as the concentration of I-TEQ DF in 
technical PCP). The results of the Papke et al. (1989) study imply that CDDs/CDFs may be 
released from PCP-treated wood at the same rate as is PCP rather than at a rate 10 times slower. 

Rappe (1995) used the emission factor approach developed by Bremmer et al. (1994) and 
an assumed U.S. usage volume of PCP over the past 50 years (0.5 million metric tons) to 
estimate that as much as 10.5 kg I-TEQDF could volatilize from PCP-treated wood in the United 
States annually.  Eitzer and Hites (1987) derived a dramatically different estimate:  3 kg/yr of 
total CDDs/CDFs (or 66 g I-TEQDF per year, assuming an I-TEQDF content in PCP of 3 mg/kg). 
Eitzer and Hites based their estimate on an assumption that 0.1% of the PCP produced annually 
enters the atmosphere and that the CDD/CDF contaminants present in the PCP (assumed to be 
130 mg/kg) are released to the atmosphere at the same rate as the PCP (i.e., 0.1%).  The basis for 
the first assumption by Eitzer and Hites is not clear because U.S. EPA (1980), which was cited as 
the source of the 0.1% emission factor, does not appear to address volatilization of PCP from in-
service treated wood. The report does, however, estimate that most PCP in treated wood leaches 
relatively rapidly from the wood, presumably to land, within a period of 12 years. 

Eduljee and Dyke (1996) and Douben et al. (1995) estimated that 0.8 g I-TEQDF is 
released to the air annually from PCP-treated wood in the United Kingdom.  This estimate was 
based on the assumed emission of 0.1% of the CDDs/CDFs present in PCP-treated wood during 
the first year of the service life of the wood that was assumed by Eitzer and Hites (1987).  No 
emissions were assumed for subsequent years of use of the treated wood. 

The California Air Resources Board (Chinkin et al., 1987) generated estimates of 
CDD/CDF volatilization releases at wood treatment facilities from bundles of treated wood that 
remain on site for 1 month prior to shipment.  An “adapted” version of a model developed by 
McCord (1981) was used for estimating volatile releases from a constantly filling lagoon.  The 
model is primarily driven by chemical-specific vapor pressures and air diffusivity coefficients. 
Chinkin et al. did not provide all model input parameter values used to generate the emission 
estimates. However, running the model with typical dimensions for treated poles yields an I
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TEQDF emission rate on the order of 6E-12 g/yr-pole, an extremely low number (170 billion poles 
would together emit 1 g TEQ/yr). 

In addition to cancelling some pesticide registrations and establishing product standards, 
EPA’s Office of Pesticide Programs (OPP) issued two DCIs in 1987.  Pesticide manufacturers 
are required to register their products with EPA in order to market them commercially in the 
United States. Through the registration process, mandated by FIFRA, EPA can require that the 
manufacturer of each active ingredient generate a wide variety of scientific data through several 
mechanisms.  The most common process is the five-phase reregistration process, with which the 
manufacturers (i.e., registrants) of older pesticide products must comply.  In most registration 
activities, registrants must generate data under a series of strict testing guidelines, 40 CFR 
158—Pesticide Assessment Guidelines (U.S. EPA, 1988c).  EPA can also require additional data 
from registrants, when necessary, through various mechanisms, including the DCI process. 

The purpose of the first DCI, dated June and October 1987, “Data Call-In Notice for 
Product Chemistry Relating to Potential Formation of Halogenated Dibenzo-p-dioxin or 
Dibenzofuran Contaminants in Certain Active Ingredients,” was to identify, using an analysis of 
raw materials and process chemistry, those pesticides that might contain halogenated dibenzo-p
dioxin (HDD) and halogenated dibenzofuran (HDF) contaminants.  The 93 pesticides (76 
pesticide active ingredients) to which the DCI applied, along with their corresponding 
Shaughnessey and Chemical Abstract code numbers, are presented in Table 8-29.  (The 
Shaughnessey code is an internal EPA tracking system.  It is of interest because chemicals with 
similar code numbers are similar in chemical nature [e.g., salts, esters, and acid forms of 2,4-D].) 

All registrants supporting registrations for these chemicals were subject to the 
requirements of the DCI unless their product qualified for a Generic Data Exemption (i.e., a 
registrant exclusively used a FIFRA-registered pesticide product as a source of an active 
ingredient identified in Table 8-29 in formulating a product).  Registrants whose products did not 
meet the Generic Data Exemption were required to submit the types of data listed below to 
enable EPA to assess the potential for formation of tetra- through hepta-HDD or -HDF 
contaminants during manufacture. 

•	 Product identity and disclosure of ingredients. EPA required submittal of a 
Confidential Statement of Formula (CSF), based on the requirements specified in 40 
CFR 158.108 and 40 CFR 158.120, Subdivision D:  Product Chemistry.  Registrants 
who had previously submitted still-current CSFs were not required to resubmit this 
information. 

•	 Description of beginning materials and manufacturing process. Under the 
requirements mandated by 40 CFR 158.120, Subdivision D, EPA required submittal 
of a manufacturing process description for each step of the manufacturing process, 
including specification of the range of acceptable conditions of temperature, pressure, 
or pH at each step. 
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Table 8-29. Status of first pesticide Data Call-In:  pesticides suspected of having the potential to become 
contaminated with dioxins if synthesized under conditions favoring dioxin formation 
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Shaughnessey 
code Pesticide [active ingredient] CAS No. 

Support 
withdrawn 

Testing 
required 

000014 Dichlorodifluoromethane 75-71-8 Yes -
008706 O-(4-Bromo-2,5-dichlorophenyl) O,O-dimethyl phosphorothioate 2104-96-3 Yes -
009105 Dimethylamine 2,3,5-triiodobenzoate 17601-49-9 Yes -
012001 Neburon 555-37-3 Yes -
012101 Crufomate 299-86-5 Yes -
019201 MCPB, 4-butyric acid [4-(2-Methyl-4-chlorophenoxy)butyric acid] 94-81-5 No Yes 
019202 MCPB, Na salt [Sodium 4-(2-methyl-4-chlorophenoxy)butyrate] 6062-26-6 No No 
019401 4-Chlorophenoxyacetic acid 122-88-3 No Yes 
025501 Chloroxuron 1982-47-4 Yes -
027401 Dichlobenil 1194-65-6 No Yes 
28201 Propanil [3',4'-Dichloropropionanilide] 709-98-8 No No 

028601 Dichlofenthion [O-(2,4-Dichlorophenyl) O,O-diethyl phosphorothioate)] 97-17-6 Yes -
029201 DDT [Dichloro diphenyl trichloroethane] 50-29-3 Yes -
29601 Dichlone [2,3-dichloro-1,4-naphthoquinone] 117-80-6 Yes -

029902 Ammonium chloramben [3-amino-2,5-dichlorobenzoic acid] 1076-46-6 Yes -
029906 Sodium chloramben [3-amino-2,5-dichlorobenzoic acid] 1954-81-0 Yes -
030602 Sodium 2-(2,4-dichlorophenoxy)ethyl sulfate 136-78-7 Yes -
031301 DCNA [2,6-Dichloro-4-nitroaniline] 99-30-9 No Yes 
031503 Potassium 2-(2-methyl-4-chlorophenoxy)propionate 1929-86-8 Yes -
031516 MCCP, DEA Salt [Diethanolamine 2-(2-methyl-4-chlorophenoxy)propionate] 1432-14-0 Yes -
031563 MCPP, IOE [Isooctyl 2-(2-methyl-4-chlorophenoxy)propionate] 28473-03-2 No No 
034502 Dicapthon [O-(2-chloro-4-nitrophenyl) O,O-dimethyl phosphorothioate] 2463-84-5 Yes -
035502 Monuron trichloroacetate [3-(4-chlorophenyl)-1,1-dimethylurea trichloroacetate] 140-41-0 Yes -
35505 Diuron [3-(3,4-dichlorophenyl)-1,1-dimethylurea] 330-54-1 No No 
35506 Linuron [3-(3,4-dichlorophenyl)-1-methoxy-1-methylurea] 330-55-2 No No 
35901 Metobromuron [3-(p-bromophenyl)-1-methoxy-1-methylurea] 3060-89-7 Yes -




 

Table 8-29. Status of first pesticide data call-in: pesticides suspected of having the potential to become 
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Shaughnessey 
code Pesticide [active ingredient] CAS No. 

Support 
withdrawn 

Testing 
required 

53501 Methyl parathion [O,O-Dimethyl O-p-nitrophenyl phosphorothioate] 298-00-0 No No 
55001 Dichlorophene [Sodium 2,2'-methylenebis(4-chlorophenate)] 97-23-4 Yes -
55005 Dichlorophene, sodium salt [Sodium 2,2'-methylenebis(4-chlorophenate)] 10254-48-5 Yes -
55201 1,2,4,5-Tetrachloro-3-nitrobenzene 117-18-0 Yes -
57501 Ethyl parathion [O,O-diethyl O-p-nitrophenyl phosphorothioate] 56-38-2 No No 
58102 Carbophenothion [S-(((p-chlorophenyl)thio)methyl) O,O-diethyl phosphorodithioate] 786-19-6 Yes -
58301 Ronnel [O,O-dimethyl O-(2,4,5-trichlorophenyl) phosphorothioate] 229-84-3 Yes -
58802 Mitin FF [Sodium 5-chloro-2-(4-chloro-2-(3-(3,4-dichlorophenyl)ureido)phenoxy) 

benzenesulfonate] 
3567-25-7 No No 

59401 Orthodichlorobenzene 95-50-1 Yes -
61501 Paradichlorobenzene 106-46-7 No No 
62201 Chlorophene [2-Benzyl-4-chlorophenol] 120-32-1 No No 
62202 Potassium 2-benzyl-4-chlorophenate 35471-49-9 No In review 
62203 Sodium 2-benzyl-4-chlorophenate 3184-65-4 No In review 
62204 2-Chlorophenol 95-57-8 Yes -
62206 2-Chloro-4-phenylphenol 92-04-6 Yes -
62207 Potassium 2-chloro-4-phenylphenate 18128-16-0 Yes -
62208 4-Chloro-2-phenylphenol NA Yes -
62209 4-Chloro-2-phenylphenol, potassium salt 53404-21-0 Yes -
62210 6-Chloro-2-phenylphenol 85-97-2 Yes -
62211 6-Chloro-2-phenylphenol, potassium salt 18128-17-1 Yes -
62212 4-Chloro-2-phenylphenol, sodium salt 10605-10-4 Yes -
62213 6-Chloro-2-phenylphenol, sodium salt 10605-11-5 Yes -
62214 4 and 6-Chloro-2-phenylphenol, diethanolamine salt 53537-63-6 Yes -
62215 2-Chloro-4-phenylphenol, sodium salt 31366-97-9 Yes -
64202 4-Chloro-2-cyclopentylphenol 13347-42-7 Yes -
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Shaughnessey 
code Pesticide [active ingredient] CAS No. 

Support 
withdrawn 

Testing 
required 

64208 Fentichlor [2,2'-Thiobis(4-chloro-6-methylphenol)] 4418-66-0 Yes -
64209 Fentichlor [2,2'-Thiobis(4-chlorophenol)] 97-24-5 Yes -
64214 4-Chloro-2-cyclopentylphenol, potassium salt of 35471-38-6 Yes -
64218 4-Chloro-2-cyclopentylphenol, sodium salt 53404-20-9 Yes -
67707 Chlorophacinone 3691-35-8 No No 
69105 ADBAC [Alkyl* dimethyl benzyl ammonium chloride *(50% C14, 40% C12, 10% 

C16)] 
68424-85-1 No No 

69144 ADBAC [Alkyl* dimethyl 3,4-dichlorobenzyl ammonium chloride *(61% C12, 23% 
C14, 11% C16, 5% C18)] 

NA No No 

77401 Niclosamide [2-Aminoethanol salt of 2',5-dichloro-4'-nitrosalicylanilide] 1420-04-8 No No 
77406 5-Chlorosalicylanilide 4638-48-6 Yes -
78780 2-Methyl-4-isothiazolin-3-one NA Yes -
79202 Tetradifon [4-chlorophenyl 2,4,5-trichlorophenyl sulfone] 116-29-0 Yes -
79301 Chloranil [tetrachloro-p-benzoquinone] 118-75-2 Yes -
80403 6-Chlorothymol 89-68-9 Yes -
80811 Anilazine [2,4-Dichloro-6-(o-chloroanilino)-s-triazine] 101-05-3 Yes -
81901 Chlorothalonil [tetrachloroisophthalonitrile] 1897-45-6 No Yes 
82602 Sodium 2,3,6-Trichlorophenylacetate 2439-00-1 Yes -
84101 Chlorfenvinphos 470-90-6 Yes -
84901 O-(2-Chloro-1-(2,5-dichlorophenyl)vinyl) O,O-diethyl phosphorothioate 1757-18-2 Yes -
86801 PCMX [4-Chloro-3,5-xylenol] 88-04-0 No No 
97003 Piperalin [3-(2-Methylpiperidino)propyl 3,4-dichlorobenzoate] 3478-94-2 No No 

100601 Fenamiphos NA No No 
101001 p-Chlorophenyl diiodomethyl sulfone 20018-12-6 Yes -
101101 Metribuzin 21087-64-9 No No 
104301 Bifenox [methyl 5-(2,4-dichlorophenoxy)-2-nitrobenzoate] 42576-02-3 Yes -
106001 Methazole [2-(3,4-dichlorophenyl)-4-methyl-1,2,4-oxadiazolidine-3,5-dione] 20354-26-1 Yes -
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Shaughnessey 
code Pesticide [active ingredient] CAS No. 

Support 
withdrawn 
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required 

108201 Diflubenzuron [N-(((4-chlorophenyl)amino)carbonyl)-2,6-difluorobenzamide] 35367-38-5 No Yes 
109001 Oxadiazon [2-tert-butyl-4-(2,4-dichloro-5-isopropoxyphenyl)- delta 2 -1,3,4

oxadiazoline-5-one] 
19666-30-9 No Yes 

109301 Fenvalerate 51630-58-1 No In review 
109302 Fluvalinate [N-2-Chloro-4-trifluoromethyl)phenyl-DL-valine (+-)-cyano(3-phenoxy

phenyl)methyl ester] 
69409-94-5 No No 

109801 Iprodione [3-(3,5-Dichlorophenyl)-N-(1-methylethyl)-2,4-dioxo-1
imidazolidinecarboxamide (9CA)] 

36734-19-7 No No 

109901 Triadimefon 
[1-(4-Chlorophenoxy)-3,3-dimethyl-1-(1H-1,2,4-triazol-1-yl)-2-butanone] 

43121-43-3 No No 

110902 Diclofop - methyl [methyl 2-(4-(2,4-dichlorophenoxy)phenoxy)propanoate] 51338-27-3 No Yes 
111401 Profenofos [O-(4-Bromo-2-chlorophenyl)-O-ethyl S-propyl phosphorothioate] 41198-08-7 No In review 
111601 Oxyfluorfen [2-chloro-1-(3-ethoxy-4-nitrophenoxy)-4-(trifluoromethyl)benzene] 42874-03-3 No In review 
111901 Imazalil [1-(2-(2,4-Dichlorophenyl)-2-(2-propenyloxy)ethyl)-1H-imidazole] 35554-44-0 No No 
112802 Bromothalin [N-Methyl-2,4-dinitro-n-(2,4,6-tribromophenyl)-6

(trifuloromethyl)benzenamine] 
63333-35-7 No No 

113201 Vinclozolin [3-(3,5-Dichlorophenyl)-5-ethenyl-5-methyl-2,4-oxazolidinedione (9CA)] 50471-44-8 No No 
119001 Fenridazon [Potassium 1-(p-chlorophenyl)-1,4-dihydro-6-methyl-4-oxo- pyridazine

3-carboxylate] 
83588-43-6 No In review 

123901 Tridiphane [2-(3,5-Dichlorophenyl)-2-(2,2,2-trichloroethyl) oxirane] 58138-08-2 No No 
125601 Paclobutrazol 76738-62-0 No No 
128838 Linalool 78-70-6 No In review 
206600 Fenarimol [a-(2-chlorophenyl)-a-(4-chlorophenyl)-5-pyrimidinemethanol] 60168-88-9 No No 

NA = Not available 
-- = No information given 



	 

	 

	 


 


•	 Discussion of the formation of impurities. Under the requirements mandated by 40 
CFR 158.120, Subdivision D, EPA required submittal of a detailed discussion and 
assessment of the possible formation of HDDs and HDFs. 

Registrants had the option of voluntarily canceling their product or “reformulate to remove an 
active ingredient” to avoid having to comply with the DCI. 

The second DCI, dated June and October 1987, “Data Call-In for Analytical Chemistry 
Data on Polyhalogenated Dibenzo-p-Dioxins/Dibenzofurans (HDDs and HDFs),” was issued for 
68 pesticides (16 pesticide active ingredients) suspected to be contaminated with CDDs/CDFs 
(see Table 8-30). All registrants supporting registrations for these pesticides were subject to the 
requirements of this DCI unless the product qualified for various exemptions or waivers. 
Pesticides covered by the second DCI were strongly suspected by EPA of containing detectable 
levels of CDDs/CDFs.  Under the second DCI, registrants whose products did not qualify for an 
exemption or waiver were required to generate and submit the following types of data in addition 
to the data requirements of the first DCI: 

•	 Quantitative method for measuring CDDs or CDFs. Registrants were required to 
develop an analytical method for measuring the HDD/HDF content of their products. 
The DCI established a regimen for defining the precision of the analytical method. 
Target LOQs were established in the DCI for specific CDD/CDF congeners (see 
Table 8-25). 

•	 Certification of limits of CDDs or CDFs. Registrants were required to submit a 
“Certification of Limits” in accordance with 40 CFR 158.110 and 40 CFR 158.120, 
Subdivision D. Analytical results were required that met the guidelines described 
above. 

Registrants could select one of two options to comply with the second DCI.  The first 
option was to submit relevant existing data, develop new data, or share the cost of developing 
new data with other registrants.  The second option was to alleviate the DCI requirements 
through several exemption processes, including a Generic Data Exemption, voluntary 
cancellation, reformulation to remove the active ingredient of concern, an assertion that the data 
requirements did not apply, or the application or award of a low-volume, minor-use waiver. 

The data contained in CSFs, as well as any other data generated under 40 CFR 158.120, 
Subdivision D, are typically considered confidential business information (CBI) under the 
guidelines prescribed in FIFRA because they usually contain information regarding proprietary 
manufacturing processes.  In general, all analytical results submitted to EPA in response to both 
DCIs are considered CBI and cannot be released by EPA into the public domain.  Summaries 
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Shaughnessey 
code Pesticide [active ingredient] CAS No. 

Support 
withdrawn 

Testing 
required 

29801 Dicamba [3,6-dichloro-o-anisic acid] 1918-00-9 No Yes 
29802 Dicamba dimethylamine [3,6-dichloro-o-anisic acid] 2300-66-5 No Yes 
29803 Diethanolamine dicamba [3,6-dichloro-2-anisic acid] 25059-78-3 Yes -
30001 2,4-Dichlorophenoxyacetic acid 94-75-7 No Yes 
30002 Lithium 2,4-dichlorophenoxyacetate 3766-27-6 No No 
30003 Potassium 2,4-dichlorophenoxyacetate 14214-89-2 Yes -
30004 Sodium 2,4-dichlorophenoxyacetate 2702-72-9 No No 
30005 Ammonium 2,4-dichlorophenoxyacetate 2307-55-3 Yes -
30010 Alkanol* amine 2,4-dichlorophenoxyacetate *(salts of the ethanol and 

ispropanol series) 
NA Yes -

30011 Alkyl* amine 2,4-dichlorophenoxyacetate *(100% C12) 2212-54-6 Yes -
30013 Alkyl* amine 2,4-dichlorophenoxyacetate *(100% C14) 28685-18-9 Yes -
30014 Alkyl* amine 2,4-dichlorophenoxyacetate *(as in fatty acids of tall oil) NA Yes -
30016 Diethanolamine 2,4-dichlorophenoxyacetate 5742-19-8 No No 
30017 Diethylamine 2,4-dichlorophenoxyacetate 20940-37-8 Yes -
30019 Dimethylamine 2,4-dichlorophenoxyacetate 2008-39-1 No No 
30020 N,N-Dimethyloleylamine 2,4-dichlorophenoxyacetate 53535-36-7 Yes -
30021 Ethanolamine 2,4-dichlorophenoxyacetate 3599-58-4 Yes -
30023 Heptylamine 2,4-dichlorophenoxyacetate 37102-63-9 Yes -
30024 Isopropanolamine 2,4-dichlorophenoxyacetate 6365-72-6 Yes -
30025 Isopropylamine 2,4-dichlorophenoxyacetate 5742-17-6 No No 
30028 Morpholine 2,4-dichlorophenoxyacetate 6365-73-7 Yes -
30029 N-Oleyl-1,3-propylenediamine 2,4-dichlorophenoxyacetate 2212-59-1 Yes -
30030 Octylamine 2,4-dichlorophenoxyacetate 2212-53-5 Yes -
30033 Triethanolamine 2,4-dichlorophenoxyacetate 2569-01-9 Yes -
30034 Triethylamine 2,4-dichlorophenoxyacetate 2646-78-8 No No 
30035 Triisopropanolamine 2,4-dichlorophenoxyacetate 32341-80-3 No No 
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Shaughnessey 
code Pesticide [active ingredient] CAS No. 

Support 
withdrawn 

Testing 
required 

30039 N,N-Dimethyl oleyl-linoleyl amine 2,4-dichlorophenoxyacetate 55256-32-1 Yes -
30052 Butoxyethoxypropyl 2,4-dichlorophenoxyacetate 1928-57-0 Yes -
30053 Butoxyethyl 2,4-dichlorophenoxyacetate 1929-73-3 No No 
30055 Butoxypropyl 2,4-dichlorophenoxyacetate 1928-45-6 Yes -
30056 Butyl 2,4-dichlorophenoxyacetate 94-80-4 Yes -
30062 Isobutyl 2,4-dichlorophenoxyacetate 1713-15-1 Yes -
30063 Isooctyl(2-ethylhexyl) 2,4-dichlorophenoxyacetate 1928-43-4 No Yes 
30064 Isooctyl(2-ethyl-4-methylpentyl) 2,4-dichlorophenoxyacetate 25168-26-7 Yes -
30065 Isooctyl(2-octyl) 2,4-dichlorophenoxyacetate 1917-97-1 Yes -
30066 Isopropyl 2,4-dichlorophenoxyacetate 94-11-1 No No 
30072 Propylene glycol butyl ether 2,4-dichlorophenoxyacetate 1320-18-9 Yes -
30801 4-(2,4-Dichlorophenoxy)butyric acid 94-82-6 No Yes 
30804 Sodium 4-(2,4-dichlorophenoxy)butyrate 10433-59-7 No No 
30819 Dimethylamine 4-(2,4-dichlorophenoxy)butyrate 2758-42-1 No No 
30853 Butoxyethanol 4-(2,4-dichlorophenoxy)butyrate 32357-46-3 Yes -
30856 Butyl 4-(2,4-dichlorophenoxy)butyrate 6753-24-8 Yes -
30863 Isooctyl 4-(2,4-dichlorophenoxy)butyrate 1320-15-6 Yes -
31401 2-(2,4-Dichlorophenoxy)propionic acid 120-36-5 No Yes 
31419 Dimethylamine 2-(2,4-dichlorophenoxy)propionate 53404-32-3 No No 
31453 Butoxyethyl 2-(2,4-dichlorophenoxy)propionate 53404-31-2 No No 
31463 Isooctyl 2-(2,4-dichlorophenoxy)propionate 28631-35-8 No No 
31501 MCPP acid [2-(2-Methyl-4-chlorophenoxy)propionic acid] 7085-19-0 No Yes 
31519 MCPP, DMA [Dimethylamine 2-(2-methyl-4-chlorophenoxy)propionate] 32351-70-5 No No 
35301 Bromoxynil [3,5-dibromo-4-hydroxybenzonitrile] 1689-84-5 No Yes 
44901 Hexachlorophene [2,2'-Methylenebis(3,4,6-trichlorophenol)] 70-30-4 Yes -
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(continued) 
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Shaughnessey 
code Pesticide [active ingredient] CAS No. 

Support 
withdrawn 

Testing 
required 

44902 Hexachlorophene, Na salt [Monosodium 
2,2'-methylenebis(3,4,6-trichlorophenate)] 

5736-15-2 Yes -

44904 Hexachlorophene, K salt [Potassium 
2,2'-methylenebis(3,4,6-trichlorophenate)] 

67923-62-0 Yes -

54901 Irgasan [5-Chloro-2-(2,4-dichlorophenoxy)phenol] 3380-34-5 No Yes 
63004 Tetrachlorophenols 25167-83-3 Yes -
63005 Tetrachlorophenols, sodium salt 25567-55-9 Yes -
63006 Tetrachlorophenols, alkyl* amine salt*(as in fatty acids of coconut oil) NA Yes -
63007 Tetrachlorophenols, potassium salt 53535-27-6 Yes -
64203 Bithionolate sodium [Disodium 2,2'-thiobis(4,6-dichlorophenate)] 6385-58-6 Yes -
64212 Phenachlor [2,4,6-Trichlorophenol] 88-06-2 Yes -
64219 Potassium 2,4,6-trichlorophenate 2591-21-1 Yes -
64220 2,4,6-Trichlorophenol, sodium salt 3784-03-0 Yes -
64501 Phenothiazine 92-84-2 Yes -
78701 Dacthal-DCPA [Dimethyl tetrachloroterephthalate] 1861-32-1 No Yes 
79401 Endosulfan [hexachlorohexahydromethano-2,4,3-benzodioxathiepin-3-oxide] 115-29-7 No No 
82501 Silvex [2-(2,4,5-trichlorophenoxy)propionic acid] 93-72-1 Yes -
83701 Tetrachlorvinphos [2-Chloro-1-(2,4,5-trichlorophenyl)vinyl dimethyl 

phosphate] 
961-11-5 No Yes 

104101 Edolan [Sodium 1,4',5'-trichloro-2'-(2,4,5-trichlorophenoxy) 
methanesulfonanilide] 

69462-14-2 Yes -

NA = Not available 
-- = No information given 




 


based on the trends identified in those data as well as in data made public by EPA are 
summarized below. 

The two DCIs included 161 pesticides.  Of these, 92 are no longer supported by 
registrants.  Following evaluation of the process chemistry submissions required under the DCIs, 
OPP determined that formation of CDDs/CDFs was not likely during the manufacture of 43 of 
the remaining 69 pesticides; thus, analysis of samples of these 43 pesticides was not required by 
OPP. Evaluation of process chemistry data is ongoing at OPP for an additional 7 pesticides. 
Table 8-30 indicates which pesticides are no longer supported and those for which OPP has 
required further testing to determine whether CDDs/CDFs are present as contaminants (U.S. 
EPA, 1995g).  OPP required that analysis of production samples be performed on the remaining 
19 pesticides (see Table 8-31). The status of the analytical data generation/evaluation to date is 
summarized as follows:  (a) no detection of CDDs/CDFs above the LOQs in registrant 
submissions for 13 active ingredients, (b) detection of CDDs/CDFs above the LOQs for 2,4-D 
acid (two submissions) and 2,4-D 2-ethyl hexyl acetate (one submission), and (c) ongoing data 
generation or evaluation for four pesticides. 

Table 8-32 presents a summary of results obtained by EPA for CDDs/CDFs in eight 
technical 2,4-D herbicides; these data were extracted from program files in OPP.  Because some 
of these files contained CBI, the data in this table were reviewed by OPP staff to ensure that no 
CBI was being disclosed (memorandum dated May 28, 1996, from S. Funk, U.S. EPA, to W. 
Hazel, U.S. EPA).  Figure 8-5 presents a congener profile for 2,4-D based on the average 
congener concentrations reported in Table 8-32. 

Schecter et al. (1997) reported the results of analyses of samples of 2,4-D manufactured 
in Europe, Russia, and the United States (see Table 8-33).  The total TEQ concentrations 
measured in the European and Russian samples were similar to those measured in the EPA DCI 
samples; however, the levels reported by Schecter et al. for U.S. samples were significantly 
lower. Similarly, Masunaga et al. (2001) reported the analyses of two agrochemical formulations 
containing 2,4-D manufactured in Japan (Table 8-33).  The total TEQ concentration measured in 
one of the samples was similar to what Schecter et al. (1997) reported for the U.S. samples; no 
TEQ was detected in the other sample. 

As discussed in Section 11.2.1 (Chapter 11), an estimated 28,100 metric tons of 2,4-D 
were used in the United States in 2000, making it one of the top 10 pesticides in terms of quantity 
used (EPA proprietary data).  The pesticide 2,4-D is the only product judged to have the potential 
for environmental release through its agricultural use.  However, no estimate of environmental 
release can be made for 2000. Since 1995, the chemical manufacturers of 2,4-D have been 
undertaking voluntary actions to significantly reduce the dioxin content of the product.  No 
information is available on the level of dioxin contamination, if any, that may have been present 
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Table 8-31. Summary of analytical data submitted to EPA in response to pesticide Data Call-In(s) 
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Shaughnessey 
code 

Pesticide 
Number of 
positivea 

submissions to 
date Common name Chemical name 

019201 MCPB, 4-butyric acid 4-(2-methyl-4-chlorophenoxy)butyric acid 0 

019401 4-CPA 4-Chlorophenoxyacetic acid 0 

027401 Dichlobenil 2,6-Dichlorobenzonitrile 0 

029801 Dicamba 3,6-Dichloro-o-anisic acid 0 

029802 Dicamba, dimethylamine 3,6-Dichloro-o-anisic acid, dimethylamine salt 0 

030001 2,4-D 2,4-Dichlorophenoxy acetic acid 2 

030063 2,4-D, 2EH Isooctyl(2-ethylhexyl)2,4-dichlorophenoxyacetate 1 

030801 2,4-DB 4-(2,4-Dichlorophenoxy)butyric acid 0 

031301 DCNA 2,6-Dichloro-4-nitroaniline Pending 

031401 2,4-DP 2-(2,4-Dichlorophenoxy)propionic acid 0 

031501 Mecoprop (MCPP) 2-(2-methyl-4-chlorophenoxy)propionic acid 0 

035301 Bromoxynil 3,5-Dibromo-4-hydroxybenzonitrile 0 

054901 Irgasan 5-Chloro-2-(2,4-dichlorophenoxy)phenol 0 

078701 Dacthal (DCPA) Dimethyl tetrachloroterephthalate Pending 

081901 Chlorothalonil Tetrachloroisophthalonitrile Pending 

083701 Tetrachlorvinphos 2-Chloro-1-(2,4,5-trichlorophenyl)vinyl dimethyl phosphate 0 

108201 Diflubenzuron N-(((4-chlorophenyl)amino)carbonyl)-2,6-difluorobenzamide 0 

109001 Oxadiazon 2-Tert-butyl-4(2,4-dichloro-5-isopropoxyphenyl)-delta2-1,3,4-oxadiazoline-5-one Pending 

110902 Dichlofop-methyl Methyl-2-(4-(2,4-dichlorophenoxy)phenoxy) propanoate 0 
aPositive is defined as the detection of any congener at a concentration equal to or exceeding the limits of quantitation listed in Table 8-27. 

Sources:  U.S. EPA (1995f); facsimile dated March 27, 1996 from S. Funk, U.S. EPA, to D. Cleverly, U.S. EPA. 




 


Table 8-32. Summary of results for CDDs/CDFs in technical 2,4-D and 2,4-D 
ester herbicides 

Congener 

EPA 
LOQa 

(µg/kg) 

Total 
no. of 

technicals 

Number of 
technicals 

greater than 
LOQ 

Observed 
maximum 

conc. 
(µg/kg) 

Average 
conc.b 

(µg/kg) 

2,3,7,8-TCDD 0.1 8 2 0.13 0.06 
1,2,3,7,8-PeCDD 0.5 8 3 2.6 0.78 
1,2,3,4,7,8-HxCDD 2.5 8 0 0.81 0.31 
1,2,3,6,7,8-HxCDD 2.5 8 0 0.77 0.39 
1,2,3,7,8,9-HxCDD 2.5 8 0 0.68 0.24 
1,2,3,4,6,7,8-HpCDD 100.0 8 0 1.5 0.21 

OCDD - - - - -

2,3,7,8-TCDF 1 8 0 0.27 0.07 
1,2,3,7,8-PeCDF 5 8 0 0.62 0.38 
2,3,4,7,8-PeCDF 5 7 0 0.73 0.07 
1,2,3,4,7,8-HxCDF 25 8 0 1.6 0.36 
1,2,3,6,7,8-HxCDF 25 8 0 1.2 0.11 
1,2,3,7,8,9-HxCDF 25 8 0 1.4 0.16 
2,3,4,6,7,8-HxCDF 25 8 0 1.1 0.14 
1,2,3,4,6,7,8-HpCDF 1,000 8 0 8.3 2.17 
1,2,3,4,7,8,9-HpCDF 1,000 8 0 1.2 0.18 

OCDF - - - - --

TOTALc 5.6 

I-TEQDF 0.7 

TEQDF-WHO98 1.1 
aLOQ required by EPA in the data call-in. 
bAverage of the mean results for multiple analyses of four technical 2,4-D and/or 2,4-D ester products for which
 detectable CDD/CDF congener concentrations less than the LOQs were quantified; nondetect values were
 assumed to be zero. 
cTotal equals the sum of the individual congener  averages. 

LOQ = Limit of quantitation 
-- = Analyses not performed 

Source:  U.S. EPA Office of Pesticide Programs file. 

in 2,4-D in 2000. An estimated 26,300 and 30,400 metric tons were used during 1995 and 1987, 
respectively (U.S. EPA, 1997e, 1988d).  On the basis of the average CDD/CDF congener 
concentrations in 2,4-D presented in Table 8-33 (not including OCDD and OCDF), the 
corresponding TEQDF-WHO98 concentration is 1.1 µg/kg (0.7 µg I-TEQDF/kg).  Combining this 
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Figure 8-5.  Congener profile for 2,4-D (salts and esters) (based on mean 
concentrations reported in Table 8-34). 

TEQ concentration with the activity level estimates for 1995 and 1987 indicates that 28.9 g 
TEQDF-WHO98 (18.4 g I-TEQDF) were released in 1995 and 33.4 g TEQDF-WHO98 (21.3 g I 
TEQDF) in 1987. The release estimates for 1987 and 1995 are assigned a high confidence rating, 
indicating high confidence in both the production and the emission factor estimates.  Because no 
estimate can be made for 2000, it is rated as Category E (no estimate of environmental release of 
CDDs/CDFs can be made because of the poor quality of existing information). 

8.4. OTHER CHEMICAL MANUFACTURING AND PROCESSING SOURCES 

8.4.1. Municipal Wastewater Treatment Plants 

8.4.1.1.  Sources 

CDDs/CDFs have been measured in nearly all sewage sludges tested, although the 
concentrations and, to some extent, the congener profiles and patterns differ widely.  Potential 
sources of the CDDs/CDFs include microbial formation (discussed in Chapter 9), runoff to 
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Table 8-33. CDD/CDF concentrations (µg/kg) in samples of 2,4-D and pesticide formulations containing 2,4-D 
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Congener/congener 
group 

Acbar 
Super 
(Gaza 
Citya) 

Amco 
Super 
(Gaza 
Citya)  (Bethlehem)a 

Chimprom 
(Russia) 

Dragon 
Lawn Weed 

Killer 
KGRO 
(U.S.) 

Pro Care 
Premium 

(U.S.) 

Ortho 
Weed-B-

Gone 
(U.S.) 

Sigma 
Co. 

(U.S.) 

American 
Brand 

Chemical 
Co. (U.S.) 

Ishihara 
Sangyo 

Kaisha, Ltd. 
(Japan) 

Nissan 
Chemical 
Industries, 

Ltd. 
(Japan) 

2,3,7,8-TCDD ND (0.1) ND (0.1) ND (0.1) ND (0.02) ND (0.001) - - - - - 0.0021 ND (0.002) 
1,2,3,7,8-PeCDD 0.1 ND (0.1) 1.2 0.03 0.0014 - - - - - 0.011 ND (0.002) 
1,2,3,4,7,8-HxCDD ND (0.1) ND (0.1) ND (0.1) 0.02 ND (0.001) - - - - - ND (0.005) ND (0.005) 
1,2,3,6,7,8-HxCDD ND (0.1) 0.2 0.6 0.05 0.0024 - - - - - ND (0.005) ND (0.005) 
1,2,3,7,8,9-HxCDD ND (0.1) ND (0.1) 0.4 ND (0.02) 0.001 - - - - - ND (0.005) ND (0.005) 
1,2,3,4,6,7,8-HpCDD 0.1 1.2 0.3 0.23 0.0017 - - - - - ND (0.005) ND (0.005) 
OCDD 0.1 2.6 0.1 0.85 0.0063 - - - - - ND (0.01)  ND (0.01) 

2,3,7,8-TCDF 0.3 ND (0.1) ND (0.1) ND (0.1) 0.0036 - - - - - ND (0.002) ND (0.002) 
1,2,3,7,8-/1,2,3,4,8-PeCDF ND (0.1) 0.2 0.7 1.2 0.001 - - - - - 0.0038 ND (0.002) 
2,3,4,7,8-PeCDF ND (0.1) ND (0.1) 0.1 0.06 0.0011 - - - - - ND (0.002) ND (0.002) 
1,2,3,4,7,8-/1,2,3,4,7,9
   -HxCDF ND (0.1) 0.1 0.4 0.08 0.0013 - - - - - ND (0.005) ND (0.005) 
1,2,3,6,7,8-HxCDF ND (0.1) ND (0.1) 0.1 0.11 ND (0.001) - - - - - ND (0.005) ND (0.005) 
1,2,3,7,8,9-HxCDF ND (0.1) ND (0.1) ND (0.1) ND (0.02) ND (0.001) - - - - - ND (0.005) ND (0.005) 
2,3,4,6,7,8-HxCDF ND (0.1) ND (0.1) 0.1 0.05 0.0011 - - - - - ND (0.005) ND (0.005) 
1,2,3,4,6,7,8-HpCDF 0.1 0.8 0.1 0.24 0.0016 - - - - - ND (0.005) ND (0.005) 
1,2,3,4,7,8,9-HpCDF ND (0.1) ND (0.1) ND (0.1) 0.02 ND (0.001) - - - - - ND (0.005) ND (0.005) 
OCDF 0.2 3.8 0.4 0.46 0.0039 - - - - - ND (0.010)  ND (0.01) 

Total 2,3,7,8-CDD
  (nondetect = 0) 
Total 2,3,7,8-CDF 

0.3 4 2.6 1.18 0.0128 0.0144 0.0143 0.0091 0.127 0.0278 0.013 -

  (nondetect = 0) 
Total I-TEQDF 

0.6 4.9 1.9 2.22 0.0136 0.1628 0.4253 0.1095 3.0507 0.0822 0.004 -

  (nondetect = 0)b 

Total TEQDF-WHO98 

0.082 0.066 0.85 0.142 0.0023 0.0009 0.0012 0.0014 0.0013 0.0019 ND 

  (nondetect = 0)b 0.134 0.061 1.449 0.156 0.003 0.0078 ND 

Total TCDD - - - - - - - - - - 0.0130.041 ND (0.002) 
Total PeCDD - - - - - - - - - - 0.018 ND (0.002) 
Total HxCDD - - - - - - - - - - 0.008 ND (0.005) 
Total HpCDD - - - - - - - - - - ND (0.005) ND (0.005) 
Total OCDD - - - - - - - - - - ND (0.01)  ND (0.01) 
Total TCDF - - - - - - - - - - 2.7 0.0093 
Total PeCDF - - - - - - - - - - 0.89 ND (0.002) 
Total HxCDF - - - - - - - - - - 0.019 ND (0.005) 
Total HpCDF - - - - - - - - - - 0.006 ND (0.005) 
Total OCDF - - - - - - - - - - ND (0.01)  ND (0.01) 

Total CDD/CDF - - - - - - - - - - 3.7 0.0093 




 


Table 8-33. CDD/CDF concentrations (µg/kg) in samples of 2,4-D and pesticide formulations containing 2,4-D 
(continued) 

a2,4-D manufactured in Europe and packaged in Palestine. 
bCalculated assuming nondetect values are zero. 

ND = not detected (value in parenthesis is the detection limit)
 -- = No information given 

Sources:  Schecter et al. (1997); Masunaga et al. (2001). 
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sewers from lands or urban surfaces contaminated by product uses or deposition of previous 
emissions to air (discussed in Chapter 11, Section 11.2.1), household wastewater, industrial 
wastewater, and chlorination operations within the wastewater treatment facility (Rappe, 1992b; 
Rappe et al., 1994; Horstmann et al., 1992; Sewart et al., 1995; Cramer et al., 1995; Horstmann 
and McLachlan, 1995). 

The major source(s) for a given publicly owned treatment works (POTW) is likely to be 
site specific, particularly in industrialized areas.  For example, Rieger and Ballschmiter (1992) 
traced the origin of CDDs/CDFs found in municipal sewage sludge in Ulm, Germany, to metal 
manufacturing and urban sources.  The characteristics of both sources were similar and suggested 
generation via thermal processing.  However, a series of studies by Horstmann et al. (1992, 
1993a, b) and Horstmann and McLachlan (1994a, b, 1995) demonstrated that wastewater 
generated by laundering and bathing could be the major source at many, if not all, POTWs that 
serve primarily residential populations.  Although runoff from streets during precipitation events, 
particularly from streets with high traffic density, was reported by these researchers as 
contributing measurably, the total contribution of TEQ from household wastewater was eight 
times greater than that from surface runoff at the study city. 

Horstmann et al. (1992) provided initial evidence that household wastewater could be a 
significant source.  Horstmann et al. (1993a) measured CDD/CDF levels in the effluent from four 
different loads of laundry from two different domestic washing machines.  The concentrations of 
total CDDs/CDFs in the four samples ranged from 3,900 to 7,100 pg/L and were very similar in 
congener profile, with OCDD being the dominant congener, followed by the hepta- and hexa-
CDDs. Because of the similar concentrations and congener profiles found, the authors concluded 
that the presence of CDDs/CDFs in washing machine wastewater is widespread.  A simple mass 
balance performed using the results (Horstmann and McLachlan, 1994a) showed that the 
CDDs/CDFs found in the four washing machine wastewater samples could account for 27 to 
94% of the total CDDs/CDFs measured in the sludge of the local wastewater treatment plant. 

Horstmann et al. (1993a) performed additional experiments that showed that detergents, 
commonly used bleaching agents, and the washing cycle process itself were not responsible for 
the observed CDDs/CDFs.  To determine whether the textile fabric or fabric finishing processes 
could account for the observed CDDs/CDFs, Horstmann et al. (1993b), Horstmann and 
McLachlan (1994a, b), and Klasmeier and McLachlan (1995) analyzed the CDD/CDF content of 
raw cotton cloth, white synthetic materials, and more than 100 new textile finished products. 
Low concentrations were found in most products (less than 50 ng/kg of total CDDs/CDFs), but a 
small percentage contained high concentrations, up to 290 µg/kg of total CDDs/CDFs.  On the 
basis of the concentrations and patterns found, the authors concluded that neither unfinished new 
fabrics nor common cotton finishing processes could explain the CDD/CDF levels found in 
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wastewater; rather, the use of CDD-/CDF-containing textile dyes and pigments and the use in 
some developing countries of PCP to treat unfinished cotton appeared to be the sources of the 
detected CDDs/CDFs. 

Horstmann and McLachlan (1994a, b, 1995) reported the results of additional 
experiments showing that the small percentage of clothing items with high CDD/CDF levels 
could be responsible for the quantity of CDDs/CDFs observed in household wastewater and 
sewage sludge.  They demonstrated that the CDDs/CDFs can be gradually removed from the 
fabric during washing; they can be transferred to the skin, subsequently transferred back to other 
textiles, and then washed out, or they can be transferred to other textiles during washing and then 
removed during subsequent washing. 

8.4.1.2. Releases to Water 

8.4.1.2.1. Emissions data. The presence of CDDs/CDFs in sewage sludge suggests that 
CDDs/CDFs may also be present in the wastewater effluent discharges of POTWs; however, few 
studies reporting the results of effluent analyses for CDDs/CDFs have been published. 

Rappe et al. (1989a) tested the effluent from two Swedish POTWs for all 2,3,7,8
substituted CDD/CDF congeners.  OCDD was detected in the effluents from both facilities at 
concentrations ranging from 14 to 39 pg/L.  The investigators detected 1,2,3,4,6,7,8-HpCDD and 
1,2,3,4,6,7,8-HpCDF in the effluent of one facility at concentrations of 2.8 and 2 pg/L, 
respectively.  No 2,3,7,8-substituted tetra-, penta-, and hexa-CDDs or CDFs were detected (DLs 
of 0.2 to 20 pg/L). 

Ho and Clement (1990) reported the results of sampling during the late 1980s of 37 
POTWs in Ontario, Canada, for each of the five CDD/CDF congener groups with four to eight 
chlorines. The sampled facilities included 27 secondary treatment facilities, seven primary 
treatment facilities, one tertiary plant, and two lagoons.  The facilities accounted for about 73% 
of the sewage discharged by POTWs in Ontario.  No CDDs/CDFs were detected (DL in the low 
ng/L range) in the effluents from the lagoons and the tertiary treatment facility.  Only OCDD and 
TCDF were detected in the effluents from the primary treatment facilities (two and one effluent 
samples, respectively).  HpCDD, OCDD, TCDF, and OCDF were detected in the effluents from 
the secondary treatment facilities (detected in four or fewer samples at levels ranging from 0.1 to 
11 ng/L). 

Gobran et al. (1995) analyzed the raw sewage and final effluent of an Ontario, Canada, 
wastewater treatment plant for CDD/CDF congeners over a 5-day period.  Although HpCDD, 
OCDD, HpCDF, and OCDF were detected in the raw sewage (12 to 2,300 pg/L), no CDDs/CDFs 
were detected in the final effluent at congener-specific DLs ranging from 3 to 20 pg/L. 
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The California Regional Water Quality Control Board reported the results of effluent 
testing at nine POTWs in the San Francisco area (memorandum dated March 21, 1996, from Lila 
Tang, California Regional Water Quality Control Board, to David Cleverly, U.S. EPA).  A total 
of 30 samples were collected between 1992 and 1995, and 1 to 6 samples were analyzed for each 
POTW.  The mean concentrations of CDDs/CDFs are shown in Table 8-34.  The overall mean 
TEQ concentration was 0.27 pg TEQDF-WHO98/L (0.29 pg I-TEQDF/L).  With the exception of 
OCDD, most 2,3,7,8-substituted CDD/CDF congeners were seldom detected. 

Rappe et al. (1998) analyzed effluent samples from 17 POTWs in Mississippi, 10 of 
which receive input from industrial facilities.  Treatment processes at the facilities include the 
use of one or more of the following: lagoons, activated sludge, aerated digestion, wetlands, 
oxidative ditch, and trickling filter.  Additionally, 12 of the facilities use chlorine gas in the 
treatment process. The wastewater flows at the facilities range from 0.11 to 39.75 million L/day; 
however, wastewater flow rates were not known for two facilities.  Table 8-35 presents the 
concentrations of dioxins measured in the effluent samples for each facility and total TEQ 
emission factors. Concentrations were congener-specific for only 2,3,7,8-TCDD; 2,3,7,8-TCDF; 
1,2,3,7,8-PeCDD; 2,3,4,7,8-PeCDF; OCDD; and OCDF.  Also provided were concentrations for 
total HxCDD and total HpCDD.  The total I-TEQ concentrations reported by Rappe et al. 
(assuming nondetect values equal to one-half the DL) ranged from 0.274 to 3.84 pg I-TEQDF/L 
(average of 0.81 pg/I-TEQDF/L).  Because concentrations for all congeners were not provided, 
emission factors could not be calculated in TEQDF-WHO98. 

The CRWQCB data (memorandum dated March 21, 1996, from Lila Tang, California 
Regional Water Quality Control Board, to David Cleverly, U.S. EPA) were collected to provide 
representative effluent concentrations for the San Francisco area.  These data cannot be 
considered to be representative of CDD/CDF effluent concentrations at the 16,000-plus POTWs 
nationwide.  Therefore, the data can be used only to generate a preliminary estimate of the 
potential mass of CDD/CDF TEQ that may be released annually by U.S. POTWs. 

8.4.1.2.2. Activity level information. Based on the results of the 1996 and 2000 Clean Water 
Needs Surveys, an estimated 122 billion L and 148 billion L of wastewater were treated daily by 
POTWs in the United States in 1996 and 2000, respectively (U.S. EPA, 1997c, 2004). 

Wastewater treatment data were not available for 1987; however, an estimate was 
developed using the population of the United States as a surrogate.  In 2000, the population of the 
United States was approximately 281 million people.  Using the estimate of water treated daily 
by POTWs in 2000, approximately 527 L/person of wastewater were treated daily by POTWs.  In 
1990, the population of the United States was approximately 249 million people.  Assuming the 
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Table 8-34. Mean CDD/CDF concentrations and range of detection limits 
(DLs) (pg/L) in effluents from nine U.S. publicly owned treatment works 
(POTWs) 

Congener/congener 
group 

No. of 
detections/
 samples 

Range of 
DLs 

Range of detected 
concentrations 

(POTW mean basis) 
Overall mean 

concentrationsa 

Minimum Maximum 
Nondetect 

set to 0 
Nondetect 

set to ½ DL 

2,3,7,8-TCDD 0/30 0.31–8.8 ND ND 0 0.98 
1,2,3,7,8-PeCDD 0/30 0.45–15 ND ND 0 1.32 
1,2,3,4,7,8-HxCDD 0/30 0.43–9.8 ND ND 0 1.38 
1,2,3,6,7,8-HxCDD 0/30 0.81–10 ND ND 0 1.42 
1,2,3,7,8,9-HxCDD 0/30 0.42–9.7 ND ND 0 1.31 
1,2,3,4,6,7,8-HpCDD 3/30 0.75–18 ND 5 1.06 3.61 
OCDD 13/30 6.2–57 ND 99.75 29.51 37.95 

2,3,7,8-TCDF 1/27 0.74–4.4 ND 1.3 0.14 0.98 
1,2,3,7,8-PeCDF 1/30 0.64–9.4 ND 2 0.22 1.58 
2,3,4,7,8-PeCDF 1/30 0.61–14 ND 2.8 0.31 1.68 
1,2,3,4,7,8-HxCDF 1/30 0.25–6.8 ND 2.4 0.27 1.22 
1,2,3,6,7,8-HxCDF 1/30 0.23–6.8 ND 1.5 0.17 0.97 
1,2,3,7,8,9-HxCDF 1/30 0.57–10 ND 2 0.22 1.72 
2,3,4,6,7,8-HxCDF 1/30 0.25–7.9 ND ND 0 0.93 
1,2,3,4,6,7,8-HpCDF 2/30 0.36–6.9 ND 4.6 0.68 1.83 
1,2,3,4,7,8,9-HpCDF 0/30 0.19–11 ND ND 0 1.18 
OCDF 1/30 0.86–28 ND 3.2 0.36 3.4 

Total 2,3,7,8-CDD ND 104.75 30.57 47.97 
Total 2,3,7,8-CDF - - ND 19.8 2.37 15.49 
Total I-TEQDF ND 2.42 0.29 3.66 
Total TEQDF-WHO98 ND 2.33 0.27 4.28 

Total TCDD 4/27 1.2–8.8 ND 9.7 1.23 2.61 
Total PeCDD 0/27 0.62–200 ND ND 0 6.27 
Total HxCDD 1/30 0.84–11 ND 1.7 0.19 1.93 
Total HpCDD 3/30 0.75–18 ND 8.4 1.83 4.77 
Total OCDD 13/30 6.2–57 ND 99.75 29.51 37.95 
Total TCDF 2/30 0.39–6.8 ND 25 6.61 7.7 
Total PeCDF 1/30 0.64–25 ND 20 2.22 4.72 
Total HxCDF 1/30 0.93–17 ND 13 1.44 3.43 
Total HpCDF 2/30 0.36–19 ND 4.6 0.68 2.41 
Total OCDF 1/30 0.86–28 ND 3.2 0.36 3.4 

Total CDD/CDF ND 185.35 44.07 75.19 
aThe overall means are the means of the individual POTW mean concentrations rather than the means of the
 individual sample concentrations. 

DL = Detection limit 
ND = Not detected 
-- = No information given 

Source:  Memorandum dated March 21, 1996, from Lila Tang, California Regional Water Quality Control Board, to 
David Cleverly, U.S. EPA. 
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Table 8-35. Effluent concentrations (pg/L) of CDDs/CDFs from publicly owned treatment works in Mississippi 
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Facility 
2,3,7,8
TCDD 

2,3,7,8
TCDF 

1,2,3,7,8
PeCDD 

2,3,4,7,8
PeCDF 

Total 
HxCDD 

Total 
HpCDD OCDD OCDF 

Total 
I-TEQ 

Waynesboro ND (0.17) 0.18 ND (0.2) ND (0.1) ND 3.5 13 1.8 0.316 

Meridian 0.18 0.12 ND (0.16) ND (0.09) 1.3 7.6 58 1.8 0.445 

Pascagoula ND (0.13) 0.15 ND (0.15) 0.11 ND 0.82 3.6 0.46 0.264 

W. Biloxi 0.18 0.24 ND (0.15) 0.082 ND 0.9 4 ND (0.34) 0.378 

Gulfport 0.16 0.24 ND (0.15) 0.094 ND 2.3 9.9 0.78 0.371 

Laurel ND (0.18) 0.15 ND (0.23) ND (0.12) ND 2.9 38 ND (0.48) 0.334 

Brookhaven ND (0.18) 0.54 0.45 0.16 0.85 3.2 28 1.7 0.796 

Natchez ND (0.16) 0.41 0.6 0.34 2.5 2.4 9.1 1.8 1.03 

Picayune ND (0.22) 0.56 ND (0.27) ND (0.14) 6.5 38 120 2 0.715 

Picayunea ND (0.13) 0.54 ND (0.12) ND (0.07) 6 30 53 106 0.397 

Waveland ND (0.18) 17 0.22 0.66 ND 3 14 2.4 

Corinth ND (0.15) 0.17 ND (0.16) ND (0.09) 0.77 2.7 18 0.9 0.276 

New Augusta ND (0.1) 1.3 0.28 0.085 21 120 2,500 1.1 3.84 

Beaumont ND (0.1) 0.14 ND (0.13) 0.088 0.64 2.4 11 0.66 0.274 

Leaksville ND (0.12) 0.72 0.25 0.15 8.9 46 780 3.2 1.6 

McLain ND (0.06) ND (0.05) ND (0.10) ND (0.06) 2.5 14 200 0.377 

Hattiesburg South ND (0.16) ND (0.24) ND (0.24) ND (0.11) 1.2 4.5 59 0.77 0.32 

Hattiesburg North ND (0.19) 0.18 ND (0.26) ND (0.13) 0.96 9.1 73 2.9 0.457 

AVERAGE 0.17 1.42 0.36 0.2 4.43 16.3 221.76 8.99 0.81 
aBlind double. 


ND = Not detected (value in parenthesis is the detection limit).  When calculating the average, NDs were not included.
 

Source:  Rappe et al. (1998).
 



 


 


population did not change drastically between 1987 and 1990, and assuming that the daily 
domestic wastewater treatment per person remained constant between 1987 and 2000, EPA 
estimates that approximately 131 billion L of wastewater were treated daily at POTWs in 1987. 

8.4.1.2.3. Emission Estimates.  Multiplying the amount of wastewater treated by 365 days/yr by 
the overall mean TEQ concentrations reported by CRWQCB (memorandum dated March 21, 
1996, from Lila Tang, California Regional Water Quality Control Board, to David Cleverly, U.S. 
EPA) (0.27 pg TEQDF-WHO98/L [0.29 pg I-TEQDF/L]) yields annual TEQ release estimates of 
12.9 g TEQDF-WHO98 (13.9 g I-TEQDF), 12 g TEQDF-WHO98 (13 g I-TEQDF), and 14.6 g TEQDF 
WHO98 (15.7 g I-TEQDF) for 1987, 1995, and 2000, respectively.  These estimates should be 
regarded as preliminary indications of possible emissions from this source. 

8.4.1.3. Sewage Sludge Land Disposal 

Sewage sludge is the solid, semi-solid, or liquid residue generated during the treatment of 
wastewater. During wastewater treatment, nutrients, pathogens, inorganic compounds (metals 
and trace elements), and organic compounds (CDDs/CDFs, PCBs, and surfactants) from the 
incoming wastewater are partitioned to the resulting sewage sludge (NRC, 2002).  The sludge is 
either disposed of through methods such as incineration or landfill/surface disposal or 
beneficially used through methods such as land application. 

Sewage sludge that is applied to land is referred to as biosolids.  In order to be applied to 
land, the biosolids must be treated to meet land application regulatory requirements (Federal 
Register, 1993a).  Biosolids are often used for crop production, gardening, forestry, turf growth, 
and landscaping.  Some other uses include strip mine and gravel pit reclamation and wetland 
restoration. Land application of biosolids is beneficial because it improves the physical and 
chemical properties of the soil needed for plant growth, it reduces the need for other disposal 
methods, and it reduces or eliminates the need for commercial fertilizers.  Commercial fertilizers 
often have higher nutrient contents than do biosolids; therefore, the application of biosolids to 
land in lieu of commercial fertilizers may reduce the impacts of high levels of excess nutrients 
entering the environment (U.S. EPA, 1999b). 

8.4.1.3.1. Emissions data.  EPA conducted the National Sewage Sludge Survey in 1988 and 
1989 to obtain national data on sewage sludge quality and management.  As part of this survey, 
EPA analyzed sludges from 174 POTWs that employed at least secondary wastewater treatment 
for more than 400 analytes, including CDDs/CDFs.  Although sludges from only 16% of the 
POTWs had detectable levels of 2,3,7,8-TCDD, all sludges had detectable levels of at least one 
CDD/CDF congener (U.S. EPA, 1996e).  I-TEQDF concentrations as high as 1,820 ng/kg dry 
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weight were measured.  The congener-specific results of the survey are presented in Table 8-36. 

If all nondetect values found in the study are assumed to be zero, then the mean and median I 

TEQDF concentrations of the sludges from the 174 POTWs are 50 and 11.2 ng/kg (dry-weight 
basis), respectively.  If the nondetect values are set equal to the DL, then the mean and median 
I-TEQDF concentrations are 86 and 50.4 ng/kg, respectively (U.S. EPA, 1996e; Rubin and White, 
1992). 

Table 8-36. CDD/CDF concentrations (ng/kg) measured in the 1998/1999 
National Sewage Sludge Surveya 

Median concentration  Mean concentration 

Nondetect Nondetect 
Maximum set to Nondetect set to Nondetect 

Percent concentration detection set to detection set to 
Congener detected detected limit zero limit zero 

2,3,7,8-TCDD 16 116 6.86 0 - -
1,2,3,7,8-PeCDD 18 736 9.84 0 - -
1,2,3,4,7,8-HxCDD 25 737 22.5 0 - -
1,2,3,6,7,8-HxCDD 49 737 27.3 0 - -
1,2,3,7,8,9-HxCDD 39 737 28 0 - -
1,2,3,4,6,7,8-HpCDD 98 52,500 335 335 - -
OCDD 100 905,000 3,320 3,320 - -

2,3,7,8-TCDF 65 337 17 3.9 - -
1,2,3,7,8-PeCDF 22 736 9.6 0 - -
2,3,4,7,8-PeCDF 26 736 10.4 0 - -
1,2,3,4,7,8-HxCDF 43 1,500 28 0 - -
1,2,3,6,7,8-HxCDF 35 737 18 0 - -
1,2,3,7,8,9-HxCDF 16 1,260 18 0 - -
2,3,4,6,7,8-HxCDF 27 737 18 0 - -
1,2,3,4,6,7,8-HpCDF 71 7,100 57 36 - -
1,2,3,4,7,8,9-HpCDF 26 842 23 0 - -
OCDF 80 69,500 110 80 - -

Total I-TEQDF 1,820 50.4 11.2 86b 50b 

Total 2,3,7,8-CDD/CDF - - - - -
aFor publicly owned treatment works with multiple samples, the pollutant concentrations were averaged before the 
summary statistics presented in the table were calculated. 

bValues presented by Rubin and White (1992) for 175 rather than 174 publicly owned treatment works. 

-- = No information given 

Source:  U.S. EPA (1996e). 
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Green et al. (1995) and Cramer et al. (1995) reported the results of analyses of 99 samples 
of sewage sludge collected from wastewater treatment plants across the United States during the 
summer of 1994 as part of the 1994/1995 Association of Metropolitan Sewerage Agencies 
(AMSA) survey.  These data are summarized in Table 8-37.  To calculate average results in units 
of TEQ, Green et al. averaged the results from all samples collected from the same facility to 
ensure that the results were not biased toward the concentrations found at facilities from which 
more than one sample was collected. Also, eight samples were excluded from the calculation of 
the overall TEQ averages because it was unclear whether they were duplicate samples from other 
POTWs.  POTW average TEQ concentrations were calculated for 74 POTWs.  If all nondetect 
values are assumed to be zero, then the overall study mean and median I-TEQDF concentrations 
were 47.7 and 33.4 ng I-TEQDF/kg (dry weight basis), respectively (standard deviation of 44.7 ng 
I-TEQDF/kg).  The corresponding mean and median TEQDF-WHO98 concentrations were 36.3 and 
25.5 ng/kg, respectively (standard deviation, 38.6). 

The mean and median results reported by Green et al. (1995) and Cramer et al. (1995) are 
very similar in terms of total TEQ to those reported by EPA for samples collected 5 years earlier 
(U.S. EPA, 1996e; Rubin and White, 1992).  The predominant congeners in both data sets are the 
octa- and hepta-CDDs and CDFs.  Although not present at high concentrations, 2,3,7,8-TCDF 
was commonly detected. 

In addition to effluents, Rappe et al. (1998) analyzed the levels of CDDs/CDFs in 
municipal sewage sludge from the 17 POTWs in Mississippi.  Table 8-38 presents the 
concentrations of dioxins measured in the sewage sludge samples and total TEQ emission factors 
reported by Rappe et al.  Concentrations were only congener specific for 2,3,7,8-TCDD; 2,3,7,8
TCDF; 1,2,3,7,8-PeCDD; 2,3,4,7,8-PeCDF; OCDD; and OCDF.  Also provided were 
concentrations for total HxCDD and total HpCDD.  The TEQ emission factors (assuming 
nondetects equal to one-half the DL) ranged from 2.26 to 1,270  ng I-TEQDF/kg.  The 
predominant congeners in all samples were the octa- and hepta-CDDs.  The sludge with the 
highest concentrations of octa- and hepta-CDDs was from the Picayune POTW, which receives 
industrial inputs, including effluents from wood treatment facilities that likely contain PCP.  In 
general, the sludges with the lowest TEQ values were from the facilities that do not receive 
effluent from industrial facilities.  Additionally, the samples with the two lowest TEQ values 
were from facilities that do not use free chlorine as a disinfectant. 

In 1999, sewage sludge samples from a POTW in Ohio were collected and analyzed for 
CDDs/CDFs (U.S. EPA, 2000b).  The facility, which accepts both domestic and industrial 
wastewater, employs secondary wastewater technology.  Assuming nondetects are zero, the mean 
TEQ emission factor was 21.9 ng TEQDF-WHO98/kg (dry-weight basis).  These results are 
presented in Table 8-39. 
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Table 8-37. CDD/CDF concentrations (ng/kg) measured in 99 sludges collected from U.S. publicly owned 
treatment works (POTWs) during 1994 
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Median concentration Mean concentration 

Nondetect 
Maximum set to Nondetect Nondetect Nondetect 

Percent concentration detection set to set to set to 
Congener detected detected limit zero detection limita zeroa 

2,3,7,8-TCDD 40 12.3 1.95 0 2.72 (2.4) 1.71 (2.86) 
1,2,3,7,8-PeCDD 23 37.5 8.23 0 10.9 (7.8) 3.34 (7.43) 
1,2,3,4,7,8-HxCDD 34 45.6 5.25 0 11.1 (8.13) 6.03 (10.2) 
1,2,3,6,7,8-HxCDD 87 130 25.6 24.7 33.8 (27.6) 32.2 (28.8) 
1,2,3,7,8,9-HxCDD 64 88.8 12.3 9.48 20.2 (17.7) 17 (19.8) 
1,2,3,4,6,7,8-HpCDD 98 5,380 642 642 981 (977) 981 (977) 
OCDD 99 65,500 6,630 6,630 11,890 (12,540) 11,890 (12,540) 

2,3,7,8-TCDF 76 156 7.53 6.28 12.8 (19.6) 11.1 (20.2) 
1,2,3,7,8-PeCDF 21 60.3 7.91 0 10.7 (11.3) 3.53 (9.36) 
2,3,4,7,8-PeCDF 42 155 9.7 0 15.7 (19.8) 10.5 (21.6) 
1,2,3,4,7,8-HxCDF 48 170 11.5 0 20.4 (25.3) 14 (25.9) 
1,2,3,6,7,8-HxCDF 17 200 14 0 30.4 (53.6) 5.13 (21.9) 
1,2,3,7,8,9-HxCDF 4 115 7.53 0 11.1 (13.6) 1.56 (11.7) 
2,3,4,6,7,8-HxCDF 35 356 9.85 0 21.8 (40.4) 13.6 (41) 
1,2,3,4,6,7,8-HpCDF 64 1,460 91.7 31.8 223 (271) 97.5 (207) 
1,2,3,4,7,8,9-HpCDF 31 213 11.7 0 27.1 (34.8) 15 (33.4) 
OCDF 93 11,200 286 281 786 (1,503) 775 (1,506) 

Average I-TEQDF (facility basis)b 246 49.6 33.4 64.5 (50.1) 47.7 (44.7) 

Total 2,3,7,8-CDD/CDF 85,279.5 7,782.8 7,625.3 14,108.7 (15,573) 13,878.2 (15,484.2) 

Average TEQDF-WHO98 (facility basis)b 44.6 25.5 57.2 (44.4) 36.3 (38.6) 
aValue in parenthesis is the standard deviation. 
b For POTWs with multiple samples, the sample TEQ concentrations were averaged to POTW averages before calculation of the total TEQ mean and median 
values presented in the table.  A total of 74 POTW average concentrations were used in the calculations.  In addition, the following sample ID numbers were 
not included in the averaging because, according to Green et al. (1995), it was not possible to determine whether they were duplicate or multiple samples from 
other POTWs:  87, 88, 89, 90, 91, 97, 98, and 106. 

Sources:  Green et al. (1995); Cramer et al. (1995). 




 



 


 


 

Table 8-38. Concentrations of CDDs/CDFs (ng/kg dry matter) in sewage sludge from publicly owned treatment 
works in Mississippi 
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Facility 
2,3,7,8
TCDD 

2,3,7,8
TCDF 

1,2,3,7,8
PeCDD 

2,3,4,7,8
PeCDF 

Total 
HxCDD 

Total 
HpCDD OCDD OCDF 

Total 
I-TEQ 

Waynesboro 2.1 2.9 3.5 1.4 85 920 7,400 410 23.7 

Meridian ND (0.06) 2.1 6.4 2.8 10 100 7,400 410 27.6 

Pascagoula 2 3.6 5.3 3.5 170 970 4,300 170 26.4 

W. Biloxi 0.84 2.4 3.2 1.3 78 280 1,800 70 13.7 

Gulfport 1.9 9.1 9.5 3.4 200 1,100 7,700 310 30.9 

Laurel 0.17 0.3 0.37 0.25 22 160 2,700  21 4.83 

Brookhaven 2 2.5 11 2.5 130 1,400 9,300 230 36.7 

Natchez ND (0.58) 8.3 8.4 ND (1.5) 270 1,100 6,800 270 37.7 

Picayune 5.3 69 74 24 17,000 250,000 480,000 16,000 1,270 

Picayunea 4.1 66 60 17 16,000 210,000 420,000 17,000 1,240 

Waveland 1.6 2.6 5.1 1.9 130 580 3,500 150 31.7 

Corinth 0.3 1.8 0.97 0.93 42 230 3,300  36 7.4 

New Augusta ND (0.13) 0.17 0.15 0.094 21 140 1,400 8.8 2.67 

Beaumont 0.17 0.67 0.78 0.37 59 470 1,900 42 6.18 

Leaksville ND (0.051) 0.14 0.32 0.11 16 92 560 26 2.26 

McLain 0.076 0.17 0.11 0.031 39 140 2,600 0.74 3.55 

Hattiesburg S 1 1.1 9.1 2.2 170 1,3000 4,400 180 33 

Hattiesburg N ND (0.035) 1.7 4 2 310 3,600 27,000 980 70.4 

Average 1.7 9.7 11.2 3.8 1,930.7 26,904.6 55,114.4 2,017.5 159.4 ± 399 
aBlind double. 


ND = Not detected (value in parenthesis is the detection limit).  When calculating the average, NDs were not included.
 

Source:  Rappe et al. (1998).
 



 


 


Table 8-39. CDD/CDF median concentrations (ng/kg) measured in 1999 
from a publicly owned treatment works facility in Ohio 

Congener Nondetect set to zero 
Nondetect set to 
½ detection limit 

2,3,7,8-TCDD ND 0.0018 
1,2,3,7,8-PeCD ND 0.0082 
1,2,3,4,7,8-HxCDD 2.67 2.67 
1,2,3,6,7,8-HxCDD 21.33 21.33 
1,2,3,7,8,9-HxCDD 30.33 30.33 
1,2,3,4,6,7,8-HpCDD 298 298 
OCDD 2,963 2,963 

2,3,7,8-TCDF 26.67 26.67 
1,2,3,7,8-PeCDF 4.33 4.34 
2,3,4,7,8-PeCDF 10 10 
1,2,3,4,7,8-HxCDF 21 21 
1,2,3,6,7,8-HxCDF 5.33 5.33 
1,2,3,7,8,9-HxCDF ND 0.0033 
2,3,4,6,7,8-HxCDF 9 9 
1,2,3,4,6,7,8-HpCDF 171 171 
1,2,3,4,7,8,9-HpCDF ND 0.01 
OCDF 364.67 364.67 

Average total TEQDF-WHO98 21.87 21.88 
ND = Not detected 

Source:  U.S. EPA (2000b). 

In 2000 and 2001, AMSA conducted another survey of dioxin-like compounds in sewage 
sludge (Alvarado et al., 2001).  A total of 200 sewage sludge samples were collected from 171 
POTWs located in 31 states.  Assuming nondetects are zero, TEQ emission factors range from 
0.08 to 3,578.61 ng TEQDF-WHO98/kg.  The mean and median TEQ emission factors were 34.5 
and 11.79 ng TEQDF-WHO98/kg, respectively. 

EPA conducted another National Sewage Sludge Survey to characterize the dioxin and 
dioxin-like equivalence levels in biosolids produced by 6,857 POTWs operating in the United 
States in 2001 (U.S. EPA, 2002d). Samples were collected from 94 POTWs using secondary or 
higher treatment practices.  All facilities had been sampled previously as part of the 1988/1989 
National Sewage Sludge Survey.  The overall mean and median TEQDF-WHO98 concentrations 
were 75 and 15 ng/kg, respectively.  However, when the data were weighted using the daily 
influent wastewater flow rates (i.e., the number of facilities with wastewater flow rate 
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>100 Mg/day, >10 but #100 Mg/day, >1 but #10 Mg/day, and #1 Mg/day), the overall mean and 
median TEQDF-WHO98 concentrations were 21.7 and 15.5 ng/kg, respectively. These data are 
summarized in Table 8-40. 

Table 8-40. CDD/CDF mean concentrations (ng/kg) measured in the 2001 
National Sewage Sludge Survey 

Congener Nondetect set to zero 
Nondetect set to

 ½ detection limit 

2,3,7,8-TCDD 1.41 1.1 
1,2,3,7,8-PeCD 5.76 4.57 
1,2,3,4,7,8-HxCDD 11.8 7.49 
1,2,3,6,7,8-HxCDD 21.3 15.1 
1,2,3,7,8,9-HxCDD 3.6 2.22 
1,2,3,4,6,7,8-HpCDD 492 273 
OCDD 6,780 2,730 

2,3,7,8-TCDF 3.11 2.3 
1,2,3,7,8-PeCDF 2.61 1.5 
2,3,4,7,8-PeCDF 6.03 2.8 
1,2,3,4,7,8-HxCDF 1.37 1 
1,2,3,6,7,8-HxCDF 0.27 0 
1,2,3,7,8,9-HxCDF 5.21 2.6 
2,3,4,6,7,8-HxCDF 5.5 3.36 
1,2,3,4,6,7,8-HpCDF 9.13 2.8 
1,2,3,4,7,8,9-HpCDF 167 88.2 
OCDF 802 279 

Average total TEQDF-WHO98 21.7 15.5 

Source:  U.S. EPA (2002d). 

The CDD/CDF concentrations and congener group patterns observed in the U.S. surveys 
are similar to those reported for sewage sludges in several other Western countries.  Stuart et al. 
(1993) reported mean CDD/CDF concentrations of 23.3 ng I-TEQDF/kg (dry weight) for three 
sludges from rural areas, 42.3 ng I-TEQDF/kg for six sludges from light industry/domestic areas, 
and 52.8 ng I-TEQDF/kg for six sludges from industrial/domestic areas collected during 
1991–1992 in England and Wales.  Näf et al. (1990) reported concentrations ranging from 31 to 
40 ng I-TEQDF/kg (dry weight) in primary and digested sludges collected from the POTW in 
Stockholm, Sweden, during 1989.  Gobran et al. (1995) reported an average concentration of 
15.7 ng I-TEQDF/kg in anaerobically digested sludges from an industrial/domestic POTW in 
Ontario, Canada. In all three studies, the congener group concentrations increased with 
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Figure 8-6.  Congener profiles for sewage sludge (created from data in Table 
8-38). 

increasing degrees of chlorination, with OCDD the dominant congener.  Figure 8-6 presents 
congener profiles, using the mean concentrations reported by Green et al. (1995). 

Because the mean I-TEQDF concentration values reported in the 1988/1989 sewage sludge 
survey (U.S. EPA, 1996e) and the 1995 survey (Green et al., 1995; Cramer et al., 1995) were 
very similar, the estimated amounts of TEQs that may have been present in sewage sludge and 
released to the environment in 1987 and 1995 were assumed to be the same.  These values were 
estimated using the average (49 ng I-TEQDF/kg) of the mean I-TEQDF concentration values 
(nondetects equal to DLs) reported by U.S. EPA (1996e) (50 ng I-TEQDF/kg) and by Green et al. 
(1995) and Cramer et al. (1995) (36.3 ng TEQDF-WHO98/kg [47.7 ng I-TEQDF/kg]).  Therefore, 
the overall average mean emission factor for reference years 1987 and 1995 is 36.3 ng TEQDF 
WHO98/kg (48.9 ng I-TEQDF/kg).  The emission factor of 21.7 ng TEQDF-WHO98/kg, as 
calculated from the 2001 survey, appears to be the most reasonable TEQ emission factor estimate 
for reference year 2000 because this estimate is nationally weighted on the basis of wastewater 
flow rates of POTWs operating in the United States in 2001. 

8.4.1.3.2. Activity level information.   According to the results of its 1988/1989 National 
Sewage Sludge Survey, EPA estimated that approximately 5.4 million dry metric tons of sewage 
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sludge were generated in 1989 (Federal Register, 1993a).  EPA also used the results of the 1984 
to 1996 Clean Water Needs Surveys to estimate that 6.3 million dry metric tons of sewage sludge 
were generated in 1998.  Because estimates for reference years 1987 and 1995 are not available, 
the 1989 and 1998 activity level estimates were used for 1987 and 1995, respectively.  Tables 
8-41 and 8-42 list the volumes, by use and disposal practices, of sludge disposed of annually for 
reference years 1987 and 1995, respectively. 

U.S. EPA (1999b) estimated that 6.6 million dry metric tons of sewage sludge would be 
generated in 2000.  Table 8-43 lists the volumes, by use and disposal practices, of sludge 
disposed of annually for reference year 2000.  Similarly, the National Research Council (NRC) 
analyzed the amount of biosolids being applied to land in 2002 (NRC, 2002).  Citing 2001 data 
(unpublished) from the Wisconsin Department of National Resources, the NRC estimated that 
approximately 8,650 of the 16,000 POTWs operating in the United States generated sewage 
sludge requiring use or disposal.  Using data from 37 states, the investigators estimated that 
5,900 of these sewage sludge generators either land applied or publicly distributed more than 3.4 
million dry tons of biosolids annually.  The volume of biosolids, by use and disposal practices, is 
presented in Table 8-44. The volume of biosolids and their distribution among the various 
categories estimated by the NRC are very close to those estimated by EPA. 

8.4.1.3.3. Emission estimates.  Annual potential releases of CDDs/CDFs were determined by 
multiplying the mean total TEQ concentrations by the sludge volumes generated.  The mean total 
TEQ concentrations in sewage sludges for reference years 1987, 1995, and 2000 are reported in 
Tables 8-41, 8-42, and 8-43, respectively.  For 1987, the total annual potential release from 
nonincinerated sludges was 151 g TEQDF-WHO98. Of this amount, 2.6 g TEQDF-WHO98 (3.5 g I
TEQDF) entered commerce as a product for distribution and marketing and 76.6 g TEQDF-WHO98 

(103 g I-TEQDF) was applied to land. The remaining 71.8 g TEQDF-WHO98 did not result in an 
environmental release because it was sent to RCRA Subtitle D landfills or disposal sites.  For 
1995, the total annual potential release from nonincinerated sludges was 178 g TEQDF-WHO98. 
Of this amount, 3 g TEQDF-WHO98 (4 g I-TEQDF) entered commerce as a product for distribution 
and marketing and 116.1 g TEQDF-WHO98 (156.5 g I-TEQDF) was applied to land. The remaining 
58.9 g TEQDF-WHO98 did not result in an environmental release because it was sent to RCRA 
Subtitle D landfills or disposal sites. For 2000, the total annual release of nonincinerated sludges 
was 111 g TEQDF-WHO98. Of this amount, 1.9 g TEQDF-WHO98 (1.9 g I-TEQDF) entered 
commerce as a product for distribution and marketing and 78.2 g TEQDF-WHO98 (78.2 g I
TEQDF) was applied to land. The remaining 30.9 g TEQDF-WHO98 did not result in an 
environmental release because it was sent to RCRA Subtitle D landfills or disposal sites. 
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Table 8-41. Quantity of sewage sludge disposed of and potential dioxin TEQ 
releases from primary, secondary, and advanced treatment publicly owned 
treatment works for reference year 1987 

Use/disposal practice 

Volume 
disposed of 
(1,000 dry 

metric 
tons/yr) 

Percent of 
total volume 

Potential dioxin releasea 

(g TEQ/yr) 

I-TEQDF 

TEQDF 
WHO98 

Land application 1,714  32b 84 62.2 

Distribution and marketing 71 1.3 3.5 2.6 

Surface disposal site/other 396 7.4 19.4 14.4 

Sewage sludge landfill 157 2.9 7.7 5.7 

Co-disposal landfillsc 1,819 33.9 89.1 66 

Sludge incinerators and 
co-incineratorsd 

865 16.1 e e 

Ocean disposal (336)f (6.3)f f f 

TOTAL 5,358 100 203.7  150.9 
aPotential dioxin TEQ release for nonincinerated sludges was estimated by multiplying the sludge volume generated 
(second column) by the average of the mean I-TEQDF concentrations in sludge reported by Rubin and White (1992) 
(i.e., 50 ng/kg dry weight) and Green et al. (1995) and Cramer et al. (1995) (47.7 ng/kg).  The calculations of 
TEQDF-WHO98 used the mean concentration of 36.3 ng TEQDF-WHO98/kg for the results reported by Green et al. 
(1995) and Cramer et al. (1995). 

bIncludes 21.9% applied to agricultural land, 2.8% applied as compost, 0.6% applied to forestry land, 3.1% applied 
to “public contact” land, 1.2% applied to reclamation sites, and 2.4% applied in undefined settings.  

cLandfills used for disposal of sewage sludge and solid waste residuals. 
dCo-incinerators treat sewage sludge in combination with other combustible waste materials. 
eSee Section 3.5 for estimates of CDD/CDF releases to air from sewage sludge incinerators. 
fThe Ocean Dumping Ban Act of 1988 generally prohibited the dumping of sewage sludge into the ocean after 
December 31, 1991.  Ocean dumping of sewage sludge ended in June 1992 (Federal Register, 1993a).  The current 
method of disposal of the 336,000 metric tons of sewage sludge that were disposed of in the oceans in 1988 has not 
been determined. 

These release estimates are assigned a high confidence rating for both the production and 
the emission factor estimates. The high rating is based on the judgment that the 174 facilities 
tested as part of the 1988/1989 National Sewage Sludge Survey (U.S. EPA, 1996e), the 74 
facilities tested as part of the 1994/1995 AMSA Survey (Green et al., 1995 and Cramer et al., 
1995), and the 94 facilities tested as part of the 2001 National Sewage Sludge Survey (U.S. EPA, 
2002d) were reasonably representative of the variability in POTW technologies and sewage 
characteristics nationwide. 
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Table 8-42. Quantity of sewage sludge disposed of and potential dioxin TEQ 
releases from primary, secondary, and advanced treatment publicly owned 
treatment works for reference year 1995 

Use/disposal practice 

Volume disposed 
of (1,000 dry 

metric tons/yr) 
Percent of 

total volume 

Potential dioxin releasea 

(g TEQ/yr) 

I-TEQDF 

TEQDF 
WHO98 

Land applicationb 2,500 40 122.3 90.7 

Advanced treatmentc 700 11 34.2 25.4 

Other beneficial used 500 8 24.5 18.2 

Surface disposal/landfill 1,100 17 53.8 39.9 

Incineration 1,400 22 e e 

Other disposal method 100 2 4.9 3.6 

TOTAL 6,300 100 239.7 177.8 
aPotential dioxin TEQ release for nonincinerated sludges was estimated by multiplying the sludge volume generated
 
(second column) by the average of the mean I-TEQDF concentrations in sludge reported by Rubin and White (1992)
 
(50 ng/kg dry weight) and Green et al. (1995) and Cramer et al. (1995) (47.7 ng/kg).  The calculations of TEQDF 

WHO98 used the mean concentration of 36.3 ng TEQDF-WHO98/kg for the results reported by Green et al. (1995)
 
and Cramer et al. (1995).
 

bWithout further processing or stabilization, such as composting.
 
cSuch as composting.
 
dEPA assumes that this category includes distribution and marketing (i.e., sale or give-away of sludge for use in
 
home gardens).  Based on the 1988 National Sewage Sludge Survey and 1988 Needs Survey, approximately 1.3%
 
of the total volume of sewage disposed is distributed and marketed (Federal Register, 1993a).  Therefore, it is
 
estimated that 3 g TEQDF-WHO98 (4 g I-TEQDF) were released through distribution and marketing in 1995.
 

eSee Section 3.5 for estimates of CDD/CDF releases to air from sewage sludge incinerators. 

Sources:  Federal Register (1990, 1993a). 

8.4.2. Drinking Water Treatment Plants 

There is no strong evidence that chlorination of water for drinking purposes results in the 
formation of CDDs/CDFs.  Few surveys of CDD/CDF content in finished drinking water have 
been conducted. Those that have been published have only rarely reported the presence of any 
CDDs/CDFs, even at low picogram per liter DLs, and in those cases, CDDs/CDFs were also 
present in the untreated water. 

Rappe et al. (1989b) reported the formation of tetra- through octa-CDFs when tap water 
and double-distilled water were chlorinated using chlorine gas.  The CDF levels found in the 
single samples of tap water and double-distilled water were 35 and 7 pg I-TEQDF/L, respectively. 
No CDDs were detected at DLs ranging from 1 to 5 pg/L.  However, the water samples were 
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Table 8-43. Quantity of sewage sludge disposed of and potential dioxin TEQ 
releases from primary, secondary, and advanced treatment publicly owned 
treatment works for reference year 2000 

Use/disposal practice 

Volume disposed of 
(1,000 dry metric 

tons/yr) 
Percent of 

total volume 

Potential dioxin releasea 

(g TEQ/yr) 

TEQDF-WHO98 

Land applicationb 2,800 42 60.80 

Advanced treatmentc 800 12 17.40 

Other beneficial used 500 8 10.90 

Surface disposal/landfill 900 14 19.50 

Incineration 1,500 23 e 

Other disposal method 100 2 2.17 

TOTAL 6,600 100 111.00 
aPotential dioxin TEQ release for nonincinerated sludges was estimated by multiplying the sludge volume generated 
(second column) by the average of the mean TEQDF-WHO98 concentrations in sludge reported in U.S. EPA (2002d). 

bWithout further processing or stabilization, such as composting. 
cSuch as composting. 
dEPA assumes that this category includes distribution and marketing (sale or give-away of sludge for use in home 
gardens).  Based on the 1988 National Sewage Sludge Survey and 1988 Needs Survey, approximately 1.3% of the 
total volume of sewage disposed is distributed and marketed (Federal Register, 1993a).  Therefore, it is estimated 
that 1.9 g TEQDF-WHO98 were released through distribution and marketing in 2000. 

eSee Section 3.5 for estimates of CDD/CDF releases to air from sewage sludge incinerators. 

Table 8-44.  Biosolids disposal practices for reference year 2000 

Use/disposal practice 
Volume disposed of (1,000 dry 

metric tons/yr) 
Percent of 

total volume 

Land application 3,100 61 

Surface disposal/landfill 940 18 

Incineration 1,000 20 

Other 64 1 

TOTAL 5,104 100 
Source:  NRC (2002). 

chlorinated at a dosage rate of 300 mg/L, which is considerably higher (by one to two orders of 
magnitude) than the range of dosage rates typically used to disinfect drinking water.  The authors 
hypothesized that the CDFs or their precursors were present in chlorine gas. 
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Rappe et al. (1990c) analyzed a 1,500-L sample of drinking water from a municipal 
drinking water treatment plant in Sweden.  Although the untreated water was not analyzed, a 
sludge sample from the same facility was analyzed.  The large sample volume enabled DLs on 
the order of 0.001 pg/L.  The TEQ contents of the water and the sludge were 0.0029 pg I 
TEQDF/L and 1.4 ng/kg, respectively.  The congener patterns of the drinking water and sludge 
sample were very similar, suggesting that the CDDs/CDFs detected in the finished water were 
present in the untreated water. 

8.4.3. Soaps and Detergents 

As discussed in Section 8.4.1, CDDs/CDFs were detected in nearly all sewage sludges 
tested, whether the sludges were obtained from industrialized areas or from rural areas.  Because 
of the ubiquitous presence of CDDs/CDFs in sewage sludge, several studies have been conducted 
to determine their source(s). A logical category of products to test, because of their widespread 
use, is detergents, particularly those that contain or release chlorine during use (i.e., hypochlorite
containing and dichloroisocyanuric acid-containing detergents).  The results of studies conducted 
to date, summarized below, indicate that CDDs/CDFs are not formed during use of chlorine-free 
detergents, chlorine-containing or chlorine-releasing detergents, or chlorine bleach during 
household bleaching operations. 

Sweden’s Office of Nature Conservancy (1991) reported that the results of a preliminary 
study conducted at one household indicated that CDDs/CDFs may be formed during use of 
dichloroisocyanurate-containing dishwasher detergents.  A more extensive main study with 
multiple runs was then conducted using standardized food, dishes, cutlery, and other household 
items. Testing of laundry washing and fabric bleaching and actual testing of the CDD/CDF 
content of detergents was also performed.  The study examined (1) hypochlorite- and 
dichloroisocyanurate-containing dishwasher detergents, (2) sodium hypochlorite-based bleach 
(4.4% NaOCl) in various combinations with and without laundry detergent, and (3) sodium 
hypochlorite-based bleach, used at a high enough concentration to effect bleaching of a pair of 
imported blue jeans. 

CDDs/CDFs were not detected in either the chlorine-free detergent or the detergent with 
hypochlorite; 0.6 pg TEQ/g were detected in the detergent containing dichloroisocyanurate.  The 
results of all dishwasher and laundry washing machine tests showed very low levels of 
CDDs/CDFs, often nondetected values.  There was no significant difference between the controls 
and the test samples; in fact, the control samples had a higher TEQ content than did some of the 
test samples.  The drainwater from the dishwasher tests contained <1 to <3 pg I-TEQDF/L (the 
water-only control sample contained <2.8 pg I-TEQDF/L).  The CDD/CDF content of the laundry 
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drainwater samples ranged from <1.1 to <4.6 pg I-TEQDF/L (the water-only control sample 
contained <4.4 pg I-TEQDF/L). 

Thus, under the study’s test conditions, CDDs/CDFs were not formed during dishwashing 
or laundry washing or during bleaching with hypochlorite-containing bleach.  No definitive 
reason could be found for the difference in results between the preliminary study and the main 
study for dishwashing with dichloroisocyanurate-containing detergents.  The authors of the study 
suggested that differences in the foods used and the prewashing procedures employed in the two 
studies were the likely causes of the variation in the results. 

Rappe et al. (1990b) analyzed a sample of a Swedish commercial soft soap, a sample of 
tall oil, and a sample of tall resin for CDD/CDF content.  Tall oil and tall resin, by-products of 
the pulping industry, are the starting materials for the production of soft liquid soap.  Crude tall 
oil, collected after the Kraft pulping process, is distilled under reduced pressure at temperatures 
of up to 280 to 290°C, yielding tall oil and tall resin.  The measured TEQ content of the liquid 
soap was found to be 0.647 ng TEQDF-WHO98/L (0.447 ng I-TEQDF/L).  PeCDDs were the 
dominant congener group, followed by HpCDDs, HxCDDs, PeCDFs, and OCDD, with some 
tetra-CDFs and CDDs also present.  The TEQ contents of the tall oil (12 ng TEQDF-WHO98/kg 
[9.4 ng I-TEQDF/kg]) and tall resin (196 ng TEQDF-WHO98/kg [200 ng I-TEFDF/kg]) were 
significantly higher than the level found in the liquid soap.  The tall oil contained primarily tetra-
and penta-CDDs and CDFs, whereas the tall resin contained primarily HpCDDs, HxCDDs, and 
OCDD.  The investigators compared the congener patterns of the three samples and noted that 
although the absolute values for the tetra- and penta-CDDs and CDFs differed among the tall oil, 
tall resin, and liquid soap samples, the same congeners were present.  The congener patterns for 
the higher-chlorinated congeners were very similar.  Table 8-45 presents the results of the study. 

In 1987, 118 million L of liquid household soaps were shipped in the United States (U.S. 
DOC, 1990b); shipment quantity data are not available in the 1992 U.S. Economic Census (U.S. 
DOC, 1996). Because only one sample of liquid soap has been analyzed for CDD/CDF content 
(Rappe et al., 1990b), no estimate of environmental release can be made. 

8.4.4. Textile Manufacturing and Dry Cleaning 

As discussed in Section 8.4.1, CDDs/CDFs have been detected in almost all sewage 
sludges tested, whether they were obtained from industrialized areas or rural areas.  To determine 
whether textile fabric or fabric finishing processes could account for the observed CDDs/CDFs, 
several studies were conducted in Germany.  These studies, summarized in the following 
paragraphs, indicate that some finished textile products do contain detectable levels of 
CDDs/CDFs and that they can be released from the textile during laundering or dry cleaning; 
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Table 8-45. CDD/CDF concentrations in Swedish liquid soap, tall oil, and 
tall resin 

Congener/congener group 
Liquid soap 

(ng/L) 
Tall oil 
(ng/kg) 

Tall resin 
(ng/kg) 

2,3,7,8-TCDD ND (0.009) 3.6 ND (1) 
1,2,3,7,8-PeCDD 0.4 5.3 3.1 
1,2,3,4,7,8-HxCDD ND (0.02) ND (2) ND (4) 
1,2,3,6,7,8-HxCDD 0.32 ND (2) 810 
1,2,3,7,8,9-HxCDD 0.18 ND (2) 500 
1,2,3,4,6,7,8-HpCDD 1.9 ND (1) 5,900 
OCDD 1 5.3 6,000 

2,3,7,8-TCDF 
1,2,3,4,8-/1,2,3,7,8-PeCDF 
2,3,4,7,8-PeCDF 
1,2,3,4,7,8/9-HxCDF 
1,2,3,6,7,8-HxCDF 
1,2,3,7,8,9-HxCDF 
2,3,4,6,7,8-HxCDF 
1,2,3,4,6,7,8-HpCDF 
1,2,3,4,7,8,9-HpCDF 
OCDF 

0.62 
0.29 
0.2 
0.013 

ND (0.004) 
ND (0.004) 
ND (0.004) 
ND (0.005) 
ND (0.01) 

NA 

17 
4.2 
1.9 
1.4 
0.7 

ND (0.7) 
ND (0.5) 
ND (0.8) 
ND (2) 

NA 

ND (2) 
ND (0.4) 
ND (0.5) 

24 
-

ND (1) 
ND (0.7) 

10 
9.0 

NA 

Total 2,3,7,8-CDDa 3.8 14.2 13,213.1 
Total 2,3,7,8-CDFa 1.123 25.2 43 
Total I-TEQDF 

a 0.447 9.4 200 
Total TEQDF-WHO98 

a 0.647 12 196 

Total TCDD 
Total PeCDD 
Total HxCDD 
Total HpCDD 
Total OCDD 
Total TCDF 
Total PeCDF 
Total HxCDF 
Total HpCDF 
Total OCDF 

0.12 
15 
3.4 
3.6 
1 
1 
1.3 
0.15 

ND (0.01) 
NA 

31 
380 

3.3 
ND (1) 

5.3 
26 
41 
4.9 

ND (2) 
NA 

ND (1) 
25 

6,800 
11,000 
6,000 

ND (2) 
ND (0.5) 

56 
19 

NA 

Total CDD/CDFa 25.57 491.5 23,900 
aCalculations assume nondetect values were zero. 

NA = Not analyzed 
ND = Not detected (value in parenthesis is the detection limit) 
-- = No information given 

Source:  Rappe et al. (1990b). 
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however, textile finishing processes are typically not sources of CDD/CDF formation.  Rather, 
the use of CDD/CDF-containing dyes and pigments and the use in some countries of PCP to treat 
unfinished cotton appear to be the sources of the detected CDDs/CDFs. 

Horstmann et al. (1993b) analyzed the CDD/CDF content of eight different raw 
(unfinished) cotton cloths containing fiber from different countries and five different white 
synthetic materials (acetate, viscose, bleached polyester, polyamide, and polyacrylic).  The 
maximum concentrations found in the textile fabrics were 30 ng/kg in the cotton products and 45 
ng/kg in the synthetic materials.  Also, a cotton finishing scheme was developed that subjected 
one of the cotton materials to a series of 16 typical cotton finishing processes; one sample was 
analyzed following each step.  The fabric finishing processes showing the greatest effect on 
CDD/CDF concentration were the application of an indanthrene dye and the “wash and wear” 
finishing process, which together resulted in a CDD/CDF concentration of about 100 ng/kg.  On 
the basis of the concentrations found, the authors concluded that neither unfinished new fabrics 
nor common cotton finishing processes could explain the CDD/CDF levels found in laundry 
wastewater. 

Fuchs et al. (1990) reported that the dry-cleaning solvent redistillation residues collected 
from 12 commercial and industrial dry-cleaning operations contained considerable amounts of 
CDDs/CDFs.  The reported I-TEQDF content ranged from 131 to 2,834 ng/kg, with the dominant 
congeners being OCDD and HpCDD.  Towara et al. (1992) demonstrated that neither the use of 
chlorine-free solvents nor variation of the dry-cleaning process parameters lowered the 
CDD/CDF content of the residues. 

Umlauf et al. (1993) conducted a study to characterize the mass balance of CDDs/CDFs 
in the dry-cleaning process.  The soiled clothes (containing 16 pg total CDDs/CDFs per kg) 
accounted for 99.996% of the CDD/CDF input.  Input of CDDs/CDFs from indoor air containing 
0.194 pg/m3 accounted for the remainder (0.004%).  The dry-cleaning process removed 82.435% 
of the CDDs/CDFs in the soiled clothing.  Most of the input CDDs/CDFs (82.264%) were found 
in the solvent distillation residues.  Air emissions (at 0.041 pg/m3) accounted for 0.0008% of the 
total input, which was less than the input from indoor air.  The fluff (at a concentration of 
36 ng/kg) accounted for 0.1697%, and water effluent (at a concentration of 0.07 pg/L) accounted 
for 0.0000054%. 

Horstmann and McLachlan (1994a, b, 1995) analyzed 35 new textile samples (primarily 
cotton products) obtained in Germany for CDDs/CDFs.  Low levels were found in most cases 
(total CDD/CDF <50 ng/kg).  The dominant congeners were OCDD and HpCDD.  However, 
several colored T-shirts from a number of clothing producers had extremely high levels, with 
concentrations up to 290,000 ng/kg.  Because the concentrations in identical T-shirts purchased 
at the same store varied by up to a factor of 20, the authors concluded that the source of 
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CDDs/CDFs was not a textile finishing process, because a process source would have resulted in 
a more consistent level of contamination.  Klasmeier and McLachlan (1995) subsequently 
analyzed 68 new textile products obtained in Germany for OCDD and OCDF.  Most samples had 
nondetectable levels (42 samples <60 ng/kg).  Only four samples had levels exceeding 500 ng/kg. 

Horstmann and McLachlan (1994a, b) reported finding two different congener group 
patterns in the more contaminated of the 35 textile products.  One pattern agreed with the 
congener pattern for PCP reported by Hagenmaier and Brunner (1987), whereas the other pattern 
was similar to that reported by Remmers et al. (1992) for chloranil-based dyes.  The authors 
hypothesized that the use of PCP to preserve cotton, particularly when it is randomly strewn on 
bales of cotton as a preservative during sea transport, was the likely source of the high levels 
occasionally observed.  Although the use of PCP for nonwood uses was prohibited in the United 
States in 1987 (see Section 8.3.8), PCP is still used in developing countries, especially to 
preserve cotton during sea transport (Horstmann and McLachlan, 1994a). 

Horstmann and McLachlan (1994a, b) conducted additional experiments that 
demonstrated that the small percentage of clothing items with high CDD/CDF levels could be 
responsible for the quantity of CDDs/CDFs observed in household wastewater (see Section 
8.4.1.1). 
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9. INDICATIONS OF POSSIBLE NATURAL SOURCES OF CDDs/CDFs 

Numerous laboratory and field research studies have demonstrated that biochemical and 
photolytic formation of CDDs/CDFs from chlorophenol precursors is possible.  In addition, 
under certain conditions, some CDDs/CDFs can be biodegraded to form less chlorinated (and 
possibly more toxic) CDDs/CDFs.  Both of these mechanisms are discussed in this chapter; 
however, the extent to which CDDs/CDFs are formed by either mechanism in the environment is 
not known at present. The potential for releases of CDDs/CDFs from the application of animal 
manure to farmland and the mining and use of ball clay is also discussed. 

9.1. BIOLOGICAL SOURCES OF CDDs/CDFs 

9.1.1. Biotransformation of Chlorophenols 

Biochemical formation of CDDs/CDFs—particularly the higher-chlorinated congeners— 
from chlorophenol precursors is possible, as indicated in laboratory studies with solutions of 
trichlorophenols and pentachlorophenol (PCP) in the presence of peroxidase enzymes and 
hydrogen peroxide (Svenson et al., 1989; Oberg et al., 1990; Wagner et al., 1990; Oberg and 
Rappe, 1992; Morimoto and Kenji, 1995) and with sewage sludge spiked with PCP (Oberg et al., 
1992). However, the extent to which CDDs/CDFs are formed in the environment via this 
mechanism cannot be estimated at this time. 

In 1991, Lahl et al. (1991) reported finding CDDs/CDFs in all 22 samples of the various 
types of composts analyzed.  The hepta- and octa-substituted CDDs/CDFs were typically the 
dominant congener groups found.  The I-TEQDF content of the composts ranged from 0.8 to 35.7 
ng I-TEQDF/kg.  The CDDs/CDFs found in compost may primarily result from atmospheric 
deposition onto plants that are subsequently composted, but they may also be caused by uptake of 
CDDs/CDFs from air by the active compost (Krauss et al., 1994).  CDDs/CDFs are also 
frequently detected in sewage sludges, and they may come primarily from the sources identified 
in Section 8.4.1. 

Peroxidases are common enzymes in nature.  For example, the initial degradation of the 
lignin polymer by white- and brown-rot fungi is peroxidase catalyzed (Wagner et al., 1990).  The 
conversion efficiency of chlorinated phenols to CDDs/CDFs that has been observed is low.  In 
the solution studies, Oberg and Rappe (1992) and Morimoto and Kenji (1995) reported 
conversion efficiencies of PCP to OCDD of about 0.01% and 0.8%, respectively, and Wagner et 
al. (1990) reported a conversion efficiency of trichlorophenol to HpCDD of about 0.001%. 
Oberg et al. (1990) reported a conversion efficiency of trichlorophenols to CDDs/CDFs of about 
0.001%. In their sewage sludge study, Oberg et al. (1992) reported a conversion efficiency of 
PCP to total CDDs of 0.0002 to 0.0004%. 
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Several researchers have conducted both laboratory and field studies in an attempt to 
better understand the extent of, and factors affecting, the fate or formation of CDDs/CDFs in 
composts and sewage sludges.  The findings of several of these studies are discussed in the 
following paragraphs.  These findings are not always consistent because the congener profiles 
and patterns detected—and the extent of CDD/CDF formation, if any—may vary with compost 
materials studied, differences in experimental or field composting design, and duration of the 
studies. 

Harrad et al. (1991) analyzed finished composts and active compost windrows from a 
municipally operated yard waste composting facility in Long Island, NY.  Concentrations 
measured in 12 finished composts ranged from 14 to 41 ng I-TEQDF/kg (mean, 3 ng I-TEQDF/kg). 
The concentrations in the five active compost samples (1 to 30 days in age) ranged from 7.7 to 54 
ng I-TEQDF/kg (mean, 21 ng I-TEQDF/kg).  The authors observed that CDD/CDF concentrations 
measured in two soil samples from the immediate vicinity of the composting facility were 
significantly lower (1 and 1.3 ng I-TEQDF/kg) than the levels found in the composts, suggesting 
that the source(s) of CDDs/CDFs in the composts was different from the source(s) affecting local 
soils. 

Harrad et al. (1991) also noted a strong similarity between the congener profiles observed 
in the composts and the congener profile of a PCP formulation (i.e., predominance of 1,2,4,6,8,9
HxCDF and 1,2,3,4,6,8,9-HpCDF in their respective congener groups), which seemed to indicate 
that leaching of CDDs/CDFs from PCP-treated wood in the compost piles was the likely source 
of the observed CDDs/CDFs.  The levels of PCP in the 12 finished composts ranged from 7 to 
190 µg/kg (mean, 33 µg/kg), and the PCP levels in the active compost samples ranged from 17 to 
210 µg/kg (mean, 68 µg/kg).  The PCP level in both soil samples was 1.5 µg/kg. 

Goldfarb et al. (1992) and Malloy et al. (1993) reported the results of testing composts at 
three municipal yard waste composting facilities (5 to 91 ng I-TEQDF/kg; mean, 30 ng I 
TEQDF/kg), two municipal solid waste composting facilities (19 to 96 ng I-TEQDF/kg; mean, 48 
ng I-TEQDF/kg), and one municipal facility composting solid waste and dewatered sewage sludge 
(37 to 87 ng I-TEQDF/kg; mean, 56 ng I-TEQDF/kg).  All facilities were located in the United 
States. Two general trends were observed for the three types of composts:  a progressive increase 
in analyte levels, with an increasing degree of chlorination for each compound type (CDDs, 
CDFs, chlorophenols, and chlorobenzenes), and a progressive increase in concentration of each 
congener or homologue group from yard waste to solid waste to solid waste/sewage sludge 
composts. As noted above, the mean TEQ concentrations showed this same trend, which was 
primarily due to increasing levels of 1,2,3,4,6,7,8-HpCDD and OCDD.  The mean PCP 
concentrations in the three compost types were 20 µg/kg (yard waste), 215 µg/kg (solid waste), 
and 615 µg/kg (solid waste/sewage sludge).  
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Comparison of congener profiles by the authors indicated that the CDD/CDF residue in 
PCP-treated wood in the compost feedstock was a major but not exclusive contributor of the 
observed CDDs/CDFs.  The authors postulated that biological formation of HxCDDs, HpCDDs, 
and OCDD from chlorophenols (tri, tetra, and penta) in the compost could be responsible for the 
elevated levels of these congener groups relative to their presence in PCP. 

Oberg et al. (1993) measured the extent of CDD/CDF formation in three conventional 
garden composts; two were spiked with PCP and one was spiked with hexachlorobenzene.  One 
PCP-spiked compost was monitored for 55 days and the other for 286 days.  A significant 
increase in the concentrations of the more highly chlorinated congeners, particularly the 
HpCDDs, OCDD, and, to a lesser extent, OCDF, were observed.  Similar results were reported 
for the hexachlorobenzene-spiked compost, which was monitored for 49 days.  Oberg et al. stated 
that for a “typical” composting event, a two- to threefold increase in TEQ content corresponded 
with an elevation of 0.2 to 0.5 ng I-TEQDF/kg dry weight. 

Weber et al. (1995) subjected sewage sludges from two German communities to 
anaerobic digestion in laboratory reactors for 60 days.  The two sludges were spiked with 2,3,5
trichlorophenol (10 to 25 mg/kg), a mixture of 2,3,5-trichlorophenol and dichlorophenols (2.5 to 
25 mg/kg), or a mixture of di-, tri-, and tetrachlorobenzenes (4 to 40 mg/kg).  The initial 
CDD/CDF concentrations in the two sludges were 9 and 20 ng I-TEQDF/kg.  In nearly all of the 
digestion experiments, the addition of the precursors did not lead to any significant changes in 
concentrations. The only exceptions were increased 2,3,7,8-TCDF concentrations in the mixed 
chlorophenol experiments and decreased 2,3,7,8-TCDF concentrations in the mixed 
chlorobenzene experiments.  However, the same increases or decreases for this congener were 
also observed in the controls (i.e., no precursors added). 

Researchers at the U.S. Department of Agriculture (USDA) (Fries et al., 1997) reported 
that dairy cows that were fed PCP-treated wood excreted amounts of OCDD almost four times 
greater than the amounts ingested.  Feil and Tiernan (1997) reported that rats fed technical PCP 
had liver concentrations of HxCDD, HpCDD, HpCDF, OCDD, and OCDF two to three orders of 
magnitude higher than those of rats fed purified PCP.  These results suggest the in vivo 
formation of CDDs/CDFs from pre-dioxins (i.e., chlorinated phenoxy phenols present as 
contaminants in the PCP). A follow-up USDA study (Huwe et al., 1998) investigated the 
metabolic conversion of a pre-dioxin (monochloro-2-phenoxyphenol) to OCDD in a feeding 
study with rats.  The results of the study demonstrated the formation of OCDD from the pre-
dioxin, although the conversion was estimated to be less than 2%.  Interestingly, the study noted 
that the presence of added OCDD in the feed material increased the percentage of pre-dioxin 
conversion. 
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Wittsiepe et al. (1998) demonstrated that CDDs/CDFs can be formed through reaction of 
chlorophenols with myeloperoxidase (a component of neutrophile granulocytes, a subgroup of 
human leucocytes).  The CDDs/CDFs formed showed different homologue patterns and 
formation rates depending on the degree of chlorination of the chlorophenol substrate.  The 
formation rates ranged from 1 to 16 µmol of CDD/CDF per mol of chlorophenol substrate. 

9.1.2. Biotransformation of Higher CDDs/CDFs 

Results of several studies that examined the fate of a range of CDD/CDF congeners in 
pure cultures, sediments, and sludges indicate that under certain conditions some CDD/CDF 
congeners will undergo biodegradation to form lower-chlorinated (and possibly more toxic) 
CDDs/CDFs.  However, the extent to which more toxic CDDs/CDFs are formed in the 
environment via this mechanism cannot be estimated at this time. 

Several reports indicate that CDDs and CDFs may undergo microbial dechlorination in 
anaerobic sediments. Adriaens and Grbic-Galic (1992, 1993) and Adriaens et al. (1995) reported 
the results of a series of microcosm studies using Hudson River sediment (contaminated with 
Aroclor 1242) and aquifer material (contaminated with CDDs) from Pensacola, FL.  Both types 
of substrates were spiked with several CDDs (1,2,3,4,6,7,8-HpCDD; 1,2,3,4,7,8-HxCDD; and 
1,2,4,6,8,9-/1,2,4,6,7,9-HxCDD) and CDFs (1,2,3,4,6,7,8-HpCDF and 1,2,4,6,8-PeCDF) and 
monitored over a 16-month period at an incubation temperature of 30°C.  The Hudson River 
sediment was spiked with 144 µg/kg of each congener, and the Pensacola aquifer material was 
spiked with 63 µg/kg of each congener. 

All of the congeners, with the exception of 1,2,3,4,6,7,8-HpCDF, showed a slow decrease 
in concentration over time, which was attributed to biologically mediated reductive 
dechlorination, with net disappearance rates ranging from 0.0031 wk-1 to 0.0175 wk-1 (i.e., half-
lives of approximately 1 to 4 yr).  However, Adriaens et al. concluded that actual half-lives may 
be orders of magnitude higher.  The experiment with 1,2,3,4,6,7,8-HpCDD yielded formation of 
1,2,3,4,7,8-HxCDD and 1,2,3,6,7,8-HxCDD.  Thus, removal of the peri-substituted (1,4,6,9) 
chlorines was favored, with enrichment of 2,3,7,8-substituted congeners.  No lower-chlorinated 
congeners were identified from incubation with the other tested congeners.  1,2,4,6,8-PeCDF was 
also examined in dichlorophenol-enriched cultures.  After 6 months of incubation, several 
TCDFs were identified, which also indicated that peri-dechlorination was the preferred route of 
reduction. 

Barkovskii and Adriaens (1995, 1996) reported that 2,3,7,8-TCDD extracted from Passaic 
River sediments was susceptible to reductive dechlorination when incubated at 30°C under 
methanogenic conditions in a mixture of aliphatic and organic acids inoculated with 
microorganisms obtained from the sediments.  The initial concentration of 2,3,7,8-TCDD (20 ± 4 
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µg/L) decreased by 30% to 14 ± 2 µg/L over a period of 7 months, with the consecutive 
appearance and disappearance of tri-, di-, and mono-CDDs.  Experiments were also conducted by 
spiking the sediment with HxCDDs, HpCDDs, and OCDD.  Up to 10% of the spiked OCDD was 
converted to hepta-, hexa-, penta-, tetra-, tri-, di-, and mono-chlorinated isomers, but the reaction 
stoichiometry was not determined.  Two distinct pathways of dechlorination were observed:  the 
peri-dechlorination pathway of 2,3,7,8-substituted hepta- to penta-CDDs, resulting in the 
production of 2,3,7,8-TCDD, and the peri-lateral dechlorination pathway of non-2,3,7,8
substituted congeners. 

Several studies have reported that CDDs/CDFs can be formed during composting 
operations through biological action on chlorophenols present in the compost feed material.  The 
results of studies that specify likely involvement of chlorophenols are described in Section 9.1.  
Another possible formation mechanism was suggested by Vikelsoe et al. (1994), who reported 
that higher-chlorinated CDD/CDF congeners are formed when humic acid is reacted with a 
peroxidase enzyme, hydrogen peroxide, and sodium chloride.  It is expected that some organic 
material in compost and sewage sludge has a humic-like structure.  Several additional studies are 
described below in which the potential involvement of chlorophenols could not be assessed 
because chlorophenol concentrations in the composts were not reported. 

Schäfer et al. (1993) monitored the seasonal changes in the CDD/CDF content, as well as 
the extent of CDD/CDF formation, in composts from a vegetable and garden waste composting 
operation in Germany.  Finished compost samples were collected and analyzed every 2 months 
for 1 yr.  An annual cycle was observed in TEQ concentrations, with peak concentrations in the 
summer (approximately 8.5 ng I-TEQDF/kg) being 2.5 times higher than the lowest concentrations 
observed in the winter (approximately 3.5 ng I-TEQDF/kg).  No seasonal source was apparent that 
could explain the observed differences in seasonal levels.  

The CDD/CDF content of the starting waste materials for two compost cycles (March and 
September) was measured to monitor the extent of CDD/CDF formation during composting.  For 
the March cycle sample, most 2,3,7,8-substituted CDD/CDF congeners decreased in 
concentration during composting.  Four CDF congeners showed a slight increase in concentration 
(less than 10%).  For the September cycle sample, OCDD and HpCDD concentrations increased 
300% during composting.  Increases of less than 10% were observed for HxCDDs and OCDF; all 
other 2,3,7,8-substituted CDD/CDF congeners showed decreases in concentrations during 
composting. 

Krauss et al. (1994) measured the extent of CDD/CDF formation during the composting 
of household waste using a laboratory compost reactor.  After 11 wk, the TEQ content of the 
compost increased from 3 to 4.5 ng.  The largest increases in mass content were observed for 
HpCDD (primarily 1,2,3,4,6,7,8-HpCDD) and OCDD.  TCDD, PeCDD, and HxCDD showed no 
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change in mass content.  All CDF congener groups showed decreases in mass content; however, 
the concentrations in both the starting and the finished compost were close to the analytical 
detection limits. 

Oberg et al. (1994) reported the results of monitoring two household waste composts and 
two garden composts.  The total CDD/CDF content of both household waste composts decreased 
over the 12-wk test period. Total CDD content and PCB content decreased, but total CDF 
content increased, in contrast to the findings of Krauss et al. (1994).  However, a small increase 
in OCDD content in both composts was observed. The two garden composts were monitored for 
a 60-wk period. Total CDD/CDF concentration increased, with the largest increases observed for 
OCDD and HpCDDs.  The lower-chlorinated CDFs decreased in concentration. 

As a follow-up to a preliminary study (Hengstmann et al., 1990) that indicated CDD/CDF 
concentrations may increase and congener profiles may change during anaerobic digestion of 
sewage sludge, Weber et al. (1995) subjected sewage sludges from two German communities to 
anaerobic digestion and aerobic digestion in laboratory reactors for 60 days and 20 days, 
respectively.  The initial average I-TEQDF concentrations in the raw sludges were 20 and 200 ng 
I-TEQDF/kg.  No significant increase or decrease in total CDD/CDF content or congener group 
content was observed with either sludge.  In contrast, a significant decrease in CDD/CDF content 
was observed in the aerobic digestion experiments with both sludges.  The greatest percentage 
decreases in congener group concentrations (greater than 40%) were observed for TCDF, 
PeCDF, HxCDF, TCDD, and PeCDD in the sludge initially containing 20 ng I-TEQDF/kg and for 
TCDF, TCDD, HpCDD, and OCDD in the initially high-content sludge.  The greatest percentage 
decreases in congener concentrations (greater than 40%) were observed for non-2,3,7,8
substituted congeners. 

The data presented in this section and in Section 9.1.1 do not provide a basis for making a 
release estimate via biotransformation; therefore, biotransformation releases are classified as 
Category E (not quantifiable). 

9.1.3. Dioxin-Like Compounds in Animal Manure 

In 2000, approximately 9 billion individual livestock and poultry animals were raised on 
commercial farms in the United States (U.S. Census Bureau, 2001).  It is estimated that beef 
animals, dairy cows, chickens, turkeys, and pigs, combined, produced in excess of 190 billion kg 
(dry weight) of manure in 2000 (Table 9-1).  Because livestock and poultry manure can provide 
valuable organic material and nutrients for crop and pasture growth, most of the animal manure 
generated at commercial farms and animal feed lots is applied to farmland as fertilizer.  To the 
extent dioxin-like compounds may contaminate animal manures, the practice of land-spreading 
animal waste may result in releases of CDDs/CDFs to the open and circulating environment. 
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Table 9-1. Estimated quantity of animal manure produced in the United 
States in 2000 

Species 

Numbers of 
individuals 
on farms in 

2000a 

Average 
weight of 

animal 
(lbs)b 

Total live 
weight on 

farms (lbs) 

Manure 
generation rate 

factor 
(dry weight lb/lb 

live unit 
weight/day)c 

Manure 
generated 
(lb/yr dry 
weight) 

Manure 
produced 
(kg/yr dry 

weight) 

Swine 6.73e+07 135 9.09e+09 8.2e!03 2.72e+10 1.23e+10 

Layer 4.35e+08 4 1.74e+09 1.6e!02 1.02e+10 4.61e+09 

Broiler 8.26e+09 2 1.65e+10 2.1e!02 1.27e+11 5.74e+10 

Turkey 2.7e+08 15 4.05e+09 1.2e!02 1.77e+10 8.04e+09 

Beef 9.73e+07 800 7.78e+10 6.9e!03 1.96e+11 8.89e+10 

Dairy cow 9.21e+06 1,400 1.29e+10 1e!02 4.71e+10 2.13e+10 

Total 4.25e+11 1.93e+11 
aSource:  U.S. Census Bureau (2001). 
bSource:  U.S. EPA (2001d). 
cSource:  Stevens and Jones (2003). 

Stevens and Jones (2003) published results of CDD and CDF detection in animal manure applied 
to farmland in the United Kingdom.  Manure from six milking dairy cows was sampled at six 
farms in the northern United Kingdom.  In addition, single samples of sheep, chicken, and pig 
manure were collected from other farms in the region.  The samples were shipped to a laboratory 
for trace chemical analysis.  Samples were analyzed using high-resolution gas chromatography 
coupled with high-resolution mass spectrometry and a capillary column for the identification of 
CDD/CDF congeners.  Recoveries of the internal standard ranged from 51 to 94%, with a mean 
of 74% for CDD/CDF congeners.  Table 9-2 summarizes the results of the study.  The pig and 
chicken manure contained approximately 0.2 ng WHO-TEQ/kg, and the cow manure averaged 
3.6 ng WHO-TEQ/kg in concentration. 

This study provides extremely limited data on the possible levels and occurrences of 
dioxin-like compounds in farm animal manure, and, therefore, these data are clearly not 
representative of national releases of dioxin-like compounds from the land application of all farm 
animal manure in the United States.  Accordingly, EPA currently considers this source to be 
unquantifiable (Category E) in terms of dioxin emissions. 
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Table 9-2.  CDD and CDF concentrations (ng/kg dry weight) in samples of 
animal manure in the United Kingdom 

Congener 
Cows (n = 6) 

(mean) Sheep (n = 1) Pig (n = 1) 
Chicken 

(n = 1) 

2,3,7,8-TCDD 0.17 0.11 0.01 0.01 
1,2,3,7,8-PeCDD 0.46 0.41 0.07 0.04 
1,2,3,4,7,8-HxCDD 2.4 0.9 0.26 0.03 
1,2,3,6,7,8-HxCDD 4.5 0.86 0.1 0.09 
1,2,3,7,8,9-HxCDD 2.6 0.56 0.07 0.12 
1,2,3,4,6,7,8-HpCDD 120 9.4 0.8 1.4 
OCDD 460 53 11 14 

Total 2,3,7,8-CDD 590.1 65.2 12.3 15.7 

2,3,7,8-TCDF 0.3 1.2 0.03 0.03 
1,2,3,7,8-PeCDF 0.3 1.1 0.04 0.09 
2,3,4,7,8-PeCDF 0.28 1.2 0.06 0.12 
1,2,3,4,7,8-HxCDF 0.6 1.4 0.05 0.15 
1,2,3,6,7,8-HxCDF 0.51 1.1 0.06 0.07 
1,2,3,7,8,9-HxCDF 1.9 0.15 0.04 0.05 
2,3,4,6,7,8-HxCDF 0.4 1.4 0.06 0.14 
1,2,3,4,6,7,8-HpCDF 7.6 5.2 0.48 0.37 
1,2,3,4,7,8,9-HpCDF 12 0.56 0.04 0.09 
OCDF 35 5 0.73 0.8 

Total 2,3,7,8-CDF 58.9 18.3 1.6 1.9 

Total CDD/CDF 649 83.5 13.9 17.6 

WHO-TEQ 3.6 2.1 0.2 0.2 

Source:  Stevens and Jones (2003). 

9.2. PHOTOTRANSFORMATION OF CHLOROPHENOLS 

Several researchers have demonstrated that CDDs/CDFs can be formed via photolysis of 
PCP under laboratory conditions.  However, the extent to which CDDs/CDFs are formed in the 
environment via this mechanism cannot be estimated at this time. 

Lamparski et al. (1980) conducted laboratory studies to determine the effect of simulated 
summer sunlight on the formation of OCDD, HpCDDs, and HxCDDs in wood pressure-treated 
in the laboratory with PCP.  In the first set of experiments, wood veneers (southern pine) treated 
with purified PCP or Dowicide EC-7, using methylene chloride as the PCP carrier, were exposed 
to light for 70 days.  The PCP concentration in the treated wood was 5% by weight, which 
approximates the concentration in the outer layer of PCP-treated wood utility poles.  Photolytic 
condensation of PCP to form OCDD was observed, with the OCDD concentration increasing by 
a maximum factor of 3,000 for the purified PCP and by a factor of 20 for EC-7 at about day 20 
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before leveling off.  HpCDD and HxCDD were also formed, apparently by photolytic 
degradation of OCDD rather than by condensation of PCP and tetrachlorophenols.  The HxCDD 
concentration increased by a factor of 760 for the purified PCP and by a factor of 50 for EC-7 
over the 70-day exposure period.  The predominant HpCDD congener formed was 1,2,3,4,6,7,8
HpCDD as a result of an apparently preferential loss of chlorine at the peri position (positions 1, 
4, 6, and 9). 

In a second set of experiments conducted by Lamparski et al. (1980), a hydrocarbon oil 
(P-9 oil) was used as the carrier to treat the wood.  The increases observed in the OCDD, 
HpCDD, and HxCDD were reported to be much lower relative to the increases observed in the 
first set of experiments, which used methylene chloride as the carrier.  Results were reported only 
for OCDD. The OCDD concentration increased by a maximum factor of 1.5 for both EC-7 and 
technical PCP and by a factor of 88 for purified PCP.  The authors concluded that the oil either 
reduced condensation of PCP to OCDD or accelerated degradation to other species by providing 
a hydrocarbon trap for free-radical species. 

Vollmuth et al. (1994) studied the effect of irradiating laboratory water and landfill 
seepage water that contained PCP under conditions simulating those used to purify water with 
ultraviolet (UV) radiation (5-hr exposure to 254 nm radiation from low-pressure mercury lamps). 
Before irradiation, the three solutions tested contained approximately 1 mg/L of PCP or PCP-Na, 
but the CDD/CDF content of one solution varied dramatically from those of the other two (1.5 
vs. 2,066 and 2,071 pg I-TEQDF/L).  Irradiation resulted in nearly total destruction of PCP 
(greater than 99% loss) in all three experiments.  An overall net increase in I-TEQDF-content was 
observed in the initially low I-TEQDF-content water, but a net decrease was observed for the two 
initially high I-TEQDF-content waters. 

Irradiation of laboratory water containing purified PCP showed an increase in I-TEQDF 

concentration from 1.5 pg/L to 214.5 pg/L.  The increase was due entirely to the formation of 
1,2,3,4,6,7,8-HpCDD, OCDD, and 1,2,3,4,6,7,8-HpCDF.  Formation of non-2,3,7,8-substituted 
HpCDDs and HpCDFs was also observed.  The ratios of the concentrations of these non-2,3,7,8
congeners to the concentrations of the 2,3,7,8-congeners were 0.6 for HpCDDs and 5 for 
HpCDFs.  The HpCDD and HpCDF congeners formed indicate that the operative mechanism 
was photoinduced dechlorination of OCDD at a peri position and dechlorination of OCDF at 
only the 1 and 9 peri positions. 

Irradiation of water containing technical PCP-Na (Dowicide-G) resulted in a net loss in I
TEQDF content, from 2,065.5 pg/L to 112.7 pg/L.  The only 2,3,7,8-substituted congener showing 
an increased concentration was 1,2,3,6,7,8-HxCDD.  The other congeners originally present in 
the technical PCP-Na showed reductions of 80.6 to 100%. 
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The I-TEQDF content of seepage water from a landfill (2,071 pg I-TEQDF/L) was reduced 
by a factor of 2, to 1,088 pg I-TEQDF/L.  However, several 2,3,7,8-substituted congeners did 
increase in concentration (1,2,3,6,7,8-HxCDD; 1,2,3,4,6,7,8-HpCDD; 1,2,3,4,6,7,8-HpCDF; and 
OCDF). 

Waddell et al. (1995) also studied the effect of irradiating distilled laboratory water 
containing PCP under conditions simulating those used to purify water with UV radiation.  The 
results obtained were similar to those of Vollmuth et al. (1994).  Analytical-grade PCP at a 
concentration of 10 mg/L was exposed for 12 min to 200 to 300 nm radiation from a medium-
pressure mercury lamp.  All CDD/CDF congener groups increased in concentration over the 12
min exposure period, with the greatest increases observed for OCDD (75-fold increase) and 
HpCDDs (34-fold increase).  The I-TEQDF content of the solution increased from 4.2 pg I 
TEQDF/L to 137 pg I-TEQDF/L over the 12-min period.  The dominant congeners formed, in terms 
of both concentration and contribution to I-TEQDF, were 1,2,3,4,6,7,8-HpCDD, OCDD, and 
1,2,3,7,8,9-HxCDD. 

9.2.1. Photolysis of Higher CDDs/CDFs 

Photolysis appears to be one of the few environmentally significant degradation 
mechanisms for CDDs/CDFs in water, air, and soil.  Although good mass balances were not 
obtained and the photolytic pathways for CDDs/CDFs were not fully identified in most studies, a 
major photolysis pathway appears to be photodechlorination, resulting in formation of lower-
chlorinated CDDs/CDFs.  A preferential loss of chlorines from the peri positions (1, 4, 6, and 9) 
rather than from the lateral positions (2, 3, 7, and 8) was reported for some congener groups 
when irradiated as dry films and sorbed to soil and in gas-phase CDDs/CDFs (Choudhry and 
Webster, 1989; Kieatiwong et al., 1990; Sivils et al., 1994, 1995; Tysklind et al., 1992).  Several 
researchers reported that carbon-oxygen cleavage and other mechanisms may be similarly or 
more important pathways for CDDs/CDFs containing four or fewer chlorines. 

Because of the difficulties inherent in controlling experimental variables for nonvolatile 
and highly lipophilic compounds such as CDDs/CDFs, few photolysis studies have been 
performed on natural waters, soils, atmospheric particulates, and atmospheric gases to examine 
the rates and products of photolysis under environmentally relevant conditions.  Thus, it is not 
possible at this time to quantitatively estimate the mass of various CDD/CDF congeners formed 
in the environment annually via photolytic mechanisms.  The following sections summarize the 
key findings of environmentally significant studies for water, soil, vegetation, and air. 
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9.2.2. Photolysis in Water 

Numerous studies have demonstrated that CDDs/CDFs will undergo photodechlorination 
following first-order kinetics in organic solution, with preferential loss of chlorine from the 
lateral positions. Photolysis is slow in pure water, but it increases dramatically when solvents 
serving as hydrogen donors such as hexane, benzene, methanol, acetonitrile, hexadecane, ethyl 
oleate, dioxane, and isooctane are present.  However, only a few studies have examined the 
photolysis of CDDs/CDFs using natural waters and sunlight. 

Choudhry and Webster (1989) experimentally determined the sunlight photolysis half-life 
of 1,3,6,8-TCDD in pond water to be 3.5 days (more than 10 times greater than the half-life 
predicted by laboratory experiments using a water/acetonitrile solution).  The authors attributed 
this significant difference in photolysis rates to the light screening/quenching effects of dissolved 
organic matter. 

Friesen et al. (1990) examined the photolytic behavior of 1,2,3,4,7-PeCDD and 
1,2,3,4,6,7,8-HpCDD in water:acetonitrile (2:3, v/v) and in pond water under sunlight at 50 
degrees North latitude.  The observed half-lives of these two compounds in the water:acetonitrile 
solution were 12 and 37 days, respectively, but were much shorter in pond water, 0.94 and 2.5 
days, respectively.  Similarly, Friesen et al. (1993) studied the photodegradation of 2,3,7,8-TCDF 
and 2,3,4,7,8-PeCDF by sunlight using water:acetonitrile (2:3, v/v) and lake water.  The observed 
half-lives were 6.5 and 46 days, respectively, in the water:acetonitrile solution and 1.2 and 0.19 
days, respectively, in lake water.  The significant differences between the natural water and the 
water:acetonitrile solution results were attributed to indirect or sensitized photolysis due to the 
presence of naturally occurring components in the lake and pond water. 

Dung and O’Keefe (1992), in an investigation of aqueous photolysis of 2,3,7,8-TCDF and 
1,2,7,8-TCDF, reported findings similar to those of Friesen et al. (1993).  The photolysis rates of 
the two TCDF congeners observed in river and lake water (half-lives of about 4 to 6 hr) were 
double those observed in pure water (half-lives of about 8 to 11 hr).  The authors attributed the 
difference in rates to the presence of natural organics in the river and lake water that may act as 
sensitizers. 

9.2.3. Photolysis on Soil 

Photolysis of CDDs/CDFs on soil has not been well characterized.  According to the data 
generated to date, however, photolysis is an operative degradation process only in the near-
surface soil where UV light penetrates (the top few millimeters or less of soil), and 
dechlorination of peri-substituted chlorines appears to occur preferentially. 

Miller et al. (1989) studied the CDD degradation products resulting from irradiation of 
13C-labeled OCDD on two soil types using sunlamps.  Approximately 38 to 42% of the OCDD 
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was degraded by day 5 of the experiment; no significant further loss of OCDD was observed over 
the following 10 days.  Although the authors determined that photodechlorination was not the 
dominant photolysis pathway, it was observed in both soils; approximately 10 to 30% of the 
lower-chlorinated congeners were produced from the immediate higher-chlorinated congeners. 
The HpCDD and HxCDD congeners observed as degradation products were present in 
proportions similar to the number of congeners in each congener group.  However, the 
investigators observed greater yields of 2,3,7,8-TCDD and 1,2,3,7,8-PeCDD than would be 
expected on the basis of the number of potential TCDD and PeCDD congeners.  One-fifth to 
one-third of the total yield of PeCDDs was 1,2,3,7,8-PeCDD, and one-half of the total yield of 
TCDDs was 2,3,7,8-TCDD. 

Kieatiwong et al. (1990) performed experiments similar to those of Miller et al. (1989) 
using natural sunlight rather than sunlamps for irradiation of 13C-labeled OCDD on soils. 
Photodechlorination was estimated to account for approximately 10% of the loss of OCDD. 
One-third to one-half of the total yield of PeCDDs was 1,2,3,7,8-PeCDD, and one-half of the 
total yield of TCDDs was 2,3,7,8-TCDD.  These findings, along with those of Miller et al., 
indicate that the 2,3,7,8-substituted TCDD and PeCDD congeners were either preferentially 
formed or were photochemically less reactive than the other congeners that were formed. 

Tysklind et al. (1992) studied the sunlight photolysis of OCDD on soil and reported 
results similar to those of Miller et al. (1989) and Kieatiwong et al. (1990).  Photodechlorination 
was observed with production of HpCDDs, HxCDDs, PeCDDs, and TCDDs over the 16-day 
irradiation period. Photodechlorination at the peri-substituted positions was the preferred 
photodechlorination mechanism; the proportions of 2,3,7,8-substituted congeners present in the 
soils after 16 days for each congener group were as follows:  HxCDD, 65%; PeCDD, 40%; and 
TCDD, 75%. Tysklind et al. (1992) also studied the sunlight photolysis of OCDF on soil. 
Photodechlorination was observed; however, unlike the case with OCDD, photodechlorination of 
the lateral-substituted positions was found to be the dominant photodechlorination mechanism, 
resulting in a relative decreasing proportion of 2,3,7,8-substituted congeners during the 
irradiation period. 2,3,7,8-TCDF was not observed in any of the irradiated samples. 

9.2.4. Photolysis on Vegetation 

Photolysis of CDDs/CDFs sorbed on the surface of vegetation has not been well 
characterized, and the findings to date are somewhat contradictory.  McCrady and Maggard 
(1993) reported that 2,3,7,8-TCDD sorbed on the surface of reed canary grass (Phalaris 

arundinacea L.) underwent photolytic degradation, with a half-life of 44 hr in natural sunlight. 
In contrast, Welsch-Pausch et al. (1995) found little difference in the CDD/CDF congener 
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patterns between grass (Lolium multiflorum) grown on an outdoor plot and grass grown in a 
greenhouse (i.e., UV light transmission blocked). 

In an attempt to clarify this contradiction, Welsch-Pausch and McLachlan (1995) studied 
the photodegradation of CDDs/CDFs on pasture grass (Arrhenatherion elatioris) during two 
growing cycles (summer and autumn) using two greenhouses.  One greenhouse was constructed 
of glass that blocks UV transmission and the other was constructed of plexiglass (4 mm) with a 
UV light transmission of greater than 50% in the 280 to 320 nm range.  In both the summer and 
the autumn exposure periods, the concentrations of CDDs/CDFs (on a congener-group basis) 
were similar in the grass exposed to UV light and the grass that was not exposed.  The authors 
concluded that if photodegradation was occurring, it was a relatively insignificant factor in the 
accumulation of CDDs/CDFs in pasture grass. 

9.2.5. Photolysis in Air 

Photolysis of CDDs/CDFs in the atmosphere has not been well characterized.  On the 
basis of data generated to date, however, photolysis appears to be a significant mechanism for 
degradation (principally, dechlorination of the peri-substituted chlorines) of those CDDs/CDFs 
present in the atmosphere in the gas phase.  For airborne CDDs/CDFs sorbed to particulates, 
photolysis appears to proceed very slowly, if at all.  Because of the low volatility of CDDs/CDFs, 
few studies have been attempted to measure actual rates of photodegradation of gas-phase 
CDD/CDF, and only recently have studies examined the relative importance of photolysis to 
particulate-bound CDDs/CDFs. 

Sivils et al. (1994, 1995) studied the gas-phase photolysis of several CDDs (2,3,7
TrCDD; 2,3,7,8-TCDD; 1,2,3,4-TCDD; 1,2,3,7,8-PeCDD, and 1,2,4,7,8-PeCDD) by irradiating 
the effluent from a gas chromatograph with broadband radiation in the UV/visible region for 
periods of up to 20 min. The irradiated sample was then introduced into a second gas 
chromatograph to measure the extent of dechlorination.  The results showed that degradation 
followed first-order kinetics and that an inverse relationship existed between the degree of 
chlorination and the rate of disappearance. Although the lack of photoproducts prevented an 
independent confirmation of the preferential loss mechanism, the results indicate that laterally 
substituted congeners (chlorines at the 2, 3, 7, and 8 positions) degrade at a slower rate than do 
the peri-substituted congeners (chlorines at the 1, 4, 6, and 9 positions).  Although Sivils et al. 
(1994) did not present the rate constants, the degradation rate for 2,3,7,8-TCDD (30% loss in 
20 min) was reported to be slower than the rates for all other tested CDDs.  Also, 1,2,4,7,8
PeCDD (with two perichlorines) degraded significantly faster than did 1,2,3,7,8-PeCDD (with 
only one perichlorine). 
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Mill et al. (1987) studied the photolysis of 2,3,7,8-TCDD sorbed onto small-diameter fly 
ash particulates suspended in air. The results indicated that fly ash confers photostability on 
2,3,7,8-TCDD. Little (8%) to no loss was observed on the two fly ash samples after 40 hr of 
illumination. Tysklind and Rappe (1991) and Koester and Hites (1992) reported similar results 
of photolysis studies with fly ash.  Tysklind and Rappe subjected fly ash from two German 
incinerators to various simulated environmental conditions.  The fraction of photolytically 
degradable CDD/CDF after 288 hr of exposure was in the range of 20 to 40% of the extractable 
CDD/CDF.  However, a 10 to 20% reduction was also observed in the darkened control samples. 
With the exception of HpCDD and HpCDF, the concentration of all other congener groups either 
increased or stayed the same during the exposure period from hour 144 to hour 288. 

Koester and Hites (1992) studied the photodegradation of CDDs/CDFs naturally adsorbed 
to fly ash collected from five electrostatic precipitators.  They observed no significant 
degradation in 11 photodegradation experiments performed on the ash for periods ranging from 2 
to 6 days.  The authors concluded that (a) the absence of photodegradation was not due to the 
absence of a hydrogen-donor organic substance; (b) other molecules on the ash, as determined by 
a photolysis experiment with an ash extract, inhibited photodegradation, either by absorbing light 
and dissipating energy or by quenching the excited states of the CDDs/CDFs; and (c) the surface 
of the ash itself may have hindered photolysis by shielding the CDDs/CDFs from light. 

9.3. CDDs/CDFs IN BALL CLAY 

9.3.1. Initial Discovery of CDD/CDF Contamination of Ball Clay 

The presence of dioxin-like compounds in ball clay was discovered in 1996 as a result of 
an investigation to determine the sources of relatively high levels of dioxin found in two chicken 
fat samples during a national survey of poultry.  The survey was conducted jointly by USDA, the 
U.S. Food and Drug Administration (FDA), and EPA to assess the national prevalence and 
concentrations of CDDs, CDFs, and coplanar PCBs in poultry (Ferrario et al., 1997). 

The results of the investigation indicated that soybean meal added to chicken feed was the 
source of dioxin contamination (Ferrario et al., 2000).  Further investigation showed that the 
CDD contamination came from the ball clay added to the soymeal as an anticaking agent.  The 
ball clay was added at approximately 0.3 to 0.5% of the soybean meal.  Samples of raw ball clay 
were subsequently taken at the mine of origin in Mississippi.  Analysis of the samples showed 
elevated levels of CDDs with a congener profile similar to the CDD profiles found in the 
soymeal, chicken feed, and immature chickens. 
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9.3.2. Characteristics of Mississippi Embayment Ball Clays 

The ball clays from the mine discussed above are part of a larger ball clay resource that 
spans portions of western Kentucky, Tennessee, and Mississippi.  These clays were deposited 
along the shores of the Mississippi embayment during the early to middle Eocene epoch, which 
occurred approximately 40 to 45 million years ago.  The Mississippi embayment ball clays are 
secondary clays composed mainly of poorly defined crystalline kaolinite. Other minerals present 
include illite, smectite, and chlorite.  Quartz sand is the major nonclay mineral.  These deposits 
of ball clay occur in lenses surrounded by layers of sand, silt, and lignite.  The clays can have a 
gray appearance caused by the presence of finely divided carbonaceous particles.  It is not 
uncommon to find black carbonized imprints of fossil leaves and other plant debris in the clay 
(Patterson and Murray, 1984). 

The plasticity of ball clay makes it an important natural resource for the ceramic industry. 
The breakdown of the ceramic uses of ball clay is 33% for floor and wall tile, 24% for sanitary 
ware, 11% for pottery, and 32% for other industrial and commercial uses (Virta, 2000).  A minor 
use of ball clay was as an anticaking agent in animal feeds, but this use has been banned by the 
FDA (Headrick et al., 1999).  Total mining of ball clay in 1999 was 1.14 million metric tons 
(Virta, 2000). 

9.3.3. Levels of Dioxin-Like Compounds in Ball Clay 

The joint EPA/FDA and USDA investigation of ball clay as a source of dioxin 
contamination in animal feeds resulted in sampling the clay at an operational mine in western 
Mississippi. Eight samples of raw (unprocessed) ball clay were collected from an open mining 
pit at a depth of about 10 to 15 m. Samples were prepared and analyzed by EPA using EPA 
Method 1613 (Ferrario et al., 2000).  The concentrations of the CDDs/CDFs present in the raw 
ball clay samples from the one mine are shown in Table 9-3.  The ratio of the limits of detection 
to the limits of quantification for the CDDs/CDFs in the clay samples were 0.5:1 pg/g (ppt, dry 
weight) for the tetras; 1:2 pg/g for the pentas, hexas, and heptas; and 5:10 pg/g for the octas.  The 
mean concentrations of all of the CDDs exceeded 100 ppt (dry weight). 

OCDD was found at the highest concentration in all of the samples, followed by either 
1,2,3,4,6,7,8-HpCDD or 1,2,3,7,8,9-HxCDD.  The maximum OCDD concentration in the eight 
samples was approximately 59,000 pg/g.  The most toxic tetra and penta congeners were present 
at unusually high concentrations in all of the samples, with average concentrations of 711 pg/g 
and 508 pg/g for 2,3,7,8-TCDD and 1,2,3,7,8-PeCDD, respectively.  Although the ball clays 
showed elevated levels of 2,3,7,8-substituted CDDs, they showed very low levels of 2,3,7,8
substituted CDFs.  In addition, there was a consistent ratio within the HxCDD congener 

9-15
 



 


 


Table 9-3.  Concentrations of CDDs (pg/g, dry weight) in eight ball clay 
samples in the United States 

Congener Mean Median Minimum Maximum TEQDF-WHO98 

2,3,7,8-TCDD 
1,2,3,7,8-PeCDD 
1,2,3,4,7,8-HxCDD 
1,2,3,6,7,8-HxCDD 
1,2,3,7,8,9-HxCDD 
1,2,3,4,6,7,8-HpCDD 
OCDD 

711 
508 
131 
456 

2,093 
2,383 

20,640 

617 
492 
134 
421 

1,880 
2,073 
4,099 

253 
254 
62 

254 
1,252 
1,493 
8,076 

1,259 
924 
193 
752 

3,683 
3,346 

58,766 

711 
508 
13 
46 

209 
24 
2 

Total TEQ 1,513 

Source:  Ferrario et al. (2000). 

distribution across all samples (1,2,3,7,8,9-HxCDD was present at higher concentrations than the 
other 2,3,7,8-substituted HxCDD congeners).  The average percent distribution of the three 
individual 2,3,7,8-hexa congeners was 5, 17, and 78%, respectively. This congener pattern was 
observed in all the raw ball clay samples analyzed. 

The mean total TEQDF-WHO98 for the raw ball clay was determined to be 1,513 pg/g dry 
weight; 2,3,7,8-TCDD accounted for 47% of the TEQDF-WHO98, followed by 1,2,3,7,8-PeCDD 
at 34%. As expected, even though present at the highest concentration, OCDD contributed less 
than 1% percent of the total TEQDF-WHO98 due to its relatively small WHO-TEF.  In 
comparison, the typical ranges of background TEQDF-WHO98 concentrations in North American 
urban and rural surface soil samples were found to be 2 to 21 pg/g and 0.1 to 6 pg/g, respectively 
(U.S. EPA, 2000c). In soil samples, all 2,3,7,8-CDD/CDF congeners were detected, and 2,3,7,8
TCDD represented less than 1% of total CDD/CDF present.  The most prevalent congeners in 
soils were OCDD, followed by OCDF.  Table 9-4 compares the mean CDD/CDF congener group 
concentrations in ball clay with those in rural and urban background soils.  This comparison 
indicates there are few similarities between the ball clay and soils in the congener group 
distributions. 

9.3.4. Evidence for Ball Clay as a Natural Source 

Several lines of evidence suggest that dioxin-like compounds in ball clay are of natural 
origin.  The clay samples were obtained from undisturbed deposits.  It is unknown how human 
activity could have contaminated these deposits without disturbing them.  The EPA laboratory in 
Athens, GA, analyzed the Mississippi mine clays using a broad screen for anthropogenic 
contaminants and no compounds were found outside of the normal range (Ferrario et al., 2000).  
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Table 9-4.  Comparison of the mean CDD/CDF congener group 
concentrations in ball clay with those in urban and rural soils in North 
America (pg/g, dry weight) 

Congener group 

Mean concentration 

Raw ball clay Urban background soil Rural background soil 

TCDD 
TCDF 

3,729 
6 

36.1 
23.5 

2.3 
6.8 

PeCDD 
PeCDF 

4,798 
2 

18.1 
40.8 

4.1 
12.7 

HxCDD 
HxCDF 

6,609 
6 

31.7 
23.5 

22.7 
21.9 

HpCDD 
HpCDF 

6,194 
9 

194.4 
46.4 

114.7 
37.3 

OCDD 
OCDF 

11,222 
11 

2,596 
40.2 

565.1 
33.5 

Total CDD/CDF 32,586 3,050.7 821.1 

Sources:  Adapted from U.S. EPA (2000c); Ferrario et al. (2000) 

All known anthropogenic sources of dioxin have associated with them a wide variety of other 
contaminants. The absence of elevated levels of other compounds is strong evidence that the 
dioxins found in the clay were not the result of waste disposal. 

The congener profiles of ball clay do not match those of known anthropogenic sources. 
Cleverly et al. (1997) reported on the congener profiles that are typical of known anthropogenic 
sources of dioxin-like compounds in the United States.  The results of this study, presented 
below, were used as a basis of comparison for the profiles of raw ball clay. 

The congener pattern characteristic of waste combustion sources differs significantly 
from the ball clay profile in several aspects.  In combustion source emissions, all 2,3,7,8
substituted CDD and CDF congeners are measured, and 2,3,7,8-TCDD is usually 0.1 to 1% of 
total CDD/CDF mass emitted.  In ball clay, 2,3,7,8-TCDD is approximately 5% of total mass of 
dioxins present.  As with the ball clay, the most prevalent 2,3,7,8-Cl-substituted CDD congeners 
in most incinerator emissions are OCDD and 1,2,3,4,6,7,8-HpCDD; however, combustion 
emissions contain appreciable amounts of CDFs, of which the 1,2,3,4,6,7,8-HpCDF, OCDF, 
1,2,3,4,7,8-HxCDF, 2,3,7,8-TCDF, and 2,3,4,6,7,8-HxCDF congeners dominate. 

The combustion of wood generates a congener profile not unlike that of waste 
combustion (i.e., the ratio of CDD:CDF is <1), and all laterally substituted congeners can be 
detected in emissions. The combustion of tree bark produces a congener profile in which the 
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CDD:CDF ratio is >1, showing only minimal and barely detectable levels of CDFs in the smoke, 
the exception being that 2,3,7,8-TCDF is present at approximately 2% of total mass.  The 
dominant congener in tree bark combustion emissions is OCDD (>30% total CDD/CDF mass), 
followed by 1,2,3,4,6,7,8-HpCDD and 1,2,3,7,8,9-HxCDD. 

The congener profile of 2,4-D salts and esters seems to mimic a combustion source 
profile in the number of congeners represented and in the minimal amount of 2,3,7,8-TCDD 
relative to all 2,3,7,8-Cl-substituted congeners.  Nevertheless, unlike the combustion source 
profile, the 1,2,3,7,8-PeCDD and the 1,2,3,4,6,7,8-HpCDF constitute major fractions of total 
CDD/CDF contamination present in 2,4-D.  The congener profile of technical-grade PCP is 
clearly dominated by OCDD and 1,2,3,4,6,7,8-HpCDD; however, only trace amounts of 2,3,7,8
TCDD are detected in PCP, and 1,2,3,4,6,7,8-HpCDF and OCDF constitute roughly 15% of 
typical formulations. 

Metal smelting and refining processes, such as secondary aluminum, copper, and lead 
smelting, also have all the 2,3,7,8-Cl-substituted CDD/CDF congeners in stack emissions.  In 
secondary aluminum smelting, 2,3,7,8-TCDD is less than 0.1% of total CDDs/CDFs, whereas 
PeCDF is nearly 25% of total emissions of dioxin-like compounds, and the CDD/CDF ratio is 
<1.  Secondary copper operations show a similar pattern of CDD/CDF emissions, but with six 
compounds dominating emissions: 1,2,3,4,7,8-HxCDF; 1,2,3,6,7,8-HxCDF; 1,2,3,4,6,7,8
HpCDF; OCDF; OCDD; and 1,2,3,4,6,7,8-HpCDD.  In iron ore sintering, the dominant congener 
in emissions of 2,3,7,8-Cl-substituted compounds is 2,3,7,8-TCDF. 

A number of studies have shown that natural processes can produce chlorinated aromatic 
compounds, including dioxin-like compounds.  Gribble (1994) reviewed the biological 
production of a wide variety of halogenated organic compounds in nature.  The Mississippi salt 
marsh grass “needlerush” (Juncus roemerianus) contains the aromatic compound 1,2,3,4
tetrachlorobenzene, and the blue-green alga Anacystis marina naturally contains chlorophenol. 
The soil fungus Penicillium sp. produces 2,4-dichlorophenol, and the common grasshopper is 
known to secrete 2,5-dichlorophenol. 

Urhahn and Ballschmiter (1998) also provide a good review of the chemistry of the 
biosynthesis of chlorinated organic compounds under natural conditions.  It has been 
hypothesized that CDDs, CDFs, and other chlorinated aromatic compounds can be naturally 
formed from halogenated humic substances, and halomethanes can be formed through 
chloroperoxidase-mediated reactions in undisturbed peat bogs (Silk et al., 1997).  A similar 
chloroperoxidase-mediated biochemical formation of CDDs/CDFs from chlorophenols was 
achieved under laboratory conditions by Oberg and Rappe (1992). 

It has been observed that chlorophenols can be biosynthesized (Gribble, 1994; Silk et al., 
1997), and that chorophenols are readily adsorbed into peat-bentonite mixtures (Viraraghavan 
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and Slough, 1999).  Hoekstra et al. (1999) offers the hypothesis that 2,3,7,8-TCDD, 1,2,3,7,8
PeCDD, and 1,2,3,7,8,9-HxCDD can be naturally formed in soils of coniferous forests from 
chlorinated phenol.  These same congeners are also the predominant congeners in the ball clay 
from the Mississippi embayment.  Although none of these natural processes can be directly 
connected with the presence of dioxin in ball clay, the existence of such mechanisms lends 
plausibility to a hypothesis that they are of natural origin. 

CDDs/CDFs have been found in other clays quite distant from Mississippi embayment 
ball clay deposits.  No evidence of anthropogenic sources have been discovered in these areas 
either.  The presence of CDDs has been discovered in kaolinitic clay mined in Germany (Jobst 
and Aldag, 2000).  Because no anthropogenic source could be determined to explain the presence 
and levels of CDDs in the ball clay, the authors speculated that they were the result of an 
unknown geologic process.  In addition, the German clay also has a congener profile similar to 
that observed in the Mississippi ball clay, with an absence of CDFs at comparable concentrations 
and the predominance of 1,2,3,7,8,9-HxCDD among the toxic hexa-CDDs.  The similarity in the 
congener profiles in ball clay mined in the United States and Germany suggests a common origin 
to the CDDs present in these clays (Ferrario et al., 2000). 

In summary, no anthropogenic sources have been identified that explain the levels and 
profiles of CDDs/CDFs present in ball clay.  On the other hand, no definitive scientific evidence 
has been brought forward that identifies the principal chemical and physical mechanism involved 
in the selective chemical synthesis of CDDs under the conditions inherent in the formation of 
ball clays some 40 million years ago. 

9.3.5. Environmental Releases of Dioxin-Like Compounds from the Mining and Processing 
of Ball Clay 

In 1995, approximately 993 million kg of ball clay was mined in the United States (Virta, 
2000). Multiplication of the mean TEQDF-WHO98 concentration in mined ball clay by the total 
amount of ball clay mined in 1995 gives an estimate of 1,502 g TEQDF-WHO98 contained in all 
the ball clay mined in 1995.  It is unknown whether any of these CDDs are released to the 
environment during the mining, initial refining, and product handling.  As discussed above, most 
ball clay is used to produce ceramics through a process of high-temperature vitrification.  The 
temperatures found in ceramic kilns are well above the levels needed for both volatilization and 
destruction of CDDs. Despite these high temperatures, it is unclear whether some release occurs, 
and no stack measurements have yet been made.  Therefore, insufficient evidence is available to 
make even a preliminary estimate of releases, and this activity is classified as a Category E 
source. 
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10. SOURCES OF DIOXIN-LIKE POLYCHLORINATED BIPHENYLS (PCBs) 

The purpose of this chapter is twofold: (1) to identify sources that release dioxin-like 
PCB congeners into the environment and (2) to derive national estimates for releases from these 
sources in the United States. PCBs have been found in all media and in all parts of the world. 
PCBs were manufactured in relatively large quantities for use in commercial products such as 
dielectrics, hydraulic fluids, plastics, coatings and paints, and although PCBs are no longer 
commercially produced in the United States, they continue to be released to the environment 
through the use and disposal of these products.  PCBs may also be inadvertently produced as by-
products during the manufacture of certain organic chemicals and also as products of the 
incomplete combustion of some waste materials. 

10.1. GENERAL FINDINGS OF THE EMISSIONS INVENTORY 

Table 10-1 provides a compilation of known or suspected dioxin-like PCB-emitting 
source categories in the United States for which emission measurements of dioxin-like PCB 
congeners, Aroclors, or PCB congener groups have been reported in government, industry, and 
trade association reports; conference proceedings and journal articles; and comments submitted 
to EPA on previous versions of this document. The intent of Table 10-1 is to clearly identify 
those source categories and media (air, water, land, and products) for which the available data are 
adequate for reliably quantifying emissions of dioxin-like PCBs and those for which the data are 
inadequate. 

Nationwide emission estimates for the United States inventory are presented in 
Table 10-2 (emissions to air, water, land, and product) for those source categories for which 
estimates can be reliably quantified (the category has been assigned a confidence rating of A, B, 
or C) (see Section 1.2.3 for details on confidence ratings).  Table 10-2 also lists preliminary 
estimates of the potential magnitude of emissions from “unquantified” sources (i.e., sources 
assigned a confidence rating of D) in reference year 2000.  Because of large uncertainties for 
these Category D estimates, they are not included in the quantitative inventory. 

Currently, no significant releases of newly formed dioxin-like PCBs are occurring in the 
United States.  Unlike CDDs/CDFs, PCBs were intentionally manufactured in the United States 
in large quantities from 1929 until production was banned in 1977.  Releases to the environment 
of “old” dioxin-like PCBs (dioxin-like PCBs manufactured prior to the production ban) can 
occur from ongoing use and disposal practices.  Prior to regulations enacted beginning in the late 
1970s that limited the manufacture/use/disposal of PCBs, significant quantities were released to 
the environment in association with (a) the manufacture of PCBs, (b) the manufacture of 
products containing PCBs, and (c) the use and disposal of products containing PCBs as well as 
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Table 10-1. Confidence rating classes for 2000 for releases from all known and 
suspected source categories of dioxin-like PCBsa 

Source category Air Land Water 

Approved PCB disposal E 

Accidental PCB releasees E E E 

Municipal wastewater treatment sludge A 

Municipal waste combustion E 

Industrial wood combustion E 

Medical waste incineration E 

Tire combustion E 

Cigarette  combustion D 

Sewage sludge incineration C 

Backyard barrel burning E 

Petroleum refining catalyst regeneration E 
a Blank cells mean not applicable or no data. 

A= Characterization of the source category judged to be adequate for quantitative estimation with high confidence in 
the emission factor and high confidence in the activity level. 

C= Characterization of the source category judged to be adequate for quantitative estimation with low confidence in 
the emission factor and/or the activity level. 

D= These are preliminary indications of the potential magnitude of emissions from “unquantified” sources in 
Reference Year 1995.  These estimates were assigned a “confidence category” rating of D and are not included in 
the Inventory. 

E= Not quantifiable. 

materials that may have been contaminated with trace levels of PCBs from prior PCB use or 
disposal. Following the ban on PCB production, releases from these first two categories ceased. 
The third type of releases, those associated with product use and disposal, will continue in at 
least four ways: 

1.	 Disposal of products containing greater than 2 lb of PCBs (e.g., dielectric fluids in 
transformers and large capacitors), which is controlled by disposal regulations that 
have minimized environmental releases; 

2.	 Disposal of products containing small quantities of PCBs (e.g., small capacitors, 
fluorescent lighting fixtures) or trace quantities of PCBs (e.g., wastepapers), which is 
subject to disposal as municipal solid waste but which may result in some release to 
the general environment; 

10-2
 




 


Table 10-2. Inventory of contemporary releases of dioxin-like PCBs in the United States for 1987, 1995, and 
2000 and preliminary release estimates of dioxin-like PCBs for 2000 (g TEQp-WHO98/yr) 
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Emissions source category 2000 Inventory 1995 Inventory 1987 Inventory 

Preliminary 
estimate for 

2000 

A B C A B C A B C D 

Releases to air 

Combustion sources 
Cigarettes 0.01 
Sewage sludge incineration 0.7 1.1 0.4 

Total quantified releases to air 0.7 1.1 0.4 0.01 

Releases to land 

Municipal sludge (land 
application and farming) 18.8 77.4 51.1 
Total quantified releases to land 18.8 77.4 51.1 

Releases to products 

Municipal sludge as soil 
ammendment 0.5 2.0 1.7 
Total quantified releases to 
products 

0.5 2.0 1.7 

A= Characterization of the source category judged to be adequate for quantitative estimation with high confidence in the emission factor and high confidence in 
the activity level. 

C= Characterization of the source category judged to be adequate for quantitative estimation with low confidence in the emission factor and/or the activity level. 
D= These are preliminary indications of the potential magnitude of emissions from “unquantified” sources in Reference Year 1995.  These estimates were 

assigned a “confidence category” rating of D and are not included in the Inventory. 
E= Not quantifiable. 



 


 


3. Leaks and spills of still-in-service PCBs; and 

4. Illegal disposal of PCBs. 

Although it has been demonstrated that small quantities of dioxin-like PCBs can be 
emitted into the air during waste combustion, no strong evidence exists that they are emitted in 
significant quantities as by-products during combustion.  The widespread occurrence of dioxin-
like PCBs in the U.S. environment most likely reflects past releases associated with PCB 
production, use, and disposal. Further support for this finding is based on observations of 
reductions since the 1980s in PCB concentrations in Great Lakes sediment and in other areas. 

10.2. RELEASES OF COMMERCIAL PCBs 

PCBs were commercially manufactured by the direct batch chlorination of molten 
biphenyl with anhydrous chlorine in the presence of a catalyst, followed by separation and 
purification of the desired chlorinated biphenyl fractions.  The degree of chlorination was 
controlled by the chlorine contact time in the reactor.  Commercial PCB production is believed to 
have been confined to 10 countries. Total PCBs produced worldwide since 1929 (the first year 
of known production) has been estimated at 1.5 million metric tons. 

Initially, PCBs were used primarily as dielectric fluids in transformers.  After World War 
II, PCBs found steadily increasing use as dielectric fluids in capacitors, as heat-conducting fluids 
in heat exchangers, and as heat-resistant hydraulic fluids in mining equipment and vacuum 
pumps. PCBs also were used in a variety of “open” applications (i.e, uses from which PCBs 
cannot be recollected), including plasticizers, carbonless copy paper, lubricants, inks, laminating 
agents, impregnating agents, paints, adhesives, waxes, additives in cement and plaster, casting 
agents, dedusting agents, sealing liquids, fire retardants, immersion oils, and pesticides (DeVoogt 
and Brinkman, 1989). 

U.S. production peaked in 1970, with a volume of 39,000 metric tons.  In 1971, 
Monsanto Corporation, the major U.S. producer, voluntarily restricted the sale of PCBs for all 
applications, with the exception of “closed electrical systems.”  Annual production fell to 18,000 
metric tons in 1974. Monsanto ceased PCB manufacture in mid-1977 and shipped the last 
inventory in October of that year.  Regulations issued by EPA beginning in 1977, principally 
under the Toxic Substances Control Act (TSCA) (40 CFR 761), have strictly limited the 
production, import, use, and disposal of PCBs.  The estimated cumulative production and 
consumption volumes of PCBs in the United States from 1930 to 1975 were 635.03 million kg 
produced, 1.36 million kg imported (primarily from Japan, Italy, and France), 568.35 million kg 
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sold in the United States, and 68.04 million kg exported (ATSDR, 1993; DeVoogt and 
Brinkman, 1989).  The reliability of these values is +5% and –20% (Versar, Inc., 1976). 

Monsanto Corporation marketed technical-grade mixtures of PCBs primarily under the 
trade name Aroclor.  The Aroclor mixtures are identified by a four-digit numbering code in 
which the last two digits indicate the chlorine content by weight percent.  The exception to this 
coding scheme is Aroclor 1016, which contains only mono- through hexachlorinated congeners 
with an average chlorine content of 41%.  From 1957 until 1972, Monsanto also manufactured 
several blends of PCBs and polychlorinated terphenyls (PCTs) under the trade names Aroclor 
2565 and Aroclor 4465; manufacture and sales volumes are not available for these blends.  Listed 
below are the percentages of total Aroclor production during the years 1957 to 1977 by Aroclor 
mixture, as reported by Brown (1994).

 1957–1977 
U.S. production

 Aroclor 	 (%) 
1016 12.88 
1221  0.96 
1232  0.24 
1242 51.76 
1248 6.76 
1254 15.73 
1260 10.61 
1262 0.83 
1268 0.33 

The trade names of the major commercial PCB technical-grade mixtures manufactured in 
other countries included Clophen (Germany), Fenclor and Apirolio (Italy), Kanechlor (Japan), 
Phenoclor and Pyralene (France), Sovtel (USSR), Delor and Delorene (Czechoslovakia), and 
Orophene (German Democratic Republic) (DeVoogt and Brinkman, 1989).  The mixtures 
marketed under these trade names had similar chlorine content (by weight percent and average 
number of chlorines per molecule) to those of various Aroclor mixtures.  Listed below are 
comparable mixtures in terms of chlorine content marketed under several trade names.

 Aroclor Clophen Pyralene Phenoclor Fenclor Kanechlor
 1232  2000  200
 1242 A-30  3000 DP-3 42  300
 1248 A-40 DP-4  400
 1254 A-50 DP-5 54  500
 1260 A-60 DP-6 64  600 
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Major advances in analytical separation and resolution techniques beginning in the 1970s 
enabled various researchers to identify and quantify PCB congeners present in Aroclors, 
Clophens, and Kanechlors (Jensen et al., 1974; Albro and Parker, 1979; Huckins et al., 1980; 
Albro et al., 1981; Duinker and Hillebrand, 1983; Kannan et al., 1987; Tanabe et al., 1987; 
Duinker et al., 1988; Schulz et al., 1989; Himberg and Sippola, 1990; Larsen et al., 1992; deBoer 
et al., 1993; Schwartz et al., 1993; Frame et al., 1996a, b; Frame, 1997).  Schulz et al. (1989) 
were the first to identify and quantify all PCB congeners present in a series of Aroclors and 
Clophens. Frame (1995) reported preliminary results of a nearly completed round robin study, 
one goal of which was to determine the distribution of all PCB congeners above 0.05 weight 
percent in various Aroclors (1221, 1016, 1242, 1260, and 1262) using 18 state-of-the-art gas 
chromatography/mass spectrometry (GC/MS) or electron capture detector (GC/ECD) systems. 

Table 10-3 presents mean summary statistics on the concentrations of the dioxin-like 
PCBs in each mixture group (e.g., Aroclor 1248, Clophen A-40, and Kanechlor 400 are in one 
mixture group) reported by these researchers.  Table 10-3 also presents the mean TEQ 
concentration of each congener in each mixture group as well as the total mean TEQ 
concentration in the mixture group.  Because of the wide variability in the reported results, the 
uncertainty associated with these mean concentrations is very large. 

For each mixture group, the congeners detected were generally similar.  There was, 
however, wide variability in the concentrations reported by some researchers for some congeners. 
Brown et al. (1995) compiled similar statistics using a somewhat different set of studies and 
derived significantly lower mean concentrations of some congeners in several Aroclors.  Frame 
(1995) and Larsen (1995) attributed such differences to either potential limitations in the GC 
columns used by various researchers to separate similar eluting congeners or actual differences in 
the congener concentrations in the Aroclor, Clophen, and Kanechlor lots analyzed by various 
research groups. 

The congener distributions also vary among the different mixtures.  Therefore, the 
calculated TEQs also vary.  The congener distributions for various lots of Aroclor 1254, and the 
corresponding TEQs, are presented in another study (Frame, 1999) in which the relative TEQs 
for late production lots were reported to be much higher than those for the earlier production lots; 
however, the late production lots were estimated to account for only about 1% of the total 
production volume of Aroclor 1254. Therefore, the data for the later production lots were not 
included in the average TEQ calculation for Aroclor 1254 in Table 10-3.  

In the environment, PCBs also occur as mixtures of congeners, but their composition 
differs from those of the commercial mixtures because after release to the environment the 
mixtures change over time through partitioning, chemical transformation, and preferential 
bioaccumulation (U.S. EPA, 1996f).  Dioxin-like PCB congeners differ by up to one to two 
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Table 10-3.  Weight percent concentrations of dioxin-like PCBs in Aroclors, Clophens, and Kanechlors 
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Dioxin-like PCB congener 
IUPAC 
number 

No. of 
samples 
analyzed 

No. of 
detections 

Mean conc. 
(nondetect set to 

zero) (g/kg) 

TEQP-WHO98 conc. 
(nondetect set to 

zero) (mg/kg) 

Mean conc.a 

(nondetect set to ½ 
detection limit) 

(g/kg) 

TEQP-WHO98 

conc.a (nondetect 
set to ½ detection 

limit) (mg/kg) 

Aroclor 1016
  3,3',4,4'-TCB 77 5 0 0 0 0 0 
  3,4,4',5-TCB 81 3 0 0 0 0 0 
  2,3,3',4,4'-PeCB 105 4 1 0.0375 0.00375 0.109 0.011 
  2,3,4,4',5-PeCB 114 4 0 0 0 0 0 
  2,3',4,4',5-PeCB 118 4 1 0.0125 0.00125 0.091 0.009 
  2',3,4,4',5-PeCB 123 4 0 0 0 0 0 
  3,3',4,4',5-PeCB 126 4 0 0 0 0 0 
  2,3,3',4,4',5-HxCB 156 4 0 0 0 0 0 
  2,3,3',4,4',5'-HxCB 157 4 0 0 0 0 0 
  2,3',4,4',5,5'-HxCB 167 4 0 0 0 0 0 
  3,3',4,4',5,5'-HxCB 169 5 0 0 0 0 0 
  2,2',3,3',4,4',5-HpCB 170 4 0 0 0 0 0 
  2,2',3,4,4',5,5'-HpCB 180 4 0 0 0 0 0 
  2,3,3',4,4',5,5'-HpCB 189 4 0 0 0 0 0 

Total TEQP-WHO98 0.005 0.0200 

Total TEQP-WHO94 0.005 0.0200 

Aroclor 1221
  3,3',4,4'-TCB 77 4 4 1.075 0.1075 1.078 0.108 
  3,4,4',5-TCB 81 4 1 0.0875 0.00875 0.116 0.012 
  2,3,3',4,4'-PeCB 105 4 3 0.3875 0.03875 0.4 0.04 
  2,3,4,4',5-PeCB 114 4 0 0 0 0 0 
  2,3',4,4',5-PeCB 118 4 4 1.725 0.1725 1.725 0.173 
  2',3,4,4',5-PeCB 123 4 0 0 0 0 0 
  3,3',4,4',5-PeCB 126 4 0 0 0 0 0 
  2,3,3',4,4',5-HxCB 156 4 0 0 0 0 0 
  2,3,3',4,4',5'-HxCB 157 4 0 0 0 0 0 
  2,3',4,4',5,5'-HxCB 167 4 0 0 0 0 0 
  3,3',4,4',5,5'-HxCB 169 4 0 0 0 0 0 
  2,2',3,3',4,4',5-HpCB 170 3 0 0 0 0 0 
  2,2',3,4,4',5,5'-HpCB 180 3 0 0 0 0 0 
  2,3,3',4,4',5,5'-HpCB 189 4 0 0 0 0 0 

Total TEQP-WHO98 0.328 0.333 

Total TEQP-WHO94 0.749 0.752 




 


Table 10-3. Weight percent concentrations of dioxin-like PCBs in Aroclors, Clophens, and Kanechlors (continued) 
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Dioxin-like PCB congener 
IUPAC 
number 

No. of 
samples 
analyzed 

No. of 
detections 

Mean conc. 
(nondetect set to 

zero) (g/kg) 

TEQP-WHO98 conc. 
(nondetect set to 

zero) (mg/kg) 

Mean conc.a 

(nondetect set to ½ 
detection limit) 

(g/kg) 

TEQP-WHO98 

conc.a (nondetect 
set to ½ detection 

limit) (mg/kg) 

Aroclor 1242, Clophen 
A-30, and Kanechlor 300
  3,3',4,4'-TCB 77 15 15 3.3 0.33 3.301 0.33 
  3,4,4',5-TCB 8 7 6 1.09 0.11 1.089 0.109 
  2,3,3',4,4'-PeCB 105 11 11 4.02 0.4 4.024 0.402 
  2,3,4,4',5-PeCB 114 8 5 1.13 0.57 1.201 0.601 
  2,3',4,4',5-PeCB 118 9 9 8.04 0.8 8.044 0.804 
  2',3,4,4',5-PeCB 123 9 7 1.12 0.11 1.157 0.116 
  3,3',4,4',5-PeCB 126 14 8 0.049 4.94 0.094 9.404 
  2,3,3',4,4',5-HxCB 156 9 8 0.39 0.2 0.424 0.212 
  2,3,3',4,4',5'-HxCB 157 8 2 0.021 0.011 0.096 0.048 
  2,3',4,4',5,5'-HxCB 167 8 2 0.021 0.00021 0.096 0.001 
  3,3',4,4',5,5'-HxCB 169 14 2 0.000013 0.00013 0.048 0.476 
  2,2',3,3',4,4',5-HpCB 170 6 2 0.19 0 0.244 0 
  2,2',3,4,4',5,5'-HpCB 180 5 2 0.16 0 0.218 0 
  2,3,3',4,4',5,5'-HpCB 189 7 0 0 0 0 0 

Total TEQP-WHO98 7.47 12.5 

Total TEQP-WHO94 8.70 13.74 

Aroclor 1248, Clophen 
A-40, and Kanechlor 400 4.36 0.44 4.36 0.44 
  3,3',4,4'-TCB 77 13 13 1.76 0.18 1.77 0.18 
  3,4,4',5-TCB 81 6 4 10.12 1.01 10.12 1.01 
  2,3,3',4,4'-PeCB 105 9 8 3.39 1.69 3.4 1.7 
  2,3,4,4',5-PeCB 114 7 6 20.98 2.1 20.98 2.1 
  2,3',4,4',5-PeCB 118 8 8 1.48 0.15 1.48 0.15 
  2',3,4,4',5-PeCB 123 7 7 0.11 10.55 0.14 13.51 
  3,3',4,4',5-PeCB 126 11 6 1.13 0.56 1.13 0.56 
  2,3,3',4,4',5-HxCB 156 8 8 0.19 0.09 0.2 0.1 
  2,3,3',4,4',5'-HxCB 157 7 3 0.16 0.0016 0.16 0.0016 
  2,3',4,4',5,5'-HxCB 167 7 3 0.01 0.1006 0.041 0.41 
  3,3',4,4',5,5'-HxCB 169 12 3 0.96 0 0.97 0 
  2,2',3,3',4,4',5-HpCB 170 5 4 1.24 0 1.24 0 
  2,2',3,4,4',5,5'-HpCB 180 4 4 0.0018 0.0001833 0.06 0.006 
  2,3,3',4,4',5,5'-HpCB 189 6 1 

Total TEQP-WHO98 16.87 20.16 

Total TEQP-WHO94 18.55 21.83 




 


Table 10-3. Weight percent concentrations of dioxin-like PCBs in Aroclors, Clophens, and Kanechlors (continued) 
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Dioxin-like PCB congener 
IUPAC 
number 

No. of 
samples 
analyzed 

No. of 
detections 

Mean conc. 
(nondetect set to 

zero) (g/kg) 

TEQP-WHO98 conc. 
(nondetect set to 

zero) (mg/kg) 

Mean conc.a 

(nondetect set to ½ 
detection limit) 

(g/kg) 

TEQP-WHO98 

conc.a (nondetect 
set to ½ detection 

limit) (mg/kg) 

Aroclor 1254, Clophen 
A-50, and Kanechlor 500 0.8 0.0795 0.83 0.08 
  3,3',4,4'-TCB 77 15 12 7.85 0.79 7.86 0.79 
  3,4,4',5-TCB 81 6 1 35.83 3.58 35.83 3.58 
  2,3,3',4,4'-PeCB 105 12 11 12.17 6.08 12.23 6.11 
  2,3,4,4',5-PeCB 114 9 6 81.65 8.17 81.65 8.17 
  2,3',4,4',5-PeCB 118 11 11 4.59 0.46 4.59 0.46 
  2',3,4,4',5-PeCB 123 8 8 0.99 99.46 1.02 101.7 
  3,3',4,4',5-PeCB 126 14 12 11.08 5.54 11.08 5.54 
  2,3,3',4,4',5-HxCB 156 10 10 1.91 0.95 1.93 0.97 
  2,3,3',4,4',5'-HxCB 157 9 8 2.74 0.0274 2.74 0.03 
  2,3',4,4',5,5'-HxCB 167 10 9 0.08 0.8 0.12 1.23 
  3,3',4,4',5,5'-HxCB 169 14 6 5.06 0 5.06 0 
  2,2',3,3',4,4',5-HpCB 170 8 8 5.79 0 5.79 0 
  2,2',3,4,4',5,5'-HpCB 180 7 7 0.045 0.0045429 0.13 0.013 
  2,3,3',4,4',5,5'-HpCB 189 7 2 

Total TEQP-WHO98 125.94 128.67 

Total TEQP-WHO94 126.04 128.78 

Aroclor 1260, Clophen 
A-60, and Kanechlor 600
  3,3',4,4'-TCB 77 15 6 0.13 0.01256 0.17 0.017 
  3,4,4',5-TCB 81 6 1 0.08 0.0075 0.1 0.01 
  2,3,3',4,4'-PeCB 105 11 10 1.59 0.16 1.59 0.16 
  2,3,4,4',5-PeCB 114 9 4 0.71 0.35 0.77 0.39 
  2,3',4,4',5-PeCB 118 11 10 9.51 0.95 9.51 0.95 
  2',3,4,4',5-PeCB 123 8 1 0.0005 0.00005 0.08 0.008 
  3,3',4,4',5-PeCB 126 14 7 1.81 180.89 1.84 183.82 
  2,3,3',4,4',5-HxCB 156 11 11 6.89 3.45 6.89 3.45 
  2,3,3',4,4',5'-HxCB 157 8 8 1.59 0.79 1.59 0.79 
  2,3',4,4',5,5'-HxCB 167 10 9 2.87 0.03 2.87 0.03 
  3,3',4,4',5,5'-HxCB 169 14 5 0.16 1.64 0.19 1.92 
  2,2',3,3',4,4',5-HpCB 170 8 8 32.94 0 32.94 0 
  2,2',3,4,4',5,5'-HpCB 180 7 7 82.61 0 82.61 0 
  2,3,3',4,4',5,5'-HpCB 189 8 8 1.74 0.1739792 1.74 0.17 

Total TEQP-WHO98 188.45 191.71 

Total TEQP-WHO94 192.62 195.89 




 


Table 10-3. Weight percent concentrations of dioxin-like PCBs in Aroclors, Clophens, and Kanechlors (continued) 

aCalculated for a congener only when at least one sample contained detectable levels of that congener. 

Sources:  Adapted from Schulz et al. (1989); Duinker and Hillebrand (1983; deBoer et al. (1993); Schwartz et al. (1993); Larsen, et al. (1992); Kannan  et al. 
(1987); Huckins et al. (1980); Albro and Parker (1979; Jensen et al. (1974); Albro et  al. (1981); Duinker et al. (1988); Tanabe et al. (1987); Himberg and 
Sippola (1990); Frame et al. (1996a, b); Frame (1997). 

10-10
 




 

orders of magnitude in their water solubility, vapor pressure, Kow value, and Henry's Law 
constant. Thus, although all the dioxin-like PCB congeners are poorly soluble in water and have 
very low vapor pressures, they will volatilize and leach at different rates.  Similarly, because the 
congeners differ somewhat in their rates of biodegradation, bioaccumulation, and 
photodegradation, the congener patterns found in environmental media and biota will vary from 
those found in commercial mixtures. 

Although environmental mixtures are often characterized in terms of Aroclors, this 
characterization can be both imprecise and inappropriate.  Qualitative and quantitative errors can 
arise from judgements in comparing GC/MS peaks for a sample with the characteristic peak 
patterns for different Aroclors, particularly for environmentally altered patterns (U.S. EPA, 
1996f). For the same reason, it can be both imprecise and inappropriate to infer concentrations 
of dioxin-like PCB congeners in an environmental sample on the basis of characterization of the 
sample’s Aroclor content and knowledge of the dioxin-like congener content in the commercial 
Aroclor. Safe (1994) wrote, “Regulatory agencies and environmental scientists have recognized 
that the composition of PCBs in most environmental extracts does not resemble the compositions 
of the commercial product.” Similarly, ATSDR (1993) stated, “It is important to recognize that 
the PCBs to which people may be exposed are likely to be different from the original PCB source 
because of changes in congener and impurity composition resulting from differential partitioning 
and transformation in the environment and differential metabolism and retention.” 

10.2.1. Approved PCB Disposal/Destruction Methods 

In 1978, EPA began regulating the disposal of PCBs and PCB-contaminated waste under 
TSCA, PL 94-469.  The disposal regulations, published in the Code of Federal Regulations, 40 
CFR, Part 761, state that the preferred disposal method is incineration at 1,200°C or higher.  If 
the waste contains material that cannot be destroyed by incineration, EPA clearance must be 
obtained to dispose of the waste in a chemical waste landfill or by another approved manner. 

The PCB disposal regulations describe disposal of three distinct types of PCB waste: 
PCBs, PCB articles (items containing PCBs), and PCB containers.  Within these categories, 
further distinctions are made on the basis of the PCB concentration in the waste, with the 
acceptable disposal methods being based on the concentrations in the specific waste to be 
destroyed.  The acceptable disposal methods are Annex I incinerators, high-efficiency boilers, 
Annex II chemical waste landfills, and other approved methods.  The following paragraphs and 
Table 10-4 provide brief descriptions of these disposal methods.  More complete descriptions of 
the specific methodologies are provided in 40 CFR, Part 761. 
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Table 10-4. Disposal requirements for PCBs and PCB items 
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PCBs/items Waste characterization Disposal requirements 

PCBs Mineral oil dielectric fluids from 
PCB transformers 

Those analyzing >500 ppm 
PCB 

Annex I incineratora 

Mineral oil dielectric fluids from 
PCB-contaminated transformers 

Those analyzing 50–500 
ppm PCB 

Annex I incinerator 
High-efficiency boiler (40 CFR 761.10(a)(2)(iii)) 
Other approved incineratorb 

Annex II chemical waste landfillc 

PCB liquid wastes other than 
mineral oil dielectric fluid 

Those analyzing >500 ppm 
PCB 

Those analyzing 50–500 
ppm PCB 

Annex I incinerator 

Annex I incinerator 
High-efficiency boiler (40 CFR 761.10(a)(2)(iii)) 
Other approved incineratorb 

Annex II chemical waste landfillc 

Nonliquid PCB wastes (e.g., 
contaminated materials from 
spills) 

Annex I incinerator 
Annex II chemical waste landfill 

Dredged materials and municipal 
sewage treatment sludges 
containing PCBs 

Annex I incinerator 
Annex II chemical waste landfill 
Other approved disposal method, 40 CFR 
761.10(a)(5)(iii) 

PCB articles Transformers PCB transformers 

PCB contaminated 
transformers 

Annex I incinerator 

Drained and rinsed transformers may be disposed of 
in Annex II chemical waste landfill 

Disposal of drained transformers is not regulated 

PCB capacitorsd Annex I incinerator 
PCB hydraulic machines Those containing >1,000 

ppm PCB 

Those containing <1,000 
ppm PCB 

Drained and rinsed machines may be disposed of as 
municipal solid waste or salvaged 

Drained machines may be disposed of as municipal 
solid waste or salvaged 




 


Table 10-4. Disposal requirements for PCBs and PCB items (continued) 
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PCBs/items Waste characterization Disposal requirements 

Other PCB articles Those containing PCB fluids 

Those not containing PCB 
fluids 

Drained machines may be disposed of by Annex I or 
Annex II 

Annex I incinerator or Annex II chemical waste 
landfill 

PCB containers Those used to contain only PCBs 
at a concentration <500 ppm 

As municipal solid waste provided any liquid PCBs 
are drained prior to disposal 

Other PCB containers Annex I incinerator 

Annex II, provided any liquid PCBs are drained 
prior to disposal 

Decontaminate per Annex IV 
aAnnex I incinerator is defined in 40 CFR 761.40. 
bRequirements for other approved incinerators are defined in 40 CFR 761.10(e). 
cAnnex II chemical waste landfills are described in 40 CFR 761.41.  Annex II disposal is permitted if the PCB waste contains less than 500 ppm PCB and is
 not ignitable as per 40 CFR Part 761.41(b)(8)(iii). 
dDisposal of containerized capacitors in Annex II landfills was permitted until March 1, 1981; thereafter, only Annex I incineration has been permitted. 

Source:  U.S. EPA (1987d). 




 


10.2.1.1. Approved Incinerators/High-Efficiency Boilers 

PCB Annex I incinerators must meet the specific technical standards and criteria listed in 
Annex I of EPA’s PCB regulations.  The minimum operating requirements for disposal of liquid 
wastes are 2 sec at 1,200°C with 3% excess oxygen (measured in the stack gas) or 1.5 sec at 
1,600°C with 2% excess oxygen (measured in the stack gas).  Monitoring requirements, approval 
conditions, and trial burn requirements are prescribed in Annex I.  Operators of commercial or 
industrial incinerators who intend to destroy liquid PCB wastes must demonstrate the 
incineration’s compliance with the Annex I requirements through a comprehensive trial burn 
program.  Annex I incinerators operating at optimum performance level should destroy 99.997% 
of liquid PCB waste, with a resulting maximum emission factor of 0.03 g/kg. 

Criteria for Annex I incinerators were established for the destruction of liquid PCB 
wastes; however, these incinerators also may be used for disposal of nonliquid PCB items (such 
as capacitors), provided that a destruction and removal efficiency of 99.9999% and a maximum 
emission factor of 0.001 g/kg are met. 

High-efficiency boilers may be used to destroy PCBs and PCB-contaminated waste with 
PCB concentrations not exceeding 500 ppm.  Conventional industrial and utility boilers may be 
designated as high-efficiency boilers if they are operated under the prescribed combustion 
conditions defined in the PCB disposal regulations.  The PCB regulations do not specify a 
minimum destruction efficiency for high-efficiency boilers; however, EPA-approved boilers 
operated according to the regulations have reported destruction efficiencies in excess of 99.99%, 
with a corresponding maximum emission factor of 0.1 g/kg (U.S. EPA, 1987d). 

10.2.1.2. Approved Chemical Waste Landfills 

Approved chemical waste landfills can be used for the disposal of some but not all PCB 
wastes. PCB-contaminated materials acceptable for land disposal in an approved landfill include 
PCB mixtures (e.g., certain PCB-contaminated soil/solid debris, PCB-contaminated dredged 
materials, and PCB-contaminated municipal sewage sludge), PCB articles that cannot feasibly be 
incinerated (e.g., drained and flushed transformers), and drained PCB containers.  Written 
approval must be obtained from EPA in order to landfill PCB articles other than transformers. 
PCB-contaminated materials not acceptable for land disposal in an approved landfill include 
nonliquid PCB mixtures in the form of contaminated soil, rags, or other solid debris, and sealed 
capacitors. Typically, PCBs disposed of in these landfills are placed in sealed containers, thereby 
minimizing any PCB emissions. 
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10.2.1.3. Other Approved Disposal Methods 

Other thermal and nonthermal destruction techniques may be approved by EPA Regional 
Administrators if these processes can effect a level of destruction of PCBs equivalent to that of 
incinerators or boilers. After April 29, 1983, all other PCB disposal technologies (thermal and 
nonthermal) used in more than one EPA Region had to be approved by EPA Headquarters. 
Examples of thermal technologies approved for commercial-scale use or for research and 
development projects include a pyrolysis process to treat contaminated soils, a fluid wall reactor, 
a cement kiln, a diesel engine, a steam-stripping operation, an aluminum melting furnace, and a 
molten salt process. Examples of approved nonthermal processes include chemical 
dechlorination processes, physical/chemical extraction techniques, and biological reduction 
methods. The physical/chemical techniques extract the PCBs from transformers or capacitors 
and concentrate them for disposal; they do not destroy the PCBs. 

10.2.2. Emission Estimates 

Tables 10-5 and 10-6 list the amounts of PCBs reported in EPA’s Toxics Release 
Inventory (TRI) as transferred off site for treatment, energy recovery, or disposal and the amounts 
released between 1988 and 2000, respectively. These quantities do not necessarily represent 
entry of PCBs into the environment.  If it is assumed that all transferred PCBs are incinerated in 
high-efficiency boilers with a destruction and removal efficiency of 99.99%, then annual 
emissions of PCBs to air during 1988, 1995, and 2000 could have been as high as 264 kg, 31 kg, 
and 15 kg, respectively.  Because no stack testing data are available for dioxin-like PCBs, it is 
not possible to estimate what fraction of these potential PCB releases would have been dioxin-
like congeners. 

10.2.3. Accidental Releases of Still-in-Service PCBs 

After the 1977 ban on production of PCBs, releases of commercially produced PCBs to 
the environment (aside from minimal releases occurring during approved disposal or destruction) 
have been limited to accidental release of in-service PCBs (U.S. EPA, 1987d).  Accidental 
releases are the result of leaks or spills during failure/breakage of an existing piece of PCB-
containing equipment or of incomplete combustion during accidental fires involving PCB-
containing equipment.  These two types of accidental releases are discussed in the following 
sections. 
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Table 10-5. Off-site transfers of PCBs reported in the Toxics Release 
Inventory (TRI) (1988–2000) 

Year 
No. of TRI 
forms filed 

Reported transfers (kg) 

Transfers to 
POTWs 

Transfers for 
treatment/disposal Total transfers 

2000 NA 102 150,888 150,990 

1999 NA 0 434,666 434,666 

1998 NA 0 386,903 386,903 

1997 NA  a 471,319 471,319 

1996 NA 0 160,802 160,802 

1995 NA 0 308,347 308,347 

1994 NA 0 466,948 466,948 

1993 16 120 463,385 463,505 

1992 20 0 766,638 766,638 

1991 26 0 402,535 402,535 

1990 NA 0 1,181,961 1,181,961 

1989 NA 0.5 2,002,237 2,002,237 

1988 122 113 2,642,133 2,642,246 
aFacilities left that particular cell blank on the Form R submissions. 

NA = Not available 
POTWs = Publicly owned treatment works 

Sources:  U.S. EPA (1993f, 1995h, 1998b, 2003c). 

10.2.3.1. Leaks and Spills 

PCBs that remain in active service at this time are those contained in “closed systems” 
(i.e., those pieces of electrical equipment that completely enclose the PCBs and do not provide 
direct atmospheric access for the PCBs during normal use).  This equipment includes PCB 
transformers, capacitors, voltage regulators, circuit breakers, and reclosures.  With the exception 
of PCB transformers—and probably small PCB capacitors—the majority of the PCB-containing 
electrical equipment in service during 1981 was owned by the electrical utility industry. 
Approximately 70% of the estimated 140,000 PCB transformers in service in 1981 were owned 
by nonutilities.  No information was available on the relative distribution of small PCB 
capacitors (Versar, Inc., 1988). 
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Table 10-6. Releases of PCBs reported in the Toxics Release Inventory (TRI) (1988–2000) 

10-17
 

Year 
No. of TRI 
forms filed 

Reported releases (kg) 

Fugitive or 
nonpoint air 

emissions 
Stack or point 
air emissions 

Surface water 
discharges 

Underground 
injection 

On-site 
releases to 

land 

Total 
on-site 

Releases 

2000 NA 158 2,497 13 0.5 648,128 650,796.5 

1999 NA 0 0 a a 0.0 

1998 NA 0 0 0 a 60,854 60,854.0 

1997 NA 0 0 0 a 3,081 3,081.0 

1996 NA 2.3 114 0 0 4,179 4,295.3 

1995 NA 0 0 0 0 0 0.0 

1994 NA 0 0 0 0 0 0.0 

1993 16 0 0 0 0 120 120.0 

1992 20 0 0 0 0 0.5 0.5 

1991 26 0 0 0 0 0 0.0 

1990 NA 2.3 0 0 0 32,372 32,374.3 

1989 NA 0 0 120 0 453 573.0 

1988 122 2.7 0 4.5 0 341 348.2 
aFacilities left that particular cell blank on the Form R submissions. 

NA = Not available 

Sources:  U.S. EPA (1993f, 1995h, 1998b, 2003c). 




 


The number of each of these items owned by the utility industry, the quantity of PCBs 
contained in each, and an estimate of the annual quantity of PCBs leaked and/or spilled were 
investigated by the Edison Electric Institute and the Utility Solid Wastes Activity Group 
(EEI/USWAG) for EPA in 1981.  The findings of this investigation, which were reported in a 
proposed modification to the PCB regulations (Federal Register, 1982a), indicated that more than 
99% of the total quantity of PCBs contained in utility-owned electrical equipment in 1981 
(73,700 metric tons) was in 40,000 PCB transformers (those containing >500 ppm of PCBs) and 
large PCB capacitors (those containing >3 lb of PCBs).  An upper-bound estimate of the mass of 
PCBs that leached or spilled from this equipment in 1981 was 177 metric tons.  Approximately 
95% of the estimated releases were the result of leaks from large PCB capacitors (Federal 
Register, 1982a).  Leaks/spills typically occur in transformers when the gasket joining the top to 
the body corrodes, tears, or physically fails.  PCBs can then leak past this failed section and 
potentially spill onto the surrounding ground.  PCB capacitors typically fail by rupturing, 
exposing the contained PCBs to the environment.  Failure is caused by environmental and 
weathering effects (e.g., lightning) or material failures (e.g., metal fatigue). 

As of mid-1988, the total population of in-service PCB transformers and large PCB 
capacitors was estimated to have decreased from 140,000 to 110,000 and from 3.3 million to 1.9 
million, respectively (Versar, Inc., 1988).  PCB transformers have normal operating lifetimes of 
30 years and 40 years, respectively.  EPA’s PCB Electrical Use Rule (Federal Register, 1982b) 
required the removal of 950 food/feed industry transformers by 1985 and 1.1 million 
unrestricted-access large PCB capacitors by October 1988.  In addition, EPA’s PCB Transformer 
Fires Rule (Federal Register, 1985b) required the removal by 1990 of 7,600 480-volt network 
transformers. 

More recent inventories of PCB-containing electrical equipment are not available. 
However, an Information Collection Request submitted by EPA to the Office of Management 
and Budget for information on uses, locations, and conditions of PCB electrical equipment 
estimated that there may be 150,000 owners of PCB-containing transformers used in industry, 
utilities, government buildings, and private buildings (Federal Register, 1997b).  It is expected, 
and is demonstrated by the reported PCB transfers in the EPA’s TRI (see Table 10-5), that many 
owners of PCB electrical equipment have removed PCB-containing equipment to eliminate 
potential liability. 

10.2.3.2. Accidental Fires 

The available information is not adequate to support an estimate of potential annual 
releases of dioxin-like PCBs from accidental electrical equipment fires.  For fires involving PCB 
transformers or capacitors, the amount of PCBs released is dependent on the extensiveness of the 
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fire and the speed at which it is extinguished. A number of these fires are documented. A New 
York fire involving 200 gal of transformer fluid containing some 65% by weight PCBs resulted 
in a release of up to 1,300 lb of PCBs.  A capacitor fire that burned uncontrolled for 2 hr in 
Sweden resulted in the destruction of 12 large utility capacitors containing an estimated 25 
pounds each of PCBs, for a total potential release of 300 lb.  However, data are incomplete on the 
exact amount of PCBs released as a result of these two fires. 

EPA has imposed reporting requirements to ensure that the National Response Center is 
informed immediately of fires involving PCB transformers (40 CFR 761).  The recordkeeping 
requirements are used to document the use, location, and condition of PCB equipment. 
Responses are mandatory, but the submitter may claim them to be confidential information.  The 
number of PCB transformer fires is estimated to be approximately 20 per year; the number of 
PCB capacitor fires is unknown (U.S. EPA, 1987d).  As these PCB-containing items reach the 
end of their useful lives and are retired, their susceptibility to fires will be eliminated, and the 
overall number of PCB transformer and capacitor fires will be reduced. 

10.2.4. Municipal Wastewater Treatment 

EPA conducted the National Sewage Sludge Survey in 1988 and 1989 to obtain national 
data on sewage sludge quality and management.  As part of this survey, EPA tested for more than 
400 analytes, including seven of the Aroclors, in sludges from 175 publicly owned treatment 
works (POTWs) that employed at least secondary wastewater treatment.  Sludges from 19% of 
the POTWs had detectable levels of at least one of the following Aroclors: 1248, 1254, or 1260; 
none of the other Aroclors were detected in any sample (the detection limit [DL] was typically 
about 200 µg/kg dry weight) (U.S. EPA, 1996e).  Analyses were not performed for dioxin-like 
PCB congeners.  The Aroclor-specific results of the survey are presented in Table 10-7. 

Gutenmann et al. (1994) reported similar results in a survey of sludges from 16 large U.S. 
cities for Aroclor 1260 content. At a DL of 250 µg/kg (dry weight), the investigators detected 
Aroclor 1260 (4,600 µg/kg) at only one facility.  These results indicate that PCBs are not likely 
to be formed at POTWs, but rather are present because of disposal of PCB products or 
recirculation of previously disposed of PCBs. 

Although PCBs, measured as Aroclors, were not commonly detected in sewage sludge at 
microgram-per-kilogram levels in studies by EPA (U.S. EPA, 1996e) and Gutenmann et al. 
(1994), the presence of dioxin-like PCB congeners at lower concentrations may be more 
common. Green et al. (1995) and Cramer et al. (1995) reported the results of analyses of 99 
samples of sewage sludge for PCB congener numbers 77, 81, 126, and 169.  The sludge samples 
were collected from 74 wastewater treatment plants across the United States during the summer 
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Table 10-7. Aroclor concentrations (ng/kg) measured in EPA’s National 
Sewage Sludge Surveya 

Aroclor 
Percent 
detected 

Maximum 
concentration 

Median concentration 

Nondetects set to 
detection limit 

Nondetects set 
to zero 

1016 0 - - 0 

1221 0 - - 0 

1232 0 - - 0 

1242 0 - - 0 

1248 9 5.2 0.209 0 

1254 8 9.35 0.209 0 

1260 10 4.01 0.209 0 

Any Aroclor (total) 19 14.7 1.49 0 
aFor publicly owned treatment works with multiple samples, the pollutant concentrations were averaged before the 
summary statistics presented in the table were calculated. 

-- = No information given 

Source:  U.S. EPA (1996e). 

of 1994. These data are summarized in Table 10-8.  Results from all samples collected from the 
same facility were averaged by Green et al. and Cramer et al. to ensure that results were not 
biased toward the concentrations found at facilities from which more than one sample was 
collected. If all nondetect values were assumed to be zero, then the POTW mean TEQP-WHO94 

and TEQP-WHO98 concentrations were 25.1 and 24.2 ng TEQ/kg (dry-weight basis), respectively. 
If the nondetect values were set equal to the DLs, then the POTW mean TEQP-WHO94 and 
TEQP-WHO98 concentrations were 25.2 and 24.3 ng TEQ/kg, respectively. 

In 1999, sewage sludge samples from a POTW in Ohio were collected and analyzed for 
PCBs (U.S. EPA, 2000b).  The facility, which accepts both domestic and industrial wastewater, 
employs secondary wastewater technology.  Assuming nondects were zero, the mean TEQ 
emission factor was 141 ng TEQP-WHO98/kg.  These results are presented in Table 10-9. 

In 2000 and 2001, the Association of Metropolitan Sewage Agencies conducted a survey 
of dioxin-like PCB compounds in sewage sludge (Alvarado et al., 2001).  A total of 200 sewage 
sludge samples were collected from 171 POTWs located in 31 states.  Assuming nondetects were 
zero, the mean and median TEQ emission factors were reported as 8.3 and 3.37 ng TEQP 
WHO98/kg, respectively. 
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Table 10-8. Dioxin-like PCB concentrations measured in sludges collected from 74 U.S. publicly owned 
treatment works (POTWs) during 1994a,b 
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Congener 
IUPAC 
number 

Percent 
detected 

Maximum 
concentration 

(ng/kg) 

Median concentration (ng/kg)  Mean concentration (ng/kg) 

Nondetect set to 
½ detection 

limit 
Nondetect 
set to zero 

Nondetect set 
to ½ detection 

limit 
Nondetect set 

to zero 

3,3',4,4'-TCB 77 100 22,900 783 783 2,243 2,243 

3,4,4',5-TCB 81 86 1,250 27.3 27 65.2 63.5 

2,3,3',4,4'-PeCB 105 

2,3,4,4',5-PeCB 114 

2,3',4,4',5-PeCB 118 

2',3,4,4',5-PeCB 123 

3,3',4,4',5-PeCB 126 99 3,020 91.6 91.6 237 237 

2,3,3',4,4',5-HxCB 156 

2,3,3',4,4',5'-HxCB 157 

2,3',4,4',5,5'-HxCB 167 

3,3',4,4',5,5'-HxCB 169 22 1,470 8.5 0 32.5 26.2 

2,2',3,3',4,4',5-HpCB 170 

2,2',3,4,4',5,5'-HpCB 180 

2,3,3',4,4',5,5'-HpCB 189 

Total TEQP-WHO98 9.3 9.2 24.3 24.2 
aFor POTWs with multiple samples, the sample concentrations were averaged by Cramer et al. (1995) to POTW averages before calculation of the total TEQ 
 mean and median values presented in the table.  The TEQP-WHO94 and TEQP-WHO98 values were calculated on a facility-level basis. 
bBlank cells indicate that no measurements of these congeners were made. 

Source:  Green et al. (1995); Cramer et al. (1995). 



 


 


Table 10-9. Dioxin-like PCB concentrations in sewage sludge collected from 
U.S. publicly owned treatment works during 1999 

Congener 
IUPAC 
number 

Mean emission factor (ng/kg) 

Nondetect set to ½ 
detection limit Nondetect set to zero 

3,3',4,4'-TCB 77 42,467 42,467 

2,3,3',4,4'-PeCB 105 7,230 7,230 

2,3,4,4',5-PeCB 114 701 701 

2',3,4,4',5-PeCB 123 249 249 

2,3',4,4',5-PeCB 118 12,867 12,867 

3,3',4,4',5-PeCB 126 1,270 1,270 

2,3,3',4,4',5-HxCB 156 1,843 1,843 

2,3,3',4,4',5'-HxCB 157 524 524 

2,3',4,4',5,5'-HxCB 167 935 935 

3,3',4,4',5,5'-HxCB 169 570 570 

2,2',3,3',4,4',5-HpCB 170 2,627 2,627 

2,2',3,4,4',5,5'-HpCB 180 6,497 6,497 

2,3,3',4,4',5,5'-HpCB 189 199 199 

Total TEQP-WHO98 141 141 

Source:  U.S. EPA (2000b). 

For 2001, EPA conducted another National Sewage Sludge Survey to characterize the 
dioxin and dioxin-like equivalence levels in biosolids produced by the 6,857 POTWs operating 
in the United States in 2001 (U.S. EPA, 2002d). Sewage sludge samples were collected from 94 
POTWs that used secondary or higher treatment practices.  All the facilities had been sampled as 
part of the 1988/1989 National Sewage Sludge Survey.  To determine the mean and median TEQ 
emission estimates of the dioxin-like PCBs, EPA weighted the values on the basis of wastewater 
flow rates of all POTWs in the United States (i.e., number of facilities with wastewater flow rate 
>100 mg/day, >10 but #100 mg/day, >1 but #10 mg/day, and #1 mg/day).  The weighted mean 
and median TEQP-WHO98 concentrations of the dioxin-like PCB congeners were 5.22 and 2.05 
ng/kg, respectively. 

According to the results of its 1988/1989 National Sewage Sludge Survey, EPA estimated 
that approximately 5.4 million dry metric tons of sewage sludge were generated in 1989 (Federal 
Register, 1993a).  EPA also used the results of the 1984 to 1996 Clean Water Needs Surveys to 
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estimate that 6.3 million dry metric tons of sewage sludge were generated in 1998 and 6.6 
million dry metric tons were generated in 2000 (U.S. EPA, 1999b).  Because estimates for 1987 
and 1995 are not available, the 1989 and 1998 activity level estimates are used for reference 
years 1987 and 1995, respectively.  Tables 10-10, 10-11, and 10-12 list the volume, by use and 
disposal practices, of sludge disposed of annually for reference years 1989, 1995, and 2000. 

Table 10-10.  Quantity of sewage sludge disposed of annually in 1989 by 
primary, secondary, or advanced treatment publicly owned treatment works 
(POTWs) and potential dioxin-like PCB TEQ releases 

Use/disposal practice 

Volume 
disposed of 
(1,000 dry 

metric tons/yr) 

Percent 
of 

total 
volume 

Potential TEQP 
WHO98 releasea 

(g of TEQ/yr) 

Potential TEQP 
WHO94 releasea 

(g of TEQ/yr) 

Land application 1,714 32b 41.5 43 

Distribution and marketing 71 1.3 1.7 1.8 

Surface disposal site/other 396 7.4 9.6 9.9 

Sewage sludge landfill 157 2.9 4.2 3.9 

Co-disposal landfillsc 1,819 33.9 44 45.6 

Sludge incinerators and co
incineratorsd 865 16.1 e  e 

Ocean disposalf 336 6.3 0 0 

TOTAL 5,358 100 101 104.2 
aPotential TEQ release for nonincinerated sludges was estimated by multiplying the sludge volume generated
 (column 2) by the mean dioxin-like PCB TEQ concentration in 74 POTW sludges reported by Green et al. (1995) 
 and Cramer et al. (1995) (i.e., 24.2 ng TEQP-WHO98/kg and 25.1 ng TEQP-WHO94/kg). 
bIncludes 21.9% applied to agricultural land, 2.8% applied as compost, 0.6% applied to forestry land, 3.1%
 applied to “public contact” land, 1.2% applied to reclamation sites, and 2.4% applied in undefined settings. 
cLandfills used for disposal of sewage sludge and solid waste residuals. 
dCo-incinerators treat sewage sludge in combination with other combustible waste materials. 
eSee Section 10.4.6 for a discussion of dioxin-like PCB releases to air from sewage sludge incinerators. 
fThe Ocean Dumping Ban Act of 1988 generally prohibited the dumping of sewage sludge into the ocean after 
 December 31, 1991.  Ocean dumping of sewage sludge ended in June 1992 (Federal Register, 1993a).  The
 current method of disposal of the 336,000 metric tons of sewage sludge that were disposed of in the oceans in
 1988 has not been determined. 

Sources:  Federal Register (1990, 1993a); Green et al. (1995); Cramer et al. (1995). 
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Table 10-11.  Quantity of sewage sludge disposed of annually in 1995 by 
primary, secondary, or advanced treatment publicly owned treatment works 
(POTWs) and potential dioxin-like PCB TEQ releases 

Use/disposal practice 

Volume disposed of 
(1,000 dry metric 

tons/yr) 
Percent of 

total volume 

Potential dioxin releasea 

(g TEQ/yr) 

TEQP-WHO98 TEQP-WHO94 

Land applicationb 2,500 39.7 60.5 62.8 

Advanced treatmentc 700 11.1 16.9 17.6 

Other beneficial used 500 7.9 12.1 12.6 

Surface disposal/Landfill 1,100 17.5 26.6 27.6 

Incineration 1,400 22.2 e e 

Other disposal method 100 1.6 2.4 2.5 

TOTAL 6,300 100 118.5 123.1 
aPotential TEQ release for nonincinerated sludges was estimated by multiplying the sludge volume generated

 (column 2) by the mean dioxin-like PCB TEQ concentration in 74 POTW sludges reported by Green et al. (1995)

 and Cramer et al. (1995) (i.e., 24.2 ng TEQP- WHO98/kg and 25.1 ng TEQP-WHO94/kg).
 
bWithout further processing or stabilization, such as composting.
 
cSuch as composting.
 
dEPA assumed that this category includes distribution and marketing (i.e., sale or give-away of sludge for use in

 home gardens).  Based on the 1988 National Sewage Sludge Survey and 1988 Needs Survey, approximately 1.3%

 of the total volume of sewage disposed was distributed and marketed (Federal Register, 1993a).  Therefore, it is

 estimated that 2 g (TEQP-WHO98 and TEQP-WHO94) were released through distribution and marketing in 1995.
 
eSee Section 3.5 for estimates of CDD/CDF releases to air from sewage sludge incinerators. 

Sources:  U.S. EPA (1999b); Green et al. (1995); Cramer et al. (1995). 

These tables also list the estimated amount of dioxin-like PCB TEQs that may be present 
in sewage sludge and potentially released to the environment.  For reference years 1987 and 
1995, these values were estimated using the POTW mean TEQP-WHO98 concentration calculated 
from the results reported by Green et al. (1995) and Cramer et al. (1995).  For  reference year 
2000, they were estimated using the POTW mean TEQP-WHO98 concentration reported by EPA 
(U.S. EPA, 2002d) as part of the 2001 National Sewage Sludge Survey.  Multiplying these TEQ 
concentrations by the sludge volumes generated yields annual potential total releases of 101 g 
TEQP-WHO98 (104.2 g TEQP-WHO94) in 1987, 118.5 g TEQP-WHO98 (123.1 g TEQP-WHO94) in 
1995, and 26.6 g TEQP-WHO98 in 2000 for nonincinerated sludges. 
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Table 10-12.  Quantity of sewage sludge disposed of annually in 2000 by 
primary, secondary, or advanced treatment publicly owned treatment works 
(POTWs) and potential dioxin-like PCB TEQ releases 

Use/disposal practice 

Volume disposed of 
(1,000 dry metric 

tons/yr) 
Percent of 

total volume 

Potential 
TEQDF-WHO98 releasea 

(g TEQ/yr) 

Land applicationb 2,800 42.4 14.6 

Advanced treatmentc 800 12.1 4.2 

Other beneficial used 500 7.6 2.6 

Surface disposal/landfill 900 13.6 4.7 

Incineration 1,500 22.7 e 

Other disposal method 100 1.5 0.5 

TOTAL 6,600 100 26.6 
aPotential dioxin TEQ release for nonincinerated sludges was estimated by multiplying the sludge volume

 generated (column 2) by the average of the mean TEQDF-WHO98 concentrations in sludge reported by U.S. EPA

 (2002c) (i.e., 5.22 ng TEQDF-WHO98/kg).
 
bWithout further processing or stabilization, such as composting.
 
cSuch as composting.
 
dEPA assumed that this category includes distribution and marketing (i.e., sale or give-away of sludge for use in

 home gardens).  Based on the 1988 National Sewage Sludge Survey and 1988 Needs Survey, approximately 1.3%

 of the total volume of sewage disposed of was distributed and marketed (Federal Register, 1993a).  Therefore, it

 is estimated that 0.5 g TEQDF-WHO98 were released through distribution and marketing in 2000.
 
eSee Section 3.5 for estimates of CDD/CDF releases to air from sewage sludge incinerators. 

Sources:  U.S. EPA (1999b, 2002d). 

Of the 101 g TEQP-WHO98 released in 1987, 1.7 g entered commerce as a product for 
distribution and marketing and the remainder was applied to land (41.5 g to land application and 
9.6 g to surface disposal sites) or landfilled (48.2 g).  Of the 118.5 g TEQP-WHO98 released in 
1995, 60.5 g were applied to land without further processing or stabilization, 16.9 g underwent 
advanced treatment such as composting, 26.6 g were disposed of on the surface or landfilled, and 
the remainder was either used or disposed of in other ways.  Of the 26.6 g TEQP-WHO98 released 
in 2000, 14.6 g were applied to land without further processing or stabilization, 4.2 g underwent 
advanced treatment such as composting, 4.7 g were disposed of on the surface or landfilled, and 
the remainder was either used or disposed of in other ways.  The PCBs in landfilled sludge were 
not considered releases to the environment under the definition established in this document. 
The other disposal practices were considered releases and were summed to get total land releases, 
as shown in Table 10-2 (above). 
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The 1987 and 1995 release estimates are assigned a confidence rating of B, indicating 
high confidence in the production estimate and medium confidence in the emission factor 
estimates. The medium rating was based on the judgment that, although the 74 facilities tested 
by Green et al. (1995) and Cramer et al. (1995) may be reasonably representative of the 
variability in POTW technologies and sewage characteristics nationwide, the sample size was 
still relatively small, and not all dioxin-like PCB congeners were monitored.  The 2000 release 
estimates are assigned a confidence rating of A, indicating high confidence in both the 
production estimate and the emission factor estimates.  High confidence was placed in the 
emission factors estimated because they were weighted on the basis of wastewater flow rates of 
all POTWs in the United States. 

10.3. CHEMICAL MANUFACTURING AND PROCESSING SOURCES 

In the early 1980s, EPA investigated the extent of inadvertent generation of PCBs during 
the manufacture of synthetic organic chemicals (Hammerstrom et al., 1985).  For example, 
phthalocyanine dyes and diarylide pigments were reported to contain PCBs in the milligram-per
kilogram range.  EPA subsequently issued regulations under TSCA (40 CFR 761.3) that ban the 
distribution in commerce of any products containing an annual average PCB concentration of 25 
mg/kg (50 mg/kg maximum concentration at any time).  In addition, EPA requires manufacturers 
with processes that inadvertently generate PCBs and importers of products that contain 
inadvertently generated PCBs to report to EPA any process or import for which the PCB 
concentration is greater than 2 mg/kg for any resolvable PCB gas chromatographic peak. 

10.4. COMBUSTION SOURCES 

10.4.1. Municipal Waste Combustors 

Municipal waste combustors (MWCs) have long been identified as potential PCB air 
emission sources. Stack gas concentrations of PCBs for three MWCs were reported (U.S. EPA, 
1987d); the average test results yielded an emission factor of 18 µg/kg refuse.  Stack gas 
emissions of PCBs from the three MWCs were quantified without determining the MWCs’ PCB 
destruction efficiency.  

EPA also analyzed the PCB content of various consumer paper products (U.S. EPA, 
1987d). The results indicated that paper products such as magazine covers and paper towels 
contained up to 139 µg/kg paper.  These levels, which were reported in 1981, were attributed to 
the repeated recycling of waste paper containing PCBs.  For example, carbonless copy paper 
manufactured prior to 1971 contained PCB levels as high as 7%.  This copy paper then became a 
component of waste paper, which was recycled.  The PCBs were inevitably introduced into other 
paper products, resulting in continued measurable levels in municipal refuse some four years 
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after the PCB manufacturing ban was imposed.  Refuse-derived fuel manufactured from these 
paper products had PCB levels of 8,500 µg/kg, indicating that this fuel could be a source of 
atmospheric PCBs.  Therefore, it was assumed that municipal refuse does contain detectable 
levels of PCBs and that some of these PCBs may enter the atmosphere when the refuse is 
incinerated (U.S. EPA, 1987d). 

Shane et al. (1990) analyzed fly ash from five MWCs for PCB congener group content. 
Total PCB levels ranged from 99 to 322 µg/kg in the ash, with the tri, tetra, and penta congener 
groups occurring in the highest concentrations.  The investigators also analyzed seven bottom ash 
and eight bottom ash/fly ash mixtures for total PCB measured as Aroclor 1254.  The DL for this 
Aroclor analysis was 5 µg/kg.  Aroclor 1254 was detected in two of the seven bottom ash 
samples (26 and 8 µg/kg) and in five of the eight fly ash/bottom ash mixtures (range, 6 to 33 
µg/kg). 

Sakai et al. (2001) analyzed the PCB levels in fly ash and bottom ash from a newly 
constructed MWC in Japan.  The I-TEQ values derived from the data give a total TEQ value of 
31.6 ng/kg for fly ash and 0.85 ng/kg for bottom ash. 

The development of more sensitive analytical methodologies has enabled researchers in 
recent years to detect dioxin-like PCB congeners in the stack gases and fly ash from full-scale 
and pilot-scale MWCs (Sakai et al., 1993a, b, 1994, 2001; Boers et al., 1993; Schoonenboom et 
al., 1993). Similarly, the advances in analytical techniques have enabled researchers to determine 
that dioxin-like PCBs can be formed during the oxidative solid combustion phase of incineration, 
presumably due to dimerization of chlorobenzenes.  Laboratory-scale studies have also 
demonstrated that dioxin-like PCBs can be formed from heat treatment of fly ash in air 
(Schoonenboom et al., 1993; Sakai et al., 1994); however, the available data are not adequate to 
support development of a quantitative estimate of a dioxin-like PCB emission factor for this 
source category.  MWCs are designated as a Category E source. 

10.4.2. Industrial Wood Combustion 

Emissions of PCB congener groups (but not individual congeners) were measured during 
stack testing at two industrial wood-burning facilities (CARB, 1990d, e).  Table 10-13 presents 
the average of the congener group (monochlorobiphenyl [MCB] through decachlorobiphenyl 
[DCB]) emission factors for these two facilities.  No tetra- or higher-chlorinated congeners (the 
congener groups containing the dioxin-like PCBs) were detected at either facility at DLs 
corresponding to emission factors in the low range of nanogram per kilogram of wood 
combusted. 
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Table 10-13.  PCB congener group emission factors for industrial wood 
combustorsa 

Congener group 
Number of 
detections 

Maximum 
concentration 

detected 
(ng/kg wood) 

Mean concentration 
(ng/kg) 

Nondetect set 
to detection 

limit 
Nondetect set 

to zero 

Monochlorobiphenyls 1 32.1 39.4 16 

Dichlorobiphenyls 1 23 50.9 11.5 

Trichlorobiphenyls 1 19.7 42.3 9.8 

Tetrachlorobiphenyls 0 - 22.7 --

Pentachlorobiphenyls 0 - 17.6 --

Hexachlorobiphenyls 0 - 17 --

Heptachlorobiphenyls 0 - 17.9 --

Octachlorobiphenyls 0 - 15.8 --

Nonachlorobiphenyls 0 - 25 --

Decachlorobiphenyls 0 - 36.3 -
aTwo sites for each congener group. 

-- = No information given 

Source:  CARB (1990d, e). 

In CARB (1990d), PCBs were measured in the emissions from two spreader stoker wood-
fired boilers operated in parallel by an electric utility for generating electricity.  The exhaust gas 
stream from each boiler was passed through a dedicated electrostatic precipitator (ESP), after 
which the gas streams were combined and emitted to the atmosphere through a common stack. 
Stack tests were conducted both when the facility burned fuels allowed by existing permits and 
when the facility burned a mixture of permitted fuel supplemented by urban wood waste at a ratio 
of 70:30. 

In CARB (1990e), PCBs were measured in the emissions from twin fluidized-bed 
combustors designed to burn wood chips to generate electricity.  The air pollution control device 
(APCD) system consisted of ammonia injection for controlling nitrogen oxides and a multiclone 
and an ESP for controlling PM.  During testing, the facility burned wood wastes and agricultural 
wastes allowed by existing permits.  The available data are not adequate to support development 
of a quantitative estimate of dioxin-like PCB emissions from this source.  Industrial wood 
combustion is designated as a Category E source. 
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10.4.3. Medical Waste Incineration 

As discussed in Chapter 3, Section 3.3, EPA has issued nationally applicable emission 
standards and guidelines that address CDD/CDF emissions from medical waste incinerators 
(MWIs).  Although PCBs are not addressed in these regulations, the database of stack test results 
at MWIs compiled for this rulemaking does contain limited data on PCB congener group 
emission factors.  Data are available for two MWIs lacking add-on APCD equipment and for two 
MWIs with add-on APCD equipment in place.  The average congener group emission factors 
derived from these test data are presented in Table 10-14.  Because data are available for only 4 
of the estimated 1,065 facilities that make up this industry, and because these data do not provide 
congener-specific emission factors, no national estimates of total PCB or dioxin-like PCB 
emissions are being made at this time.  Medical waste incineration is designated as a Category E 
source. 

Table 10-14. PCB congener group emission factors for medical waste 
incinerators (MWIs)a 

Congener group 

Mean emission factor (ng/kg) 
(2 MWIs without APCD)

  Mean emission factor (ng/kg) 
(2 MWIs with APCD) 

Nondetects set to 
detection limit 

Nondetects 
set to zero 

Nondetects set to 
detection limit 

Nondetects 
set to zero 

Monochlorobiphenyls 0.059 0.059 0.311 0 

Dichlorobiphenyls 0.083 0.083 0.34 0 

Trichlorobiphenyls 0.155 0.155 0.348 0 

Tetrachlorobiphenyls 4.377 4.377 1.171 0 

Pentachlorobiphenyls 2.938 2.938 17.096 9.996 

Hexachlorobiphenyls 0.238 0.238 1.286 1.078 

Heptachlorobiphenyls 0.155 0.155 0.902 0 

Octachlorobiphenyls 0.238 0.238 0.205 0 

Nonachlorobiphenyls 0.155 0.155 - --

Decachlorobiphenyls 0.155 0.155 0.117 0 
aSee Section 3.3 for details on tested facilities. 

APCD = Air pollution control device 
-- = No information given 
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10.4.4. Tire Combustion 

As discussed in Chapter 3, Section 3.6, tires are burned in a variety of facilities, including 
dedicated tire burners, cement kilns, industrial boilers, and pulp and paper combustion facilities. 
Emissions of PCB congener groups (but not individual congeners) were measured during stack 
testing of a tire incinerator (CARB, 1991).  The facility consisted of two excess air furnaces 
equipped with steam boilers to recover the energy from the heat of combustion.  Discarded whole 
tires were fed to the incineration units at rates ranging from 2,800 to 5,700 kg/hr during the three 
testing days.  The furnaces were equipped to burn natural gas as auxiliary fuel.  The steam 
produced from the boilers drove electrical turbine generators that produced 14.4 megawatts of 
electricity.  The facility was equipped with a dry acid gas scrubber and a fabric filter for the 
control of emissions prior to exiting the stack.  Table 10-15 presents the congener group (MCB 
through DCB) emission factors for this facility.  The emission factor for the total of the tetra-
through heptachlorinated congener groups was about 1.2 µg/kg tire processed.  Because these 
data do not provide PCB congener-specific emission factors, no estimates of emissions of dioxin-
like PCBs can be made.  Tire combustion is designated as a Category E source. 

Table 10-15. PCB congener group emission factors for a tire combustora 

Congener group 
Number of 
detections 

Maximum 
emission factor 

(ng/kg) 

Mean emission factor 
(ng/kg) 

Nondetect set to 
detection limit 

Nondetect set 
to zero 

Monochlorobiphenyls 0 - 0.04 --

Dichlorobiphenyls 1 34.8 11.7 11.6 

Trichlorobiphenyls 1 29.5 11.8 9.8 

Tetrachlorobiphenyls 0 - 10 --

Pentachlorobiphenyls 2 2,724 1,092 1,092 

Hexachlorobiphenyls 1 106.5 55.9 35.5 

Heptachlorobiphenyls 1 298.6 107.7 99.5 

Octachlorobiphenyls 0 - 20.9 --

Nonachlorobiphenyls 0 - 17.7 --

Decachlorobiphenyls 0 - 41.9 -
aThree samples for each congener group. 

-- = No information given 

Source:  CARB (1991). 
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10.4.5. Cigarette Smoking 

Using high-resolution mass spectrometry, Matsueda et al. (1994) analyzed tobacco from 
20 brands of commercially available cigarettes collected in 1992 from Japan, the United States, 
Taiwan, China, the United Kingdom, Germany, and Denmark for the PCB congeners 77, 126, 
and 169. Table 10-16 presents the results of the study.  However, no studies examining tobacco 
smoke for the presence of these congeners have been reported.  Thus, it is not known whether the 
PCBs present in the tobacco are destroyed or volatilized during combustion or whether PCBs are 
formed during combustion.  At least 1,200 tobacco constituents (e.g., nicotine, n-paraffin, some 
terpenes) are transferred intact from the tobacco into the smoke stream by distillation in this area, 
and it is plausible that PCBs present in the unburned tobacco would be subject to similar 
distillation. 

Cigarette consumption and the combustion processes operating during cigarette smoking 
are discussed in Chapter 5, Section 5.5. 

A preliminary rough estimate of potential emissions of dioxin-like PCBs can be made 
using the following assumptions:  (a) the average TEQP-WHO98 content of seven brands of U.S. 
cigarettes reported by Matsueda et al. (1994), 0.64 pg/pack (0.032 pg/cigarette), is representative 
of cigarettes smoked in the United States; (b) dioxin-like PCBs are neither formed nor destroyed, 
and the congener profile reported by Matsueda et al. (1994) is not altered during combustion of 
cigarettes; and (c) all dioxin-like PCBs contributing to the TEQ are released from the tobacco 
during smoking.  On the basis of these assumptions, the calculated annual emissions would be 
0.018 g TEQP-WHO98, 0.016 g TEQP-WHO98, and 0.014 g TEQP-WHO98 for reference years 
1987, 1995, and 2000, respectively.  These estimates are assigned a confidence rating of D 
because the emission factor is clearly not representative of cigarette smoke. 

10.4.6. Sewage Sludge Incineration 

EPA (U.S. EPA, 1996g) derived an emission factor of 5.4 µg PCBs/kg dry sewage sludge 
incinerated. This emission factor was based on measurements conducted at five multiple-hearth 
incinerators controlled with wet scrubbers.  However, it is not known what fraction of the 
emissions was dioxin-like PCBs. 

In 1999, stack tests were conducted at a multiple-hearth incinerator in Ohio equipped 
with a venturi scrubber and a three-tray impingement conditioning tower (U.S. EPA, 2000b).  Of 
the four test runs conducted, the first test run was aborted and the results from the fourth test run 
were determined to be statistical outliers (p>0.05). The back-half CDD/CDF concentrations for 
test run 4 were 50 to 60% lower than back-half emission concentrations for test runs 2 and 3. 
Because of the problems associated with test run 4, the results were not used to calculate an 
emission factor for dioxin-like PCBs.  The average TEQ emission factor (excluding test run 4) 
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Table 10-16. Dioxin-like PCB concentrations in cigarette tobacco in brands from various countries (pg/pack)a 

10-32
 

Congener 
IUPAC 
number 

U.S. 
(avg. of 7 
brands) 

Japan 
(avg. of 6 
brands) 

United 
Kingdom 
(avg. of 3 
brands) 

Taiwan 
(1 brand) 

China 
(1 brand) 

Denmark 
(1 brand) 

Germany 
(1 brand) 

3,3',4,4'-TCB 77 105.7 70.2 53 133.9 12.6 21.7 39.3 

3,4,4',5-TCB 81 

2,3,3',4,4'-PeCB 105 

2,3,4,4',5-PeCB 114 

2,3',4,4',5-PeCB 118 

2',3,4,4',5-PeCB 123 

3,3',4,4',5-PeCB 126 6.2 7.8 6.1 14.5 2.4 2.2 7.3 

2,3,3',4,4',5-HxCB 156 

2,3,3',4,4',5'-HxCB 157 

2,3',4,4',5,5'-HxCB 167 

3,3',4,4',5,5'-HxCB 169 0.9 0.9 0.9 2.4 0.4 0.5 1.6 

2,2',3,3',4,4',5-HpCB 170 

2,2',3,4,4',5,5'-HpCB 180 

2,3,3',4,4',5,5'-HpCB 189 

Total TEQP-WHO98 0.64 0.8 0.62 1.49 0.24 0.23 0.75 
aBlank cells indicate that no measurements of these congeners were made. 

Source:  Matsueda et al. (1994). 




 

was 0.51 ng TEQP-WHO98/kg (see Table 10-17).  This emission factor was assigned a low 
confidence rating because it is based on limited surveys that are judged to be possibly 
nonrepresentative. 

Table 10-17. Dioxin-like PCB concentrations in stack gas collected from a 
U.S. sewage sludge incinerator 

Congener 
IUPAC 
number 

Mean emission factor (ng/kg) 

Nondetect set to ½ 
detection limit Nondetect set to zero 

3,3',4,4'-TCB 77 92.37 92.37 

2,3,3',4,4'-PeCB 105 18 18 

2,3,4,4',5-PeCB 114 2.56 2.56 

2',3,4,4',5-PeCB 123 0.82 0.82 

2,3',4,4',5-PeCB 118 38.65 38.65 

3,3',4,4',5-PeCB 126 4.51 4.51 

2,3,3',4,4',5-HxCB 156 4.25 4.25 

2,3,3',4,4',5'-HxCB 157 1.41 1.41 

2,3',4,4',5,5'-HxCB 167 2.55 2.55 

3,3',4,4',5,5'-HxCB 169 3.61 3.61 

2,2',3,3',4,4',5-HpCB 170 7.19 7.19 

2,2',3,4,4',5,5'-HpCB 180 17.79 17.79 

2,3,3',4,4',5,5'-HpCB 189 0.6 0.6 

Total TEQP-WHO98 0.51 0.51 

Source:  U.S. EPA (2000b). 

Approximately 0.865 million dry metric tons of sewage sludge were incinerated in 1988 
(Federal Register, 1993a), approximately 2.11 million dry metric tons in 1995 (e-mail dated July 
13, 1998, from K. Maw, Pacific Environmental Services, to G. Schweer, Versar, Inc.), and an 
estimated 1.42 million dry metric tons in 2000 (U.S. EPA, 1999b).  Using the above estimated 
amounts of sewage sludge incinerated per year and the average TEQ emission factor of 0.51 ng 
TEQP-WHO98/kg, the estimated annual releases of total PCBs to air were 0.44 g TEQP-WHO98 in 
1987, 1.1 g TEQP-WHO98 in 1995, and 0.72 g TEQP-WHO98 in 2000. These emissions were 
assigned a low confidence rating (Category C) because the emission factor was given a low 
rating. 
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10.4.7. Backyard Barrel Burning 

The low combustion temperatures and oxygen-starved conditions associated with 
backyard barrel burning may result in incomplete combustion and increased pollutant emissions 
(Lemieux, 1997).  EPA’s Control Technology Center, in cooperation with New York State’s 
departments of health and environmental conservation, conducted a study to examine, 
characterize, and quantify emissions from the simulated open burning of household waste 
materials in barrels (Lemieux, 1997).  A representative waste to be burned was prepared on the 
basis of the typical percentages of various waste materials disposed of by New York State 
residents (i.e., nonavid recyclers); hazardous wastes such as chemicals, paints, and oils were not 
included in the test waste. A variety of compounds, including dioxin-like PCBs, were measured 
in the emissions from the simulated open burning.  The measured TEQ emission factors for 
waste that had not been separated for recycling purposes were 1.02 × 10-2 µg TEQP-WHO94/kg 
and 5.26 × 10-3 µg TEQP-WHO98/kg waste burned (see Table 10-18).  These limited emissions 
data were judged to be inadequate for estimating national emissions (a Category E source).  The 
activity level for backyard barrel burning is discussed in Section 6.5.2. 

10.4.8. Petroleum Refining Catalyst Regeneration 

As discussed in Section 5.4, regeneration of spent catalyst used in catalytic reforming to 
produce high-octane reformates is a potential source of CDD/CDF air emissions.  In 1998, 
emissions from the caustic scrubber used to treat gases from the external catalyst regeneration 
unit of a refinery in California were tested for CDDs/CDFs as well as PCB congener groups 
(CARB, 1999) (see Chapter 5, Section 5.4 for details). 

All PCB congener groups were detected in each of the three samples collected.  The 
average congener group emission factors in units of nanograms per barrel of reformer feed are 
presented in Table 10-19. The total PCB emission factor was 118 ng/barrel.  This emission 
factor assumes that emissions are proportional to reforming capacity; emission factors may be 
more related to the amount of coke burned, APCD equipment present, and/or other process 
parameters. 

Because emissions data are available for only one U.S. petroleum refinery (which 
represents less than 1% of the catalytic reforming capacity at U.S. refineries), and because these 
data do not provide congener-specific emission factors, no national estimates of total PCB or 
dioxin-like PCB emissions are being made at this time.  This is a Category E source. 
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Table 10-18. Dioxin-like PCB emission factors from backyard barrel 
burninga 

Congener 
IUPAC 
number 

Emission factors (:g/kg) 

Test 1 Test 2 Average 

3,3',4,4'-TCB 77 9.3 15.2 12.3 
3,4,4',5-TCB 81 
2,3,3',4,4'-PeCB 105 5.9 4.9 5.4 
2,3,4,4',5-PeCB 114 
2,3',4,4',5-PeCB 118 8.3 14.3 11.3 
2',3,4,4',5-PeCB 123 18.6 28.7 23.7 
3,3',4,4',5-PeCB 126 
2,3,3',4,4',5-HxCB 156 
2,3,3',4,4',5'-HxCB 157 
2,3',4,4',5,5'-HxCB 167 
3,3',4,4',5,5'-HxCB 169 
2,2',3,3',4,4',5-HpCB 170 
2,2',3,4,4',5,5'-HpCB 180 
2,3,3',4,4',5,5'-HpCB 189 
Total TEQP-WHO98 4.21e!03 6.31e!03 5.26e!03 

aBlank cells indicate that the congener was not detected in either of the two duplicate samples. 

Source:  Lemieux (1997). 

Table 10-19. PCB congener group emission factors for a petroleum catalytic
reforming unita 

Congener group 

Mean 
concentration 

(ng/dscm) 
(at 12% O2) 

Mean emission 
rate 

(lb/hr) 

Mean emission 
factor 

(lb/1000 bbl) 

Mean emission 
factor 

(ng/barrel) 

Monochlorobiphenyls 166 5.51e!08 7.11e!09 3.23e+00 
Dichlorobiphenyls 355 1.17e!07 1.52e!08 6.89e+00 
Trichlorobiphenyls 743 2.45e!07 3.17e!08 1.44e+01 
Tetrachlorobiphenyls 849 2.81e!07 3.62e!08 1.64e+01 
Pentachlorobiphenyls 914 3.02e!07 3.88e!08 1.76e+01 
Hexachlorobiphenyls 780 2.57e!07 3.30e!08 1.50e+01 
Heptachlorobiphenyls 1,430 4.73e!07 6.01e!08 2.73e+01 
Octachlorobiphenyls 698 2.32e!07 2.95e!08 1.34e+01 
Nonachlorobiphenyls 179 5.99e!08 7.59e!09 3.44e+00 
Decachlorobiphenyls 41.3 1.39e!08 1.76e!09 7.98e!01 
Total PCBs 6,155.3 2.04e!06 2.61e!07 1.18e+02 

aThree samples and three detections for each congener group. 

Source:  CARB (1999). 
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10.5. NATURAL SOURCES 

This section discusses biotransformation and photochemical transformation of other 
PCBs.  Although there is some evidence that these processes occur, the data were considered 
insufficient for developing release estimates. 

10.5.1. Biotransformation of Other PCBs 

Studies show that under anaerobic conditions, biologically mediated reductive 
dechlorination to lower-chlorinated congeners, followed by slow anaerobic and/or aerobic 
biodegradation, is a major pathway for destruction of PCBs in the environment.  Research 
reported to date and summarized below indicates that biodegradation should result in a net 
decrease rather than a net increase in the environmental load of dioxin-like PCBs. 

Laboratory studies (e.g., Bedard et al., 1986; Pardue et al., 1988; Larsson and 
Lemkemeier, 1989; Hickey, 1995; Schreiner et al., 1995) have revealed that more than two dozen 
strains of aerobic bacteria and fungi that are capable of degrading most PCB congeners with five 
or fewer chlorines are widely distributed in the environment.  Many of these organisms are of the 
genus Pseudomonas or Alcaligenes. The major metabolic pathway involves addition of oxygen 
at the 2,3-position by a dioxygenase enzyme, with subsequent dehydrogenation to the catechol 
followed by ring cleavage.  Several bacterial strains have been shown to possess a dioxygenase 
enzyme that attacks the 3,4-position. 

Only a few strains have demonstrated the ability to degrade hexachlorobiphenyl (HxCB) 
and the higher-chlorinated biphenyls.  The rate of aerobic biodegradation decreases with 
increasing chlorination.  The half-lives for biodegradation of tetrachlorobiphenyls (TCBs) in 
fresh surface water and soil are 7 to 60+ days and 12 to 30 days, respectively.  For 
pentachlorobiphenyls (PeCBs) and the higher-chlorinated PCBs, the half-lives in fresh surface 
water and soil are likely to exceed 1 year.  PCBs with all or most chlorines on one ring and PCBs 
with fewer than two chlorines in the ortho position tend to degrade more rapidly.  For example, 
Gan and Berthouex (1994) monitored over a 5-yr period the disappearance of PCB congeners 
applied to soil with sewage sludge.  Three of the tetra- and pentachlorinated dioxin-like PCBs 
(IUPAC Nos. 77, 105, and 118) followed a first-order disappearance model, with half-lives 
ranging from 43 to 69 months.  A hexa-substituted congener (IUPAC No. 167) and a hepta
substituted congener (IUPAC No. 180) showed no significant loss over the 5-yr period. 

Prior to the early 1990s, little investigation focused on anaerobic microbial dechlorination 
or degradation of PCBs, even though most PCBs eventually accumulate in anaerobic sediments 
(Abramowicz, 1990; Risatti, 1992).  Environmental dechlorination of PCBs via losses of meta 
and para chlorines has been reported in field studies for freshwater, estuarine, and marine 
anaerobic sediments, including those from the Acushnet Estuary, the Hudson River, the 
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Sheboygan River, New Bedford Harbor, Escambia Bay, Waukegan Harbor, the Housatonic 
River, and Woods Pond (Brown et al., 1987; Rhee et al., 1989; Van Dort and Bedard, 1991; 
Abramowicz, 1990; Bedard et al., 1995; Bedard and May, 1996).  The altered PCB congener 
distribution patterns found in these sediments (i.e., different patterns with increasing depth or 
distance from known sources of PCBs) have been interpreted as evidence that bacteria may 
dechlorinate PCBs in anaerobic sediment. 

Reported results of laboratory studies confirm anaerobic degradation of PCBs.  Chen et 
al. (1988) found that “PCB-degrading” bacteria from the Hudson River could significantly 
degrade the MCB, dichlorobipheyl (DiCB), and trichlorobiphenyl (TrCB) components of a 20 
ppm Aroclor 1221 solution within 105 days.  These congener groups make up 95% of Aroclor 
1221. No degradation of higher-chlorinated congeners (present at 30 ppb or less) was observed, 
and a separate 40-day experiment with TCB also showed no degradation. 

Rhee et al. (1989) reported degradation of mono- to penta-substituted PCBs in 
contaminated Hudson River sediments held under anaerobic conditions in the laboratory (N2 

atmosphere) for 6 months at 25°C. Amendment of the test samples with biphenyl resulted in 
greater loss of PCBs.  No significant decreases in the concentrations of the higher-chlorinated 
congeners (more than five chlorines) were observed.  No evidence of degradation was observed 
in samples incubated in CO2/H2 atmospheres. Abramowicz (1990) hypothesized that this result 
could be an indication that, in the absence of CO2, a selection is imposed favoring organisms 
capable of degrading PCBs to obtain CO2 and/or low-molecular-weight metabolites as electron 
receptors. 

Risatti (1992) examined the degradation of PCBs at varying concentrations (10,000 ppm, 
1,500 ppm, and 500 ppm) in the laboratory with “PCB-degrading” bacteria from Waukegan 
Harbor. After nine months of incubation at 22°C, the 500 ppm and 1,500 ppm samples showed 
no change in PCB congener distributions or concentrations, thus indicating a lack of degradation. 
Significant degradation was observed in the 10,000 ppm sediment, with at least 20 congeners 
ranging from the TrCBs through the PeCBs showing decreases. 

Quensen et al. (1988) also demonstrated that microorganisms from PCB-contaminated 
sediments (Hudson River) dechlorinated most TrCBs through HxCBs in Aroclor 1242 under 
anaerobic laboratory conditions.  The Aroclor 1242 used to spike the sediment contained 
predominantly TrCBs and TCBs (85 mol percent).  Three concentrations of the Aroclor, 
corresponding to 14, 140, and 700 ppm on a sediment dry-weight basis, were used. 
Dechlorination was most extensive at the 700 ppm test concentration:  53% of the total chlorine 
was removed in 16 weeks, and the proportion of TCBs through HxCBs decreased from 42 to 4%. 
Much less degradation was observed in the 140 ppm sediment, and no observable degradation 
was found in the 14ppm sediment. These results and those of Risatti (1992) suggest that the 
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organism(s) responsible for this dechlorination may require relatively high levels of PCBs as a 
terminal electron acceptor to maintain a growing population. 

Quensen et al. (1990) reported that dechlorination of 500 ppm spike concentrations of 
Aroclor 1242, 1248, 1254, and 1260 by microorganisms from PCB-contaminated sediments in 
the Hudson River and Silver Lake occurred primarily at the meta and para positions; ortho
substituted MCBs and DiCBs increased in concentration.  Significant decreases over the 
incubation period (up to 50 weeks) were reported for dioxin-like PCBs 156, 167, 170, 180, and 
189. Of the four dioxin-like TCBs and PeCBs detected in the Aroclor spikes (IUPAC Nos. 77, 
105, 114, and 118), all decreased significantly in concentration, with the possible exception of 
PeCB 114 in the Aroclor 1260-spiked sediment. 

Nies and Vogel (1990) reported similar results with Hudson River sediments incubated 
anaerobically and enriched with acetone, methanol, or glucose.  Approximately 300 ppm of 
Aroclor 1242 (31 mol percent TCBs, 7 mol percent PeCBs, and 1 mol percent HxCBs) were 
added to the sediments prior to incubation for 22 weeks under an N2 atmosphere. Significant 
dechlorination was observed, primarily at the meta and para positions on the higher-chlorinated 
congeners (TCBs, PeCBs, and HxCBs), resulting in the accumulation of lower-chlorinated, 
primarily ortho-substituted mono- through tri-substituted congeners.  No significant 
dechlorination was observed in the control samples (samples containing no added organic 
chemical substrate and samples that were autoclaved). 

Bedard and May (1996) also reported similar findings in the sediments of Woods Pond, 
which was believed to be contaminated with Aroclor 1260.  Significant decreases in the sediment 
concentrations of PCBs 118, 156, 170, and 180 (relative to their concentrations in Aroclor 1260) 
were observed. No increases or decreases were reported for the other dioxin-like PCBs. 

Bedard et al. (1995) demonstrated that it is possible to stimulate substantial microbial 
dechlorination of the highly chlorinated PCB mixture Aroclor 1260 in situ with a single addition 
of 2,6-dibromobiphenyl.  The investigators added 365 g of 2,6-dibromobiphenyl to 6-ft-diameter 
submerged caissons containing 400 kg sediment (dry weight) and monitored the change in PCB 
congener concentrations for a period of one year.  At the end of the observation period, the 
MCBs through HxCBs decreased by 74% in the top of the sediment and by 69% in the bottom. 
The average number of chlorines per molecule dropped 21%, from 5.83 to 4.61, with the largest 
reduction observed in meta chlorines (54% reduction) followed by para chlorines (6%).  The 
dechlorination stimulated by 2,6-dibromobiphenyl selectively removed meta-chlorines positioned 
next to other chlorines. 

The findings of these latter studies are significant, because removal of meta and para 
chlorines from the dioxin-like PCBs should reduce their toxicity and bioaccumulative potential 
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and also lead to the formation of lower-chlorinated congeners that are more amenable to aerobic 
biodegradation. 

Van Dort and Bedard (1991) reported the first experimental demonstration of biologically 
mediated ortho-dechlorination of a PCB and stoichiometric conversion of that PCB congener 
(2,3,5,6-TCB) to lower-chlorinated forms.  In that study, 2,3,5,6-TCB was incubated under 
anaerobic conditions with unacclimated methanogenic pond sediment for 37 weeks, with 
reported dechlorination to 2,5-DiCB (21%); 2,6-DiCB (63%); and 2,3,6-TrCB (16%). 

10.5.2. Photochemical Transformation of Other PCBs 

Photolysis and photo-oxidation may be major pathways for destruction of PCBs in the 
environment.  Research reported to date and summarized below indicates that ortho-substituted 
chlorines are more susceptible to photolysis than are meta- and para-substituted congeners; thus, 
photolytic formation of more toxic dioxin-like PCBs may occur.  Oxidation by hydroxyl radicals, 
however, apparently occurs preferentially at the meta and para positions, resulting in a net 
decrease rather than a net increase in the environmental load of dioxin-like PCBs. 

On the basis of the data available in 1983, Leifer et al. (1983) concluded that all PCBs, 
especially the higher-chlorinated congeners and those that contain two or more chlorines in the 
ortho position, photodechlorinate. In general, as the chlorine content increases, the photolysis 
rate increases. More recently, Lepine et al. (1992) exposed dilute solutions (4 ppm) of Aroclor 
1254 in cyclohexane to sunlight for 55 days in December and January.  Congener-specific 
analysis indicated that the amounts of many higher-chlorinated congeners, particularly mono
ortho-substituted congeners, decreased, whereas those of some lower-chlorinated congeners 
increased. The results for the dioxin-like PCBs indicated a 43.5% decrease in the amount of 
PeCB 114, a 73.5% decrease in the amount of HxCB 156, and a 24.4% decrease in the amount of 
HxCB 157.  However, TCB 77 and PeCB 126 (the most toxic of the dioxin-like PCB congeners), 
which were not detected in unirradiated Aroclor 1254, represented 2.5% and 0.43%, respectively, 
of the irradiated mixture. 

With regard to photo-oxidation, Atkinson (1987) and Leifer et al. (1983), using assumed 
steady-state atmospheric OH concentrations and measured oxidation rate constants for biphenyl 
and MCB, estimated atmospheric decay rates and half-lives for gas-phase PCBs.  Atmospheric 
transformation was estimated to proceed most rapidly for those PCB congeners containing either 
a small number of chlorines or those containing all or most of the chlorines on one ring.  Kwok et 
al. (1995) extended the work of Atkinson (1987) by measuring the OH radical reaction rate 
constants for 2,2'-, 3,3'-, and 3,5-DiCB.  These reaction rate constants, when taken together with 
Atkinson’s measurements for biphenyl and MCB and the estimation method described in 
Atkinson (1991), were used to generate more reliable estimates of the gas-phase OH radical 
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reaction rate constants for the dioxin-like PCBs.  The persistence of the PCB congeners increased 
with increasing degree of chlorination.  Table 10-20 presents these estimated rate constants and 
the corresponding tropospheric lifetimes and half-lives. 

Table 10-20. Estimated tropospheric half-lives of dioxin-like PCBs with 
respect to gas-phase reaction with the OH radical 

Congener group 
Dioxin-like 
congener 

Estimated 
OH reaction 

rate constant 
(10-12 cm3/ 

molecule-sec) 

Estimated 
tropospheric 

lifetime 
(days)a 

Estimated 
tropospheric 

half-life 
(days)a 

Tetrachlorobiphenyls 3,3',4,4'-TCB 
3,4,4',5-TCB 

0.583 
0.71 

20 
17 

14 
12 

Pentachlorophenyls 2,3,3',4,4'-PeCB 0.299 40 28 
2,3,4,4',5-PeCB 0.383 31 22 
2,3',4,4',5-PeCB 0.299 40 28 
2',3,4,4',5-PeCB 0.482 25 17 
3,3',4,4',5-PeCB 0.395 30 21 

Hexachlorobiphenyls 2,3,3',4,4',5-HxCB 0.183 65 45 
2,3,3',4,4',5'-HxCB 0.214 56 39 
2,3',4,4',5,5'-HxCB 0.214 56 39 
3,3',4,4',5,5'-HxCB 0.266 45 31 

Heptachlorobiphenyls 2,2',3,3',4,4',5-HpCB 
2,2',3,4,4',5,5'-HpCB 
2,3,3',4,4',5,5'-HpCB 

0.099 
0.099 
0.125 

121 
121 
95 

84 
84 
66 

aCalculated using a 24-hr, seasonal, annual, and global tropospheric average OH radical concentration of
 9.7 × 105 molecule/cm3 (Prinn et al., 1995). 

Source: Telephone conversation on November 16, 1995, between Roger Atkinson, Air Pollution Research Center, 
University of California, and Greg Schweer, Versar, Inc.  (based on Atkinson, 1991, and Kwok et al., 1995). 

Sedlak and Andren (1991) demonstrated in laboratory studies that OH radicals generated 
with Fenton’s reagent rapidly oxidized PCBs (2-MCB and the DiCBs through PeCBs present in 
Aroclor 1242) in aqueous solutions. The results indicated that the reaction occurs via addition of 
a hydroxyl group to one nonhalogenated site; reaction rates are inversely related to the degree of 
chlorination of the biphenyl.  The results also indicated that meta and para sites are more reactive 
than ortho sites due to stearic hindrance effects.  On the basis of their kinetic measurements and 
reported steady-state aqueous system OH concentrations or estimates of OH radical production 
rates, the authors estimated environmental half-lives for dissolved PCBs (MCB through 
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octachlorobiphenyl) in fresh surface water and in cloud water to be 4 to 11 days and 0.1 to 10 
days, respectively. 

10.6. PAST USE OF COMMERCIAL PCBs 

An estimated total of 1.5 million metric tons of PCBs were produced worldwide 
(DeVoogt and Brinkman, 1989).  Slightly more than one-third of these PCBs (568,000 metric 
tons) were used in the United States (Versar, Inc., 1976).  Although the focus of this section is on 
past uses of PCBs within the United States, it is necessary to note that the use and disposal of 
PCBs in many countries, coupled with the persistent nature of PCBs, have resulted in their 
movement and presence throughout the global environment.  The ultimate sink of most PCBs 
released to the environment is aquatic sediments.  Currently, however, large quantities of PCBs 
are estimated to be circulating between the air and water environments or are present in landfills 
and dumps, some of which may offer the potential for re-release of PCBs into the air.  Tanabe 
(1988) presented a global mass balance for PCBs that indicated that as of 1985, 20% of the total 
PCBs produced were present in seawater, whereas only 11% were present in sediments (see 
Table 10-21). Nearly two-thirds of total global PCB production was estimated by Tanabe to still 
be in use in electrical equipment or to be present in landfills and dumps. 

As discussed in Section 10.2, an estimated 568,000 metric tons of PCBs were sold in the 
United States between 1930 and 1975 (Versar, Inc., 1976).  Table 10-22 presents annual 
estimates of domestic sales by year for each Aroclor from 1957 to 1974.  Estimates of PCB usage 
in the United States by usage category from 1930 to 1975 are presented in Table 10-23.  Prior to 
voluntary restrictions by Monsanto Corporation in 1972 on sales for uses other than “closed 
electrical systems,” approximately 13% of the PCBs were used in “semi-closed applications,” 
and 26% were used in “open-end applications.”  Most of the usage for semi-closed and open-end 
applications occurred between 1960 and 1972 (Versar, Inc., 1976). 

Table 10-24 presents estimates of the amounts of individual Aroclors that were directly 
released to the environment (water, air, or soil) between 1930 and 1974.  Because detailed usage 
data were not available for the period 1930 to 1957, Versar, Inc. (1976) assumed that the usage 
pattern for this period followed the average pattern for the period of 1957 to 1959.  The basic 
assumption used by Versar in deriving these estimates was that PCBs were released on the order 
of 5% of those used in closed electrical systems, 60% of those used in semi-closed applications, 
and 25% of those used for plasticizers and that 90% of PCBs used for miscellaneous industrial 
uses had escaped.  The reliability of these release estimates was assumed to be ±30%. 

Versar, Inc. (1976) also estimated that 132,000 metric tons of PCBs were landfilled.  This 
total comprised 50,000 metric tons from capacitor and transformer production wastes, 36,000 
metric tons from disposal of obsolete electrical equipment, and 46,000 metric tons from disposal 
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Table 10-21. Estimated PCB loads in the global environment as of 1985 

Environment 
PCB load 

(metric tons) 
Percentage of 

PCB load 
Percentage of 

world production 

Terrestrial and coastal 
Air 
River and lake water 
Seawater 
Soil 
Sediment 
Biota 

Total 

500 
3,500 
2,400 
2,400 

130,000 
4,300 

143,100 

0.13 
0.94 
0.64 
0.64 

35 
1.1 

39 

Open ocean 
Air 790 0.21 
Seawater 230,000 61 
Sediment 110 0.03 
Biota 270 0.07 

Total 231,170 61 

Total load in environment 374,000 100 31 
Degraded and incinerated 43,000 4 
Land-stockeda 783,000 65 
World production 1,200,000b 100 

aStill in use in electrical equipment and other products, and deposited in landfills and dumps.
 
bThis value is from Tanabe (1988).  DeVoogt and Brinkman (1989) estimated worldwide production to have been

 1,500,000 metric tons. 

Source:  Tanabe (1988). 

of material from open-end applications.  An estimated additional 14,000 metric tons of PCBs, 
although still “in service” in various semi-closed and open-end applications in 1976, were 
ultimately destined for disposal in landfills. 

An estimated 3,702 kg of TEQP-WHO98 were released directly to the U.S. environment 
between 1930 and 1977 (see Table 10-25). These estimates are based on the Aroclor release 
estimates presented in Table 10-22 and the mean TEQP-WHO98 concentrations in Aroclors 
presented in Table 10-3. 
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Table 10-22. Estimated domestic sales of aroclors and releases of PCBs, 1957–1974 (metric tons) 

10-43
 

Year 

Estimated domestic sales Total 
PCB 

releases 
Aroclor 

1016 
Aroclor 

1221 
Aroclor 

1232 
Aroclor 

1242 
Aroclor 

1248 
Aroclor 

1254 
Aroclor 

1260 
Aroclor 

1262 
Aroclor 

1268 

1957 0 10 89 8,265 807 2,023 3,441 14 0 14,649 

1958 0 7 51 4,737 1,161 3,035 2,713 83 33 11,820 

1959 0 115 109 6,168 1,535 3,064 3,002 163 46 14,202 

1960 0 47 70 8,254 1,282 2,761 3,325 148 86 15,973 

1961 0 43 109 8,993 1,825 2,855 2,966 164 72 17,027 

1962 0 64 102 9,368 1,571 2,869 2,991 196 95 17,256 

1963 0 164 6 8,396 2,274 2,681 3,459 188 129 17,297 

1964 0 270 6 10,692 2,376 2,849 3,871 202 86 20,352 

1965 0 167 3 14,303 2,524 3,509 2,645 253 89 23,493 

1966 0 239 7 17,943 2,275 3,191 2,665 348 129 26,797 

1967 0 200 11 19,529 2,134 3,037 2,911 381 130 28,333 

1968 0 62 41 20,345 2,220 4,033 2,382 327 127 29,537 

1969 0 230 124 20,634 2,563 4,455 2,013 323 136 30,478 

1970 0 670 118 22,039 1,847 5,634 2,218 464 150 33,140 

1971 1,512 1,005 78 9,970 97 2,114 782 0 0 15,558 

1972 9,481 78 0 330 366 1,585 138 0 0 11,978 

1973 10,673 16 0 2,812 0 3,618 0 0 0 17,119 

1974 9,959 26 0 2,815 0 2,805 0 0 0 15,605 

TOTAL 31,625 3,413 924 195,593 26,857 56,118 41,522 3,254 1,308 360,614 

% of Total 8.8 0.9 0.3 54.2 7.4 15.6 11.5 0.9 0.4 100 

Source:  Versar, Inc. (1976). 




 


Table 10-23. Estimated U.S. usage of PCBs by use category, 1930–1975 

Use class Use category 

Amount used 
(1,000 metric 

tons) 
Percent of total 

usage 
Reliability of 
estimate (%) 

Closed electrical 
systems 

Capacitors 286 50.3 ±20 

Transformers 152 26.8 ±20 

Semi-closed 
applications 

Heat transfer 
fluids 

9 1.6 ±10 

Hydraulics and 
lubricants 

36 6.3 ±10 

Open-end 
applications 

Plasticizer uses 52 9.2 ±15 

Carbonless copy 
paper 

20 3.5 ±5 

Misc. industrial 12 2.1 ±15 

Petroleum 
additives 

1  <1  ±50  

TOTAL 568 100 

Source:  Versar, Inc. (1976). 
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Table 10-24.  Estimated direct releases of Aroclors to the U.S. environment, 
1930–1974a (metric tons) 

Year 

Estimated environmental releases 

Total PCB 
releases 

Aroclor 
1016 

Aroclor 
1242 

Aroclor 
1248 

Aroclor 
1254 

Aroclor 
1260 

1930–56 0 8,486 2,447 2,269 1,614 14,816 

1957 0 903 319 307 423 1,952 

1958 0 649 483 416 355 1,903 

1959 0 1,042 724 518 507 2,791 

1960 0 1,340 556 449 540 2,885 

1961 0 1,852 792 587 611 3,842 

1962 0 1,811 659 554 571 3,595 

1963 0 1,655 935 529 682 3,801 

1964 0 2,085 980 555 755 4,375 

1965 0 2,689 1,025 660 497 4,871 

1966 0 3,180 876 566 472 5,094 

1967 0 3,376 814 525 504 5,219 

1968 0 3,533 853 733 433 5,552 

1969 0 4,165 993 985 452 6,595 

1970 0 4,569 697 1,168 474 6,908 

1971 76 1,466 51 325 121 2,039 

1972 474 22 0 104 9 609 

1973 534 141 0 181 0 856 

1974 498 141 0 140 0 779 

TOTAL 1,582 43,105 13,204 11,571 9,020 78,482 

% of Total 2.0 54.9 16.8 14.7 11.5 100 
aDoes not include an additional 132,000 metric tons estimated to have been landfilled during this period. 

Source:  Versar, Inc. (1976). 
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Table 10-25. Estimated releases of dioxin-like PCB TEQs to the U.S. 
environment, 1930–1977 

Aroclor 

Percent of 
U.S. salesa 

(1957–1974) 

Estimated 
PCB releases 
(1930–1974)b 

(metric tons) 

Estimated 
mean TEQP 

WHO98 

concentrationc 

(mg/kg) 

Estimated 
total TEQP 

WHO98 

released 
(kg) 

1016 12.88 1,582 d d 

1221 0.96 - 0.328 -

1232 0.24 - - -

1242 51.76 43,103 7.47 322 

1248 6.76 13,205 16.87 223 

1254 15.73 11,572 125.94 1,457 

1260 10.61 9,019 188.45 1,700 

1262 0.83 - - -

1268 0.33 - - -

TOTAL 3,702 
aSales during the period 1957–1974 constituted 63% of all PCB sales during 1930–1977.  Sales data for 
 individual Aroclors are not available for years prior to 1957; however, sales of Aroclors 1221, 1232, 1262, and
 1268 were  minor even prior to 1957. 
bFrom Table 10-24. 
cFrom Table 10-3 (assumes nondetect values are zero). 
dData are available for only a few samples of Aroclor 1016 where only two dioxin-like PCB congeners were 

detected. The total TEQP-WHO98 released is less than 0.01 kg. 

-- = Indicates that release estimates were not made because of relatively low usage amounts 

Source:  Versar, Inc. (1976). 
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11. RESERVOIR SOURCES OF CDDs/CDFs AND DIOXIN-LIKE PCBs 

National CDD/CDF source inventories have been conducted in several nations, including 
the United Kingdom (U.K.), the Netherlands, Germany, Austria, and Sweden, to characterize 
emissions from various source categories and estimate annual CDD/CDF emissions to air (and 
sometimes other media).  These inventories focused mainly on emissions from primary sources 
(i.e., emissions from the site or process where the CDDs/CDFs are formed). 

The authors of these inventories (Rappe, 1991; Harrad and Jones, 1992; Bremmer et al., 
1994; Thomas and Spiro, 1995, 1996; Eduljee and Dyke, 1996; Jones and Alcock, 1996; Duarte-
Davidson et al., 1997) indicated that the annual estimates of releases to air provided in these 
inventories may, for several reasons, be underestimates of actual emissions.  First, on an 
empirical basis, estimates of the amounts of CDDs/CDFs deposited annually from the 
atmosphere were greater than the estimates of annual CDD/CDF emissions to the atmosphere. 
Second, because the emission test data were limited, the inventories may have underestimated 
releases from known sources or may not have identified all primary sources.  Third, the 
investigators were not able to reliably quantify emissions from potential reservoir (secondary) 
sources, including volatilization of CDDs/CDFs from PCP-treated wood, volatilization from soil, 
and resuspension of soil particles.  Relatively little research of either a monitoring or a 
theoretical nature has been performed to identify reservoir sources and to quantify the magnitude 
of current or potential future releases from these sources. 

This chapter presents background information on the major reservoir sources of 
CDDs/CDFs and PCBs, including the potential magnitude (mass) of CDDs/CDFs and PCBs in 
each reservoir, the chemical/physical mechanisms responsible for releases of these compounds, 
and estimates of potential annual releases from each reservoir, if such estimates are feasible.  

11.1. POTENTIAL RESERVOIRS 

Chapters 2 through 10 of this document discuss both known and suspected sources of 
releases of newly formed dioxin-like compounds to the environment in the United States.  Once 
released into the open environment, CDDs, CDFs, and PCBs partition to air, soils, water, 
sediments, and biota according to both the nature of the release and the contaminant’s chemical 
and physical properties. 

For this analysis, reservoirs are defined as materials or places that contain previously 
formed CDDs/CDFs or dioxin-like PCBs and have the potential for redistributing and circulating 
these compounds into the environment. Potential reservoirs include soils, sediments, biota, 
water, and some anthropogenic materials.  The atmosphere is not considered a reservoir, but 
serves as a medium for transporting and distributing CDDs and CDFs over large geographical 
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areas. Atmospheric deposition of CDDs/CDFs to the earth’s surface results in an exchange of 
CDDs/CDFs from the atmosphere to surface waters and soils. 

 Dioxin-like compounds are sequestered by a reservoir only until physical processes 
cause these contaminants to become released into the open environment over a defined time and 
space. When this occurs, reservoirs become sources of dioxin-like compounds in the circulating 
environment.  Reservoir sources are not included in the quantitative inventory of contemporary 
sources because they do not involve original releases but rather the re-circulation of past releases 
from anthropogenic sources.  They can, however, contribute to human exposure and, therefore, 
are important to consider. 

The rate of movement from one environmental medium to another is termed “flux,” and 
it refers to the direction and magnitude of flow and exchange over a reference time period and 
space. Figure 11-1 presents a conceptual diagram of flux and exchange of dioxin-like 
compounds to multiple environmental compartments such as soils, water, air, sediments, and 
biota. This dynamic system consists of fluxes in and out of the atmosphere as well as other 
exchanges between reservoirs and the atmosphere (recall that the atmosphere is not formally 
considered an environmental reservoir, rather it is a transport media for dioxin-like compounds). 
Movement of dioxin-like compounds between media can be induced by the physical processes of 
volatilization, wet and dry atmospheric particle and vapor deposition, adsorption, erosion and 
runoff, resuspension of soils into air, and resuspension of sediments into water. 

Figure 11-1.  Fluxes among environmental reservoirs. 
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11.2. CHARACTERIZATION OF RESERVOIR SOURCES 

This section is organized according to each principle reservoir, i.e., soil, water, sediment, 
and biota.  The discussion of each environmental reservoir provides information in three parts: 
(1) the potential amount or mass of dioxin-like compounds contained within the reservoir, (2) the 
chemical/physical mechanisms responsible for releases of these compounds back into the open 
and circulating environment, and (3) estimates of potential annual releases from the reservoir if 
such estimates are feasible, given the available state of knowledge.  Although anthropogenic 
structures (e.g., PCP-treated fenceposts, telephone poles) are potential reservoir sources, they are 
not discussed here because they are covered in Chapter 8 (the most detailed discussion is on 
PCP, Section 8.3.8). 

11.2.1. Soil 

11.2.1.1. Potential Mass of Dioxin-Like Compounds Present 

In estimating burdens for the U.K., Harrad and Jones (1992) and Duarte-Davidson et al. 
(1997) assumed that the majority of CDDs/CDFs in soil is present in the top 5 cm (except 
possibly in cropland, where they may be present at greater depths due to plowing) and that the 
soil density is 1,000 kg/m3 . Coupling these assumptions with the rural and urban U.S. surface 
areas and TEQ concentrations yielded soil burden estimates of 1,350 kg TEQDF-WHO98 (1,530 
kg I-TEQDF) in rural soils and 220 kg TEQDF-WHO98 (250 kg I-TEQDF) in urban soils in the 
United States.  These calculations are not definitive, and only serve to indicate approximate 
amounts of CDDs/CDFs that may be contained in soils in rural and urban areas of the United 
States. 

Higher concentrations of CDDs/CDFs for background urban and rural soils may be 
present in soils underlain by municipal and industrial waste and in soils at contaminated 
industrial sites. Higher concentrations may also be present in the soils of areas that have been 
treated with pesticides contaminated with CDDs/CDFs.  The lack of comprehensive data on 
CDD/CDF concentrations in these soils, as well as the lack of data on the mass of these soils 
nationwide, precludes estimating total national soil burdens of CDDs/CDFs.  Because of the lack 
of data, it is not possible to estimate current soil burdens of CDDs/CDFs associated with past 
pesticide use; however, estimates can be made of the total mass of CDD/CDF TEQs that have 
been applied to soil from past use of the pesticides 2,4-dichlorophenoxyacetic acid (2,4-D) and 
2,4,5-trichlorophenoxyacetic acid (2,4,5-T). 

2,4-D (and its salts and esters) are widely used as post-emergence herbicides in 
agricultural and nonagricultural settings in the United States for control of broadleaf weeds and 
brush. Commercial production of 2,4-D in the United States started in 1944 (Esposito et al., 
1980), and it has been in large-scale, large-volume commercial use for many years (U.S. EPA, 
1975). In terms of annual volume, 2,4-D ranks among the top 10 pesticides used in the United 
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States (U.S. EPA, 1994d, 1997e). Table 11-1 presents a compilation of domestic production, 
sales, and usage volumes for 2,4-D and its salts and esters. 

Table 11-1. Historical production, sales, and usage of 2,4-dichlorophenoxy
acetic acid (2,4-D) (metric tons)a 

Year 

2,4-D, acid 
2,4-D, esters and salts 

(as reported)b 

Production 
volume 

Sales 
volume 

Domestic usage/ 
disappearance 

Production 
volume 

Sales 
volume 

2000 — — 23,600–28,100c — — 
1998/99 — — 23,600–28,100d — — 
1996/97 — — 23,600–27,200d — — 
1994/95 — — 21,800–26,300e — — 

1993 — — 16,800–20,400f — — 
1992 — — 16,800–20,400f — — 
1991 — — 18,100–29,500g — — 
1990 — — 18,100–29,500g — — 
1989 — — 18,100–29,500h — — 
1988 — — 23,600–30,400i — — 
1987 — — 23,600–30,400j — — 
1986 — — - 8,618 12,150 
1985 — — - — 0 
1984 — — - — 0 
1983 — — - 7,702 8,234 
1982 — — - 8,762 8,400 
1981 5,859 3,275 - 8,987 8,002 
1980 6,164 3,137 - 11,313 11,147 
1979 5,763 6,187 - 11,874 13,453 
1978 — — - 8,958 9,256 
1977 — — - 12,552 10,196 
1976 — — 17,418k 10,913 7,813 
1975 — — - 16,134 13,414 
1974 — — - 6,558 5,991 
1973 — — - 13,400 13,698 
1972 24,948b — 21,772k 10,192 10,899 
1971 — 5,619 15,700k — 18,654 
1970 19,766 7,159 - — 19,920 
1969 21,354 8,521 - 25,854 20,891 
1968 35,953 10,352 - 42,690 30,164 
1967 34,990 15,432 - 37,988 29,300 
1966 30,927 12,710 28,985l 32,895 25,075 
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Table 11-1. Historical production, sales, and usage of 2,4-dichlorophenoxy
acetic acid (2,4-D) (metric tons)a (continued) 

Year 

2,4-D, acid 
2,4-D, esters and salts 

(as reported)b 

Production 
volume 

Sales 
volume 

Domestic usage/ 
disappearance 

Production 
volume 

Sales 
volume 

1965 28,721 11,816 22,906l 28,740 21,454 
1964 24,364 11,343 19,958l 24,660 18,263 
1963 21,007 9,446 15,059l 20,178 16,333 
1962 19,503 7,716 16,284l 16,831 13,075 
1961 19,682 7,591 14,107l 16,683 12,533 
1960 16,413 — 14,107l 15,436 13,661 
1959 13,282 7,240 15,468l 12,438 7,070 
1958 14,036 6,234 9,662l 11,295 5,649 
1957 15,536 6,871 - 12,392 7,125 
1956 13,079 6,465 - 9,635 7,294 
1955 15,656 5,924 - 13,390 8,121 
1954 — 4,838 - 10,268 6,886 
1953 11,761 — - 10,733 8,855 
1952 13,933 — - 11,358 9,637 
1951 — — - — — 
1950 6,421 4,301 - 5,274 3,219 
1949 6,852 2,991 - 5,829 3,211 
1948 9,929 4,152 - 2,458 1,598 
1947 2,553 2,320 - 1,468 1,108 
1946 2,479 2,330 - 515 81 
1945 416 286 - — — 

aAll values are from USITC (1946–1994) unless footnoted otherwise. 
bNo data were reported for domestic usage/disappearance of 2,4-D esters and salts. 
cSource:  U.S. EPA (1991c). 
dSource:  U.S. EPA (2000a). 
eSource:  U.S. EPA (1997e). 
fSource:  U.S. EPA (1994d). 
gSource:  U.S. EPA (1992g). 
hSource:  U.S. EPA (1991d). 
iSource:  U.S. EPA (1990c). 
jSource:  U.S. EPA (1988d). 
kSource:  U.S. EPA (1975). 
lSource:  USDA (1970). 

— = Not reported to avoid disclosure of proprietary data 
-- = No information given 
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As described in Section 8.3.8, CDDs/CDFs were detected in several formulations of 2,4
D and its derivatives during analyses performed to comply with EPA’s 1987 Data Call-In (DCI) 
for CDDs/CDFs.  Although the analytical results of these tests indicated that CDDs/CDFs were 
seldom above the regulatory limits of quantification (LOQs) established by EPA for the DCI, 
several registrants detected and quantified CDDs/CDFs at lower LOQs.  The results of these 
tests are summarized in Table 8-28 (Chapter 8).  The average TEQ in these tests was 1.1 :g 
TEQDF-WHO98/kg (0.7 :g I-TEQDF/kg).  Schecter et al. (1997) reported similar concentrations in 
2,4-D samples manufactured in Europe and Russia; lower levels were observed in U.S. products. 
Some of the results from Schecter et al. are presented in Table 8-34 (Chapter 8). 

If it is assumed that the EPA DCI results are typical of CDD/CDF levels in 2,4-D 
pesticides over the past 20 yr and that the average annual use of these pesticides in the United 
States has been approximately 25,000 metric tons, then the estimated CDD/CDF TEQ released 
to the environment from 2,4-D use during the period of 1975 to 1995 was 550 g TEQDF-WHO98 

(350 g I-TEQDF). 
2,4,5-T was used in the United States for a variety of herbicidal applications until the late 

1970s to early 1980s.  The major use of 2,4,5-T (about 41% of annual usage) was for control of 
woody and herbaceous weed pests on rights-of-way.  The other major herbicidal uses were 
forestry (28% of usage), rangeland (20% of usage), and pasture (5% of usage).  Uses of 2,4,5-T 
for home or recreation areas and for lakes, ponds, and ditches were suspended by EPA in 1970; 
rights-of-way, forestry, and pasture uses were suspended by EPA in 1979; and all uses were 
canceled in 1983. 

Table 11-2 presents a compilation of domestic production, sales, and usage volumes for 
2,4,5-T and its salts and esters. As shown in Table 11-2, production and use of 2,4,5-T generally 
increased each year following its introduction in the 1940s until the late 1960s.  Production, 
sales, and usage information for the 1970s are generally not available but are reported to have 
steadily declined during that decade (Federal Register, 1979; Esposito et al., 1980). 

Some information is available on the 2,3,7,8-TCDD content of 2,4,5-T, but little 
information is available on the concentrations of the other 2,3,7,8-substituted CDD/CDFs that 
may have been present.  Plimmer (1980) reported that 2,3,7,8-TCDD concentrations as high as 
70,000 :g/kg were detected in 2,4,5-T during the late 1950s.  In a study of 42 samples of 2,4,5-T 
manufactured before 1970, Woolson et al. (1972) found 500 to 10,000 :g/kg of TCDDs in 7 
samples, and another 13 samples contained 10,000 to 100,000 :g/kg of TCDDs.  HxCDDs were 
found in 4 samples at levels between 500 and 10,000 :g/kg and in 1 sample at a concentration 
exceeding 10,000 :g/kg but less than 100,000 :g/kg.  The detection limit in the study was 500 
:g/kg. 
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Table 11-2. Historical production, sales, and usage of 2,4,5-trichlorophen
oxyacetic acid (2,4,5-T) (metric tons)a 

Year 

2,4,5-T 
2,4,5-T, esters and salts 

(as reported)b 

Production 
volume 

Sales 
volume 

Domestic usage/ 
disappearance 

Production 
volume 

Sales 
volume 

1993 — — - — — 

1992 — — - — — 

1991 — — - — — 

1990 — — - — — 

1989 — — - — — 

1988 — — - — — 
1987 — — - — — 

1986 — — - — — 

1985 — — - — — 

1984 — — - — — 

1983 — — - — — 

1982 — — - — — 

1981 — — - — — 

1980 — — 900c  — — 

1979 3,200–4,100d — - — — 

1978 — — 3,200e  — — 

1977 — — 4,100d  — — 

1976 — — - — — 

1975 — — 3,200e  — — 

1974 — — 900f  — — 

1973 — — - — — 

1972 — — - — — 

1971 — — 694g — 1,675 

1970 — — 3,200e 5,595 3,272 

1969 2,268 — - 5,273 2,576 

1968 7,951 1,329 ~7,000h,i 19,297 15,021 

1967 6,601 757 ~7,000h,i 12,333 11,657 

1966 7,026 2,312 7,756h 8,191 4,553 

1965 5,262 — 3,266h 6,131 5,977 

1964 5,186 1,691 4,037h 5,880 3,128 

1963 4,123 1,928 3,266h 4,543 2,585 

1962 3,796 1,021 3,674h 4,765 2,543 
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Table 11-2. Historical production, sales, and usage of 2,4,5-trichlorophen
oxyacetic acid (2,4,5-T) (metric tons)a (continued) 

Year 

2,4,5-T 
2,4,5-T, esters and salts 

(as reported)b 

Production 
volume 

Sales 
volume 

Domestic usage/ 
disappearance 

Production 
volume 

Sales 
volume 

1961 3,134 1,196 2,449h 3,536 2,372 

1960 2,874 — 2,676h 3,594 1,891 

1959 2,516 1,039 2,495h 3,644 1,843 

1958 1,668 692 1,724h 2,372 1,151 

1957 2,419 — - 3,098 1,337 

1956 2,345 816 - 3,196 1,473 

1955 1,327 662 1,300e 1,720 1,077 

1954 1,223 639 - 1,761 615 

1953 2,395 — - 2,443 1,817 

1952 1,583 — - 1,423 569 

1951 — — 1,100e — — 

1950 852 297 - — — 

1949 — — - — — 

1948 — — - — — 

1947 — — - — — 

1946 — — - — — 

1945 — — - — — 
aAll values are from USITC (1946–1994) unless footnoted otherwise.
 
bNo data were reported for domestic usage/disappearance of 2,4,5-T esters and salts.
 
cSource:  Esposito et al. (1980).
 
dSource:  Federal Register (1979).
 
eSource:  Thomas and Spiro (1995).
 
fSource:  U.S. EPA (1977).
 
gSource:  USDA (1971); reflects farm usage only.
 
hSource:  USDA (1970); values include military shipments abroad.
 
iSource:  Kearney et al. (1973) reports slightly lower domestic consumption for the years 1967 and 1968 than for

 1966.
 

— = Not reported to avoid disclosure of proprietary data 
-- = No information given 

The average 2,3,7,8-TCDD concentration in 200 samples of Agent Orange, a defoliant 
containing about a 50/50 mixture of the butyl esters of 2,4,5-T and 2,4-D that was used by the 
U.S. Air Force in Vietnam, was 1,910 :g/kg (Kearney et al., 1973).  Of the 200 samples, 64 
(32%) contained more than 500 :g/kg of 2,3,7,8-TCDD, with the highest concentration reported 
to be 47,000 :g/kg.  Storherr et al. (1971) reported detecting 2,3,7,8-TCDD at concentrations 
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ranging from 100 to 55,000 :g/kg in five samples of 2,4,5-T.  Kearney et al. (1973) reported that 
production samples of 2,4,5-T obtained from the three principal 2,4,5-T manufacturers in 1971 
contained 2,3,7,8-TCDD at levels of <100 :g/kg, 100 :g/kg, and 2,300 :g/kg. 

A 1975 survey of 10 lots of a commercial formulation containing 2,4,5-T showed 2,3,7,8
TCDD concentrations ranging from 10 to 40 :g/kg (Lewert, 1976).  Analyses by EPA of 16 
technical-grade 2,4,5-T samples from five different manufacturers revealed 2,3,7,8-TCDD 
contents ranging from <10 to 25 :g/kg (Federal Register, 1979).  Schecter et al. (1997) reported 
the analytical results of one sample of 2,4,5-T purchased from Sigma Chemical Co. (product 
number T-5785, lot number 16H3625). The results, presented in Table 11-3, indicate a total 
TEQDF-WHO98 concentration of 3.26 :g/kg (2.88 :g I-TEQDF/kg). 

Because of the wide variability (three orders of magnitude) in the limited available 
information on the 2,3,7,8-TCDD content of 2,4,5-T (particularly the 2,4,5-T used in the 1950s) 
and incomplete information on domestic usage, it is difficult to reliably estimate the amount of 
2,3,7,8-TCDD that was released to the U.S. environment as a result of 2,4,5-T use.  A very 
uncertain estimate can be made using the following assumptions:  (1) average annual 
consumption during the 1950s, 1960s, and 1970s was 2,000, 4,000, and 1,500 metric tons/yr, 
respectively; and (2) the average 2,3,7,8-TCDD concentration in 2,4,5-T used over these three 
decades was 10,000 :g/kg in the 1950s, 4,000 :g/kg in the 1960s, and 100 :g/kg in the 1970s. 
Based on these assumptions, the very uncertain estimate of 2,3,7,8-TCDD input from 2,4,5-T use 
over the period of 1950 to 1979 was 36,000 g. 

Another contributing source to the soil reservoir is CDD/CDF in sewage sludge applied 
to land (i.e., surface disposal or land farming), estimated to have been 75 g TEQDF-WHO98 (103 
g I-TEQDF) in 1995 (see Section 8.4.1 for details). If this same amount of TEQ had been applied 
each year during the period of 1975 to 1995, the total amount applied would have been 1,500 g 
TEQDF-WHO98 (2,000 g I-TEQDF). 

11.2.1.2. Mechanisms Responsible for Releases from Surface Soils 

The atmospheric deposition of dioxin-like compounds is believed to be the primary 
means whereby surface soils, in general, become contaminated with dioxin-like compounds. 
CDDs/CDFs and PCBs are highly lipid soluble and have low volatility, and they tend to partition 
to soil rather than into air or water.  Once present in or on soils, physical/chemical and biological 
mechanisms (photolysis and biodegradation) can slowly alter the composition and amount of 
compound present. Studies indicate that the dioxin-like compounds (particularly the higher-
chlorinated CDDs/CDFs) exhibit little downward mobility to lower soil depths after they are 
deposited in or on soil (Puri et al. 1989; Freeman and Schroy, 1985; Orazio et al., 1992; 
Paustenbach et al., 1992). However, re-mobilization of the contaminants to the atmosphere is 
possible through volatilization and resuspension of soil particles. 
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Table 11-3.  CDD/CDF concentrations (:g/kg) in recent sample of 
2,4,5-trichloro-phenoxyacetic acid (2,4,5-T) 

Congener/congener group 2,4,5-T sample 

2,3,7,8-TCDD 1.69 
1,2,3,7,8-PeCDD 0.412 
1,2,3,4,7,8-HxCDD 0.465 
1,2,3,6,7,8-HxCDD 2.28 
1,2,3,7,8,9-HxCDD 1.35 
1,2,3,4,6,7,8-HpCDD 18.1 
OCDD 33.9 

2,3,7,8-TCDF 0.087 
1,2,3,7,8-PeCDF 0.102 
2,3,4,7,8-PeCDF 0.183 
1,2,3,4,7,8-HxCDF 1.72 
1,2,3,6,7,8-HxCDF 0.356 
1,2,3,7,8,9-HxCDF ND (0.012) 
2,3,4,6,7,8-HxCDF 0.126 
1,2,3,4,6,7,8-HpCDF 2.9 
1,2,3,4,7,8,9-HpCDF 0.103 
OCDF 3.01 
Total 2,3,7,8-CDDa 58.2 
Total 2,3,7,8-CDFa 8.59 
Total I-TEQDF 

a 2.88 
Total TEQDF-WHO98 

a 3.05 

Total TCDD -
Total PeCDD -
Total HxCDD -
Total HpCDD -
Total OCDD -
Total TCDF -
Total PeCDF -
Total HxCDF -
Total HpCDF -
Total OCDF -

Total CDD/CDF -
a Calculated assuming nondetect values were zero. 

ND = Not detected (value in parenthesis is the detection limit) 
-- = No information given 

Source:  Schecter et al. (1997). 
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Young (1983) conducted field studies on the persistence and movement of 2,3,7,8-TCDD 
from 1973 to 1979 on a military test area that had been aerially sprayed with 73,000 kg of 
2,4,5-T from 1962 to 1970. TCDD levels of 10 to 1,500 ng/kg were found in the top 15 cm of 
soil 14 yr after the last application of herbicide at the site.  Although actual data were not 
available on the amount of 2,3,7,8-TCDD originally applied as a contaminant of the 2,4,5-T, best 
estimates indicated that less than 1% of the applied 2,3,7,8-TCDD remained in the soil after 
14 yr.  Young suggested that photodegradation at the time of and immediately after aerial 
application was responsible for most of the disappearance; however, once incorporated into the 
soil, the data indicated a half-life of 10 to 12 yr.  Similarly, Paustenbach et al. (1992) concluded 
that the half-life of 2,3,7,8-TCDD in soils at the surface might be 9 to 15 yr and the half-life 
below the surface could be 25 to 100 yr. 

Ayris and Harrad (1997) studied the mechanisms affecting volatilization fluxes of several 
PCB congeners (PCB 28, 52, 101, 138, and 180) from soil and found positive correlations 
between flux and soil temperature, soil moisture content, and soil PCB concentration.  For PCBs, 
secondary releases from soils (primarily via volatilization) are believed to currently exceed 
primary emissions in the U.K. (Harner et al., 1995; Jones and Alcock, 1996).  Lee et al. (1998) 
quantified PCBs in air samples taken every 6 hr over a 7-day period in the summer at a rural site 
in England and found a strong correlation between air temperature and PCB congener 
concentrations. The concentrations followed a clear diurnal cycle, thus providing some evidence 
that rapid, temperature-controlled soil-to-air exchange of PCBs influences air concentrations and 
enables regional/global scale cycling of these compounds. 

CDDs/CDFs and PCBs sorbed to soil and urban dust particles can also be moved from 
the terrestrial environment to the aquatic environment through contaminated storm water runoff 
and surface erosion of contaminated soils.  Results of recent research indicate that, for at least 
some water bodies, soil erosion and storm water runoff can be an important way of transporting 
CDDs/CDFs into the surface water. This is especially true for water bodies lacking nonpoint 
sources of dioxin-like compounds.  Smith et al. (1995) analyzed CDD/CDF concentrations in 
sediment cores, air, precipitation, soil, and storm water runoff in an effort to determine the 
contributing sources of these compounds to the lower Hudson River.  The mass balance 
estimates developed from these data for 1990 to 1993 are as follows:  stormwater runoff entering 
tributaries (76% of total CDD/CDF input), anthropogenic wastes (19%), atmospheric deposition 
(4%), and shoreline erosion (less than 1%). The authors projected the percent contribution of 
these same sources for 1970 as anthropogenic wastes (70%), stormwater runoff into tributaries 
(15%), atmospheric deposition (15%), and shoreline erosion (0.1%). 

Studies conducted by Paustenbach et al. (1996), Mathur et al. (1997) and Fisher et al. 
(1999) discerned the relative concentrations of CDDs and CDFs in storm water.  Paustenbach et 
al. and Mathur et al. reported that stormwater runoff from 15 sites in the San Francisco area 
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contained CDD/CDF TEQ at levels ranging from 0.01 to 65 pg I-TEQDF/L; most samples 
contained less than 15 pg I-TEQDF/L.  The sites differed widely in land use; the highest levels 
measured were obtained from an urban but nonindustrialized area.  A distinct variability was 
noted in the results obtained at the same sampling location during different rain events.  The 
profiles of CDDs/CDFs in the urban stormwater samples were similar, particularly in samples 
collected at the onset of rain events. Stowe (1996) reported similar findings from analyses of 
sediments from three stormwater basins collecting runoff from a military base, a city street, and 
parking lots. 

Fisher et al. (1999) reported that urban runoff samples from eight sites (15 samples) in 
the Santa Monica Bay watershed contained CDD/CDF TEQ at levels ranging from 0.7 to 53 pg 
I-TEQDF/L (all but one sample were in the range of 0.7 to 10 pg I-TEQDF/L).  The samples were 
collected in 1988/1989 from continuously flowing storm drains during both dry and storm 
periods. The mean concentration measured during storm events, 18 pg I-TEQDF/L, was higher 
than concentration observed during dry periods, 1 pg I-TEQDF/L. 

Atmospheric deposition of CDDs and CDFs to lakes and the watershed area of water 
bodies is another important means of contaminating bottom sediments. For example, Lebeuf et 
al. (1996) analyzed sediment cores from different locations in the lower St. Lawrence River 
Estuary and the Gulf of St. Lawrence.  The congener group profiles found in the samples 
indicated that the input of CDDs/CDFs was primarily from the atmosphere.  Comparison of the 
CDD/CDF concentrations in sediments collected from areas where sediment accumulation is due 
primarily to fluvial transport with sediments from areas where sediment accumulation is due 
primarily to direct atmospheric deposition onto the water indicates that the contribution of 
CDDs/CDFs from direct atmospheric deposition represents less than 35% of the sediment 
burden. Thus, the primary source of CDDs/CDFs is emissions to the atmosphere upwind of the 
estuary that are deposited within the watershed and subsequently transported downstream by 
fluvial waters. 

11.2.1.3. Estimated Annual Releases from Soil to Water 

Nonpoint sources of CDDs/CDFs to waterways include stormwater runoff from urban 
areas and soil erosion in rural areas during storms.  Approaches for estimating national loadings 
to water for both of these sources are described below.  The estimate derived for the potential 
annual national loading of CDDs/CDFs in urban runoff to waterways is uncertain, but it suggests 
that the loading may be comparable to the contribution from known industrial point sources (at 
least 20 g I-TEQDF in 1995). Similarly, the estimate derived for the potential annual national 
loading of CDDs/CDFs in rural eroded soils to waterways is uncertain, but it has a stronger 
analytical base than does the urban runoff estimate.  This loading estimate, however, is 
significantly higher than the contribution from known industrial point sources. 
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Urban runoff.  Few data on CDD/CDF concentrations in urban runoff have been 
reported. The most recent and largest data sets were reported in studies conducted in the San 
Francisco Bay and Santa Monica Bay regions (Mathur et al., 1997; Fisher et al., 1999).  These 
studies found a wide range of CDD/CDF levels in samples of stormwater runoff from 23 sites, 
varying from 0.01 to 83 pg I-TEQDF/L.  The wide variability and limited geographic coverage of 
these data preclude derivation of a national emissions estimate at this time.  However, by making 
a number of assumptions, a preliminary estimate of the potential CDD/CDF magnitude from this 
source can be made. 

In order to estimate the amount of rainfall in urbanized areas of the conterminous United 
States, a Geographic Information System (GIS) analysis was performed to determine the total 
area of every U.S. Census urbanized area and the 30-yr annual average rainfall for each of those 
areas and to calculate the product of the total areas of urbanized areas with the annual average 
rainfall (Lockheed Martin Corp., 1998).  This approach yields an estimate of 1.9 × 1014 L/yr.  If 
it is assumed that urban runoff in the United States averages 1 pg TEQDF-WHO98/L (1 pg I
TEQDF/L) (i.e., approximately the midpoint of the range reported by Mathur et al., 1997, and 
Fisher et al., 1999), this source could contribute a total of 190 g TEQDF-WHO98 or I-TEQDF/yr to 
U.S. waterways.  No data were available to make similar estimates for PCBs. 

A similar analysis was conducted using historical precipitation data from the National 
Oceanic and Atmospheric Administration (NOAA, 2004) and metropolitan/urban area statistics 
from the 1990 and 2000 census. The 30-year annual average rainfall for each state was 
calculated for 1987, 1995, and 2000. An approximation of the urban area for each state was 
estimated by summing the acreage for each metropolitan area identified in the 1990 census.  
Assuming that the amount of land classified as urban did not change significantly from 1987 to 
1990, the urban areas for each state in 1990 were assumed to be equal to those in 1987. 
Similarly, an approximation for urban area for each state was estimated by summing the urban 
area acreage available from the 2000 census.  An approximation of the 1995 urban area for each 
State was estimated by taking the average of the 1990 and 2000 estimates.  Multiplying the 30
year average rainfall by the urban area for each state and summing the results provides an 
estimated amount of urban runoff for the conterminous United States.  The urban runoff was 
1.24 × 1014, 1.33 × 1014, and 1.42 × 1014 L/year for 1987, 1995, and 2000, respectively. 
Applying the emission factors generated above, urban runoff contributed 124, 133, and 142 g I 
TEQDF or TEQDF-WHO98 to U.S. waterways in 1987, 1995, and 2000, respectively.  These 
numbers are in agreement with the estimate developed using Lockheed Martin Corp. (1998) 
data. 

Rural soil erosion.  Using acreage and erosion factors for cropland provided in the 2001 
Annual National Resources Inventory (USDA, 2003), 1.36, 1.07, 0.96, and 0.91 billion metric 
tons of soil and rill erosion were generated in 1987, 1992, 1997, and 2001, respectively. 
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Likewise, using acreage data for rangeland from USDA (2003) and a soil and rill erosion factor 
of 4.2 tons/acre/yr (USDA, 1995), approximately 1.55 billion metric tons of soil and rill erosion 
were generated in 1987, 1992, 1997, and 2001.  For purposes of estimating values for reference 
years 1995 and 2000, it was assumed that the 1995 erosion estimate was the average of soil and 
rill erosion estimates developed for 1992 and 1997, and that the 2001 numbers approximated 
those generated in 2000.  The total amount of eroded soil entering waterways was greater than 
this value, because this value did not include soil erosion from construction areas, forests, and 
other non-croplands and non-rangelands. 

The data summarized in U.S. EPA (2000c) suggest that typical concentrations of 
CDDs/CDFs in soils in rural areas is about 2.8 ng TEQDF-WHO98/kg.  It is not known how well 
this estimate represents eroded soil from cropland and rangeland.  If these soils contain an 
average of 1 ng TEQDF/kg (i.e., a lower value than the background value for all types of rural 
soil), they would have contributed 2,900, 2,600, and 2,500 g TEQDF-WHO98 to the nation’s 
waterways in 1987, 1995, and 2000, respectively.  Given the uncertainties in both the amount of 
eroded soil and dioxin levels, these estimates are considered preliminary (i.e., Category D).  As 
with urban runoff, no data were available to make similar estimates for PCBs. 

11.2.1.4. Estimated Annual Releases from Soil to Air 

No quantitative estimates of the mass of dioxin-like compounds that may be released to 
the atmosphere annually from U.S. soils have been published in the literature and none were 
developed for this report. As noted above, the vapor flux of these compounds from soil to air is 
dependent on the soil and air concentrations of dioxin-like compounds and the temperature, 
moisture content, and organic carbon content of the soil.  Most of these parameters are not 
characterized well enough for the United States as a whole to enable a reliable estimate to be 
made at present.  Particle flux is dependent on many factors, including wind speed, vegetative 
cover, activity level, particle size, soil type/conditions, moisture content, and particle density. 
Through use of models and various assumptions, Kao and Venkataraman (1995) estimated the 
fraction of ambient air CDD/CDF concentrations in the upper midwestern section of the United 
States that may be the result of atmospheric re-entrainment of soil particles.  Similarly, through 
use of models and various assumptions, Jones and Alcock (1996) and Harner et al. (1995) 
reached tentative conclusions about the relative importance of volatilization of dioxin-like 
compounds from soils in the U.K. 

Modeling re-entrainment of soil to the atmosphere was conducted by Kao and 
Venkataraman (1995). Their model incorporated information on particle sizes, deposition 
velocities, and concentrations of CDDs/CDFs in soils.  Smaller particulates, with median 
diameters ranging from about 0.01 :m to 0.3 :m, are primarily formed from combustion sources 
when hot vapors condense and through accumulation of secondary reaction products on smaller 
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nuclei. Particles at the upper end of this size range will deposit to the ground in several days. 
Large or coarse particles, having median diameters of about 8 :m, are generated from wind
blown dust, sea spray, and mechanically generated particles.  CDDs/CDFs absorbed onto 
re-entrained soil would be included in this larger particle size.  These larger particles have a 
lifetime in the atmosphere from a few to many hours. 

The fraction of ambient air concentration of CDDs/CDFs that results from soil 
re-entrainment was established on the basis of the contribution of crustal sources to the ambient 
aerosol. Data on typical crustal soil concentrations in air (15 to 50 :g/m3 for rural areas and 5 to 
25 :g/m3 for urban areas) were combined with data on the average concentrations of 
CDDs/CDFs in soils (73 ng/kg for rural, 2,075 ng/kg for urban, and 8,314 ng/kg for industrial 
soils) published by Birmingham (1990) for Ontario, Canada, and several U.S. midwestern states. 
This analysis estimated the concentrations of CDDs/CDFs in the ambient aerosol that originate 
from soils to be 1 × 10-3 to 4 × 10-3 pg/m3 in rural areas and 0.01 to 0.05 pg/m3 in urban areas. 
These particulate dioxin concentrations were compared with average total particulate dioxin 
levels of 1.36 pg/m3 in Eitzer and Hites (1989) to arrive at the conclusion that soil re-entrainment 
could account for only 1 to 4% of the particulate dioxins in the atmosphere in urban areas and 
0.1 to 0.3% of those in rural regions (Kao and Venkataraman, 1995). 

This information on the size distribution of ambient aerosols and relative CDD/CDF 
concentrations in different particle size fractions was integrated with particle size deposition 
velocities to estimate the relative contribution to the total mass deposition flux for small and 
large particle sizes.  Even though re-entrained soil may constitute only a small fraction of the 
atmospheric levels of CDDs/CDFs, the contribution of dioxins in re-entrained surface soil to the 
total deposition flux could be significant because coarse particles dominate in dry deposition. 
Soil re-entrainment could possibly account for as much as 70 to 90% of the total dry deposition 
of CDDs/CDFs in urban areas and 20 to 40% in rural regions (Kao and Venkataraman, 1995). 

Two approaches were used by Jones and Alcock (1996) to assess the potential 
significance of CDD/CDF volatilization from soils:  the fugacity quotient concept and a simple 
equilibrium partitioning model.  The fugacity quotient model compares the fugacity (the 
tendency of a chemical to escape from a phase) of individual CDD/CDF compounds in different 
environmental media to determine the tendency for these compounds to accumulate in particular 
environmental compartments (McLachlan, 1996).  Fugacities for individual compounds, by 
media, were estimated by Jones and Alcock on the basis of physical/chemical properties of the 
compounds as well as the concentrations in the media.  In this instance, fugacity quotients were 
calculated for air and soil by dividing each compound’s fugacity for air by that of soil. 
Quotients near 1 indicate equilibrium conditions between media; values greater than 1 represent 
a tendency for flux (volatilization) from soil to air, and values less than 1 indicate a net flux to 
the soil from the air.  The equilibrium partitioning model used by Jones and Alcock predicts the 
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maximum (possible “worst case”) flux of CDDs/CDFs from soil to the atmosphere.  Air phase
to-soil partition coefficients were calculated using the ratios of soil and air fugacity capacities. 
Equilibrium air concentrations were then calculated using typical U.K. soil concentrations for 
both urban and rural settings. 

From the fugacity quotient model, Jones and Alcock (1996) concluded that the lower-
chlorinated CDDs/CDFs may be close to soil-air equilibrium in the U.K., whereas for other 
congeners, soil is a sink rather than a source to the atmosphere.  The authors reported that the 
equilibrium partitioning model predicted that 0.15 kg I-TEQ volatilizes annually from soil in the 
U.K. However, they discounted this estimate and concluded that soil volatilization is unlikely to 
be a significant contributor to emissions.  The likelihood that these estimates were high was 
attributed to the fact that assumptions were made that the concentrations of CDDs/CDFs in air 
were zero and the model does not consider the resistance of CDDs/CDFs to volatilize from soil. 

Harner et al. (1995) developed a model to predict the long-term fate of PCBs in soils, 
with emphasis on soil-to-air exchanges.  Using data on levels of PCBs in air, soil, and vegetation 
in the U.K., the investigators developed a mass balance model to simulate the fate of PCBs in 
U.K. soils from 1935 to 1994. Specifically, monitoring data and physical/chemical property data 
were compiled to calculate fugacities for PCB congeners 28, 52, 138, and 153.  The model was 
designed to provide an order-of-magnitude level of accuracy, due in part to the inherent 
variability in the input data.  The mass balance equations in the model included a bell-shaped 
function for rates of emissions of PCBs, with the maximum emission rate occurring in 1967. 
From these emissions rates, fluxes between air and soil over several decades were estimated. 
Table 11-4 summarizes the calculated fluxes. 

Table 11-4. PCB 138 fluxes predicted by Harner et al. (1995) 

Year 

Concentration 
in air 

(pg/m3) 

Fugacity 
in air 

(Pascals × 10-9) 

Fugacity 
in soil 

(Pascals × 10-9) 

Concentration 
in soil 
(ng/g) Net flux/direction 

1950 4 0.24 1.1 - air 6 soil (444 kg/yr) 

1965 280 1.5 12 - air 6 soil (1,000 kg/yr) 

1975 - - 16 -

1980 49 - - - soil 6 air (820 kg/yr) 

1994 6 - 8.3 - soil 6 air (700 kg/yr) 
-- = No information given 

During the 1960s and 1970s, levels of total PCBs in U.K. soils reached average levels of 
approximately 300 :g/kg as a result of atmospheric deposition.  Because of restrictions on PCB 
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use during the last two decades, air concentrations have fallen, and the primary source to the 
atmosphere is now believed to be volatilization from soils.  The mass balance model estimated a 
net flux of 700 kg/yr of total PCBs from soils to the atmosphere in 1994. However, this estimate 
is presented with the caveat that the model tends to underestimate the rate of reduction of PCB 
concentrations in recent years, which could be attributed to other mechanisms such as 
biodegradation, photolysis, and other degradation processes. 

11.2.2. Water 

11.2.2.1. Potential Mass of Dioxin-Like Compounds Present 

The surface area of inland waters (including the Great Lakes) in the United States is 
about 359,000 km2 (U.S. DOC, 1995b). Assuming that the mean depth of inland water is 10 m 
(Duarte-Davidson et al., 1997), the total inland water volume is approximately 3,600 billion m3 . 
No compilation of CDD/CDF measurements in inland surface waters was made for this report; 
however, if it is assumed that the “typical” value used by Duarte-Davidson et al. for rivers in the 
U.K., 38 pg I-TEQDF/m3, is representative of U.S. waters, then the burden is calculated to be 137 
g I-TEQDF. 

11.2.2.2. Mechanisms Responsible for Supply to and Releases from Water 

As discussed in Section 11.2.1.2, dioxin-like compounds enter surface water from 
atmospheric deposition, stormwater runoff erosion, and discharges of anthropogenic wastes. 
Volatilization is the primary mechanism for release of dioxin-like compounds from the water 
column to the atmosphere.  Several studies have addressed the water-air exchange of dioxin-like 
PCBs through volatilization in the Great Lakes (Achman et al., 1993; Hornbuckle et al., 1993; 
Swackhamer and Armstrong, 1986; Baker and Eisenreich, 1990).  No similar body of literature 
has been developed to address volatilization of CDDs/CDFs from water. 

Most studies that have addressed PCB water-air exchange have used the two-film model 
developed by Whitman (1927) and made popular by Liss and Slater (1974).  When assessing gas 
exchange between air and water, the interface between the two phases can be considered as a 
two-layer (film) system consisting of well-mixed gas and liquid films adjacent to the interface; 
the rate of transfer is controlled by molecular diffusion through the stagnant boundary layer 
(Achman et al., 1993). Liss and Slater (1974) applied the model to assess the flux of various 
gases, specifically in the air-sea systems, and indicated the possibility of its use at any air-water 
interface in the environment if the necessary data are available.  Hornbuckle et al. (1993) 
concluded that the two-film model is the best available tool for estimating regional and local flux 
of PCBs from natural waters.  The following paragraph, from Achman et al. (1993), succinctly 
summarizes the model. 
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The basic equation used to describe the rate of transfer across the interface is 

F = Kol(Cw – C*) (11-1) 

where F is the flux (mol/m2-day), Cw (mol/m3) is the dissolved PCB concentration in the bulk 
water, and C* is the air concentration expressed as a water concentration in equilibrium with the 
air (P/H, mol/m3). The variable P is the vapor-phase air concentration measured (mol/m3) and 
converted to units of pressure using the ideal gas law; H is Henry’s Law constant (atm-m3/mol). 
The overall mass-transfer coefficient, Kol, has units of velocity (m/day).  The concentration 
gradient determines the direction of flux and drives the mass transfer, whereas Kol is a kinetic 
parameter that quantifies the rate of transfer.  The value of Kol is dependent on the physical and 
chemical properties of the compound as well as environmental conditions.  The reciprocal of Kol 

is the total resistance to transfer expressed on a gas (RT/Hka)- and liquid (1/kw)-phase basis: 

1/Kol = 1/kw + RT/Hka (11-2) 

where kw is the water-side mass transfer coefficient (m/day) and ka is the air-side mass transfer 
coefficient (m/day).  R is the universal gas constant (8.2057 × 10-5 atm-m3/mol K), T is the 
absolute temperature, and H is Henry’s Law constant. 

Achman et al. (1993) and Hornbuckle et al. (1993) calculated the volatilization rates of 
PCBs from Green Bay on Lake Michigan on the basis of air and water samples simultaneously 
collected over a 14-day period above and below the air-water interphase and analyzed for 85 
PCB congeners.  Air samples collected over nearby land were also analyzed for the 85 PCB 
congeners.  The direction and magnitude of flux for each congener were then calculated using 
Henry’s Law and meteorological and hydrological parameters in the “two-film” model (see eq 
11-1). 

The net total PCB transfer rate (i.e., the sum of all congener transfer rates) was found to 
be from water to air (i.e., volatilization).  However, during cool water temperature periods 
(October), the direction of transfer reversed for many congeners.  Calculated transfer rates to air 
ranged from 15 to 300 ng/m2/day at low wind speeds (1 to 3 m/sec) to 50 to 1,300 ng/m2/day at 
higher wind speeds (4 to 6 m/sec).  On a congener basis, the lower-chlorinated congeners 
dominated total fluxes.  The summary of flux calculations is presented in Table 11-5.  The most 
important factors influencing the magnitude of volatilization were the water concentration of 
PCBs, wind speed, and water temperature.  In addition, Achman et al. (1993) and Hornbuckle et 
al. (1993) found that atmospheric PCB concentrations were higher over contaminated water than 
over nearby land, atmospheric PCBs over water tended to increase with increasing dissolved 
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Table 11-5.  Summary of flux calculations for total PCBs in Green Bay 

Date Site 
Fluxa 

(ng/m2-day) 

6-4 18 40 
6-5 18 40 
6-6 10 95 
6-7 10 155 

6-10 4 325 
6-11 10 13 
7-28 18 330 
7-29 21 70 
7-30 14 225 
7-31 10 90 
8-1 4 800 

10-21 14 555 
10-22 10 1,300 
10-23 4 30 

aNumbers indicate water-to-air transfer of total PCBs.  They represent the sum of individual PCB congener fluxes 
and are described as “daily” fluxes because they correspond to air samples collected over 5–10 hr and water samples 
collected over ~1 hr. 

Source:  Achman et al. (1993). 

PCB concentrations, and the congener distribution in the atmosphere correlated linearly with the 
congener distributions in the adjacent water. 

Achman et al. (1993) also summarized the PCB volatilization rates reported by other 
researchers (Baker and Eisenreich, 1990; Swackhamer and Armstrong, 1986; Strachan and 
Eisenreich, 1988; Swackhamer et al., 1988) for Great Lakes water bodies.  The results of these 
other studies, presented below, also show net flux of PCBs from water to air. 

Total PCB 
volatilization rate 

Water body (ng/m2/day) Reference 
Lake Superior 141 Baker and Eisenreich (1990) 
Lake Michigan 240 Strachan and Eisenreich (1988) 
Lake Superior 63 Strachan and Eisenreich (1988) 
Siskiwit Lake 23 Swackhamer et al. (1988) 
Lake Michigan 15 Swackhamer and Armstrong (1986) 
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11.2.3. Sediment 

11.2.3.1. Potential Mass of Dioxin-Like Compounds Present 

EPA conducted congener-specific measurements of CDDs/CDFs in the sediments from 
11 U.S. lakes located in areas relatively unimpacted by nearby industrial activity.  The mean 
TEQ concentration in the uppermost sediment layers from these 11 lakes was 5.3 ng TEQDF 
WHO98/kg (5.3 ng I-TEQDF/kg) dry weight.  For most of the lakes, the uppermost layer 
represents about 10 years worth of sedimentation.  CDD/CDF concentrations in lakes impacted 
by industrial activity may have higher concentrations.  For example, Duarte-Davidson et al. 
(1997) reported a TEQ concentration of 54 ng I-TEQDF/kg for urban sediments in the U.K. 

As noted above, the surface area of inland waters in the United States is approximately 
359,000 km2 (U.S. DOC, 1995b). In their calculations of sediment burdens in the U.K., Duarte-
Davidson et al. (1997) assumed that (1) the sediment surface area equals the water surface area, 
(2) the majority of CDDs/CDFs were located in the top 5 cm of sediment, and (3) sediment 
density was 0.13 g dry weight/cm3 . Applying these assumptions to the water surface area and 
background TEQ concentration for U.S. sediments yields a burden of at least 120 kg TEQDF 
WHO98 (120 kg I-TEQDF). 

11.2.3.2. Mechanisms Responsible for Supply to and Releases from Sediment 

Because sediment is closely connected to the water column above it, evaluating the 
potential for sediment to act as a reservoir of dioxin-like compounds is complex and likely to be 
more difficult than studying dioxin-like compounds in a single medium, such as water or soil. 
Volatilization and sedimentation are two mechanisms whereby persistent chemicals such as 
CDDs/CDFs and PCBs are lost from water bodies/columns.  Numerous authors (Swackhamer 
and Armstrong, 1986; Muir et al., 1985; Ling et al., 1993) have noted that sediments are a likely 
sink for persistent hydrophobic organic compounds because these compounds are likely to be 
strongly bound to organic particles in the sediment. 

For example, Muir et al. (1985) radiolabeled 2,3,7,8-TCDD and studied its dissipation 
from sediments (collected from a farm pond and a lake) to the water column in laboratory 
studies under static aerobic conditions at 10EC. After 675 days, more than 80% of the labeled 
TCDD was still present in the pond sediment and 87% was still present in the lake sediment. 
Aeration had little effect on the dissipation rates. 

The concept of fugacity is a useful way to estimate the behavior of dioxin-like 
compounds in sediments. Fugacity is expressed in units of pressure (pascals, or Pa) and is the 
partial pressure exerted by the chemical in each medium.  Fugacity models estimate equilibrium 
concentrations in specific media at given chemical concentrations in the environment.  Clark et 
al. (1988) suggested evaluating contaminant concentrations in multiple environmental media by 
comparing fugacity of adjoining media (e.g., comparing sediment fugacity with water column 
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fugacity to determine a chemical’s tendency to move from one to the other).  The authors 
evaluated fugacities of certain organochlorine compounds, including PCBs, in air, water, 
sediment, fish, and fish-eating birds and their eggs.  The authors presented PCBs fugacities 
developed from data collected in a study of the Lake Ontario region.  The fugacities of PCBs in 
various media can be ranked as birds>fish>water>bottom sediment, indicating that PCBs and 
other similar chemicals are likely to remain in bottom sediment and are less likely to re-enter the 
water column. 

11.2.3.3. Releases from Sediment to Water 

Given the lack of data, no quantitative estimates of annual releases can be made.  Ling et 
al. (1993) evaluated the fate of various chemicals, including PCBs, in Hamilton Harbour, located 
in Ontario, Canada, using a modified version of the Quantitative Water Air Sediment Interaction 
(QWASI) fugacity model.  Among the processes evaluated were diffusion between air and water 
and sediment and water; sediment deposition, resuspension, and burial; and sediment 
transformation. Three primary compartments were studied: air, water, and bottom sediments. 
The sediment was treated as a simple, well-mixed surface layer of active sediment and the buried 
sediment underneath. Chemicals in the active sediment were assumed to be able to exchange 
with the overlying water; chemicals in the buried sediment were assumed to be isolated from the 
sediment-water exchange.  Sediment was assumed to be homogenous rather than heterogenous. 
The epi- and hypolimnetic compartments of the water column were defined on the basis of a 
thermocline, and the atmosphere was defined as a semi-infinite medium of constant, defined 
composition. 

Ling et al. estimated rates of PCB movement on the basis of 1987 loadings using two 
models: one with a thermocline and one without a thermocline.  The results for the water-
sediment transfer using the model with a thermocline were ~32 kg/yr entering the hypolimnion 
from the epilimnion, ~27 kg/yr entering the surface sediment from the hypolimnion, and ~18 
kg/yr (>50%) going to burial.  For sediment-to-water transfer, ~7 kg/yr transferred to the 
hypolimnion and then 12.5 kg/yr transferred to the epilimnion.  Similar numbers were found in 
the single water column model (the model without a thermocline). 

Both the model with a thermocline and the model without a thermocline predicted 
volatilization from the water to the atmosphere—1.6 kg/yr and 1.8 kg/yr, respectively. 
However, the actual contribution of PCBs from sediment to air was not determined.  A 
comparison of estimated concentrations with observed values are presented in Table 11-6.  For 
PCBs, 68% were buried in the sediment, 20% were exported to Lake Ontario, 5.4% degraded in 
the water and sediment, and 6% volatilized.  The authors noted that these percentages were 
uncertain.  At the sediment-water exchange, more than 90% of each chemical was contained in 
the sediment because of particle deposition and the high affinity of the chemical for sediment.  
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Table 11-6. Comparison of model-estimated PCB concentrations with 
observed values 

Variable PCBs 

Observed concentration 
Sediment 
Water 

0.23–1.04 :g/g 
<20 :g/m3 

Estimated concentration from model without thermocline 
Sediment 0.518 :g/g 
Water 8.33 :g/m3 

Amount in sediment 74.9 kg 
Amount in water 2.33 kg 
Total mass 77.2 kg 

Estimated concentration from model with thermocline 
Sediment 0.527 :g/g 
Hypolimnion 8.48 :g/m3 

Epilimnion 7.93 :g/m3 

Amount in sediment 76.3 kg 
Amount in hypolimnion 1.28 kg 
Amount in epilimnion 1.02 kg 
Total mass 78.6 kg 

Source:  Ling et al. (1993). 

There was no indication that contaminants buried in the bottom sediments are transferred 
through diffusion mechanisms back to the surface sediments; however, episodic release of these 
chemicals from surface sediments can occur through mechanisms such as resuspension during 
flooding or lake inversions and uptake/ingestion by benthic biota. 

11.2.4. Biota 

11.2.4.1. Potential Mass of Dioxin-Like Compounds Present 

The mass of CDDs/CDFs in biota in the United States was not estimated as part of this 
report.  However, to place perspective on the potential magnitude of this reservoir, 82 g I-TEQDF 

have been estimated to be present in biota in the U.K. (50 g in humans and 32 g in vegetation), 
which is about three orders of magnitude less than the mass estimated to be present in U.K. 
surface soils (Duarte-Davidson et al., 1997; Eduljee and Dyke, 1996).  No data are available to 
estimate the biota burden in the United States. 

11.2.4.2. Mechanisms Responsible for Supply to and Releases from Biota 

Apparently, very little of the dioxin-like compounds contained in contaminated soil is 
ultimately taken up by the vegetation growing in the soil.  Kjeller et al. (1991) analyzed 
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concentrations of CDDs/CDFs in archived soil and grass samples collected from the mid-1840s 
to 1989 at an English experimental station and found that only 0.006 to 0.02% of the soil burden 
of CDDs/CDFs was taken up by the grass.  In addition, scientists generally agree that, once taken 
up by plant tissue, CDDs/CDFs are not translocated to other parts of the plant (e.g., fruits or 
shoots) (Bacci and Gaggi, 1985; Hülster and Marschner, 1993, 1994; Nakamura et al., 1994). 

Researchers have found that the concentration of dioxin-like compounds in a plant should 
reach equilibrium with the vapor phase concentrations of dioxin-like compounds in the 
surrounding air (Bacci et al., 1990a, b; Frank and Frank, 1989; Horstmann and McLachlan, 
1992; McCrady and Maggard, 1993; McLachlan et al., 1995; Paterson et al., 1991; Simonich and 
Hites, 1994; Tolls and McLachlan, 1994; Welsch-Pausch et al., 1995).  Horstmann and 
McLachlan (1992) stated that the leaf-air transfer of volatile compounds is a reversible process 
governed by concentration gradients.  If CDD/CDF concentrations are higher in the surrounding 
air than they are in the air spaces within plant tissue, CDDs/CDFs should diffuse into the plant. 
Once equilibrium is reached and CDD/CDF concentrations in the plant equal that of surrounding 
air, no more CDDs/CDFs should be taken into the plant.  When CDD/CDF concentrations in 
surrounding air begin to decrease, CDDs/CDFs should diffuse (probably at a slow rate) out of 
the plant tissue.  Apparently, CDDs/CDFs are not bioconcentrated to a significant extent in the 
lipid portion of the leaf cuticle (Gaggi et al., 1985).  The CDDs/CDFs present in the leaf tissue 
are predominantly released from the plant through leaf fall onto soil.  Therefore, vegetation is 
not likely to be a long-term reservoir of dioxin-like compounds. 

Research suggests that dioxin-like compounds in animal tissue, unlike in vegetation, 
seldom, if ever, reach equilibrium with vapor phase concentrations in the surrounding 
atmosphere (or water column concentrations in the case of aquatic life).  Rather, animals 
exposed to dioxin-like compounds are known to bioaccumulate these compounds, primarily in 
body fat (U.S. EPA, 1993g, h).  Nonetheless, animals, unlike plants, can metabolize certain 
chlorinated hydrocarbons after they enter the body (Carlberg et al., 1983).  Dioxin-like 
compounds can be released from an animal’s body (at congener-specific rates) through 
metabolic processes or through weight loss, breast-feeding, or sweating.  McLachlan (1996) 
reported the half-life for the clearance of 2,3,7,8-TCDD from humans to be 7 yr.  As a result, 
animal life has a greater potential than does vegetation for being a long-term reservoir source of 
CDDs/CDFs.  The majority of the dioxin-like compounds released by animals in the form of 
waste materials will be released to water or soil.  Similarly, upon death, the dioxin-like 
compounds remaining in the body will be deposited onto soil or aquatic sediments or will be 
ingested by other animals. 
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11.2.4.3. Approaches for Measuring and Estimating Releases from Biota 

Researchers have investigated the uptake and release of CDDs/CDFs by vegetation 
through measurement of actual concentrations during uptake and release by vegetation grown in 
closed systems (greenhouses).  Bacci et al. (1992) conducted uptake and release studies of 
1,2,3,4-TCDD by plant foliage in a closed system (a specially constructed greenhouse). 
Concentrations of TCDD vapor in the greenhouse air were maintained during the 370-hr uptake 
phase at a mean concentration of 0.0062 ng/L (air concentration varied slightly from 0.005 to 
0.0075 ng/L).  To begin the release phase, the TCDD vapor source (amended sand) as well as the 
greenhouse walls were removed, and release of CDDs/CDFs from the leaves was measured for 
500 hr. The authors concluded that, during uptake, TCDD concentration in the leaves varied as a 
function of time and was dependent on the concentration of vapor-phase TCDD in the 
surrounding air.  They estimated the release of TCDD from the vegetation to be relatively slow, 
with a half-life of TCDD of 3,300 hr. 

McCrady and Maggard (1993) conducted a mass balance study of uptake and release of 
dioxin in grass foliage.  The results indicated a half-life of dioxin in grass of 128 hr.  These 
researchers also noted that, in addition to volatilization, photodegradation of dioxins on the 
foliage appeared to be a significant removal mechanism.  They calculated the photodegradation 
half-life to be 44 hr. 

Interpretation of uptake and release data over variable exposure times and contaminant 
concentrations has led to the development of models describing air-to-vegetation equilibrium 
and kinetics controlling the behavior of dioxin in vegetation.  Some earlier fugacity modeling 
attempts described the leaf of a plant as behaving as a single compartment.  One-compartment 
models were described by Bacci et al. (1990a, b), Trapp et al. (1990), Schramm et al. (1987), and 
Tolls and McLachlan (1994).  Researchers presenting most of the recently developed models 
claim that the available data better support the concept of a leaf behaving as two compartments 
(Riederer, 1990; Paterson et al., 1991; Horstmann and McLachlan, 1992; McCrady and 
Maggard, 1993; Tolls and McLachlan, 1994; McLachlan et al., 1995).  Input parameters 
considered by most models include critical chemical characteristics of the contaminant, 
characteristics of the plant, exposure times, and contaminant concentrations measured within the 
plant. Riederer (1990) suggested treating a leaf as multiple compartments having different 
accessibilities to the atmosphere and different diffusion resistances. 

Input parameters for the two-compartment model are octanol-water coefficients, cuticle-
water partition coefficients, aqueous solubility, and saturation vapor pressure of the chemical of 
concern.  Outputs of the model are prediction of equilibrium concentration in different leaf 
tissues, estimates of air-to-vegetation bioconcentration equilibria, and identification of leaf 
compartments in which compounds are likely to accumulate.  Riederer (1990) also presented an 
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approach for using the model to semiquantitatively assess the potential for revolatilization of 
dioxins from vegetation. 

One advantage of the model presented by Riederer (1990) is that it considers critical 
plant characteristics in the release of dioxins.  A plant is an active organism, responding to 
changes in its environment and acting accordingly to ensure its survival.  Certain plant 
characteristics, such as the action of stomata (specialized cells usually on the lower leaf surface 
that open and close to control passage of vapors into and out of the leaf interior) and total leaf 
volume, are important factors that affect the release rates of vapor phase contaminants from 
vegetation. 

Paterson et al. (1991) also presented a two-compartment model for release of dioxin-like 
compounds from vegetation.  This model describes a plant as being made up of compartments in 
terms of volume fractions of air, water, and nonpolar (lipid-soluble, or octanol-equivalent) 
organic matter.  Paterson et al. attempted to show that leaf-air equilibrium and kinetics can be 
correlated with chemical properties of the contaminant and properties of the leaf.  The authors 
suggested that the clearance rate constant (k2) can be correlated with the bioconcentration factor. 
This model does not consider critical plant characteristics, such as action of the stomata, and for 
this reason it may be less reliable than models that do consider plant characteristics, such as the 
model presented by Riederer (1990). 

Horstmann and McLachlan (1992) developed a fugacity model to describe release of 
semivolatile organic compounds from the surface of a solid (spruce needles).  Their approach 
was slightly different in that their goal was instrument/method development, but their data 
supported the behavior of a leaf as a two-compartment system. 

McCrady and Maggard (1993) also collected data supporting the importance of viewing a 
leaf as a two-compartment system.  They used a two-compartment model similar to the one 
described by Paterson et al. (1991) that also does not consider critical plant characteristics and 
thus may be less reliable than models that do (e.g., Reiderer, 1990). 

Tolls and McLachlan (1994) exposed grass cultures for up to 240 hr to several 
semivolatile organic compounds and then measured the release of contaminants from the grass. 
They developed a two-compartment partitioning model based on the data they collected.  The 
model consists of a small surface compartment (the leaf cuticle) and a large interior reservoir (air 
spaces within the leaf). Their model assumes that the flux of a chemical is the product of the 
fugacity difference (surface fugacity minus reservoir fugacity) and the conductance between the 
leaf compartments. 

In an attempt to validate this model, McLachlan et al. (1995) compared concentrations of 
semivolatile organic compounds measured in grass grown under field conditions with 
concentrations predicted by their previous laboratory work with a fugacity meter.  The 
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concentrations measured in the grass cultures agreed with results predicted by the mathematical 
model described by Tolls and McLachlan (1994). 

11.3. SUMMARY AND CONCLUSIONS 

As depicted in Figure 11-1 a set of complex relationships exists among reservoirs and 
between reservoirs and contemporary formation sources.  The significance of reservoirs for 
human exposure is more dependent on their ability to affect the concentration of dioxin-like 
compounds in other media than on their size or net release rate.  This section first summarizes 
and draws conclusions from the limited information available regarding the character and 
magnitude of reservoir sources.  This information is then used to discuss the implications of 
reservoir sources to human exposure. 

11.3.1. Reservoir Sources 

The following are summary statements about soil reservoir sources. 

C	 Soil is likely to be the reservoir source with the greatest potential for release of 
CDDs/CDFs to other environmental media, particularly to water.  This is due in part 
to its relatively large mass of stored CDDs/CDFs, but more importantly, it is due to 
the existence of demonstrated transport mechanisms for intermedia exchange, e.g., 
soil erosion to surface waters and particle resuspension to air. 

C	 The preliminary estimates of CDD/CDF runoff from urban areas to waterways is 
comparable to known industrial point source releases, and runoff from agricultural 
areas to surface waters is more than 100 times greater.  It is unclear how much of the 
soil erosion and runoff represents recently deposited CDDs/CDFs from primary 
sources or longer-term accumulation.  Much of the eroded soil comes from tilled 
agricultural lands, which would include a mix of CDDs/CDFs from various 
deposition times. The age of CDDs/CDFs in urban runoff is less clear. 

C	 Based on the limited information currently available (i.e., primarily fugacity 
modeling), volatilization of CDDs/CDFs from soils is not believed to significantly 
alter ambient air concentrations.  However, volatilization of PCBs from soil may be a 
significant process. 

C Based on the limited information currently available, resuspension of soil may 
account for a small fraction (~4%) of CDD/CDF concentrations in air.  This 
resuspended soil may, however, constitute a more significant portion of dry 
deposition. 

The following are summary statements about water reservoir sources. 
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C It is unclear whether volatilization of CDDs/CDFs from water can significantly alter 
air concentrations.  For PCBs, however, the water-air exchange appears to be 
significant, and for some water bodies results in a net transfer from water to air. 

C Water is the major media contributing CDDs/CDFs and PCBs to sediment.  Note that 
most of the CDDs/CDFs in sediments originally came from soils.  For specific water 
bodies, however, the CDDs/CDFs and PCBs in sediments may have been dominated 
by local industrial discharges to water. 

The following are summary statements about sediment reservoir sources. 

C	 It is important to distinguish between surface and deep sediments.  Surface sediments 
are commonly resuspended and introduced back into the water; deep sediments 
generally do not interact with the water column.  Surface sediments can contribute 
significantly to the CDD/CDF and PCB concentrations in water, whereas deep 
sediments do not. 

C	 There is little, if any, movement of dioxin-like compounds once they are buried in the 
bottom sediments.  Bottom sediments may be considered as sinks. 

The following are summary statements about biota reservoir sources. 

C	 The mass of CDDs/CDFs in vegetation at any given time is likely to be small when 
compared with the mass in soil.  Vegetation does play an important role in 
transferring CDDs/CDFs from the air to the soil via the decay of plant biomass. 

C	 Release by volatilization from vegetation has been studied and modeled using the 
fugacity approach, and half-lives have been estimated.  Based on these results, 
volatilization is not believed to be a significant mechanism for release of 
CDDs/CDFs and PCBs except possibly during forest/brush fires. 

C	 The mass of CDDs/CDFs in animals at any given time is likely to be small when 
compared with the mass in soil.  Similarly, releases are small and occur primarily by 
excretion and decomposition of dead biomass. 

11.3.2. Implications for Human Exposure 

Although, the ability to make quantitative estimates of releases from reservoir sources is 
limited at present, it is reasonable to conclude that the contribution of reservoir sources to human 
exposure may be significant.  Diet accounts for more than 95% of human exposure.  Although 
the size of the biota reservoir is small when compared with the soil and sediment reservoirs, it is 
clearly the key contributor to human exposure.  The potential contribution of the other reservoirs 
to human exposure is discussed below. 
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PCB reservoir releases.  Because current sources of newly formed PCBs are most likely 
negligible, human exposure to the dioxin-like PCBs is thought to be derived almost completely 
from current releases of old PCBs stored in reservoir sources.  Key pathways involve releases 
from both soils and sediments to both aquatic and terrestrial food chains.  One-third of general 
population TEQDFP exposure is due to PCBs.  Thus, at least one-third of the overall risk to the 
general population from dioxin-like compounds comes from reservoir sources. 

CDD/CDF releases from soil and sediments to water and exposure via the aquatic 

pathway.  The earlier discussion has shown that soils can have significant inputs to waterways 
via soil erosion and runoff.  Similarly, the sediment reservoir contributes significantly to 
CDD/CDF concentrations in water.  These releases appear to be greater than those from the 
primary sources included in the inventory.  Dioxins in waterways bioaccumulate in fish, and fish 
consumption causes human exposure.  Fish consumption makes up about one-third of the total 
general population CDD/CDF TEQ exposure.  This suggests that a significant portion of the 
CDD/CDF TEQ exposure could be due to releases from the soil and sediment reservoir. 

CDD/CDF releases from soil to air and exposure via the terrestrial pathway. 

Potentially, soil reservoirs could have vapor and particulate releases that deposit on plants and 
enter the terrestrial food chain. The magnitude of this contribution, however, is unknown.  EPA 
plans future studies in agricultural areas that will compare modeled air concentrations from 
primary sources with measured levels as a way to gain further insight into this issue. 
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Electrolysis is one of the acknowledged means of generating chemical products from their native state. For example, metallic copper is produced by 
electrolyzing an aqueous solution of copper sulfate, prepared by leaching the copper bearing ores with sulfuric acid. Or, one can prepare chlorine gas 
and sodium hydroxide solution by electrolyzing an aqueous solution of sodium chloride, which exists in nature in a solid form as rock salt and also 
available as solar or vacuum evaporated salt. The solution of sodium chloride (common table salt) is often called "brine."  

The primary products of electrolysis are chlorine gas, hydrogen gas, and sodium hydroxide solution (commonly called "caustic soda" or simply 
"caustic"). However, if the electrolyte is maintained at a pH of 6.5 or 10, one can form chlorate or hypochlorite from the electrogenerated chlorine 
and caustic. This is the basis for the electrolytic production of sodium chlorate or sodium hypochlorite (commonly known as "bleach").  

Chlorine and sodium hydroxide end uses 

Chlorine and sodium hydroxide are among the top ten chemicals produced in the world and are involved in the manufacturing of a wide variety of 
products used in day-to-day life. These include: pharmaceuticals, detergents, deodorants, disinfectants, herbicides, pesticides, and plastics. 

The first observation of a possible application for chlorine was its bleaching effect on vegetable matter. In 1774, Carl Wilhelm investigated the 
reactivity of the greenish-yellow gas generated during the reaction involving the oxidation of hydrochloric acid by a manganese dioxide ore 
(pyrolusite). In 1785, Berthollet tried unsuccessfully to use elemental chlorine for textile bleaching to replace solar bleaching. Elemental chlorine 
caused discomfort to the workers, corroded metal parts, and softened the fabrics. The first use of chlorine in the form of potassium hypochlorite was 
for bleaching, and dates back to 1789. It was in 1808 that Davy characterized this greenish-yellow gas as an element and named it "chlorine."  

The development of chemical bleaching with chlorine and the discovery of calcium hypochlorite bleaching powder as a practical mode of 
transporting chlorine was of great significance. These technologies made a marked impact on the textile bleaching operations in Great Britain and 
Europe, who were in the middle of the industrial revolution with expanding production, and hence, the demand for textiles. The invention of the 
power loom provided the capability to produce textiles on a large scale. However, solar bleaching, by spreading the cloth in open fields for months, 
became increasingly expensive in view of the soaring land values. The chlorine bleaching process not only shortened the operations from months to 
few days, but also freed vast areas of land for more productive use. Based on the greatly improved efficiency of textile bleaching, the pulp and paper 
industry also began using bleaching powder. Between 1756 and 1932, the use of chlorine in the pulp making industry increased. Chlorine, in the form 
of hypochlorites, removed the color or color producing materials from the cellulose fibers, without undue degradation of the fibers.  

The first use of chlorine for disinfection dates back to 1823, when it was used in hospitals. Chlorine water was employed in obstetric wards to 
prevent puerperal fever in 1826, and fumigation with chlorine was practiced during the great European cholera epidemic. Following the discovery 
that bacteria were responsible for the transmission of certain diseases, several investigators studied chlorination of both sewage and potable water in 
1890's in an attempt to destroy these bacteria. By 1912, the use of chlorine for water treatment had become a common practice. There was significant 
reduction in the incidence of water borne diseases, such as typhoid. For example, from October to December 1909, 549 cases of "winter typhoid" 
were reported in Montreal, Canada. After chlorination of drinking water was begun in 1910, only 170 cases were reported for the same 4-month 
period. Thus, virtually all the chlorine manufactured during the 19th century was consumed by these two industries. The major turning event for the 
growth of the chlorine industry was its use in 1912 for water purification during the Niagara Falls typhoid epidemic. It should be noted that bleaching 
powder was used in 1897 to clean the polluted mains during a typhoid break in England.  

Between 1920 and 1940, several new applications for chlorine were developed, 
for example, in the manufacture of ethylene glycol, chlorinated solvents, vinyl 
chloride, and others. World War II triggered the development of new uses for 
chlorine for military needs. This trend continued to produce new products for 
civilian use following the war. Progress in synthetic organic chemistry in 19th 
century had led to the preparation of substitutes for natural products and entirely 
new and useful compounds including intermediates and final products. Chlorine, 
because of its reactivity, unique properties, and low price, was used in many of 
these, including solvents, pharmaceuticals and dyes. In 1795, dichloroethane was 
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Fig. 1. Chlorine end uses. 

Sodium chlorate end uses 

produced and in 1831 chloroform was synthesized. By 1848, the anesthetic 
properties of chloroform were recognized and used in surgical practice.  

Presently, the primary uses of chlorine are in the pulp and paper manufacturing 
operations for bleaching to produce a high quality whitened material and in water 
treatment operations as a disinfectant (Figure 1). The other uses of chlorine 
include the production of organic and inorganic chemicals. The largest volume 
organic chemical manufactured that involves chlorine is polyvinyl chloride 
(PVC). PVC is a very versatile thermoplastic, used in a wide variety of daily 
products. The major use of chlorine in the production of inorganic chemicals is 
for titanium dioxide (a widely used pigment), manufactured from naturally 
occurring ores (ilmenite or rutile).  

Fig. 2. Caustic soda end uses. 

The end uses of caustic (sodium hydroxide) are diverse compared to the 
uses of chlorine (Figure 2). Its primary application are in the neutralization 
reactions and forming anionic species such as aluminates and zincates. In 
the manufacture of organic chemicals, caustic is employed for the 
neutralization of acids, pH control, off-gas scrubbing, dehydrochlorination, 
and as a source of sodium during various chemical reactions. For example, 
it is used in the dehydrochlorination stage of the epoxy resin production and 
hydrolysis reactions involving epichlorohydrin in the formation of glycerin, 
used in the pharmaceutical, tobacco and food/beverage industries  

The major use of caustic for making inorganic chemicals is in the 
production of hypochlorite for household and industrial bleaching purposes. 
Also, its use in the pulp and paper industry is in the production of sodium 
sulfide and sodium hydrosulfide for mechanical pulping. It is also used in 
the food processing applications, which include skin removal of potatoes, 
tomatoes etc, for further processing.  

The electrosynthesis of sodium chlorate dates back to 1802, when von 
Hisinger and Berzelius prepared sodium chlorate by the electrolysis of 
sodium chloride solution. The first chlorate cell patent was issued to Watt in 
1851. The first chlorate plant was built in 1886 in Villers-St. Sepulchre in 
Switzerland, where chlorate was electrochemically produced in cells made 
of wood and equipped with a diaphragm. The energy consumption was 
about 15,000 kWh/ton potassium chlorate. This may be compared to an 
energy consumption for a crystal product of about 5,000- 6,000 kWh/ton 

Chlor/alkali manufacturing process 

Fig. 3. Chlorate end uses. 

with modern technologies.  

Figure 3 describes the end-use profile of sodium chlorate in 1998. About 
93% of sodium chlorate is used for production for bleaching in the pulp and 
paper industry. The remainder is utilized in the agricultural industry as a 
cotton defoliant or herbicide (weed killer), as an oxidizer in uranium 
milling, and in the production of ammonium perchlorate used in rocket 
propulsion. (It is worth noting that perchlorates are also produced by an 
electrolytic process, where chlorate is anodically oxidized to perchlorate.) 
These uses of sodium chlorate have remained unchanged over the past 20 
years, although the relative demands have changed. World capacity of 
sodium chlorate was estimated as about 2.8 million short tons during 1998; 
the North American share was about 1.95 million tons.  
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The chlor-alkali (also called "chlorine-caustic") industry is one of the largest electrochemical technologies in the world. It is an energy intensive 
process and is the second largest consumer of electricity (2400 billion kWh) among electrolytic industries. In 2006, about 84% of the total world 
chlorine capacity of about 59 million metric tons was produced electrolytically using diaphragm and membrane cells, while about 13% was made 
using mercury cells (Figure 4).  

Chlorine is produced by the electrolysis of sodium chloride (common table salt) solution, often called "brine." Thus, when sodium chloride is 
dissolved in water, it dissociates into sodium cations and chloride anions. The chloride ions are oxidized at the anode to form chlorine gas and water 
molecules are reduced at the cathode to form hydroxyl anions and hydrogen gas. The sodium ions in the solution and the hydroxyl ions produced at 
the cathode constitute the components of sodium hydroxide formed during the electrolysis of sodium chloride. (The chemical reactions occurring in 
the cell are shown in the Appendix.) 

Chlorine is produced electrolytically using three types of electrolytic cells. The main difference in these technologies lies in the manner by which the 
chlorine gas and the sodium hydroxide are prevented from mixing with each other to ensure generation of pure products. Thus, in diaphragm cells, 
brine from the anode compartment flows through the separator to the cathode compartment, the separator material being either asbestos or polymer-
modified asbestos composite deposited on a foraminous cathode. In membrane cells, on the other hand, an ion-exchange membrane is used as a 
separator. Anolyte-catholyte separation is achieved in the diaphragm and membrane cells using separators and ion-exchange membranes, 
respectively, whereas mercury cells contain no diaphragm or membrane and the mercury itself acts as a separator. The anode in all technologies is 
titanium metal coated with an electrocatalytic layer of mixed oxides. All modern cells (since the 1970's) use these so-called “dimensionally stable 
anodes" (DSA). Earlier cells used carbon based anodes. The cathode is typically steel in diaphragm cells, nickel in membrane cells, and mercury in 
mercury cells. These cell technologies are schematically depicted in Figures 5-7 and are described below.

 Mercury cells 

The mercury cell has steel bottoms with rubber-coated steel sides, as well as end 
boxes for brine and mercury feed and exit streams with a flexible rubber or 
rubber-coated steel cover. Adjustable metal anodes hang from the top, and 
mercury (which forms the cathode of the cell) flows on the inclined bottom. The 
current flows from the steel bottom to the flowing mercury.  

Saturated brine fed from the end box is electrolyzed at the anode to produce the 
chlorine gas, which flows from the top portion of the trough and then exits. The 
sodium ion generated reacts with the mercury to form sodium amalgam (an alloy 
of mercury and sodium), which flows out of the end box to a vertical cylindrical 
tank. About 0.25% to 0.5% sodium amalgam is produced in the cell. The sodium 
amalgam reacts with water in the decomposer, packed with graphite particles and 
produces caustic soda and hydrogen. Hydrogen, saturated with water vapor, exits 
from the top along with the mercury vapors. The caustic soda then flows out of 
the decomposer as 50% caustic. The unreacted brine flows out of the exit end 
box. Some cells are designed with chlorine and anolyte outlets from the end box, 
which are separated in the depleted brine tank. The mercury from the 

decomposer is pumped back to the cell.  

 Diaphragm cells 

The diaphragm cell is a rectangular box with metal anodes supported from the 
bottom with copper-base plates, which carries a positive current. The cathodes are 
metal screens or punch plates connected from one end to the other end of the 
rectangular tank. Asbestos, dispersed as a slurry in a bath, is vacuum deposited 
onto the cathodes, forming a diaphragm. Saturated brine enters the anode 
compartment and the chlorine gas liberated at the anode during electrolysis, exits 
from the anode compartment. It is saturated with water vapor at a partial pressure 
of water over the anolyte. The sodium ions are transported from the anode 
compartment to the cathode compartment, by the flow of the solution and by 
electromigration, where they combine with the hydroxyl ions generated at the 
cathode during the formation of the hydrogen from the water molecules. The 
diaphragm resists the back migration of the hydroxyl ions, which would otherwise 
react with the chlorine in the anode compartment. In the cathode compartment, 
the concentration of the sodium hydroxide is ~12%, and the salt concentration is 
~14%. There is also some sodium chlorate formed in the anode compartment, 
dependent upon the pH of the anolyte. 

Membrane cells 

In a membrane cell, an ion-exchange membrane separates the anode and cathode 
compartments. The separator is generally a bi-layer membrane made of 
perfluorocarboxylic and perfluorosulfonic acid-based films, sandwiched between 
the anode and the cathode. The saturated brine is fed to the anode compartment 
where chlorine is liberated at the anode, and the sodium ion migrates to the 
cathode compartment. Unlike in the diaphragm cells, only the sodium ions and 
some water migrate through the membrane. The unreacted sodium chloride and 
other inert ions remain in the anolyte. About 30-32% caustic soda is fed to the 
cathode compartment, where sodium ions react with hydroxyl ions produced 
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Fig. 5. Schematic of a mercury cell. 

Fig. 6. Schematic of a diaphragm cell. 
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Fig. 7. Schematic of a membrane cell. 

during the course of the hydrogen gas evolution from the water molecules. This 
forms caustic, which increases the concentration of caustic solution to ~35%. The 
hydrogen gas, saturated with water, exits from the catholyte compartment. Only 
part of the caustic soda product is withdrawn from the cathode compartment. The 
remaining caustic is diluted to ~32% and returned to the cathode compartment. 

Thus, all three basic cell technologies generate chlorine at the anode, and 
hydrogen along with sodium hydroxide (caustic soda) in the cathode 
compartment (or in a separate reactor for mercury cells, see Figure 5). The 
distinguishing difference between the technologies lies in the manner by which 
the anolyte and the catholyte streams are prevented from mixing with each other. 
Separation is achieved in a diaphragm cell by a separator, and in a membrane cell 
by an ion-exchange membrane. In mercury cells, the cathode itself acts as a 
separator by forming an alloy of sodium and mercury (sodium amalgam) which is 
subsequently reacted with water to form sodium hydroxide and hydrogen in a 
separate reactor.  

A comparison of the performance characteristics of these three technologies is presented in the Appendix together with schematic process diagram 
for each of the cell technologies. The primary technology that is presently being used for future expansions or replacements of existing circuits is the 
membrane cell technology. The major membrane cell technology suppliers, include: Uhde GmbH, Asahi Chemicals, and Chlorine Engineers. DeNora 
Tech is the sole supplier of diaphragm cell technology. It is highly unlikely that anyone will build a new mercury- or diaphragm-cell plant in the 
future. Figures 8 and 9 illustrate cell rooms with diaphragm and membrane chlor-alkali cells.  

Fig. 8. Chlor-alkali cell room with MDC-55 diaphragm cells 
(Courtesy of Occidental Chemical Corporation). 

Fig. 9. Chlor-alkali cell room with BL-2.7 membrane cells 
(Courtesy of Uhde GmbH). 

 Chlorine processing 

The chlorine gas from the anode compartment contains moisture, by-product oxygen, and some back-migrated hydrogen. In addition, if the brine is 
alkaline, it will contain carbon dioxide and some oxygen and nitrogen from the air leakage via the process or pipelines. 

Chlorine is first cooled to 60oF (16oC) and passed through demisters to remove the water droplets and the particulates of salt and sodium sulfate. The 
cooled gas goes to sulfuric acid circulating towers, which are operated in series. Commonly, three towers are used for the removal of moisture. The 
dried chlorine then goes through demisters before it is compressed and liquefied at low temperatures. The non-condensed gas, called snift gas, is used 
for producing hypochlorite or hydrochloric acid. If there is no market for hydrochloric acid, the snift gas is neutralized with caustic soda or lime 
(calcium hydroxide) to form hypochlorite. The hypochlorite is either sold as bleach or decomposed to form salt and oxygen.  

 Hydrogen processing 

The hydrogen gas from the chlor-alkali cells is normally used for the production of hydrochloric acid or used as a fuel to produce steam. Hydrogen 
from mercury cells is first cooled to remove the mercury, which is then returned to the cells. Occasionally, a secondary treatment is used to remove 
the trace levels of mercury in the hydrogen via molecular sieve columns. The hydrogen gas is then normally compressed. If a customer needs nearly 
pure hydrogen containing low amounts of oxygen, some plants will heat the hydrogen over a platinum catalyst (to remove the oxygen by reacting it 
with the hydrogen to form water), cool, and compress the diaphragm or membrane cell hydrogen, before supplying it to the customer. The heat value 
in the hydrogen cell gas can be recovered in a heat exchanger via heating the brine feed to the cells. Although only shown in Figure 13 in the 
Appendix for diaphragm cells, the heat recovery from hydrogen is also possible with mercury and membrane cell processes. 

Caustic soda processing 

Caustic soda is marketed as 50%, 73%, or anhydrous (dry) beads or flakes. The mercury cell can produce 50% and 73% caustic directly. The caustic 
from the decomposer is cooled and passed once or twice through an activated carbon filter to reduce the mercury levels in the caustic. After filtration, 
the mercury concentration is lowered to the parts-per-million (ppm) levels. Even these low levels of mercury may be unacceptable to some 
customers, who then have to switch to using membrane grade caustic soda. The mercury cell caustic soda has a few ppm salt and <5-ppm sodium 

http://electrochem.cwru.edu/encycl/art-b01-brine.htm 5/10/2012 

http://electrochem.cwru.edu/encycl/art-b01-brine.htm


 

 

  
 

 

 

 

 
 

 

 

 
  

  
 

 

 

 

 

 

 

Electrochemistry Encyclopedia -- Brine electrolysis Page 5 of 13 

chlorate. The mercury cell caustic is the highest purity caustic that can be made electrolytically if trace concentrations of mercury are tolerable in the 
end use of caustic. 

The membrane cell caustic is concentrated in a multiple effect falling film evaporator, which increases the caustic soda concentration to 50% with a 
high steam economy. Caustic soda from membrane cells generally has 30-ppm sodium chloride and 5-10 ppm sodium chlorate. 

The catholyte from the diaphragm cells contains ~12% sodium hydroxide, ~14% sodium chloride, 0.25%-0.3% sodium sulfate, and 100-500 ppm 
sodium chlorate. The catholyte is evaporated in a multi-effect evaporator. Most of the salt from the catholyte will precipitate during the concentration 
of the caustic soda to 50% sodium hydroxide. The 50% caustic soda product will contain about 1% sodium chloride. The 50% caustic also has a high 
chlorate concentration (~0.1%) compared to the caustic from membrane or mercury cells (~10 ppm). The salt, separated from the caustic during 
evaporation, is used to re-saturate the brine fed to the cell.  

An additional single-effect evaporator is needed to produce 73% caustic soda. Anhydrous (dry) caustic soda is produced in a rising film evaporator, 
operating at 725oF (385oC) and at a few inches (one inch =2.54 cm) of water vacuum. 

 Brine processing 

Sodium chloride is available in the form of solid salt, mined by excavation or by evaporating seawater. It is also available as a liquid by solution 
mining the salt domes. The salt has varying concentrations of impurities, which should be removed to operate the electrolytic cells at a high current 
efficiency. The major impurities are calcium, magnesium, and sulfates. The other minor impurities, which are undesirable, depending upon the type 
of chlor-alkali process selected, are barium, strontium, manganese, aluminum, silica, iron, vanadium, chromium, molybdenum, titanium, etc. 

The solution-mined brine or the solid salt dissolved in the salt dissolver is treated in a reactor with sodium carbonate and caustic soda to precipitate 
calcium carbonate and magnesium hydroxide (see the Appendix). These precipitates are settled in a settler. The underflow carries the solid slurry, 
which is pumped to a filter to remove it as sludge, or sometimes, it is disposed off along with the rest of the liquid effluent from the plant. The 
calcium carbonate precipitates are heavy, and drag with it the hydroxides of aluminum, magnesium, strontium, etc. The overflow from the settler, 
which carries ~10-50 ppm of suspended solids, is filtered. For the mercury and the diaphragm cell process, this brine is adequate, and can be fed to 
the electrolyzers. 

In the all cell processes, the filtered brine is heated and passed through a bed of salt in a saturator in order to increase the salt concentration before 
feeding it to the electrolyzers. In some plants, the brine feed is acidified to improve the cell current efficiency. The acidification reduces the 
alkalinity, which would otherwise react with the chlorine in the anolyte compartment forming chlorate.  

The membrane cell process brine specifications are more stringent than that of the mercury and diaphragm processes, and calls for impurities to be at 
the parts-per-billion (ppb) level. This is accomplished by filtering the brine in a pre-coat type secondary filter. An ion-exchange resin is used to 
remove the calcium, magnesium, barium, and iron impurities. It is also possible to remove aluminum by ion exchange. Often, aluminum and silica 
are removed by adding magnesium chloride in the brine exiting from the salt dissolver.  

The depleted brine from the membrane and mercury cell processes carries dissolved chlorine. This brine is acidified to reduce the chlorine solubility, 
and then dechlorinated in a vacuum brine dechlorinator. The dechlorinated brine is returned to the brine wells for solution mining or to the salt 
dissolver. If the membrane and diaphragm processes coexist at a given location, the dechlorinated brine can be sent to a saturator for resaturation 
before being sent to the diaphragm cells.  

Sodium chlorate manufacturing process 

One of the energy intensive electrolytic industries is the production of sodium chlorate by the electrolysis of sodium chloride solutions in an 
electrolytic cell without a separator. The products of the electrode reactions, the chlorine and the caustic, are allowed to intermix and react, producing 
sodium chlorate as the final product (see the Appendix for details). 

The major raw material is sodium chloride, either very pure, such as solar rock salt, or partially purified evaporated salt. The salt is stored and 
dissolved in lixiviators to produce a saturated sodium chloride solution. This solution is purified by removing calcium, magnesium, fluoride, sulfate, 
and iron as insoluble compounds, through the addition of sodium carbonate, sodium hydroxide, sodium phosphate, and barium chloride.  

The impurities or precipitates are removed in a pressure leaf filter with diatomaceous earth as a filter precoat and filter aid. This filter cake, 
containing approximately 35% water, is the only solid waste stream from the process. A polishing filtration stage and an ion-exchange system follow 
pressure leaf filtration.  

The chemistry and electrochemistry of chlorate formation dictates that an efficient and economical cell should embody several distinct zones. In the 
electrolysis zone, the electrolytic reactions take place along with the hydrolysis of chlorine. As the chemical chlorate formation proceeds very slowly, 
a relatively large volume of chemical reaction zone is needed. A cooling zone is also required to remove the excess heat generated from the reaction 
and control the operating temperature. The cooling zone may be located within the chemical reactor or in an external heat exchanger. Hydrogen gas 
generated at the cathode must be released from the cell liquor. This hydrogen release takes place in the electrolysis cell, a separate vessel, or the 
chemical reactor. 

A continuous stream of cell liquor flows from the electrolysis system to the "hypo removal" system, where the sodium hypochlorite concentration is 
reduced to low levels simply by heating the cell liquor to about 185-200oF (85-95oC) under careful pH control. Final traces of hypochlorite can be 

Sodium chlorate is usually recovered from cell liquors by concentration, followed 
by cooling to facilitate crystallization. Hot cell liquor, following hypo removal, is 
fed continuously into the circulation leg of a draft tube baffle 
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Fig. 10. Chlorate cell room with M25 Chemetics cells 
(Courtesy of Aker Chemetics). 

evaporator/crystallizer. Crystal slurry is withdrawn from the bottom of the 
crystallizer section. The crystals are separated from the mother liquor and washed 
with water in a pusher centrifuge. They are thoroughly washed to remove sodium 
dichromate (an additive to the cell solution to increase current efficiency) from 
the chlorate crystals. Sodium dichromate contains chromium in the hexavalent 
state, which is a recognized human carcinogen. A white sodium chlorate crystal, 
containing about 1 to 1.5% moisture, is obtained from the centrifuge. Mother 
liquor from the centrifuge is mixed with fresh purified brine and recycled to the 
electrolytic cells.  

Approximately 98% of the sodium chlorate capacity in North America is 
produced directly in sodium chlorate cells. The remaining 2% is produced 
"chemically" by the reaction of chlorine and caustic (see the Appendix for 
details). 

In recent years, sodium chlorate technology sales have been dominated by the 
following three suppliers: Technip in France, Chemetics International in Canada, 
and Huron Technology in Canada. There are many other sodium chlorate 
technologies in operation, such as DeNora, Eltech, OxyChem, Oulu Oy, and 
Atochem. None of these are considered to be available for license. Figure 10 

depicts a chlorate manufacturing facility with M25 Chemetics cells.  

Sodium hypochlorite manufacturing process 

Another useful product generated by the electrolysis of weak brine is sodium hypochlorite, otherwise known as "bleach." Sodium hypochlorite cells 
generally do not require saturated brine, but can utilize weak brine or even seawater. Bleach is produced "on-site" for disinfection of drinking water 
and wastewater. The cells employed for this purpose are the same as those used for chlorate manufacture, that is, they consist of an anode and a 
cathode without a separator or diaphragm. The anodic and the cathodic reactions are the same as in chlor-alkali and chlorate cells, the difference 
being the pH of the electrolyte, which is maintained in the range of 10 to 12. The electrolytically generated chlorine reacts with sodium hydroxide to 
form sodium hypochlorite. However, the hypochlorite ion, formed in the bulk, is easily reduced at the cathode to reform chloride. Therefore, only 
dilute solutions of bleach can be produced in the cell. Hypochlorite can also react further to form chlorate, but this can be minimized by keeping the 
solution basic and the temperature low (close to room temperature). 

There are several manufacturers of seawater electrolysis cells in the market. The best known cells include Seachlor made by DeNora (producing 
1000-2500 ppm active chlorine) or Salinec made by Exceltec International Corporation (generating 200-300 ppm active chlorine).  

Growth of the chlor-alkali industry 

The market demand, environmental constraints, and energy prices have primarily 
dictated the growth of the chlor-alkali industry in the U.S., with a major 31% 
share of the world capacity. The industry enjoyed a strong growth until about 
1970. It faltered in 1970's and peaked briefly in 1979 before falling to the lowest 
level during 1982. Since then, significant rationalization has occurred (Figure 11). 

During the 1950's and 1960's, the demand for chlorine grew at a rate of 8%/yr and 
the plants were operating at greater than 90% capacity. The demand was for 
chlorinated derivatives and intermediates such as pesticides (DDT) used in 
agriculture and solvents, mainly chlorinated ethanes, which replaced flammable 
hydrocarbons in many cleaning and degreasing applications. Use of chlorinated 
methanes as intermediates increased in the manufacture of organosilicones, in 
tetramethyl lead gasoline additives and for fluorocarbons used as aerosol 
propellants and refrigerants. Polyvinyl chloride (PVC) plastics grew by 14%/yr as 
did ethylene and propylene oxide, which were produced by processes using 
chlorinated intermediates.  

In 1970's, chlorine growth slowed to 2%/yr because of environmental concerns 
bringing restrictions on the use of pesticides such as DDT, kepone, dieldrin, and 
endrin. Carcinogenic characteristics of trichloroethylene, polychlorinated 
biphenyls (PCBs) and similar compounds also contributed to the declined growth. 

In 1978, the U.S. Environmental Protection Agency banned the use of fluorocarbon propellants for aerosols because of fears related to depletion of 
the ozone in the upper atmosphere. The passage of clean water legislation also had an adverse impact on a variety of end-uses. Thus, the paper 
industry started implementing changes in bleaching technology by increased use of sodium chlorate, oxygen, and hydrogen peroxide as replacements 
for chlorine bleaching. During this period, many chemical processes that used chlorine, particularly ethylene oxide and propylene oxide, were also 
converted to non-chlorine consuming processes. 

Chlor-alkali producers, ignoring the potential impact of new non-chlorine based technologies and the various environmental concerns, continuing to 
project growth rates of 4-6%/yr. These projections are based on chlorine demand from exports, particularly to the Far East. Anticipating significant 
growth in exports, 15,000 tons/day of new capacity was added through the early 1980's.  

In the 1980's, the environmental constraints impacted the downstream use of chlorine and operating costs increased because of the energy crisis or 
the cost of electricity. In addition, the exports declined because of the new ethylene dichloride (EDC) plants coming on stream overseas. As a result, 
the demand declined and the industry operated at only a 64% capacity. Overcapacity, slow growth, and high energy costs forced chlor-alkali 
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Fig. 11. U.S. chlorine and caustic soda capacity and 
production. 
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producers to mothball or put on a standby mode a large number of production facilities, accounting for about 1.2 million metric tons (MT). By the 
end of 2006, restructuring decreased the operating capacity to 13 million MT/yr at an effective operating rate of ~89%.  

Thus, the major factors that influenced the chlor-alkali industry are the environmental issues related to the use of products such as DDT or aerosols 
and the development of non-chlorine based technologies. There is yet another problem that confronts chlor-alkali producers, that is, the out-of-phase 
demand for chlorine and caustic soda. Chlorine markets follow the economy closely, since a large portion of the PVC market (its largest application) 
is in the housing and automotive industries.  

Caustic soda, on the other hand, does not respond as readily to economic changes because of the diverse nature of its markets, such as pulp and paper 
and chemical processing. Another advantage for caustic soda is that it can more easily be stored which helps flatten out variable demand. These 
fluctuating demands for chlorine and caustic soda, resulting from the overall changes in the economy, generally lead to production cut backs and 
increased prices for either chlorine or caustic soda.  

In the late 1980's, the chlorine industry recovered from earlier declines in consumption and enjoyed banner production years. In 1987 and 1988, 
annual increases reached 4 to 5% due to the strong economy. This was characterized by the increased demand for PVC and pulp and paper products 
and by increased exports of chlorine derivatives.  

It should be noted here that most of the chlorine is traded globally as EDC, vinyl chloride monomer (VCM) and primary forms of PVC and that very 
little in its elemental form. The U.S. alone accounted for almost 50% of this trade in 1992. It is because of this market that chlor-alkali has seen 
moderate growth rate of 1-2% through 1990's. The world demand for chlorine is projected to grow at an annual rate of 2% through the year 2011. 
The annual capacity of chlorine will grow to 54 million MT in 2010 from 45 million MT in 2001. Low cost energy regions, such as Middle East, are 
projected to have higher annual growth rates of 3 to 3.5%.  

Growth of the chlorate industry 

The growth rate in the production of sodium chlorate in North America from 1976 to 1991 was approximately 10% annually. During 1987-1990, the 
North American sodium chlorate capacity increased by approximately 35%. Most of the increase occurring in Canada as a result of changes in 
environmental regulations arising from the formation of chlorinated organics necessitating the replacement of chlorine for bleaching purposes with 
chlorine dioxide (which is produced from chlorate). The majority of pulp and paper mills were expected to change their bleaching process from 
chlorine in the first stage to partial or complete replacement with chlorine dioxide. Implementation of oxygen bleaching in the pulp and paper 
industry, increases the use of chlorine dioxide, which requires greater production of sodium chlorate. Delays in the conversion from chlorine to 
chlorine dioxide by the pulp mills decreased the operating rates in the sodium chlorate industry to approximately 75% of the rated capacity in 1991. 

Since 1990's, the use of elemental chlorine free (ECF) pulp bleaching involving chlorine dioxide from sodium chlorate and hydrogen peroxide has 
grown from 3% of the total bleached pulp production to ~55% in 1997. In contrast, the total chlorine-free (TCF) bleaching employing a combination 
of ozone, hydrogen peroxide, and oxygen has decreased ~18% in 1997 from ~40% in 1990. It may be noted that TCF uses greater amounts of 
hydrogen peroxide compared to that used in ECF technology. Although the current pulp inventories have declined in 1998, the final adoption of the 
Environmental Protection Agency's cluster rules in April 1998 allowing the substitution of chlorine dioxide for chlorine over total chlorine-free 
bleaching, has spurred the demand for sodium chlorate which is projected to grow at a rate of 5% per year through the next ten years.  

Environmental issues within the chlor/alkali industry 

There are several environmental concerns that have made a significant impact on the growth of the chlor-alkali industry over the past twenty years 
and will dictate the future growth as well. These issues are highly debated, and the associated "chemophobia" is likely to adversely affect the chlorine 
consumption profile in the future. 

 Chlorine bleaching of wood pulp and dioxin emissions to the environment 

Presence of dioxin, at parts per trillion (ppt) levels, in paper and paper based products and chlorinated organics in pulp mill effluents led to decreased 
chlorine demand. In the U.S., chlorine consumption in the pulp and paper industry, decreased from 15% in 1987 to 7% in 1998. The U.S. 
Environmental protection agency promulgated "Cluster Rules" in late 1998, mandating the use of elemental chlorine-free bleaching. These rules, 
which went into effect in April 2001, lowered the chlorine utilization in the North American pulp and paper bleaching operations in favor of sodium 
chlorate, hydrogen peroxide and oxygen. 

Ozone layer depletion 

Because of their contribution to the ozone layer depletion, production of chlorinated fluorocarbons (CFC's), carbon tetrachloride (CCl4), and 1,1,1-
trichloroethane was banned in 1997 following the Montreal Accord. Chlorinated methanes and ethanes are under great scrutiny due to the 
environmental and occupational concerns associated with them. Nevertheless, their production will continue because of their use in the manufacture 
of HCFC-22. HCFC-22 is less harmful than the CFC's towards ozone depletion and is an intermediate in the production of tetrafluoroethylene for use 
in the production of Teflon and other fluoro polymers. HCFC's are currently substituted for the CFC's, until they are phased out. HFC's containing no 
chlorine are not subject to this restriction. 

Polyvinyl chloride plastic 

In 1987, approximately 38% of all U.S. chlorine production was consumed in vinyl chloride monomer (VCM) production to satisfy the growing 
polyvinyl chloride (PVC) demand. Through 2010, VCM demand is expected to grow annually because of the demand for PVC in the construction, 
packaging, and other industries. Nearly 85% of all ethylene dichloride (EDC) manufactured in the United States is used to produce VCM, and 
another 11% is exported, mostly for foreign VCM production. Even with increasing energy prices in North America, the EDC and VCM capacity is 
expected to keep growing, by 1.1%, through 2010. However, there are two major environmental issues with PVC, which include their lack of 
biodegradability and generation of dioxins when they are incinerated for energy recovery and for controlled waste recycling. Hydrochloric acid 
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formation during the thermal decomposition of PVC is another issue that environmentalists are strongly invoking for the substitution of chlorine-free 
products for PVC. 

 Mercury emissions 

Between 1930 and 1960, several tons of mercury waste was dumped in Minamata Bay in Japan. Thousands of people living around the bay 
developed methylmercury poisoning through the consumption of contaminated fish. The victims suffered from severe neurological damage, which 
later became known as Minamata Disease. All told, thousands were afflicted and more than 900 died. As of April 1997, more than 17,000 people had 
applied to the government to be certified as Minamata victims, 12,615 have been officially recognized. Since then, there was a significant move away 
from mercury-cell technology to diaphragm and ion-exchange-membrane-cell operations and currently only 35% of the world capacity (mostly in 
western and center Europe and about 10% of U.S. production) of chlorine is produced using the mercury-cell process. There will be no new 
construction of mercury-cell plants. Existing plants are focusing on operating their plants at lower than the maximum mercury loss requirements of 
1.9 gram/year/metric ton of chlorine as set by the Eurochlor- Best Available Technology. The Eurochlor - BAT plan for mercury emissions became 
effective in 2007. The goal was to reduce emissions to 1.0g Hg per tonne of Hg cell chlorine capacity. By 2005, the emissions level dropped from 
1.09 in 2004 to 1.05g Hg/t chlorine capacity and by 2007 this goal was achieved. 

Asbestos 

Asbestos is used as a separator material in diaphragm cells. However, asbestos is a toxic material, causing lung cancer, asbestosis, and mesothelioma. 
As a result, in 2007, a bill was adopted to ban most uses of asbestos in the United States. Chlor-Alkali plants were exempt because few cost effective 
alternatives exist for this technology. However, the EPA could revoke this exemption if unreasonable risks to health or the environment are found. 
Some ways that the industry has avoided these risks have included surveillance and monitoring programs for asbestos related diseases and use of 
proper safety equipment and filtration systems during times of unavoidable exposure. In other countries, the use of asbestos in diaphragm cells had 
already been banned. 

Even with all these constraints, the chlor-alkali industry is projected to grow at a rate of 1 to 3% depending on pessimistic or optimistic reasoning. 
Much of this will be dictated on how effectively the industry responds to the concerns of the environmentalists and the government agencies.  

Appendix 

 Chlor/alkali manufacturing process 

Electrochemical and chemical reactions occurring in mercury cells  

[1] 2Cl- ==> Cl2 + 2e- (anodic reaction) 

[2] 2Na+ + 2Hg + 2e- ==> 2Na (in Hg) (cathodic reaction) 

[3] 2Cl- + 2Na+ + 2Hg ==> Cl2 + 2Na (in Hg) (overall cell reaction) 

2Na (in Hg) + 2H2O ==> H2 +2NaOH +
[4] (decomposer reaction) 

Hg 

[5] 2NaCl + 2H2O ==> Cl2 +2NaOH + H2 (overall process reaction) 

Electrochemical and chemical reactions occurring in diaphragm and membrane cells 

[1] 2Cl- ==> Cl2 + 2e- (anodic reaction) 

[6] 2H2O + 2e- ==> 2OH- + H2 (cathodic reaction) 

[7] 2Cl- + 2H2O ==> Cl2 + H2 + 2OH- (overall ionic reaction) 

[5] 2NaCl + 2H2O ==> Cl2 +2NaOH + H2 (overall reaction) 

[8] Cl2 + 2NaOH ==> NaOCl + NaCl + H2O (side reaction) 

[9] 3NaOCl ==> NaClO3 + 2NaCl (side reaction) 

Reaction [9] will contaminate the caustic product with chlorate.  

Chemical reactions occurring in brine processing 

[10] CaSO4 + Na2CO3 ==> CaCO3 +NaSO4 (CaCO3 precipitates) 

http://electrochem.cwru.edu/encycl/art-b01-brine.htm 5/10/2012 

http://electrochem.cwru.edu/encycl/art-b01-brine.htm


 

  

 

 

 

 

Electrochemistry Encyclopedia -- Brine electrolysis Page 9 of 13 

Comparison of cell technologies  
[11] MgCl2 + 2NaOH ==> Mg(OH)2 + 2NaCl (Mg(OH)2 precipitates) 

Process flow sheets 

Mercury Diaph 

Operating current density 
( kA/m2) 

8 - 13 0.9 

Cell voltage (V) 3.9 - 4.2 2.9 

NaOH strength (wt%) 50 1 

Energy consumption ( kWh/MT 
Cl2) at a current density of 

(kA/m2) 
3360 (10) 2720 

Steam consumption (kWh/MT 
Cl2) for concentration to 50% 
NaOH 

0 6 

5/10/2012http://electrochem.cwru.edu/encycl/art-b01-brine.htm 

Fig. 12. Mercury cell process flow sheet. 
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Fig. 13. Diaphragm cell process flow sheet. 
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Fig. 14. Membrane cell process flow sheet. 

Sodium hypochlorite/chlorate manufacturing process 

Electrochemical and chemical reactions occurring in cells 

[1] 2Cl- ==> Cl2 + 2e-	 (anodic reaction) 

[7] 2H2O + 2e- ==> 2OH- + H2	 (cathodic reaction) 

[8] Cl2 + 2OH- ==> OCl- + Cl- + H2O 	 (hypochlorite formation) 

[9]	 3OCl- ==> ClO3 
- + 2Cl- (chlorate formation) 

(overall hypochlorite[12] NaCl + H2O ==> NaOCl + H2 reaction) 
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[13] NaCl + 3H2O ==> NaClO3 + 3H2 (overall chlorate reaction) 
Hypochlorite formation is promoted by the use of weak brine, 
basic solution, and low cell temperatures. 

[14] 3Cl2 + 6NaOH ==> NaClO3 + 5NaCl + 3H2O (chemical chlorate 
formation) 

Chlorate formation is promoted by the use of saturated brine, 
acidic solution, and temperatures close to the boiling point of 
the solution.  

Chlorate cell process flow sheet  

Fig. 15. Chlorate cell process flow sheet. 

Related articles 

Aluminum production 
Current density distribution in electrochemical cells 
Extracting metals from sulfide ores 
Industrial organics 
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Summary. The primary sources of  PCDD and PCDF are 
chemical, thermal, photochemical and enzymatic reac-
tions. Most of  the thermal sources result in emissions into 
the air. Analyses of  air, soil and sediment samples indi- 
cate combustion processes as the major  sources. Only 
2,3,7,8-substituted congeners are found in higher animals 
such as fish and mammals.  There is a discrepancy in pro- 
files between sources and environmental reservoirs, which 
cannot fully be explained. 

Introduction 

The polychlorinated dibenzo-para-dioxins (PCDD) and 
polychlorinated dibenzofurans (PCDF) are two series of  
almost planar tricyclic aromatic compounds with very 
similar chemical properties. The general fo rmulae  are 
given below. 

PCOD PCDF 	 PCDT 

The number of  chlorine atoms can vary between t 
and 8. The number of  positional isomers is quite large; 
in all there are 75 PCDD and 135 P C D E  

The concept of  Toxic-Equivalent Factors (TEF) pro- 
vides a useful method to estimate the hazard and dose re- 
sponse of complex mixtures containing PCDD and 
PCDE The levels of  all the individual PCDD and PCDF 
are converted into one value of  Toxic Equivalents (TEQ) 
also called TCDD Equivalents. 

TEQ = E (concentrat ion×TEF) 

The two most accepted factors, the Nordic TEF/87 
and the I-TEF/89 (EC, NATO, US EPA) (Table 1) both in- 
clude 17 discrete congeners and are almost identical. All 
17 congeners are fully chlorinated in the 2,3,7,8-posi-

tions. The TEF approach makes the assumption of addi- 
tive doses and the Ah-receptor theory is in agreement 
with this concept [1]. 

Sources 

It is now generally accepted that polychlorinated diben- 
zo-p-dioxins (PCDD) and dibenzofurans (PCDF) are ex- 
amples of  highly toxic globalpollutants [2-4] .  This glob- 
al environmental contamination by PCDD and PCDF 
can be attributed to a series of primary sources which are 
described below; human exposure is due to secondary 
sources including food intake, drinking water, inhalation 
of air and to some extent also by dermal contact [1-4] .  
Other secondary sources are abiotic reservoirs such as soil 
and sediments. 

The pr imary sources can be divided into four dif-
ferent categories: 

1. Chemical reactions which have resulted in the contami- 
nation of pesticides and technical products including 
chlorophenols, chlorophenoxy herbicides and PCB. The 
production and use of  these chemicals are nowadays 
banned or strictly regulated in most  countries, but during 

Table 1. Proposed TEF-factors for PCDD and PCDF 

Congener 	 Nordic TEF I-TEF 
87 89 

2,3,7,8-TCDD 1.0 1.0 
1,2,3,7,8-PeCDD 0.5 0.5 
1,2,3,7,8-subst HxCDDs 0.1 0.1 
1,2,3,4,6,7,8-HpCDD 0.01 0.01 

OCDD 0.001 0.001 
2,3,7,8-TCDF 0.1 0.1 
1,2,3,7,8-PeCDF 0.01 0.05 
2,3,4,7,8-PeCDF 0.5 0.5 
2,3,7,8 subst HxCDFs 0.1 0.1 
2,3,7,8-subst HpCDFs 0.01 0.01 
OCDF 0.001 0.001 



64 

the 1960s and 1970s these products were widely used and 
hence became a major source of PCDD/F  contamination 
in the environment [2]. Other chemical processes generat- 
ing PCDD and PCDF result from the bleaching of  wood 
pulp using chlorine and the produciton of chlorine gas 
using graphite electrodes [5, 6]. These two sources will be 
discussed below. Other newly found sources are chloranil 
and pigments based on this intermediate [7]. 

2. Thermal reactions. Many types of these processes have 
been identified as important sources of  PCDD and 
PCDF though mechanistic details have not been entirely 
elucidated. It seems that most thermal reactions involving 
chlorinated organic or inorganic compounds can result in 
the formation of PCDD and PCDF [2, 4, 8]. Of  special 
importance is the incineration of various types of  wastes 
(municipal, hospital, hazardous) and the production of  
iron and steel; both processes will be discussed below. 

3. Photochemical reactions, which can result in the for- 
mation as well as the degradation of  PCDD and PCDE 
These reactions are of special interest, as most combus- 
tion and incineration sources produce emissions directly 
into the atmosphere and a large portion of  these emis- 
sions undergo long-range transport [9]. 

4. Enzymatic reactions. In addition to the in vitro reac-
tions from chlorophenols and peroxidases [10], recent ev- 
idence shows that these reactions also occur under true 
environmental conditions in sewage sludge and during 
composting of garden wastes [11]. 

In a recent EC document quantitative data from some 
European countries from 1989/1990 of the annual emis- 
sions of  PCDD and PCDF into the air were collected 
[12]. The countries were Germany, UK, The Netherlands 
and Sweden. Counted as International Toxic Equivalents 
(I-TEQ) the estimates given in the report are: 

Germany 1619- 12419 g TEQ/year 

UK 157- 933 g TEQ/year  

The Netherlands 962 g TEQ/year  

Sweden 122- 288g TEQ/year  


These figures are based on limited data and must be 
considered as very rough estimates. No estimates have 
been made for the emissions into the water. Moreover, 
most of the countries have reduced their emissions in the 
past two years. In Sweden it is considered that the emis- 
sions for 1992 are about 20% of the emissions from the 
mid-1980s. The most important decreases are found for 
the incineration of municipal solid waste and bleaching 
of pulp (see below) and also emissions from cars. 

Municipal solid waste incineration 

The above mentioned EC report discusses this particular 
source in detail [12]. It is concluded that technology now 
exists to significantly reduce the emissions from these in- 
cinerators to a level below 0.1 ng TEQ/m 3 which is the 
guideline in many European countries. The technology to 
reach this is based on improved combustion and on vari- 
ous types of  dry, semi-dry and, in a few cases also, wet 

scrubbing. The combustion conditions in these incinera- 

tors meet the requirements of the "three Ts": 


Temperature above 850°C; 

Time (residence) typically 2 s; 

Turbulence improved by furnace geometry and injection 

of secondary air. 


Most of  the modern incinerators are equipped with 
flue gas cleaning devices based on dry scrubbing (lime 
and charcoal) followed by fabric filters (bag houses) [12]. 
The earlier, more primitive, technology could result in 
emissions about 100-1000 times higher than the present- 
ly accepted guideline. Such emissions have resulted in lo- 
cal contamination problems. Levels exceeding 6pg 
TEQ/g milk fat have been found in the milk obtained 
from cows grazing in the vicinity of  such incinerators 
[13]. However the milk from cows grazing in the vicinity 
of a hazardous waste incinerator in Sweden had quite low 
concentrations in the range 0 .1 -  0.2 pg TEQ/g milk fat. 
The emission guideline for this incinerator was 3 ng 
TEQ/m 3 [14]. 

A question receiving much attention concerns the in- 
fluence by various chlorinated compounds such as PVC 
in the wastes being incinerated. In the EC report it is stat- 
ed that no data are available to prove that elimination of  
chlorinated compounds, such as PVC, would highly re- 
duce the emissions of  PCDD and PCDF [12]. 

Production of iron and steel 

In 1986 it was reported that PCDD and PCDF could be 
identified in dust from a steel mill in Sweden at levels of  
800pg TEQ/g dust [15]. At DIOXIN '88 (in Ume~t) a 
study in a pilot plant was also reported, scrap metal was 
melted and recycled using batchwise charging, the collect- 
ed smoke containing 110ng TEQ/m 3 [16]. The Swedish 
EPA considers the production of iron and steel to be the • 
major source of  PCDD and PCDF in Sweden [17]. 

In 1991 it was found that sinter plants in Sweden and 
in the Netherlands emit up to 3 ng TEQ/m 3 or 24 g 
TEQ/year  and plant. It has also been found that dust 
from foundries can be contaminated by PCDD and 
PCDF at levels up to 22700 pg TEQ/g dust [12, 18, 19]. 

Pulp bleaching 

The dioxin problem in wood pulp bleaching was first re- 
ported by Rappe et al. at DIOXIN '86 (in Fukuoka, Ja- • 
pan) [20]. The major interest was concentrated on the 
levels of the toxic 2,3,7,8-tetraCDD and 2,3,7,8-tetraCDE 
New technology has subsequently been introduced which 
has resulted in highly reduced emissions from the produc- 
tion as well as reduced levels of  these congeners in the 
products [5, 21]. 

During DIOXIN '89 (in Toronto), Rappe et al. report- 
ed on the occurrence of  higher chlorinated congeners 
such as hexa, hepta and octaCDD in several pulp samples 
including unbleached and recycled pulp [22]. This new 
pattern has now been confirmed by other reports [23] and 
it has been suggested that part of  this contamination 
originates from the pulping process and not from the 
bleaching [24]. The high concentrations of  hepta- and oc- 
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Table 2. PCDF in commerical PCB (ng/g) 

PCB-type TRI- TETRA- PENTA- HEXA- HEPTA-
Total Total 

2378 Total 12348 23478 Total 123479 123678 123789 234678 Total 
12378 123478 

Pyralene 700 53 630 10 T 35 ND ND ND ND ND ND 
A1254 63 19 1400 690 490 4000 2500 2100 190 130 10000 960 
A1260 10 13 110 48 56 260 500 120 190 27 1500 1300 
A30 500 35 573 14 28 160 50 59 ND ND 220 T 
A40 1300 180 2600 96 8 1700 79 68 ND T 310 ND 
A50 7400 3300 20000 760 1100 8000 700 360 18 98 3100 75 
A60 770 840 6900 1100 990 8100 1600 330 170 330 16800 2000 
T64 47 23 360 97 122 840 520 390 58 41 2600 220 
Clophen C 710 54 1200 34 30 270 ND T ND ND T ND 

T, traces; ND, not detected 

taCDD found in Swedish pulp and mill discharges from ing various catalysts and by the alkaline hydrolysis of an 
the late 80s was due to imported wood chips treated with appropriate polychlorobenzene)~ In the production of 
pentachlorophenol preservative. 2,4,5-trichlorophenol, the dominating isomer formed is 

the 2,3,7,8-tetraCDD [2]. In general, chemical reactions 
are expected to result in a limited number of congeners 

Source related patterns and profiles having approximately the same number of chlorine 
atoms. The main impurity in commerical pentachloro- The term pattern refers to the relative contribution within 
phenol samples is octaCDD, which can be found at levels a single group of isomers (e.g. all 22 tetraCDD or all 28 
as high as 500 mg/kg. OctaCDD is also the dominating pentaCDF). The term profile refers to the distribution 
congener in chloranil and in products prepared fromacross different degrees of chlorination; for instance all 
chloranil [2, 7]. tetraCDF as compared to all penta, hexa, hepta and oc- 

Commerical PCBs are mixtures and are normallytaCDF and the profiles are not isomer specific. 
contaminated by various PCDF of different chlorination 
level (see Table 2 and also Fig. 1). Reported data indicate Chemical products 
that the PCDD are present at much lower levels, if present 

PCDD and PCDF are both formed as by-products during at all. A sparking experiment with PCB showed that the 
the manufacturing of chlorinated phenols: 2,4-dichloro, pattern of PCDF was changed, the concentration of the 
2,4,5 and 2,4,6-trichloro, 2,3,4,6-tetrachloro and penta- toxic 2,3,7,8-tetraCDF had increased [25]. Consequently 
chlorophenol [2]. The commercial chlorophenols are pro- the pattern of PCDF in used PCB could be quite differ- 
duced by two processes (i.e. by chlorination of phenol us- ent from that in new PCB. 
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The 2,3,7,8 and 2,3,4,8-tetraCDF are two isomers 
eluting very close together. The toxic effect of these two 
isomers is very different. For a risk evaluation of the PCB 80 i~ilv L 
it is essential to have an analytical method where it is pos- 
sible to separate between these two isomers (see Fig. 1). 60 ~i~ 

The ratio of these two isomers was found to vary from 
10:1 to 1 : 10 in different batches of Arochlor 1260. 

Individual variation between different batches has 
also been found for commercial chlorophenols. For 
2,4,6-tri and 2,3,4,6-tetrachlorophenol the levels for the 
PCDF are higher than for the PCDD, primarily hexa and 
heptaCDF [2]. 

Incineration and combustion 

Incineration and combustion processes result in a multi- 
tude of PCDD and PCDF congeners (see Fig. 2 illustrat- 
ing the typical patterns of pentaCDF from an MSW in- 
cinerator). In all the samples so far analyzed, no real dif- 
ference in the congener patterns was observed from 
various incineration sources. Moreover, no difference in 
the patterns could be found in samples taken before and 
after the air pollution control device. In Fig. 3, the typical 
patterns of tetraCDF from an MSW incinerator is shown. 

However, in municipal solid waste incineration 
(MSWI), as in other incineration samples it has been ob- 
served that the congener profiles show a larger variation 
than the variation found for the patterns. Figure 4 shows 
the general profiles for MSWI, where the total concentra- 
tions of PCDF are normally 2 - 3  times higher than the 
total concentrations of PCDD. Among the PCDF the 
highest concentrations were found for the tetra, penta 
and hexachlorinated congeners, while the typical profile 
for the PCDD was C] 4 < C15 < C16 < C17 = Cls. 

Another incineration related source for PCDD and 
PCDF is traffic. The major source here is considered to 
be cars running on leaded gasoline with halogenated 
scavengers [26]. Bacher et al. analyzed air particulates 
collected in an automobile tunnel and found the concen- 
trations of PCDF to be much higher than the concentra- 
tions of PCDD, in fact only monoCDD were found (see 
Fig. 5 [27]). The PCDFs were also dominated by lower 
chlorinated compounds, the mono, di and trichlorinated 
congeners. However it is interesting to notice the great 
similarity in patterns for the tretaCDF and pentaCDF in 
car emissions and in the flue gas from an MSW incinera- 
tor (see Figs. 2 and 3). 
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Fig. 4. Congener profiles of flue gas samples from a municipal solid 
waste incinerator (MSWI) and a steel mill and dust from a foundry. 
• MSWI; N steel mill; [] foundry 

Metal production and metal manufacturing 

Steel mills and the manufacturing of iron and steel is con- 
sidered to be the major source of PCDD and PCDF in 
the Swedish environment [17]. Samples analyzed within 
the Swedish Dioxin Survey [18] show that the levels of 
PCDF are much higher than the levels of PCDD (see 
Fig. 4). However a detailed analysis of the chromatograms 
(Fig. 6) reveals that the pattern of PCDF is very much the 
same as found in other samples from incineration/com- 
bustion sources (Figs. 2 and 3). An inspection of the 
chromatograms for tetra and pentaCDD (Fig. 6) shows 
that the major peaks are eluting after the last congener. 
Using MS/MS technique, it can be shown that these 
peaks correspond to a series of polychlorinated dibenzo- 
thiophenes (PCDT), a group of compounds very similar 
to the PCDF (see formulae) [28]. In fact PCDT can be 
useful indicators of production and manufacturing of 
iron and steel. It has now been found that soil samples 
from Bille Siedlung in Hamburg, Germany, had high lev- 
els of PCDF as well as PCDT indicating production of 
iron and steel to be the ultimate source of this contamina- 
tion (Fig. 7). 

Significant amounts of PCDF, including hepta and 
octaCDF, are formed as undesired by-products in the pro- 
duction of metallic magnesium and nickel [29]. Both pro- 
cesses utilize chlorine gas in the purification process. 
Oehme et al. report increased levels of the following con- 
geners from production of magnesium and nickel [29]: 

Fig. 5. Congener profiles (mono- through octachloro) for 
chimney soot and air particulate. • Chimney soot 
(ng/kg); [] Particulate (ng/kg) 

o x O 
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Fig. 6. Patterns of tetra- and pentachlorinated congeners in a dust 
sample from a foundry 

1,3,7,8/9, 1,2,7,8 and 2,3,7,8-tetraCDF, 1,2,3,6,8/1,3,4,7,9 
and 1,2,3,7,8/1,2,3,4,8-penta CDF [29]. In this process no 
PCDT have been reported. 

Reclamation of copper wire has been considered to be 
an important point source of PCDD and PCDE Copper 
halides are involved in the Deacon-process, one of the 
key-steps in the generation of active chlorine during com- 
bustion/incineration. Typical patterns and profiles from 
such an activity are given in Figs. 4 and 8. Here some late 
eluting peaks in the tetraCDF channel could also be 
found, but these have incorrect chlorine cluster indicating 
another class of compounds. 

Pulp bleaching 

The bleaching of pulp using chlorine gas generates pri- 
marily tetrachlorinated congeners. The 2,3,7,8-tetraCDD 
and 2,3,7,8-tetraCDF are the two dominating congeners, 
and 1,2,7,8-tetraCDF has been considered as a useful in- 
dicator for this type of  industrial activity. 

Chloralkali industry 

Samples collected within the Swedish Dioxin Survey show 
that the chloralkali process could be an important point 

source. The problem is associated with the use of graphite 
electrodes in the process. These electrodes are still in use 
in many countries. In this type of sample, primarily col- 
lected from landfills, the concentrations of PCDF are 
much higher than the concentrations of PCDD [6]. The 
pattern of  PCDF is dominated by the 2,3,7,8-substituted 
congeners, including the penta, hexa, hepta and octaCDF 
(see Fig. 9). In this respect it is easy to separate the "chlo- 
rine pattern" from the "combustion pattern" and also 
from the pulp "bleaching pattern". 

Source identification 

Patterns in abiotic samples 

Background levels of PCDD and PCDF have been re-
ported in a series of environment compartments such as 
soil and sediments but also in samples of air, water and 
snow. The pattern found in these samples is the typical 
combustion pattern, indicating various combustion pro- 
cesses as the major sources for this worldwide contami- 
nation. Figures 2 and 3 show the very good correlation 
for the pattern of penta and tetraCDF in an air sample 
and in a sample of flue gas from a combustion facility 
and emissions from steel mills and cars running on leaded 
gasoline with halogenated scavengers. 

In a study concerning atmospheric transport of 
PCDD and PCDF, 14 air samples were collected at two 
locations on the west coast of Sweden. The total concen- 
trations of PCDD and PCDF were found to be in the 
range of 0.3 to 5 .2pg/m 3. The highest concentrations 
were measured during sampling events with air masses 
coming from the west to the south indicating long-range 
transport of PCDD and PCDF over the sea. However the 
congener profiles were found to vary depending on wind 
trajectories implicating source influences from industrial- 
ized and urbanized areas in other parts of Europe (see 
Fig. 10 [30]). Air samples with a very low background 
profile were identified during sampling occasions with air 
masses coming from the north (Iceland). Here the con- 
gener profiles were dominated by higher chlorinated con- 
geners (C17, C18) [30]. 

A series of  soil samples has been analyzed from vari- 
ous places in N. and W. Europe representing background 
levels. The concentrations in all these samples were in the 
range up to 5 pg TEQ/g, and the patterns in all these sam- 
ples are typical combustion/incineration samples, very 
similar to the air samples in Figs. 2 and 3. 

Analysis of sediments can give valuable information 
concerning the spatial variation of contamination, and 
sediment cores can be very useful for investigating histor- 
ical trends. From the Baltic Sea, surface sediments and a 
few sediment core samples have been analyzed for PCDD 
and PCDE Samples have been taken 4, 8, 16, 29 and 
150kin from the Iggesund pulp mill in Sweden which 
produces annually 280000tons of  fully bleached k?aft 
pulp; the results are shown in Fig. 10 [31]. With increas- 
ing distance from the point source, a quickly decreasing 
trend was found for 2,3,7,8 and 1,2,7,8 tetra-CDF both of  
which are typical for pulp bleaching. For 1,2,3,6,7,8-
HxCDD and OCDD generally higher levels were also 
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found closer to the pulp mill, although the highest levels 
for these two congeners were found at a distance of 8 km. 
These two congeners can be correlated with pentachloro- 
phenol; this observation could be explained by the earlier 
use of  this chemical as a slimacide in the pulp industry. 
For the toxic 2,3,4,7,8-pentaCDF no correlation was 
found between the concentration in the sediment and the 
distance from the pulp mill. This is quite an interesting 
observation, as this particular congener is the major toxic 
constituent found in herring from the Baltic Sea; the TEF 
for this congener is 0.5. 

Figure 11 shows the pattern of tetraCDF found in 
these sediments. The sediment close to the pulp mill has 
the typical pulp bleaching pattern dominated by 1,2,7,8 
and 2,3,7,8-tetraCDF, while the sediment collected 
150 km away has a combustion/incineration pattern. The 
sediment collected 30 km from the pulp mill is a combi- 
nation of  these two patterns [31]. 

Pattern in biota 

The 2,3,7,8-substituted tetra, penta and hexachlorinated 
PCDD and PCDF bioaccumulate and bioconcentrate in 

J 
~8 

33:58 

Fig. 7. P a t t e r n s  o f  te t ra-  a n d  p e n t a c h l o r i n a t e d  c o n g e n e r s  in a 
soil s a m p l e  f r o m  Bille S ied lung ,  H a m b u r g ,  G e r m a n y  

33:58 

the same way as other stable lipophilic pollutants. The 
non 2,3,7,8 substituted congeners are metabolized and/or  
excreted much faster and are normally not found in bio- 
logical samples. Exceptions are the classes of crustaceans 
and molluscs in which most congeners are retained. Fig- 
ure 13 shows the tetra and pentaCDD and CDF in the 
hepatopancreas of  a crab and in the muscle from a bass, 
both from Newark Bay, N J, USA [32]. Non 2,3,7,8-substi- 
tuted PCDD and PCDF as well as 2,4,6,8-tetraCDT could 
be found in the crab, but not in the fish. Consequently, 
crustaceans and molluscs are quite useful animals for 
source identification. The hepta and octa chlorinated 
compounds are normally not detected or are close to the 
detection level in biological samples due to their low solu- 
bility. For all PCDD and PCDF, the concentrations are 
normally much higher in aquatic animals than in terres- 
trial ones. 

Comparison sources-deposition-reservoirs 

A large database now exists giving levels, patterns and 
profiles of PCDD and PCDF in various samples repre- 
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senting sources, deposition matrices and reservoirs; to 
now very few detailed comparisons have been made be- 
tween the different types of matrices. 

Analyses of sediments are quite useful for identifying 
point sources polluting into water, while sediment sam- 
ples collected far away from a point source have a pattern 
typical for combustion/incineration sources (Fig. 10). As 
discussed above and shown in Figs. 2 and 3, there is a very 
good correlation in congener pattern between samples 
from various combustion sources and air and soil sam- 
ples. However if the comparison is expanded to include 
the congener profiles as well, the situation is much more 
complex [4]. The recent data published by Bacher et al. 
[27] are excellent for such a comparison, due to the fact 
that all chlorination levels are included. 

Figure 5 is a comparison between chimney soot from 
wood burning and a sample of  air particulates. It is obvi- 
ous that there is a large discrepancy between the sources 
and the particulates. The particulates are dominated by 
the hepta and octachlorinated congeners. For instance 
the ratio of  total tetraCDD to octaCDD in the soot sam- 
ple is 43.3 : 1 but for the particulate 0.0048 : I. The corre- 
sponding total ratios for the tetra and octa chlorinated 
furans are 191.4 : 1 and 0.22 : 1. 

Fig. 8. P a t t e r n s  o f  t e t r a -  a n d  p e n t a c h l o r i n a t e d  c o n g e n e r s  in  a 
s a m p l e  f r o m  c o p p e r  wi re  r e c l a m a t i o n  

It has been suggested that this dramatic difference 
could be explained by a greater tendency for vaporization 
and a preferential photodegradation of the lower chlori- 
nated congeners [33]. If this were the case, the net result 
should be a very dramatic decrease in the total amounts 
of  the toxic C14- C16 substituted PCDD and PCDF, as 
well as reduction in TEQ, during transport processes. As 
a result the amount emitted by the sources should be 
much larger than the amounts reaching the reservoirs. 
However this is not the case. As mentioned above, it is es- 
timated that the annual emissions of PCDD and PCDF 
in Sweden are between 122-288 g of  TEQ. From the 
measurement of PCDD and PCDF in snow from N. Swe- 
den, the calculated deposition over Sweden will exceed 
500 g TEQ/year  [34]. Moreover, Nfif et al. have estimated 
the total flux of PCDDs and PCDFs in the Baltic Sea to 
be 4 kg TEQ/year  [351. 

Since pentachlorophenol is both contaminated by the 
higher chlorinated congeners and also serves as a good 
precursor to these compounds in thermal reactions, the 
dominance of octa and heptaCDD in abiotic environ- 
mental samples could be the result of the widespread use 
of pentachlorophenol during the 1960s, 1970s and 1980s. 
For that reason, it is interesting to note that octaCDD is 
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the major component in an archived soil sample from transformation into octaCDD and the higher chlorinated 
1893 and the same congener could also be found in a congeners. An example of such transformation is the 
grass sample from the period 1891-1900  [36]. These cyclization of chlorinated phenoxyphenols, although 
samples were collected more than 50 years before the chlorination reactions cannot be totally excluded. It is 
commercial introduction of pentachlorophenol. Howev- well known that chlorine radicals take part in the reac- 
er, after the introduction of pentachlorophenol, the levels tions leading to the depletion of  the ozone layer. 
of  octaCDD in the abiotic samples were found to increase 
dramatically [36]. 

This discrepancy between sources and reservoirs can- 
Principal component analysis not be fully explained. Part of the explanation could be 

due to unknown sources, for instance wood burning and Principal component analysis (PCA) has been performed 
enzymatic reactions. Moreover it cannot be excluded that in order to illustrate the differences and similarities in 
other environmental reactions exist, which result in a profiles between samples of  different origin. The calcula- 
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tion was based on the relative amount of all 2,3,7,8-sub- 150 km 2378-TCDF 
stituted isomers and the total of each congener group, in \ 
total 17 variables. The resulting score-plot, PC1 versus 
PC2, is shown in Fig. 14. The two components explain 127B-TCDF 

1379-113"/8-TEOF /67°70 of the variation [37]. INT+ 3L.67-TCDF 
The different combustion related profiles are distrib- / 

uted over a large area depending on the type of process 
studied. The environmental samples (i.e. run-off water), 

\ At,I ,Isludge and air samples are drawn towards a profile with 
higher chlorinated congeners not typical for combustion 
sources. 
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Fig. 11. PCDD and PCDF in sediment samples collected outside the 
Iggesund pulp mill 

Fig. 12. TetraCDF in sediment samples collected outside the Iggesund 
pulp mill - ~ , ' ~ -~a  
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Patterns and levels of PCDD/F in a Chinese graphite 
electrode sludge 
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Abstract The graphite electrode sludge was sampled from a huge chloralkali plant in central China. 
The total level of PCDD/F was found as high as 378.85 mg/kg sludge (dry weight). The patterns of 
PCDD/F in each homologue indicated the predominance of tetra- to octa-chlorinated PCDFs. 
Furthermore, the toxic 2,3,7,8-substituted PCDFs constituted over 80% of the total PCDFs in the 
sludge and the corresponding PCDDs were only at 15 mg/kg level. The calculated value of the 
international toxic equivalence (I-TEQ) in sludge was 21.65 mg/kg sludge (dry weight). This typical 
“dioxin chloralkali pattern” was apparently identified in the sediments near the effluent outlet of the 
chloralkali plant. 

Keywords : graphite, PCDD/F, chloralkali, contamination. 

Due to the similarities in chemical structure and biological effects , polychlorinated dibenzo- p-
dioxins and polychlorinated dibenzofurans (PCDD/F) were brie fly referred to as dioxin s in the world . It 
has been proved that dioxins are carcinogenic, teratogenic and mutagenic compounds. Among those 2, 
3, 7, 8 chlorine substituted dangerous congeners, 2,3,7,8-tetrachlorinated dibenzo-p-dioxin (TCDD) is 
the most toxic xenobiotic that people have known . PCDD/F are strongly bound to particles and not 
easily leached out from sedimental sink. Through aquatic foodchain, these contaminants are highly 
accumulated in organisms  and very difficult to be biodegradated or metabolized.  In fact, PCDD/F are 
not manufactured intentionally, but they originate from numerous sources. Trace contaminants in 
chemical industry, products of combustion from municipal incinerators , pulp bleaching process and 
automo tive emissions, etc. are the principal input of PCDD/F to the environment[1, 2]. Considering the 
persistence in environment and their lipophilic ity, the sources, fate and the ecological effects of 
PCDD/F have attracted a great deal of attention from both scientists and the public in the world . 
Especially, the latest studies have shown that women with breast cancer, man with genital hypoplas ia, 
and the decrease of wildlife population are all associated with the long-term effects of dioxin exposure 
at low levels [3]. 

Chloralkali industry is the fundamental raw material industry in China. Among the 500 chloralkali 
manufacturers all over the world, China has 230 of them and ranks the second position in the world. 
But the pro duction techniques remain in a state of backwardness. In the electrolytical process to 
produce caustic soda in China, it is common to use graphite electrode as anode and ferric net covered 
with asbestos as cathode. Due to the low cost and easy operation, this kind of electrolytical cell is still 
widely used in many Chinese chloralkali plants [4,5]. The objective of the present work is to identify and 
quantify the emis sions of PCDD/F from chloralkali industry in China, trying to provide a scientific 
basis for the decision-making on the control of dioxin contamination as well as the innovation for 
chemical industry in China. 

Material s and methods 

( ) Samples . The electrode sludge was sampled from the electrolytical cells during the 
maintenance of the workshop in a huge chloralkali plant. The sludge was a yellowish paste-like solid . 
The sediment was collected by using a Kajak sediment sampler made by Austrian Institute of 
Limnology. Along the flowing of the effluent, the sediment samples were taken correspondingly from 
the ponds near and far from the effluent outlet. In each pond, sediment cores were collected from three 
sampling locations and then cut into segments of different layers. The corresponding segments of the 
cores were homogenized, freeze-dried and pulverized prior to analysis. 

) Preparation and analysis .  The analysis of PCDD/F was peformed using the isotope d ilution-, ( 
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multistep chromatographic cleanup- and H RGC/HRMS-MID technique. 2  20 g of each pulverized 
sample was firstly weighed in an extraction paper tube, then 13C labled 2,3,7,8-substituted PCDD/F as 
recovery standard was spiked. The samples were extracted for 24 h by 180 mL toluene in a Soxhlet 
apparatus, followed by a three-step chromatographic column for cleanup with ) basic alumina, ) 
acidic silica and ) Florisil. Afterwards, the concentrated samples were transferred into a micro-vial, 
and evaporated to dryness under nitrogen flow. 10 mL of tetradecane contain ing the recovery standard 
(13C labled 1,2,3,4-TCDD, 100 pg/mL) was added to the micro-vial for HRGC/HRMS analysis finally. 
The details of the operation procedure have been described elsewhere [5, 6]. 

( ) Analytical quality assurance and calculation of TEQ.  German Standard Operation 
Procedure (SOP) was performed[6]. Prior to each analysis, the resolution of mass spectrometer was 
adjusted to R >10 000. The selectivity and separation efficiency of the column were calibrated by the 
German standard flyash. The sample extraction efficiency was confirmed by the isotope dilution 
method. The high reliability, precision and sensitivity of the analytical quality were assured by system 
blank, linear range, ratio of signal to noise, GC retention time, isotope peak ratio and multiple ion 
detection on HRGC/HRMS. The toxic equivalence (TEQ) was finally calculated on the basis of 
international toxic equivalent factor (I-TEF) (see table 1) and the concentration of PCDD/F in each 
sample obtained from HRGC/HRMS determination. 
2 Results and discussion 

Fig. 1(a) shows the pattern of PCDD/F in graphite electrolytical sludge. It indicates that large 
amounts of polychlorinated dibenzofurans (PCDFs ) are produced in the sludge when graphite is heated 
and chlorinated in the electrolytical cell. So, it is regarded as one of the principal industrial sources of 
dioxin[7]. It is observed that the total level of PCDD/F is as high as 378 .85 mg/kg sludge and PCDFs 
are predominant. In particular, Hex-CDFs (HxCDFs) is found at the highest level, followed by Hepta-
CDFs (HpCDFs), Penta-CDFs (PeCDFs), Octa-CDF (OCDF) and Tetra-CDF (TCDF) . The 
corresponding amount of PCDDs is only at 15 mg/kg level. Rappe[8] reported that the corresponding 
result in Sweden was 650 mg/kg and the sequence was PeCDFs > TCDFs = HxCDFs > OCDF > 
HpCDFs. Despite the different sequences for homologue concentrations, the predominance of PCDFs 
in their patterns is quite similiar. The total level of PCDD/F in Chinese graphite electrode sludge is 
about half of that reported in Sweden, but they were in the comparable range. 

Fig. 1(b) shows the patterns and levels of PCDD/F in the sediment samples collected from the 
pond near effluent outlet. It is obvious that  the PCDD/F patterns of the sediment in different segments 
are very similar, referr ing to the same source. Due to their extreme stablity and high lipophilicity, 
PCDD/F become strongly bound to the surface of solid waste and particles in aquatic environment. 
They finally deposit into sediment and can hardly be leached out. The high concentrations of TCDFs in 
different segments of the sediment are found in the pond near the outlet, indicating that there might 
have been other dioxin sources in this area. Nevertheness, the typical “chloralkali pattern ” of the 
sediment near the effluent outlet has clearly demonstrated that graphite electrode sludge is the main 
contributor of dioxins in the sediment of this area. 

Generally, higher chlorinated congeners of PCDD/F have higher lipophilicity than the lower 
chlorinated congeners. In other words, lipophilicity increases as the number of chlorine substituent 
increases . From Tetra-CDD (TCDD) to Octa-CDD (OCDD), the lipophilicity increases by about 4 
orders of magnitude. In contrast, the water solubility of TCDF is about 2 orders of magnitude greater 
than that of OCDF. However, the corresponding water solubilities and lipophilicities for TCDD and 
TCDF are identical[9]. In fig. 1(c), it is observed that OCDD is dominant in the sediment far distant from 
the effluent outlet. This pattern may partially result from environmental processing in the aquatic 
environment as a consequence of the physical properties of PCDD/F. Having high er lipophlicity and 
lower vapor pressure than other PCDD/Fs , OCDD is strongly absorb ed and accumulated on the  
suspended particles . These particles are transferred in aquatic environment by resuspension and 
deposition. On the other hand, the OCDD-enriched atmospheric flyash in the factory area is likely to 
enter aquatic environment by atmospheric deposition. Sediment becomes the final sink for these 
particles/flyash. Therefore, the patterns and levels of PCDD/F in sediment demonstrate the 
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Fig. 1. The concentration pattern of PCDD/F in electrode sludge and related sediments in China. (a) Electrode 
sludge; (b) sediments in ponds near effluent outlet; (c) sediments in ponds far from effluent outlet. D4, D5, D6, 
D7 and D8 represent sums of tatra- to octa-chlorinated PCDDs, respectively. F4, F5, F6, F7 and F8 represent sums 
of tetra- to octa-chlorinated PCDFs, respectively. 

predominance of OCDD. 
It can be seen from table 1 that the highly toxic 2,3,7,8-substituted PCDFs are at the level of 304.9 

mg/kg, which constitute over 80% of the dominating PCDFs congeners (tetra- to octa-chlorinated) in the 
graphite electrode sludge. Among the TCDFs, 2,3,7,8- and 1,2,7,8-substituted congeners are dominant. 
For the higher chlorinated congeners, their patterns are also dominated by 2,3,7,8-substituted 
compounds. The homologue profiles in different segments of the sediments are very similar, meaning 
that they come from the same pollution source. It shows that the electrode sludge carrying PCDD/F 
enters aquatic environment through the effluent or runoff, and finally deposits into the sediment. 
According to I-TEF, its calculated I-TEQ value is 21.65 mg/kg sludge. In view of toxicity, either in 
developed countries or in China, the TEQ values in graphite electrode sludge are very similar. Since the 
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TEQ value in sludge from graphite is so much higher than international allowance, many modern 
chloroalkali plants abroad have adopted titaneum electrode instead of graphite since the late 1980s . 

In f ig. 1, the I-TEQ in the sediment from the pond near effluent outlet is found as high as 420.10 
mg/kg, owing to the influence of the graphite sludge. Considering the high persistence and non-mobility 
of PCDD/F in environment, the historical depositions of PCDD/F can also be observed by the 
concentration profiles in different segments of sedimental cores collected near the pollution source[10,11]. 
It is found that PCDD/F concentration levels are increased with the decrease of the sedimental depth 
near effluent outlet. The concentration profiles of PCDD/F in the sediment indicate the increasing trend 
of PCDD/F environmental inputs over the past years in that area, which should arouse the attention of 
the related departments in China. 
3 Conclusion 

The results of this study indicate that high levels of PCD D/F are produced from the electrolysis 
process due to the use of graphite electrode. It is imperative to carry out innovation on the conventional 
chloralkali process. The use of graphite electrode should be banned as soon as possible in China. In 
order to control the contamination of PCDD/F, the primary step is to close the pollution sources  on the 
basis of finding out the typical pollution sources. The PCDD/F level in the 1980s had been quite high in 
developed countries, but their levels of PCDD/F in recent years declined due to effectively closing the 
main pollution sources and carrying out the policy of charg ing effluent discharge [12,13]. Therefore , it is 
suggested that the related environmental pro tection agency should grasp the opportunity to establish the 
Chinese standard for dioxin control, so as to protect environment and human health as well as to 
safeguard the sustainab le development of the national economy. 
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Abstract 

Experiments with model mixtures of carbon free fly ash or of Mg-AI- 

silicate with particulate organic carbon (charcoal, sugar coal, soot), 

potassium chloride and copper(II) chloride show that at 300 ° C in an air 

stream considerable amounts of PCDD/PCDF are produced. The yield depends 

on reaction time, the concentration of carbon and of copper(II) chloride 

and also on the presence of water vapor. Besides PCDD/PCDF also other 

organohalides are formed. From the results it is concluded that in 
municipal waste incineration particulate organic carbon is the primary 
source for PCDD/PCDF formation. 

Introduction 


Previous investigations have shown that PCDD/PCDF may be formed in 


considerable quantities within the fly ash itself by a thermal treatment 


in the range of 300 ° C from up to now unknown precusor compounds / 1,2 /. 


This build-up was found to be a generally observed fact for fly ash from 


municipal waste incinerators (MWI), the observed PCDD/PCDF levels 


depending on the thermal history of the sample, but also on the 


composition. Two essential reaction parameters were recognized so far, 


viz. the presence of oxygen in the carrier gas and of certrain metal ions, 


involved directly or through catalytic action. More and more careful 


investigations with highly developed sampling methods at MWI plants 


indicate that the PCDD/PCDF formation in the fly ash at moderate 


temperatures is the major, if not the only important way of PCDD/PCDF 


production /3,4,5/. So far still open was the question of the nature of 


the organic precursor compounds. Observation of the change of color and of 


a decrease of carbon content of fly ash samples on annealing led to the 


assumption that PCDD/PCDF formation might be correlated to the presence of 


organic particulate carbon / 6 /. 
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Experimental 


In order to evaluate the role of particulate organic carbon in the 


PCDD/PCDF formation in fly ash a series of experiments were made using 


synthetic mixtures of an inorganic matrix with carbon, potassium chloride 


and various metal chlorides as additives. Details of the programm are 


shown in table i. The annealing of the mixtures was done in a flow tube in 


an air stream (50 ml/min) to which different concentrations of water vapor 


(i00, 150 mg/l) could be added. Temperatures were 250°,300 ° and 350 ° C. 


All thermal experiments were carried out in duplicate, for further 


analysis the samples were combined. The annealed material was analyzed by 


GC/MS for PCDD/PCDF after extraction with toluene of the acid digested, 


freeze dried residue and clean-up of the extracts on AI203. Quantitation 


was achieved by the addition of C-13 labeled isomers: 2,3,7,8- T4CDD, 


1,2,3,7~8- P5CDD, 1,2,3,6,7,8- H6CDD, 1,2,3,4,6,7,8- H7CDD and OCDD. 


Blanks of the not-annealed mixtures and of the individual ingredients A, 


B, C (see table i) were also analysed. 


Results and Discussion 


The role of particulate carbon in the PCDD/PCDF synthesis was first 


investigated by a series of experiments using fly ash, which had been 


annealed at 500 ° C for 6 hrs in an air stream to remove and destroy 


volatile organics. Analysis of the blank material proved the absence of 


PCDD/PCDF in concentrations above 0,1 ng/g. This material was mixed with 


1% active charcoal purified, see table i-, 1% potassium chloride and i % 


CuCI2"2H20 corresponding to 0,4 % copper(If). Heating the mixture in an 


air stream at 300 a C for 2 hrs resulted in PCDD concentrations (ng/g) as 


follows: T4CDD 215, P5CDD 879, H6CDD 2406, H7CDD 2440, OCDD 1435 (total 


PCDD 7375 ng/g). The corresponding concentration (ng/g) of the furans were 


T4CDF 715, P5CDF 3876, H6CDF 2958, H7CDF 2904, OCDF 1204 (total PCDF 11660 


ng/g). By this experiment the formation of PCDD/PCDF from charcoal is 


proven. The synthesis of dioxins/furans was found also to proceed under 


identical conditions if the fly ash was substituted by Mg-Al-silicate, 


thermally treated for purification at 600 ° C (2 hrs). The corresponding 


concentrations obtained in this experiment were 2710 ng/g PCDD and 


7354 ng/g PCDF. 


To set the conditions for further experiments the influence of annealing 


temperature was studied. Previous experiments with genuine fly ash had 


shown that at 300 ° C optimum yield of PCDD/PCDF is obtained / i /. 


Consequently also the reactions with the model mixtures were carried out 


at 250 °, 300 ° and 350 ° C. Mixtures of carbon free fly ash, i % charcoal, 


1% potassium chloride and 0,4 % copper(II) as chloride were annealed for 


2 hrs in an air stream containing 150 mg/l'water vapor. At 250 ° C in total 


only 18,6 ng/g PCDD and 65 ng/g PCDF were found, at 300 ° C the 


concentration of the dioxins had increased to 1060 ng/g and of the furans 
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OCDOMixtures of A. 8 (1-8%), C (1-6%), Additives 
homogenized by milling thermal treatment for 2 -6  hrs. 1001]0-
temperatures: 250, 300. 350=C 
atmosphere: air (50 ml/min) with water 

vapor (<10 rngll, 100 mg/I, 150 mg/[) 

CDDA (inorganic) 
-	 lly ash, carOon free (<0.2°'0 C), treated at 501TC for 6 hrs ~ lOO0-
-	 Mg-AI-silicate. thermally treateit at 600°C 

8 (organic) 
-	 active charcoal (Merci(l, purified by extraction CH;CIz 


(15 hrs) and vacuum drying at 400°C (4 hrs) and 500°C (2hrs) 
 i // 	 coo ~ 100"-	 sugar coal. obtained by pyrolysis of glucose, conditioning 

with Oz at 9OlTC 


-	 soot, from domestic oil burner, purified by extraction 

with CH2CIz and thermal treatment at 5OO°C 

(5 hrs) in vacuum 


-	 graphite, purified (see above) 10 
O 2 i 6 

C KCI as C]-donor (1-6%) 	 4.1 2.25 1.3 %carbon 1.6 

Additives 	 Fig. i.: 

Formation of PCDD/PCDF as a
CuCIz Function of Annealing Time 
MgClz, ZnC]2, FeCI~, MuClz, HgClz, CdCl2, NiClz, SnCIz, PbCIz 
at 300°C 

System: 


Table i: 
 Mg-Ai-Silicate, 4 % charcoal, 

Experimental Conditions for the 


3 % CI-, 0,4 % Cu in synthetic air 

synthesis of PCDD/PCDF 


to 5337 ng/g. At 350 ° C only 15,5 ng PCDD and 126 ng/g PCDF were present. 


Generally the synthetic mixture shows the same behavior as known for the 


genuine fly ash, also with respect to the congener pattern. Since 


apparently also for the synthetic mixtures the optimum temperature for 


dioxin/furan formation is around 300 ° C, all further studies were carried 


out at 300 ° C. 


As reported already the PCDD/PCDF synthesis under standard conditions 


(air, 300 ° C) is connected with the presence and the catalytic action of 


metal chlorides / 2 /. In order to identify the influence of various metal 


cations experiments were made with the separate addition of 1% of MgCI2, 


ZnCl2, FeCI2, MnCl2, HgCI2, CdCI2, NiCI2, 	 SnCI2, PbCl 2 and CuCl2. From the 


cations investigated only copper(II) made 	a contribution to the PCDD/PCDF 


formation, with all the other cations PCDD/PCDF concentrations remained at 


or below detection limits (0.05 ng/g). This eminent role of copper(II) has 


been recognized and discussed previously / 6,7 /. All further experiments 


were performed with copper chloride as additive. 


Influence of annealinq time; Formation of other chlorocompounds 


The dioxin/furan formation was studied 	 with samples of Mg-Al-silicate 


containing 4 % charcoal, 3 % chloride (as KCI) and 0,4 % Cu at 300 ° C 


after 0.25, 0.5, 2, 4 and 6 hrs of annealing time. The results are shown 


in fig. i. The reaction proceeds fast, after 2 hrs the reaction is 


complete and a practially constant concentration is achieved. This 
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concentration level is highest for OCDD (I0000 ng/g) and decreases for the 


lower chlorinated dloxin species from 7300 ng for H7CDD, to 2000 ng/g for 


H6CDD, to 80 ng/g for PSCDD and finally to 50 ng/g for the T4CDD. The 


furans show a similar behavior. The dioxln formation is accompanied by a 


decrease of the carbon content from initial 4 % to 2.25 % after 2 hrs and 


to 1.3/1.6 % after 4 and 6 hrs annealing. In the sample with 2 hrs. 


annealing the total extractable, organic bound chlorine was determined as 


81 ~g/g, the blank value being 5 ]/g/g. Additionally the total organic 


chlorine was found to be 778~g/g (blank value 99 ~g/g). These data show 


that apart from chlorodioxins and -furans other compounds are formed, 


which are only in part (ca. 10%) extractable. The extractable compounds 


were in part identified by GC/MS. Besides dloxlns and furans tetrachloro-, 


pentachloro- and hexachloro-naphthalenes were found (2 isomers), 


additionally also heptachloro- and octachlorobiphenyls (2 isomers). The 


formation of chlorobenzenes was investigated in more detail. In a system 


with Mg-Al-silicate (I % KCI, 0,4 % Cu(II)) under standard conditions, 


with 2 % initial charcoal after 2 hrs (300 ° C) the following 


chlorobenzenes were analysed~ 1,3,5-trichlorobenzene 50 ng/g, 1,2,4-


trichlorobenzene 450 ng/g, 1,2,3-trichlorobenzene 610 ng/g, the 


concentrations of the tetrachlorobenzenes were for the 1,2,3,5 isomer 


1030 ng/g, for the 1,2,4,5 isomer 650 ng/g, for the 1,2,3,4 isomer 


2700 ng/g. The corresponding values for the pentachloro- and 


hexachlorobenzenes were 11650 ng/g and 8800 ng/g. In experiments where 


fly ash was used as inorganic matrix additionally the following 


bromochlorobenzenes were foundz bromodlchlorobenzene, two isomers of 


bromotrichlorobenzene, bromotetra- chlorobenzene, bromopentachlorobenzene 


and dibromotetrachlorobenzene. The identification was obtained by the 


mass-spectral parent peaks and their isotope ratio. 


The role of the nature of carbon 


Carbon of different origin (sugar coal, charcoal, soot, graphite) was 


added in quantities of i % to a Mg-Al-sillcate matrix containing 1% KCI 


and 0,4 % Cu(II). The dloxln/furan concentrations formed after annealing 


at 300 ° C (2 hrs) in air (i00 mg water vapor/l) are shown as bar graphs in 


fig. 2. The yields of dloxlns depend on the nature of the carbon added. 


The total dioxln concentrations obtained are 212 ng/g with soot, 944 ng/g 


with sugar coal and 2439 ng/g with charcoal, and are probably a function 


of the surface area. For all three samples, however, the profile of the 


congeners is similar since the maximum concentrations are always with the 


octachlorodloxins. The amounts of furans formed are higher and the 


difference in yield is less pronounced, ranging from 5050 ng/g (sugar 


coal} to 7750 ng/g (charcoal). Here the congener profiles show maximum 


concentrations for hexachlorofurans with lower values for penta- and 


heptachlorocompounds. In contrast to the high PCDD/PCDF concentrations 
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Fig. 2.: 

Formation of PCDD/PCDF from 
 Table 2: 

Particulate Carbon of Different 


Formation of PCDD/PCDF as a 
Origin 

Function of Carbon Content 
System= 
 System:


Mg-AI-Silicate, 1% carbon, 

Mg-Ai-Silicate, i % KCI, 


i % KCI, 0,4 % Cu, annealed in air 

0,4 % Cu, annealed at 300°C (2 hrs.) 
(i00 mg H20/I ) at 300°C (2 hrs.) 

in air (150 mg H20/I ). 


obtained with the above mentioned carbons, in the experiments with 


graphite the dioxin and furan concentration were in the range of 0,3 to 


0,5 ng/g, i. e. neglegibly small. The explanation of this fact lies in the 


difference of the structures of the coal samples and of graphite: The 


crystall lattice of graphite obviously resists to an attack of 


chlorine/oxygen much more than the other carbon samples which consist in 


part of amorphous carbon and of microcristalline carbon with degenerated 


graphitic structure of disoriented layers. Here the different carbon 


layers with their weak bonds are exposed to chemical reactions yielding a 


variety of substituted smaller aromatic structures, such as benzenes, 


naphthalenes, biphenyls, dioxins and furans. In this sense we have a de-

novo synthesis of organohalogen compounds with particulate carbon as the 


primary source and precursor to all these compounds. The reactions found 


in laboratory experiments are postulated to occur in a similar way also in 


the incinerator and to be the major pathway for PCDD/PCDF formation. This 


hypothesis has the advantage to explain the simultaneous production of a 


variety of different chloro-compounds which have been identified also in 


the emission of MWI plants / 8 / and is more convincing and conclusive 


than that postulated by F. W. Karasek, that chlorophenols are the 


precursors / 9, I0 /. 
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Influence of carbon content 


In a series of experiments charcoal was added in amounts of 1,2,4 and 8 % 


to Mg-Al-silicate containing 1 % KCI and 0,4 % Cu(II) as chloride. The 


mixtures were annealed under standard conditions (300 ° C, 2 hrs) in an air 


stream (150 mg/l water vapor); the data are shown in table 2. The sum of 


PCDD rises from 765 ng/g with 1% carbon to 3420 ng/g for the sample with 


4 % carbon. From this a good linear relationship between carbon content 


and dioxin concentration is indicated. This also applies for the 


individual congener sums. At 8 % carbon, apparently due to the lack of 


sufficient chloride no further increase is noted. The chlorodibenzofurans 


show a similar behavior. The concentrations also increase up to a carbon 


content of 4 %, are, however, higher by a factor of 3-4. The congener 


profile is typical: concentration maximum is with the octachlorodioxin and 


the hexachlorofurans respectively. 


Influence of copper concentration 


This parameter was studied in a system of Mg-Al-silicate with 1 % 


charcoal, 1 % KCI, at 300 ° C (2 hrs annealing) with the air stream 


containing water vapor of 100 mg/l. CuCI2"2H20 was added in amounts to 


give concentrations of 0,08, 0,24 and 0,4 % Cu(II). The results are shown 


in table 3. In experiments with no addition of copper only neglegibly 


small concentrations of PCDD (4,5 ng/g) and PCDF (22,6 ng/g) are produced. 


The concentrations of the individual isomers are close to the limits of 


detection of the analytical procedure (0,05 ng/g). The addition of 0,08 % 


copper(II) promotes the formation reactions and results in concentrations 


of 100 ng/g PCDD and 760 ng/g PCDF. An increase of the copper- 


concentration by a factor of 3 to 0,24 % causes an overproproportional 


rise of the dioxin and furan content, with a further increase at 0,4 %. 


The system responds sensitively to traces of copper. The basic chemistry 


involved is at the moment not yet clearly defined. One process, certainly, 


is the production of elemental chlorine by a reaction of inorganic 


chloride and of oxygen in a Deacon-type reaction. Probably, however, the 


PcoOWcoFmn~rnrauons(n~g) 
Pecem~:'aodee 


CONGENER 0.08 0.24 0.4 


Table 3:
T4C00 1.3 8 29 13 
Influence of Copper (II)
P=,,C30 1.0 29 80 6~ 
Concentration on the Formation 
H6COO ; 0.9 37 240 400 
of PCDD/PCDF
24 230 86O~coo I 0.3 
System: 
OCOO I 1.0 12 290 110 
Mg-AI-Sillcate, 1% charcoal, 

101 77O 1448 1% KCI, annealed at 300°C (2 hrs.) PC~O I 4.~ 
in air (150 mg H20/I ) 


T4C~F I 7 100 310 25O 

PSCD F : 11 310 1290 1,5=30 


230 11=,0 I 3100
"=F I 
• / ~ F  • 1. 100 690 1277,0 

OC~F 0.07 20 290 ( 84O 


PCDF I Z2.6 760 3640 8480 
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copper(II) plays an additional role in the reaction of the organic carbon 

structures via radical formation similar as reported for aromatic 

molecules / ii /. 

Influence of the qas phase 

Besides the composition of the fly ash itself, also the gas phase plays an 


important role with respect to dioxin and furan formation. The importance 


of oxygen for the synthesis of dioxin and furans in fly ash under 


incinerator conditions has been recognized at an early state of the 


investigations / i, 2, 7 /. While in the absence of oxygen decomposition 


by dechlorination predominates, already at 1 % 02 a slight increase of 


PCDD/PCDF concentrations relative to the initial material could be 


observed / 6 /. Further increases of the 02 content made the 


concentrations rise drastically with an especially pronounced formation of 


hexa to octa congeners. Besides that the presence of water vapor plays an 


important role with respect to the composition of the reaction product. 


Preliminary results indicate that in "dry" experiments the formation of 


more highly chlorinated dioxins dominates while the "moist" experiments 


produce a maximum of the hexachloroisomers, which is also associated with 


increased formation of penta- and tetrachloroisomers / 6 /. 


Summary and Conclusions 


Results from laboratory experiments indicate that in incineration of 


municipal ware - apart from possible gas phase reactions - PCDD/PCDF are 


formed under moderate temperatures in air from particulate organic Carbon 


in fly ash by gas-solid reactions with oxygen and halides, influenced and 


activated by copper(If). With these data it is clearly proven that 


particulate carbon is the primary source for dioxins and furans as well 


as for a variety of other chlorocompounds such as chlorobenzenes, 


-naphthalenes, and -biphenyls. There is further evidence that carbon of 


different origin may serve as source for the synthesis. The synthesis of 


PCDD/PCDF is catalysed by copper(If) chloride, not, however, by the 


chlorides of alkali, alkali earth, Fe, Zn, Mn, Hg, Cd, Ni, Sn, Pb. 


The optimum temperature for formation is 300 ° C. 


The PCDD/PCDF concentrations obtained in the model experiments depend on 


reaction time, concentration of particulate organic carbon, composition of 


the fly ash (chloride, copper) and of the atmosphere (oxygen, water). The 


isomer pattern of the congener groups is similar to that of fly ash 


samples. 


From the correlations between the content of particulate organic carbon, 


the concentration of copper in the fly ash on one side and the formation 
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of PCDD/PCDF on the other side it is concluded that minimization of 


dioxin/furans may be achieved in incineration plants by 


-	 high burn-out of the fly ash, with low residual organic carbon 


-	 low residence times for fly ash and particulates in the low 


temperature zone (300 ° C) 


removal/recycling of metallic incombustable material, especially 


copper, prior to incineration. 
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ABSTRACT 


In experiments with model mixtures it is demonstrated that the de-novo- 

synthesis of organohalides from carbonaceous particulate matter and 

inorganic chloride (activated by copper ions) yields not only PCDD/PCDF but 

a variety of other compounds such as polychlorobenzenes (Cl 3 to C16) , 

polychloronaphthalenes and -biphenyls. In the presence of bromide also mixed 

chlorobromospezies are formed. 


KEYWORDS 


Polychlorodibenzodioxins, polychlorodibenzofurans, de-novo-synthesis, 

reaction mechanism, fly ash, polychlorobenzenes, polychloronaphthalenes, 

polychlorobiphenyls, mixed chlorobromocompounds, carbonaceous material. 


INTRODUCTION 


During the last decade the formation and emission of polychlorinated dioxins 

(PCDD) and -furans (PCDF) in municipal waste incineration have received 

broad public interest leading to extensive analytical studies (Olie et al., 

1977). Reactions involved in the formation were summarized by G. G. Choudry, 

K. Olie and O. Hutzinger (Choudry et al., 1982). Generally with regard to 

the mechanism of formation two hypotheses are discussed: a) the condensation 

of organochlorine compounds such as chlorophenoles (Karasek, 1987) and 

benzenes in reactions similar to those applied in laboratories to prepare 

such compounds (Nestrick et al., 1979, Lamparski et al., 1981, Buser, 1979, 

Rappe et al., 1978) b) by a de-novo-synthesis from organic material with 

inorganic chlorides. In an attempt to provide experimental evidence for the 

processes associated with the PCDD/PCDF formation in municipal waste 

incinerators we could show in recent contributions that these compounds are 

synthesized "de-novo" from particulate organic carbon present in fly ash and 

from inorganic chloride by a process which is strongly activated by Copper 

ions (Stieglitz 1987a, Hagenmaier, 1987). The reaction occurs with optimum 

yields both of PCDD/PCDF at 300 ± 25 ° C (Vogg et al., 1986). The PCDD/PCDF 

concentrations formed in fly ash depend on reaction time at 300 ° C, on the 

concentration of carbon and also on t~e concentrations of Cu 2+ (Stieglitz 

et al., 1987b, 1987c, Hagenmaier 1987). Further essential parameters are the 

concentration of oxygen and water vapor in the gas phase (Vogg et al., 

1987). Our latest data show that under identical conditions in analogous 

reactions carbonaceous material may be converted to a mumber of other 

organohalide compounds as well. 
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EXPERIMENTAL 


In order to differentiate the contributions of the various components of fly 

ash to the synthesis of organohalides, model mixtures were prepared of Mg- 

Al-silicate with addition of different levels of potassium chloride and 

charcoal and doped with copper chloride (i % CuCI2"2H20 ). The charcoal had 

been purified by exhaustive extraction with methyIenchloride (15 hrs.) 

followed by drying in vacuo at 400 ° C (4 hrs.)and 500 ° C (2 hrs.). Amounts 

of 1 - 5 g of the mixtures were heated at 300 ° C in a vertical tube of 

borosilicate glass (2 cm i.d.) with the material on a porous glass frit. 

During the annealing a stream of air (50 ml/min.) was passed through the 

apparatus and then through two washing bottles in series containing 50 ml of 

toluene to trap volatile components. After the thermal treatment the solid 

residue was digested with 1 N HCI, freeze dried and after addition of C-13 

labelled internal standards (PCDD/PCDF), extracted with toluene 

(Stieglitz 1987a). Clean-up and measurements were carried out by procedures 

described elsewhere (Hagenmaier 1986). Tetra- to hexachlorobenzenes were 

determined by gas chromatography (column DB5, 30 m length, 0.25 mm i.d.) 

using a flame ionisation detector. Hexachloro p-xylene served as internal 

standard. Polychloronaphthalenes (PCINP) and -biphenyls (PCB) were measured 

by HRGC/MS in the multi-ion detection mode by simultaneous monitoring of the 

two characteristic parent masses (M, M+2) for each compound. The solutions 

of the washing bottles were analyed separately by a similar procedure. 


RESULTS AND DISCUSSION 


Formation of PCDD/PCDF as a Function of Reaction Time 


Model mixtures of Mg-Al-silicate with 4 % (wt.) active charcoal, 7 % (wt.) 

chloride as KCI and 1% CuCI2"2H20 (0.4 % Cu) were annealed at 300 ° C in an 

airstream containing 150 mg of water vapor/l for 15 min., 30 min., i, 2 and 

4 hrs. The concentrations of PCDD/PCDF obtained after the corresponding 

reaction times are given in table i. We note that already after 15 min. in 

total 3342 ppb PCDD and 8360 ppb PCDF are formed. This fast increase is 

followed by a slower formation between 0.5 and 4 hrs. Predominant are the 

hexa and hepta chloro compounds as observed already in previous experiments 

(Stieglitz 1987a). Generally the concentrations of the individual congener 

groups are in the ppm range. From the data, values for the ratio of 

PCDF/PCDD concentrations formed may be calculated. Typical values are 2.2 -

2.8 for the ratio of total PCDF:PCDD concentration. For the ratio OCDF:OCDD 


the value is 0.7 - 1.6, for H7CDF:H7CDD 1.6 - 1.9, for H6CDF:H6CDD 3.4 - 4.0 

and for P5CDF:P5CDD 10 - 14. For the tetrachlorospecies the range of the 

ratio is between 20 and 120. With decreasing chlorination degree from octa- 

to tetrachloro compounds the furan species dominate. The ratios vary only 

slightly with reaction time and may be characteristic of the structure of 

the carbonaceous material which is the source for this synthesis and which 

is degraded by an oxychlorination reaction. In table 1 is also given the 

residual carbon concentration after the respective reaction times. We note a 

decrease of the carbon content from 4 % (40 mg/g) to 2 % (20 mg/g) within 

4 hrs. of annealing. Parallel to this decrease of carbon concentration in 

the solid, CO 2 was released and measured in the gas phase by GC. The total 

amount of CO~ as absorbed in a caustic trap is presented also in table 1 as 

carbon (mg/g~ evolved. Especially with longer reaction times (2 - 4 hrs.) 

ca. 50 % of the carbon is degraded and partly oxidized to carbon dioxide due 

to the action of copper ions. 


A small fraction is converted to volatile and non-volatile o.~anochlorin~ 

products. A rough estimate shows that only a fraction of 4"10- and l'10- 

is transformed to PCDD and PCDF respectively. Measurements of the total 

organic chlorine in the annealed model mixtures indicate that 500 to 

1600 ppm chlorine is present as organic bound material, from which only i0 % 

is extractable by toluene. These extractable compounds -besides PCDD/PCDF- 
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Table i. 	 Formation of PCDD/PCDF as a function of annealing 

time at 300 ° C in air. System: Mg-Al-silicate, 

4 % charcoal, 7 % CI- 1% CuCI2"2H20 


Concentrations of PCDD/PCDF ( ng/g ) 
reaction time (hrs.) 

Compound 0.25 0.5 1 2 4 

T4CDD 2 4 14 30 100 
P5CDD 110 120 250 490 820 
H6CDD 730 780 1600 2200 3800 
HTCDD 1700 1840 3500 4100 6300 
08CDD 800 1000 2000 2250 5000 

PCDD 3342 3744 7364 9070 17020 

T4CDF 240 280 670 1170 1960 
P5CDF 1360 1670 3720 5550 8300 
H6CDF 2500 3350 6240 8900 14000 
H7CDF 3000 3600 5500 6700 9800 
08CDF 1260 1450 1840 1840 4330 

PCDF 8360 10350 17970 24160 38390 

% Carbon 
(residual) 	 3.20=0.2 3.00t0.2 2,95=0.2 2.20=0.1 2.00=0.1 

carbon evolved 
as C02 (mg/g) 1.90 3.05 5.60 7.90 13.75 

were in part identified in the raw extracts by GC/MS and in the case of 

chlorobenzenes, -naphthalenes and -biphenyls also quantified. 


Pol¥chlorobromo-dibenzodioxins and -furans 


Mixed halogenated dibenzodioxins and -furans have been reported in fly ash 

from an industrial incinerator (Sch~fer et al., 1986) and surprisingly high 

yields of bromodibenzodioxins and -furans were obtained from brominated 

flame retardants (Buser 1987, Thoma et al., 1986). In our annealing 

experiments with fly ash besides PCDD/PCDF mixed chlorobromo compounds were 

also identified by GC/MS. For further investigation of this finding, model 

mixtures, as decribed in the experimental section, were fortified with KBr 

to establish a molar ratio of CI/Br of 10:1, and thermally treated at 300 ° C 

(2 hrs.) GC/MS analysis of the methylenchloride -hexane (i:i) fraction of 

the extracts showed a great number of chlorobromospecies of both dioxins and 

furans. The compounds were tentatively identified by the ratio of the parent 

masses M, M+2, M+4, M+6, typical of the respective chlorine-bromine 

composition. In table 2 the results are shown in matrix form. The values in 

the boxes signify the number of GC peaks obtained for the respective 

congener. Predominant are the penta- to octahalide compounds with up to 

3 - 4 bromines. Although the data are qualitative at the present stage, the 

results show that in addition to the formation mechanism discussed (Buser 

1987), mixed chlorobromo dioxins and -furans may be synthesized from 

particulate carbon and inorganic broMide/chloride mixtures at 300 ° C as a 

result of oxychlorination. 
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Table 2. Mixed chlorobromodioxins and -furans as 

identified in the thermal experiments 


P (el, Br) DD P (CI, Br) DF 
Br Br 

0 1  2 3 4 5 6 7 8  0 1  2 3 4 5 6 7 8  

0 
1 / ,I 
2 11 ~12 59 
3 8 1 2 8  

CI 4 7 4 7 8  5 
5 8 5 2  1 0 4  
6 4 3 4 3  
7 2 2 
8 

'--]number in box means 
number of GC-peaks 

Formation of Chlorobenzenes 


Data on the formation of tri- to hexachlorobenzene in the kinetic study with 

model mixtures are given in table 3 as a sum of the concentrations in the 

annealed solid mixture and the washing bottle. The highest concentrations 

were formed with tetra- and pentachlorobenzenes. Here the concentrations 

produced per hour are 19.9 and 21 ppm respectively. The corresponding values 

for the tri- and hexachlorobenzene are 4.7 and 10.7 ppm. Noteworthy is the 

great difference in the yield of the individual isomers: the 1,2,3 


Table 3. Formation of polychlorobenzenes as a function of 

annealing time at 300 ° C in air. System: Mg-AI- 

silicate, 4 % charcoal, 7 % CI- 1% CuCI2'2H20 


Concentrations of chlorobenzenes (rig/o) 

Compound 
0,25 0,5 

reaction time (hrs.) 
1 2 4 

1, 3,5 - Trl CI Bz 80 90 220 290 520 
1.2,4 - Trl CI Bz 330 1080 1620 3470 4500 
1, 2, 3 - Td CI Bz 660 2580 2890 5700 5300 

1,2,4,5-Tetra CI Bz 440 1700 2380 5150 6000 
1,2,3,5- Tetra CIBz 1080 4200 6300 9400 11300 
1.2,3,4-Tetra CI Bz 2280 9700 11250 19100 20500 

Penta - CI Bz 4240 - - 21000 37000 40300 

Hexa - CI 6z 2640 11500 10700 18300 21380 
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trichlorobenzene with all chlorine atoms in ortho positon represents 61% of 

the total trichlorobenzenes, followed by the 1,2,4 isomer, i.e. the ortho- 

para-substituted compound with 34 %, whereas the 1,3,5 isomer with 

substitution in meta positions is present only as 5 %. For the 

tetrachlorobenzenes the same facts are observed. The relative yields are 

56 % for the 1,2,3,4 tetraCiBz, 32 % for the 1,2,3,5 tetraCiBz and 12 % for 

the 1,2,4,5-isomer. This finding is interpreted as proof of a chlorination 

process of the aromatic structures of the carbonaceous material, since it is 

known that with chlorination of the aromatic nucleus the substitution 

proceeds preferably in the ortho and parapositions and less in the meta 

position. A similar preferred formation of the specific isomers of hexa- and 

heptachlorodioxins has been observed upon thermal treatment of fly ash 

(Stieglitz et al., 1987a). Besides the chlorobenzenes a variety of mixed 

chlorobromobenzenes were also identified. In the above mentioned experiments 

using a KCI/KBr mixture (molar ratio 10:1) as halide source all 

theoretically possible mixed chlorobromospecies could be identified as well 

as the pure tetra- to hexabromobenzenes besides di- to hexachlorobenzenes. 


Formation of Polychloronaphthalenes and Polychlorobiphenyls 


In Fig. 1 and 2 the increase of the concentration of polychloronaphthalenes 

(PClNP, C13-C17) and of polychlorobiphenyls (PCB, C14-C17) is presented as a 

function of annealing time. During the reaction time investigated the total 

PCINP concentration is higher by a factor of 2 compared with the sum of PCB. 

PCINP concentrations increase more steadily with annealing time, whereas the 


800 

600 

c~ 

~- 400Z 

200 

0 
0 1 2 3 4 

reaction time [hrs] 

Fig. 1 Formation of polychloronaphthalenes in thermal 

experiments with model mixtures at 300 ° C. 

System: Mg-Al-silicate, 4 % charcoal, 7 % CI- 

1% CuCI2"2H20 
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300 
Penta CI-BP 

_ . . . _ . -o  

Hexa CI-BP 

200 -

Hepta C . . ~  
=~ 

LZ2
C~ 
CZ-

100 

Tetra CI-8P 

J i i i i 

1 2 3 4 
reaction time [hrs] 

Fig. 2 	 Formation of polychlorobiphenyls in thermal 

experiments with model mixtures at 300 ° C. 

System: Mg-Al-silicate, 4 % charcoal, 7 % CI- 

1% CuCI2"2H20 


PCB approach an apparent equilibrium concentration. The reason for this 

different behavior may be due to a higher reactivity of PCB and readiness to 

undergo further reactions compared with the thermally more stable PCINP. 

Compared with the PCIBz concentration the chloronaphthalenes are lower by a 

factor of 40 to 80 over the reaction period, PCB are even lower by a factor 

of 60 - 170. Generally the yields of the chlorinated aromatic compounds, 

investigated so far, decrease in the order PCIBz > PCDF > PCDD > PCINP 

> PCB. These laboratory results resemble quite well the situation as 

described in a study of the emission of halogenated aromatic compounds for 

different plants. PCIBz and PCDD/PCDF were found as the most pronounced 

groups with similar concentration levels, with very low PCB concentrations, 

but PCINP at 3 - 4 times larger concentrations than PCB (Oehme et ai.,1987). 

Recent measurements of these compound classes in the post-combustion zone 

and the boiler (Oeberg et al., 1988) show a substantial net production of 

chlorinated aromatics in the boiler, such as chlorobenzenes and brominated 

toluenes, additional to the compounds already present. Similarly in the 

recent NITEP study at the Quebec municipal solid waste incinerator plant 

besides PCDD/PCDF also PCB, PAH, PCIBz and chlorophenoles were monitored in 

the ash from boiler and precipitator (NITEP, 1988). Depending on operating 

conditions increased formation rates were observed in the precipitator for 

all these compound classes. 
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CONCLUSIONS 


The idea of de-novo-synthesis, viz the reaction of carbonaceous particulate 

matter of the fly ash with inorganic halides at 300 ° C with formation of 

PCDD/PCDF, led to a better understanding of the processes occurring in the 

cooler post-combustion zones of the incinerator, and offered ways for 

minimization of PCDD/PCDF emission. The present data suggest that PCIBz, 

PCINP and PCB are newly synthesized under identical conditions by similar 

reactions. 


The role of copper(II) ions is of fundamental importance as a reagent to 

induce reactions in the presence of oxygen on the surface of the particulate 

carbon, which lead on one side to the oxidation of carbon to CO 2 and on the 

other side to the chlorination/bromination of aromatic structures. 


Particulate carbon, present in the fly ash, may act as the source for the 

direct formation of a variety of aromatic halogenated compounds, halide 

donors being inorganic chlorides/bromides. 


It is concluded that additional to a feasible high temperature gas phase 

reaction the formation of chlorobenzenes, -naphthalenes and -biphenyls in 

the fly ash in the low temperature zones contributes to the overall 

production of halogenated aromatics. 
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3.1 Introduction 

Biological markers, or biomarkers, are one of 
the most important hydrocarbon groups in 
petroleum used for chemical fingerprinting. 
They are complex molecules derived from for
merly living organisms. Biomarkers found in 
crude oils, rocks, and sediments have little or 
no changes in structures from their parent 
biochemicals, or so-called biogenic precursors 
(e.g., terpanoids and steroids), found in living 
organisms. In comparison with the concentra
tions of the biogenic precursors in sediments, 
biomarker concentrations in oil are low, often 
in the range of several to less than a hundred 
parts per million (ppm). 

Biomarkers are useful for chemical finger
printing of spilled oils because they retain all 
or most of the original carbon skeleton of the 
original natural product, and thereby testify to 
the specific conditions for oil generation (see 
Chapter 1 herein). Excellent reviews on the 
fundamentals of biomarker characterization, 
their application in petroleum geochemistry, 
and interpretation of biomarker data for oil 
exploration and production were published in 

1993 (Peters and Moldowan, 1993). A fully 
updated and expanded edition provides a com
prehensive account of the role that biomarker 
technology plays both in petroleum explo
ration and in understanding earth history and 
processes, including environmental applica
tions (Peters et al., 2005). More recently, Wang 
et al. (2006) have reviewed the environmental 
applications of biomarker fingerprinting. 

Biomarker fingerprinting has historically 
been used by petroleum geochemists in char
acterization of oils in terms of (1) oil-to-oil 
and oil-to-source rock correlation, (2) the 
type(s) of precursor organic matter present 
in the source rock, (3) effective ranking of 
the relative thermal maturity of petroleum, (4) 
evaluation of migration and the degree of 
in-reservoir biodegradation based on the loss 
of n-alkanes, isoprenoids, aromatics, terpanes, 
and steranes during biodegradation, (5) deter
mination of depositional environmental condi
tions, and (6) providing information on the age 
of the source rock for petroleum. 

Biomarkers can be detected in low quanti
ties (ppm and sub-ppm level) in the presence 
of a wide variety of other types of petroleum 
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hydrocarbons by the use of the gas 
chromatography-mass spectrometry (GC-MS). 
Relative to other hydrocarbon groups such as 
alkanes and most aromatic compounds, bio
markers are highly resistant to degradation in 
the environment (see Chapter 11 herein). Fur
thermore, due to the wide variety of geologi
cal conditions and ages under which oil has 
formed, every crude oil may exhibit an essen
tially unique biomarker fingerprint. Therefore, 
chemical analysis of biomarkers can generate 
highly specific “source” information of great 
importance to environmental forensic investi
gations in terms of determining the source of 
spilled oil, differentiating and correlating oils, 
studying the fate and behavior of hydrocarbons 
in the environment, and monitoring the degra
dation process and weathering state of oils 
under a wide variety of environmental condi
tions. They have also proven useful in identi
fication of petroleum-derived contaminants in 
the marine and aquatic environments (Stout 
et al., 2002; Kvenvolden et al., 1995, 2002; 
Hostettler et al., 1999a; Boehm et al., 1997; 
Bence et al., 1996; Volkman et al., 1997; 
Zakaria et al., 2000; Wang et al., 1994a, 1994b, 
1999a) and in indicating chronic industrial and 
urban releases (Stout et al., 1998; Volkman 
et al., 1992a; Kaplan et al., 1997). 

In this chapter we will focus our discussion 
on a brief description of biomarker chemistry, 
an overview of analytical methodologies for 
biomarker separation and analysis, the identi
fication of biomarkers, biomarker distributions 
in crude oils and various petroleum products, 
sesquiterpane and diamondoid biomarkers in 
oils and lighter petroleum products, diagnostic 
ratios and cross-plots of biomarkers, source-
specific biomarkers, weathering effects on oil 
and biomarker fingerprinting, and an applica
tion of biomarkers for oil spill source identifi
cation, oil correlation, and differentiation. 

3.2 Analytical Methodologies for 
Petroleum Biomarker Fingerprinting 

3.2.1 Petroleum Biomarker Families 

Oil consists of complex mixtures of hydro
carbons and nonhydrocarbons that range from 

small, volatile compounds to large, nonvolatile 
ones. For example, recently, ultrahigh-resolution 
Fourier transform ion cyclotron resonance 
mass spectrometry (Marshall, 2004) revealed 
that crude oil contains heteroatom-containing 
(N, O, S) organic components having more 
than 20,000 distinct elemental compositions 
(CcHhNnOoSs). In general, petroleum hydrocar
bons are characterized and classified chemi
cally by their structures, including saturates 
(including straight-chain and branched chain 
saturates, cycloalkanes, terpanes, and ster
anes); olefins; aromatics (including the mono-
aromatic hydrocarbons such as BTEX and 
other alkyl-substituted benzene compounds, 
and oil-characteristic alkylated C0- to C4-PAH 
homologous series and other U.S. EPA prior
ity PAHs ranging from 2-ring up through 6
rings); and polar resins (including heterocyclic 
S, N, and O containing compounds, phenols, 
acids, alcohols, and monoaromatic steroids) 
and very high-molecular-weight asphaltenes 
(Speight, 1999; Berkowitz, 1997). 

In 1887, German chemist Otto Wallach 
determined the structures of several terpenes 
and discovered that all of them are composed 
of two or more five-carbon units of isoprene 
[2-methyl-1,3-butadiene, CH2 ̈ C(CH3)— 
CH¨CH2]. The isoprene unit maintains its 
isopentyl structure in a terpene, usually with 
modification of the isoprene double bonds. The 
isoprene molecule and the isoprene unit are 
said to have a “head” (the branched end) and 
a “tail” (the unbranched ethyl group). Organic 
chemists and geochemists have long realized 
that isoprene is the basic structural unit of 
many natural products and all oil biomarker 
compounds (Peters and Moldowan, 1993; 
Wade, 2003). Compounds composed of iso
prene subunits (that is, obeying the “isoprene 
rule”) are called terpenoids or isoprenoids. The 
triterpenoids constitute a large diverse group 
of natural products (Connolly and Hill, 1991). 
Terpenoids are ubiquitous in microorganisms 
and in higher and lower plants, and have been 
characterized to an increasing extent within the 
animal kingdom. Few have been known for 
centuries, but in recent decades the level of 
research and activity in isolating and studying 
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new substances has shown no sign of abating, 
and the discovery of completely new carbon 
skeletons among the naturally occurring 
plant and animal terpenoids is a frequent 
occurrence. 

Terpenoids are grouped according to the 
number of isoprene units from which they are 
biogenetically derived, even though some 
carbons may have been added or lost 
(Connolly and Hill, 1991). The isoprene rule 
states that biosynthesis of these compounds 
occurs by polymerization of appropriately 
functionized C5-isoprene subunits. Unlike 
other biopolymers such as proteins, terpenoids 
are not readily depolymerized because they are 
joined together by covalent carbon–carbon 
bonds. As for the oil-saturated terpenoids, they 
are generally categorized into families based 
on the approximate number of isoprene sub
units they contain. Terpenoids containing 1 to 
8 isoprene subunits are termed as hemi-, 
mono-, sesqui-, di-, sester-, tri-, and tetra
terpanes. The various oil terpane families are 
composed of a wide variety of acyclic and 
cyclic structures (Peters and Moldowan, 
1993). 

3.2.1.1 Acyclic Terpenoids 
or Isoprenoids 

One of the most important discoveries in 
petroleum chemistry and organic geochem
istry was the detection of a large number of 
aliphatic isoprenoid hydrocarbons in oils, 
coals, shales, and dispersed organic materials. 
The variety of isoprenoid compounds is 
incomparably large. The linkages between iso
prene subunits can be regular (head-to-tail) or 
irregular (differing in the order of attachment 
of the isoprene subunits, such as head-to-head 
or tail-to-tail) linkages. Phytane (C20H42), 
which is one of the most abundant isoprenoids 
in oil and has been widely used for estimation 
of the degree of oil biodegradation in the 
environment, is a typical example of a regular, 
acyclic isoprenoid consisting of four head-to
tail linked isoprene units. Squalane (C30H62) 
and Botryococcane (C34H70) are examples of 
irregular isoprenoids. Squalane contains six 

isoprene subunits with one tail-to-tail linkage, 
while irregular Botryococcane is a highly spe
cific biomarker for lacustrine sedimentation. 

Degraded, rearranged, or homologous struc
tures can be categorized into their correspon
ding parent terpenoid family. The precise 
number of carbon atoms in a given terpenoid 
family varies due to differences in source 
materials, diagenesis, thermal maturity, and 
in-reservoir biodegradation. For example, pris
tane (C19H40), another isoprenoid compound 
widely used for environmental oil biodegrada
tion studies, contains one less methylene group 
(—CH2—) than phytane (C20H42), but it is 
still classified as an acyclic diterpane. Other 
examples include pseudohomologous series 
of regular isoprenoids from C15 (farnesane) 
through C16 (trimethyl-C13) and C18 (norpris
tane), which are also quite abundant in oil. 

3.2.1.2 Cyclic Terpenoids 

The most common cyclic terpenoids in oil are 
terpanes, steranes (irregular cyclic terpernoid 
compounds), and aromatic steranes. Although 
cyclic terpenoids containing almost any 
number of carbons can occur in theory, only 
those containing combinations of five or six 
carbons (cyclopentyl or cyclohexyl) occur 
commonly in petroleum. 

As mentioned above, the terpanes include 
sesqui- (C15, bicyclic), di- (C20, largely tri
cyclic), and triterpanes (C30, mainly penta
cyclic, and some tricyclic and tetracyclic), 
which are found in most crude oils. The ter
panes comprise several homologous series, 
including bicyclic, tricyclic, tetracyclic, and 
pentacyclic compounds. Hopanes are penta
cyclic triterpanes commonly containing 27 to 
35 carbon atoms in a naphthenic structure 
composed of four six-membered rings and one 
five-membered ring (Figure 3-1). Hopanes 
with the 17α(H), 21β(H)-configuration in the 
range of C27 to C35 are characteristic of petro
leum because of their large abundance and 
thermodynamic stability compared to other 
epimeric (ββ and βα) series. 

The four-ringed steranes are a class of 
biomarkers containing 21 to 30 carbons, 
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Figure 3-1 Molecular structures of example cyclic terpenoid compounds in oil. 
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including regular steranes, rearranged diaster
anes, and mono- and triaromatic steranes. 
Among them, the regular C27—C28—C29 homol
ogous sterane series (cholestane, ergostane, 
and stigmastane) are the most common ster
anes and are useful for chemical fingerprinting 
because of their high source specificity. These 
sterane homologue series do not contain an 
integral number of isoprene subunits, and thus 
only approximate the isoprene rule. However, 
they still show some terpenoid character and 
can be categorized into the corresponding 
cyclic terpenoid families. 

Aromatic steranes are another group of bio
marker compounds found in the oil aromatic 
hydrocarbon fraction. These compounds can 
also provide valuable information for forensic 
investigations on oil-to-oil correlation, differ
entiation, and source identification. The C-ring 
monoaromatic (MA) steranes are character
ized by a series of 20R and 20S C27—C28—C29 

5α- and 5β-cholestanes, ergostanes, and stig
mastanes. The ABC-ring triaromatic steranes 
are formed from aromatization of C-ring 
monoaromatic steranes involving the loss of a 
methyl group at the A/B ring junction. This 
fraction is composed mainly of C20 and C21, 
and C26—C27—C28 homologous triaromatic 
steranes. Examples of monoaromatic and 
triaromatic steranes are also shown in Figure 
3-1. As a summary, Table 3-1 lists important 
biomarker terpane, sterane, and aromatic 
sterane compounds, used frequently for foren
sic oil spill studies. 

3.2.2 Labeling and Nomenclature 
of Biomarkers 

The chemical structures of terpenoids are more 
complicated than that of normal alkanes and 
isoalkanes (Peters and Moldowan, 1993; 
Morrison et al., 1992; Wade, 2003). The system 
used for the nomenclature of terpenoids has 
evolved over many years. For many terpenoid 
classes, several names have been proposed 
for the carbon skeleton, but the basic rules of 
the IUPAC (International Union of Pure 
and Applied Chemistry) system are used for 

nomenclature of biomarkers. For example, 
the acyclic isoprenoids pristane (C19H40) 
and phytane (C20H42) are named as 2,6,10, 
14-tetramethylpentadecane and 2,6,10,14
tetramethylhexadecane, respectively. 

Cyclic triterpanes and steranes (Figure 3-1) 
are labeled according to the following rules 
(Peters and Moldowan, 1993; Wade, 2003): (1) 
each carbon atom and the rings in biomarker 
molecules are labeled systematically. Rings 
are specified in succession from left to right as 
the A-ring, B-ring, C-ring, D-ring, and so on. 
(2) A capital “C” followed immediately by a 
subscript number refers to the number of 
carbon atoms in a particular compound (e.g., 
C30 hopane and C27 sterane mean that they 
contain 30 and 27 carbon atoms, respectively). 
(3) A capital “C” followed by a dash and 
numbers refers to a particular position within 
the compound [e.g., C-17 and C-21 in the 
17α(H), 21β(H)-hopane is the carbon atoms at 
positions 17 and 21]. (4) Prefixes are used to 
indicate the changes to the normal biomarker 
carbon skeleton, which include the prefixes 
nor-, seco-, neo-, and others. Table 3-2 sum
marizes the nomenclature used to modify the 
structural specification of cyclic biomarkers. 
The prefix nor- is used to indicate loss of 
carbons from a carbon skeleton. For example, 
17α(H), 21β(H)-30-norhopane is identical to 
C30 17α(H), 21β(H)-hopane except that a 
methyl group at the C-30 position has been lost 
from its point of attachment at the C-22 posi
tion. Similarly, 25-norhopanes are identical to 
C30 hopane except that a methyl group (at 
C-25) has been removed from its point of 
attachment at the C-10 position. If two or three 
carbons are lost, the prefix “bisnor-” or 
“trisnor-” is used, respectively. Thus, 28-, 30
bisnorhopanes have two methyl groups (at 
C-28 and C-30) removed from their parent C30 

hopane. The prefix “seco-” is used to indicate 
cleavage of a bond, with the locants for both 
ends of the broken bond given, e.g., 3,4
secoeudesmane. The 17, 21-secohopane indi
cates that the bond between carbon number 17 
and 21 in the E-ring of C30 hopane has been 
broken, resulting in the formation of a new 
tetracyclic terpane. The prefix “homo-” is used 
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Table 3-1 Petroleum Biomarkers Frequently used for Forensic Oil Spill Studies 

Peak Compound Code Empirical formula Target ions 

Sesquiterpanes (Bicyclic terpanes) 
C14 sesquiterpanes C14H26 123, 179 
C15 sesquiterpanes C15H28 123, 193 
C16 sesquiterpanes C16H30 123, 193, 207 

Diamondoids 
Adamantanes C10H16, alkyl-C10H15 136, 135, 149, 

163, 177 
Diamantanes C14H20, alkyl-C14H19 188, 187, 201, 

215, 229 
Terpanes 

1 C19 tricyclic terpane TR19 C19H34 191 
2 C20 tricyclic terpane TR20 C20H36 191 
3 C21 tricyclic terpane TR21 C21H38 191 
4 C22 tricyclic terpane TR22 C22H40 191 
5 C23 tricyclic terpane TR23 C23H42 191 
6 C24 tricyclic terpane TR24 C24H44 191 
7 C25 tricyclic terpane (a) TR25A C25H46 191 
8 C25 tricyclic terpane (b) TR25B C25H46 191 
9 triplet: C24 tetracyclic terpane + C26 (S + R) tricyclic TET24 + TR26A + C24H42 + C26H48 191 

terpanes TR26B 
10 C28 tricyclic terpane (a) TR28A C28H52 191 
11 C28 tricyclic terpane (b) TR28B C28H52 191 
12 C29 tricyclic terpane (a) TR29A C29H54 191 
13 C29 tricyclic terpane (b) TR29B C29H54 191 
14 Ts: 18α(H),21β(H)-22,29,30-trisnorhopane Ts C27H46 191 
15 17α(H),18α(H),21β(H)-25,28,30-trisnorhopane TH27 C27H46 191, 177 
16 Tm: 17α(H),21β(H)-22,29,30-trisnorhopane Tm C27H46 191 
17 C30 tricyclic terpane 1 TR30A C30H56 191 
18 C30 tricyclic terpane 2 TR30B C30H56 191 
19 17α(H),18α(H),21β(H)-28,30-bisnorhopane H28 C28H48 191, 163 
20 17α(H),21β(H)-25-norhopane NOR25H C29H50 191, 177 
21 17α(H),21β(H)-30-norhopane H29 C29H50 191 
22 18α(H),21β(H)-30-norneohopane (C29Ts) C29Ts C29H50 191 
23 17α(H)-diahopane DH30 C30H52 191, 
24 17α(H),21β(H)-30-norhopane (normoretane) M29 C29H50 191 
25 18α(H) and 18β(H)-oleanane OL C30H52 191, 412 
26 17α(H),21β(H)-hopane H30 C30H52 191 
27 17α(H)-30-nor-29-homohopane NOR30H C30H52 191 
28 17β(H),21α(H)-hopane (moretane) M30 C30H52 191 
29 22S-17α(H),21β(H)-30-homohopane H31S C31H54 191 
30 22R-17α(H),21β(H)-30-homohopane H31R C31H54 191 
31 Gammacerane GAM C30H52 191, 412 
32 17β(H),21β(H)-hopane (IS) (Internal standard) 191 
33 22S-17α(H),21β(H)-30,31-bishomohopane H32S C32H56 191 
34 22R-17α(H),21β(H)-30,31-bishomohopane H32R C32H56 191 
35 22S-17α(H),21β(H)-30,31,32-trishomohopane H33S C33H58 191 
36 22R-17α(H),21β(H)-30,31,32-trishomohopane H33R C33H58 191 
37 22S-17α(H),21β(H)-30,31,32,33-tetrakishomohopane H314S C34H60 191 
38 22R-17α(H),21β(H)-30,31,32,33-tetrakishomohopane H34R C34H60 191 
39 22S-17α(H),21β(H)-30,31,32,33,34-pentakishomohopane H35S C35H62 191 
40 22R-17α(H),21β(H)-30,31,32,33,34-pentakishomohopane H35R C35H62 191 

Steranes 
41 C20 5α(H),14α(H),17α(H)-sterane S20 C20H34 217 & 218 
42 C21 5α(H),14β(H),17β(H)-sterane S21 C21H36 217 & 218 
43 C22 5α(H),14β(H),17β(H)-sterane S22 C22H38 217 & 218 
44 C27 20S-13β(H),17α(H)-diasterane DIA27S C27H48 217 & 218, 259 
45 C27 20R-13β(H),17α(H)-diasterane DIA27R C27H48 217 & 218, 259 
46 C27 20S-13α(H),17β(H)-diasterane DIA27S2 C27H48 217 & 218, 259 
47 C27 20R-13α(H),17β(H)-diasterane DIA27R2 C27H48 217 & 218, 259 
48 C28 20S-13β(H),17α(H)-diasterane DIA28S C28H50 217 & 218, 259 
49 C28 20R-13β(H),17α(H)-diasterane DIA28R C28H50 217 & 218, 259 
50 C29 20S-13β(H),17α(H)-diasterane DIA29S C29H52 217 & 218, 259 
51 C29 20R-13α(H),17β(H)-diasterane DIA29R C29H52 217 & 218, 259 
52 C27 20S-5α(H),14α(H),17α(H)-cholestane C27S C27H48 217 & 218 
53 C27 20R-5α(H),14β(H),17β(H)-cholestane C27ββR C27H48 217 & 218 
54 C27 20S-5α(H),14β(H),17β(H)-cholestane C27ββS C27H48 217 & 218 
55 C27 20R-5α(H),14α(H),17α(H)-cholestane C27R C27H48 217 & 218 
56 C28 20S-5α(H),14α(H),17α(H)-ergostane C28S C28H50 217 & 218 
57 C28 20R-5α(H),14β(H),17β(H)-ergostane C28ββR C28H50 217 & 218 
58 C28 20S-5α(H),14β(H),17β(H)-ergostane C28ββS C28H50 217 & 218 
59 C28 20R-5α(H),14α(H),17α(H)-ergostane C28R C28H50 217 & 218 
60 C29 20S-5α(H),14α(H),17α(H)-stigmastane C29S C29H52 217 & 218 
61 C29 20R-5α(H),14β(H),17β(H)-stigmastane C29ββR C29H52 217 & 218 
62 C29 20S-5α(H),14β(H),17β(H)-stigmastane C29ββS C29H52 217 & 218 
63 C29 20R-5α(H),14α(H),17α(H)-stigmastane C29R C29H52 217 & 218 
64 C30 steranes C30S C30H54 217 & 218 

Monoaromatic steranes 253 
Triaromatic steranes 231 
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Table 3-2 Common Modifiers and Nomenclatures Used to Modify the Structural Specification of Cyclic 
Biomarkers 

Modifier Description Example Biomarker 

homo- one additional carbon on the parent C31 17α(H),21β(H)-30-homohopane 
molecular structure 

bis-, tris-, tetrakis-, two to five additional carbons on the C32 17α,21β-30,31-bishomohopane 
pentakis- (also di-, parent molecular structure C33 17α,21β-30,31,32-trishomohopane 
tri-, tetra-, and C34 17α,21β-30,31,32,33-tetrakishomohopane 
penta-) C35 17α,21β-30,31,32,33,34-pentakishomohopane 

seco- cleaved C-C bond C24 17,21-secohopane (tetracyclic) 
nor- one less carbon on the parent molecular 25-norhopane 

structure 
bisnor- two less carbons on the parent molecular 28,30-bisnorhopane 

structure 
trisnor- three less carbons on the parent 25,28,30-trisnorhopane 

molecular structure 
neo- methyl group shifted from C-18 to C-17 C29Ts: 30-norneohopane 

position on hopanes 
α asymmetric carbon in ring with “H” 17α(H),21β(H)-hopane 

down 
β asymmetric carbon in ring with “H” up 17β(H),21β(H)-hopane 
R asymmetric carbon in acyclic moiety of C27 20R cholestane 

biomarkers obeying convention in a
 
clockwise direction
 

S asymmetric carbon in acyclic moiety of C27 20S cholestane 
biomarkers obeying convention in a 
clockwise direction 

* Modified from Peters and Moldowan (1993). 

to indicate addition of a carbon from the parent 
carbon skeleton, for example, 30-homo
hopanes are identical to C30 hopane except that 
a methyl group has been added at C-30 posi
tion. If two to five carbons are added on the 
parent molecular structure, the prefixes “bis-”, 
“tris-”, “tetrakis-”, and “pentakis-” are used, 
respectively. For more information on com
pound-naming protocols, see Appendix IV 
in the current Chemical Abstract Index 
Guide (CAS, 2002). Chemical Abstract uses 
these prefixes extensively for classes of 
terpenoids. 

3.2.2.1 Stereoisomers 

Isomers are different compounds that have the 
same molecular formula but the atoms are 
attached in different ways. There are two 
classes of isomers (Figure 3-2): (1) constitu
tional isomers and (2) stereoisomers. Consti

tutional isomers (or structural isomers) differ 
in their bonding sequence, and their atoms are 
connected differently and the number of con
stitutional isomers increases dramatically with 
the increase of carbon atoms in each com
pound. For example, there are two constitu
tional isomers of butane (C4H10: n-butane and 
isobutane), three isomers of pentane (C5H12: 
n-pentane, isopentane, and neopentane), re
spectively, five isomers of hexane, 18 isomers 
of octane, 75 possible isomers of decane, and 
355 possible isomers of eicosane (C20H42), 
respectively. 

Stereoisomers are isomers whose atoms are 
bonded together in the same sequence but 
differ from each other in the orientation of the 
atoms in space. Stereoisomers that are mirror 
images of each other (i.e., differing in the same 
manner as right and left hands) are called 
enantiomers; while all other stereoisomers, 
which are not mirror images, are diaste
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All isomers 

Constitutional isomers Stereoisomers 
(structural isomers) 

Diastereomers Enantiomers 
(not mirror-images (mirror-image isomers) 

of each other) 

Cis-trans isomers Other diastereomers 
(geometric isomers) (two or more chirality centers) 

Figure 3-2 Types of isomers. 

reomers. The cis-trans geometric isomers (such 
as cis- and trans-1,2-dimethylcyclopentane) 
are special types of diastereomers. Enantiomer 
molecules are not superimposable. Many pairs 
of biomarkers with the same molecular 
formula (such as 22R and 22S homohopane 
homologous series in C31 to C35 range) are 
enantiomers. Differences in special orientation 
might seem unimportant, but stereoisomers 
often have remarkably different physical, 
chemical, and biological properties. 

3.2.2.2 Asymmetric (or Chiral) Carbons 
and a and b Stereoisomers 

A carbon atom bonded to four different groups 
is called asymmetric carbon or a chiral carbon 
atom and is often designed by a *. For 
example, the possible chiral centers for ster
anes are at C-5, C-14, C-17, C-20, and C-24 
(for C28 and C29 steranes). 

As described in Table 3-2, hydrogen atoms 
attached to an asymmetric or chiral carbon in 
a ring structure and are below the plane of the 
molecule are called α hydrogens, and the bond 
is drawn with a dashed line and designated 
as having the α-configuration. Conversely, 
hydrogen atoms located above the plane of the 
molecule are called β hydrogens, and the bond 
is drawn with a wedge bond and designated as 
having β-configuration. In many common ring 
systems the α hydrogen atoms found at ring 
junctions are generally omitted for clarity. For 
example, in 17α(H), 21β(H)-hopane (C30H52, 

Figure 3-1) the hydrogens at carbon numbers 
17 and 21 are down and up; while in 5α(H), 
14β(H), 17β(H)-cholestane (C27H48, Figure 
3-1) the hydrogens attached to carbon numbers 
5, 14, and 17 are down, up, and up. 

Previously, hopanes were considered to 
exist as three stereoisomers: 17α(H), 21β(H)
hopane, 17β(H), 21β(H)-hopane, and 17β(H), 
21α(H)-hopane (Peters and Moldowan, 1993; 
Waples and Machihara, 1991). Hopanes in the 
βα series are also called moretanes. Hopanes 
with the αβ-configuration in the range of C27 

to C35 are characteristic of petroleum because 
of their greater thermodynamic stability com
pared to other epimeric series (ββ and βα). 
Hopanoids produced by living organisms have 
generally a ββ-configuration. With increasing 
maturity the thermodynamically less stable 
ββ-hopanes are lost or converted to αβ- and 
βα-hopanes. The ββ series are, generally, not 
found in petroleum because it is thermally 
unstable. It was considered that the αα series 
were not natural products, and it is unlikely 
that they occur in more than trace levels in 
petroleum. However, mechanics calculations 
have shown that the αα-hopanes should be 
less stable than αβ- and βα-hopanes, but more 
stable than ββ-hopanes. Recently, Nytoft and 
Bojesen-Koefoed (2001) found that moderate 
quantities of 17α(H), 21α(H)-hopanes are 
present in several sediments and oils. The 
ratios of C30 17α(H), 21α(H)-hopane to 
C30 17α(H), 21β(H)-hopane are typically 
0.02–0.04 in crude oils and mature sediments, 

http:0.02�0.04
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but ratios up to 0.10 have been found in imma
ture sediments. 

3.2.2.3 R and S Stereoisomers of 
Cyclic Biomarkers 

Since chiral molecules are not superimposable 
on their mirror images, chirality is a necessary 
and sufficient condition for existence of 
enantiomers. Thus, a compound with at least 
one chiral carbon atom can exist as 
enantiomers, whereas a compound without 
chirality cannot exist as enantiomers. The 
Cahn–Ingold–Prelog convention procedure 
proposed by R. S. Cahn, C. Ingold, and V. 
Prelog (Cahn et al., 1966) is the most widely 
accepted system for naming the configurations 
(the arrangement of atoms that characterizes a 
particular stereoisomer of chiral centers). Each 
asymmetric carbon atom is assigned a letter 
(R) or (S) based on its three-dimensional con
figuration. To determine the stereoisomeric (R 
or S) configuration, two steps are involved: (1) 
following the sequence rules (Cahn et al., 
1966), the sequence of priority is assigned to 
the four atoms or groups of atoms bonded to 
the asymmetric carbon atom. In the case of 
bromochloroiodomethane (CHClBrI), the four 
atoms attached to the chiral center are all dif
ferent and priority depends on the atomic 
number, the atom of higher number having 
higher priority, thus, the sequence of priority 
is I, Br, Cl, H. (2) The molecule is oriented so 
that the group of lowest priority is directed 
away from the viewer. Subsequently, the 
remaining groups are arranged. If proceeding 
the remaining groups in a clockwise direction, 
that is, from the group of the highest priority 
to the group of second priority and then to the 
third, the configuration is specified R (Latin: 
rectus, meaning right); if counterclockwise, 
the configuration is specified S (Latin: sinister, 
meaning left). Thus, the compound CHClBrI 
has two stereoisomers and specified as the R 
and S enantiomers (their mirror images are 
nonsuperimposable), respectively. 

For cyclic biomarkers, the use of R and S 
nomenclature is generally restricted to carbon 
atoms that are not part of a ring, while the 
use of α versus β nomenclature is used to 

describe asymmetric configurations at ring 
carbons. The steranes including the ones 
most abundant in oils: cholestanes (C27H48), 
ergostanes (C28H50), stigmastanes (C29H52) can 
have R- and S-configuration at the acyclic 
(chain position) carbon atom C-20, resulting in 
two homologue series with 20R (20R ααα and 
20R αββ) and 20S (20S ααα and 20S αββ) 
configurations. Hopanes with 30 carbons or 
less show asymmetric centers at C-21 and all 
ring-juncture carbons including C-5, C-8, C-9, 
C-10, C-13, C-14, C-17, and C-18. Common 
homohopanes (C31 to C35) have an extended 
side chain with an additional asymmetric 
center at C-22, resulting in two homologues 
with 22R and 22S configurations. These two 
homologous homohopanes (22R and 22S) can 
be well separated by GC-MS as well-resolved 
double peaks, prominent in gas chromato
grams. The R and S and α versus β desig
nations are a useful means of describing 
the relative configuration of biomarker com
pounds. It should, however, be noted that these 
designations are determined strictly on the 
basis of the convention as described by Cahn 
et al. (1966) without reference to optical 
rotation. 

3.2.3 Analysis Methods for Biomarker 
Fingerprinting 

In the last two decades, a wide variety of 
instrumental techniques have been developed 
and used for fingerprinting petroleum hydro
carbons including biomarkers (Wang et al., 
1994a, 1995a; ETC Method, 2002; Wang and 
Fingas, 2003; Uhler et al., 1998–1999; Stout 
et al., 2002; Dimandja, 2004; Gains et al., 
1999; Reddy et al., 2002; Frysinger et al., 
2003). A variety of diagnostic ratios, especially 
ratios of PAH and biomarker compounds, for 
interpreting chemical data from oil spills have 
been proposed (Wang et al., 1999a; Stout et al., 
2001, 2002; Daling et al., 2002). Many EPA 
and ASTM methods have been modified (such 
as the modified EPA Method 8015, 8260, 8270; 
and the modified ASTM Methods D3328, 
D5037, and D5739) in recent years to allow 
flexibility in the deployment of the “standard” 
analytical methods and to improve specificity 
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Approximately 0.800 g of oil, made up to 10 mL in 
hexane (~80 mg/mL) 

200 µL oil solution 

Spike with deuterated surrogates 

Clean-up and fractionation in 3 g silica gel column 

F1 (saturates) F2 (aromatics) 

F3 (combined ½ F1 and ½ F2) 

Concentrate under N2 Concentrate under N2 Concentrate under N2 
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isoprenoids (m/z 
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analysis (m/z 
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GC/MS (SIM) 
EPA priority 
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GC/MS (SIM) 
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fluorene and 
chrysene 

GC/MS 
(SIM) 

Mono- & tri
aromatic 

steranes (m/z 
253, 231) 

½ ½ ½ ½ 

Figure 3-3 Oil sample preparation flowchart. 

and sensitivity for measuring spilled oil and 
petroleum products in soil and water. As an 
example, Figure 3-3 shows a flowchart of 
sample preparation procedures used by the 
Environment Canada Oil Spill Research Lab
oratory. Table 3-3 summarizes the surrogate 
and internal standard compounds used for oil 
and biomarker fingerprinting at the same lab. 

Silica gel is used frequently for cleanup 
and fractionation of oil extracts. The column 
cleanup procedure used by the Environment 
Canada Oil Research Laboratory is the fol
lowing: a chromatographic column with a 
Teflon stopcock (200 × 10.5 mm i.d.) is 
plugged with Pyrex glass wool at the bottom, 

serially rinsed with methanol, hexane, and 
dichrolomethane, and allowed to dry. The 
column is dry-packed with 3 g of activated 
silica gel and topped with about 1-cm anhy
drous granular sodium sulfate. Columns are 
then preconditioned using 20 mL of hexane. 
Just prior to exposure of the sodium sulfate 
layer to air, appropriate volumes of the oil 
solutions or concentrated oil extracts are trans
ferred quantitatively to the column (Wang 
et al., 1994a; ETC Method, 2002). Saturated 
hydrocarbons are eluted with 12 mL of hexane 
(Fraction 1, labeled F1). Aromatic hydro
carbons are eluted with 15 mL of hexane : 
dichloromethane (v/v, 1 : 1, Fraction 2, labeled 
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Table 3-3 Surrogate and Internal Standard Used for Oil and Biomarker Fingerprinting 

Compounds Chemical Names Target Ions (m/z) 

Surrogates o-terphenyl (for TPH determination by GC/FID) 
mixture of d10-acenaphthalene, d10-phenanthrene, d12-benz[a]anthracene, 164, 188, 240, 264 

and d12-perylene 
Internal standards 5-α-androstane (for TPH determination by GC/FID) 

d14-terphenyl (for quantitation of PAHs) 244 
C30 ββ-hopane (for quantitation of terpanes and steranes) 191 
d3-monoaromatic steranes [5α(H)/5β(H), C21H27D3] (for quantitation 285 

of mono- and tri-aromatic steranes) 
d18-decahydronaphthalene (cis-) (for quantitation of sesquiterpanes) 156 
d16-adamantane (for quantitation of diamondoids) 152 

F2). Saturated biomarkers are eluted with 
other saturates in F1. Aromatic steranes are 
eluted in the aromatic fraction, F2. Polar 
compounds are eluted with 15 mL of methanol 
(labeled F4). For each sample, half of F1 is 
used for analysis of the total GC-detectable 
saturates, n-alkanes and isoprenoids, and bio
marker compounds; and half of F2 is used for 
analysis of alkylated PAH homologues and 
other EPA priority parent PAHs, and aromatic 
steranes. The remaining halves of the F1 and 
F2 are combined into one fraction (Fraction 3, 
labeled F3) and used for the determination 
of TPH and UCM. The three fractions are 
concentrated under a stream of nitrogen to 
appropriate volumes, spiked with appropriate 
internal standards, and then adjusted to an 
accurate pre-injection volume (1.00 mL) for 
GC-FID and GC-MS analyses. 

In accordance of the quality assurance (QA) 
and quality-control (QC) programs (Page et 
al., 1995; Douglas et al., 2004; Wang et al., 
1999a; Stout et al., 2002; Faksness et al., 2002; 
EPA, 1997, 1998a, 1998b, 2001; ASTM, 
1997a, 1997b), the GC-MS must be calibrated 
using the terpane standards prior to quantifica
tion of the biomarkers in oil. In the Environ
ment Canada Oil Research Laboratory the 
terpane standards (Table 3-3) include C27 

17α(H)-22,29,30-trisnorhopane, C29 17β(H), 
21α(H)-30-norhopane, and C30 17β(H), 
21α(H)-hopane. The sterane standards include 
C21 5β(H)-pregnane, C22 20-methyl-5α(H)
pregnane, and the series of C27, C28, and C29 

steranes. The C30 17β(H), 21β(H)-hopane is 

used as the internal standard for quantification 
of tri- to pentacylic biomarkers. The response 
factors (RRF) are determined relative to the 
internal standard C30 17β(H), 21β(H)-hopane. 
In most cases, the average RRF for C30 17β(H), 
21α(H)-hopane at m/z 191 are used for quan
tification of C30 17α(H), 21β(H)-hopane, and 
other terpanes (in the range of C19 to C35). 
For steranes, the average RRF of C29 20R
ααα-ethylcholestane at m/z 217 relative to 
the internal standard are used to calculate the 
concentrations of sterane compounds. The 
deuterated d3 monoaromatic steranes [5α(H)/ 
5β(H), C21H27D3] are used as internal standards 
for quantification of monoaromatic and triaro
matic steranes. Certified sesquiterpane stan
dards are not commercially available. The 
average response factors of cis-decahydro
naphthalene (C10H18, m/z 138) and 1-methyl
decaline (C11H20, m/z 152), which have similar 
molecular structures to those of the sesquiter
panes, relative to the internal standard cis
decahydronaphthalene-d18 (m/z 156) were used 
for quantitation of sesquiterpanes. The d16 
adamantane is used as the internal standard for 
quantification of diamondoid compounds. 

3.2.4 Capillary Gas Chromatography — 
Mass Spectrometry (GC-MS) 

GC-MS is the principal instrument used for 
characterizing biomarkers. Early use of mass 
chromatograms in organic geochemistry was 
pioneered at Chevron and led to a stereo-
chemical understanding of steroids and the 
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first practical method of oil fingerprinting 
based on terpanes and steranes (Seifert, 1977). 
Today, computerized GC-MS (e.g., benchtop 
quadrupole GC-MS, high-resolution GC-MS, 
GC-ion trap MS, and GC-MS-MS) has 
become the routine technique used in most 
oil and environmental forensics laboratories 
to analyze a wide range of petroleum 
hydrocarbons. 

3.2.4.1 Benchtop Quadrupole GC-MS 

The quadrupole is the most common mass 
separator in use today. The benchtop quadru
pole GC-MS systems, although lacking the 
high-resolution capabilities of larger and 
more expensive magnetic-sector instruments, 
have sufficient sensitivity and selectivity for 
most purposes of biomarker analysis. Most 
benchtop GC-MS use a quadrupole mass 
filter to separate ions produced from gaseous 
neutral molecules or species in the ionization 
chamber. In a high vacuum, ions pass down the 
lengths of four parallel metal rods to which are 
applied both a constant voltage and a radio-
frequency oscillating voltage. The electric field 
deflects ions in complex trajectories as they 
migrate from the ionization chamber toward 
the detector, allowing only ions with one par
ticular mass-to-charge (m/z) ratio to reach 
the detector at any instant. Other nonresonant 
ions collide with the rods and are lost before 
they reach the detector. By rapidly varying the 
applied voltages, ions of different masses are 
selected to reach the detector. A wide range of 
masses can be recorded in less than 1 second. 
In this way many mass spectra are taken and 
stored on a computer as the components of the 
sample pass from the chromatographic column 
into the mass spectrometer. Benchtop quadru
pole GC-MS can be operated in various modes 
including (full) scan and selected ion monitor
ing (SIM). 

3.2.4.1.1 Scan Mode. In scan mode, some
times called full scan mode, the mass spec
trometer is used to scan (that is, to measure) 
the entire range of ions generated in the ion 
source. As the MS detector scans through a 

predefined mass range (e.g., 50–700 amu), a 
mass spectrum is generated. Full scan records 
hundreds of ions per scan (typically, greater 
than 500 ions per scan are recorded in 3 
seconds; the larger the mass range, the fewer 
scans per second), but with lower sensitivity 
due to shorter dwell time in comparison with 
the SIM mode. Each peak that elutes from the 
GC yields a particular distribution of fragment 
ion masses. Among these ions generated from 
the scan, there are always several ions being 
the most characteristic and diagnostic of the 
molecule or the compound type, and the most 
abundant ion in the mass spectrum is called the 
base peak. The magnitude of the total ion 
current for all mass spectra in an oil sample is 
generally plotted versus the GC retention time 
on a total ion chromatogram (TIC) to show a 
series of peaks that represent relative amounts 
of components in the sample. Identification 
and characterization of petroleum hydrocar
bons are largely based on the full mass spec
tral data for structural elucidation, comparison 
of GC retention data with that of reference 
standards, recognition of distribution pattern, 
calculation of retention indexes (RI), and com
parison with literature RI values. 

3.2.4.1.2 Selected Ion Monitoring (SIM) 
Mode. In the SIM mode, only a limited 
number of characteristic ions (for example, the 
base peaks 191, 217, and 218, and those m/z 
values diagnostic for molecule structural elu
cidation for target terpanes and steranes) are 
monitored. For quantification of individual 
target compounds, the SIM mode is used most 
frequently, since it shows several advantages 
in comparison to the scan mode: (1) SIM only 
records a few selected m/z per scan, resulting 
in a much longer dwell time for each moni
tored ion (usually between 25 and 100 mil
liseconds, depending on the number of m/z 
selected) than in the scan mode; (2) method 
detection limits for target analytes are gener
ally lower by almost an order of magnitude 
than those produced by the full scan GC-MS; 
(3) the use of the SIM mode is often less noisy 
and the linear quantification range is increased 
for trace analytes. As examples, the following 
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briefly describe the analytical GC-MS condi
tions used by the Environment Canada Oil Spill 
Research Lab and Petrobras Geochemistry 
Laboratory (Barbanti, 2004), respectively. 

3.2.4.1.3 Example Benchtop GC-MS 
Conditions (EC Oil Spill Research Labora
tory). Analyses of biomarkers are performed 
on an Agilent 6890 GC coupled with an 
Agilent 5973 mass selective detector (MSD). 
System control and data acquisitions are 
achieved with the Agilent G1701 BA MSD 
ChemStation. A 30 m × 0.25 mm i.d. (0.25-µm 
film thickness) HP-5MS fused-silica capillary 
column is used. The chromatographic condi
tions are as follows: carrier gas, helium 
(1.0 mL/min); injection mode, splitless; injec
tor and detector temperature, 280 and 300°C, 
respectively. The temperature program 
employed for biomarkers and alkylated PAHs 
is 50°C hold for 2 min, then ramp at 6°C/min 
to 300°C and hold for 20 minutes. Prior to 
sample analysis, the GC-MS is tuned with 
perfluorotributylamine (PFTBA). The total run 
time is 60 minutes. 

3.2.4.1.4 Example Benchtop GC-MS 
Conditions (Petrobras Geochemistry Labo
ratory). A 60  m  × 0.25 mm i.d. (0.25-µm film 
thickness) HP-5MS or equivalent 60-m capil
lary column is used to achieve improved reso
lution for biomarkers (Barbanti, 2004). The 
temperature program is as follows: 55°C hold 
for 2 min, ramp at 20°C/min to 150°C and then 
1.5°C to 310°C and hold for 15 minutes. The 
total run time is 128 minutes. 

The 30-m capillary column is used in many 
environmental forensic labs for most oil spill 
work. However, the 60-m capillary column 
with a slow temperature rate and longer 
running time offers further improved resolu
tion for some paired biomarker isomers, which 
may not be well resolved by the use of a 
30-m column. 

3.2.4.2 Triple Quadrupole GC-MS-MS 

The combination of two or more MS analyz
ers, commonly known as MS-MS or tandem 
mass spectrometry, is a highly specific means 

of separating mixtures and studying molecular 
fragments. In the first MS, one ion is isolated 
and subsequently in the second MS, reactions 
of that ion are studied further. GC-MS-MS 
includes linked and de-linked double focusing 
and triple quadrupole mass spectrometry. 
Triple quadrupole mass spectrometers are the 
most common type of tandem mass spec
trometers. The first (or parent) and the third (or 
daughter) quadrupole are MS-1 and MS-2, 
whereas the second quadrupole in the middle 
acts as the collision cell. In the collision cell, 
the transmitted ions formed in the ion source 
and selected by or passed through MS-1 
undergo low-energy collision with an inert gas 
such as argon. The fragment ions or daughter 
ions formed in the collision cell are selectively 
monitored by the daughter quadrupole and 
recorded using an electron multiplier. Because 
of the use of three linked quadrupoles, triple 
quadrupole mass spectrometry allows deter
mination of specific parent–daughter 
relationships with less interference from other 
reactions and their related ions and, therefore, 
increases signal-to-noise ratios and offers 
improved selectivity for biomarker analysis. 
Triple quadrupole mass spectrometers can 
be operated in three GC-MS-MS modes 
(Linscheid, 2001): (1) precursor (parent) ion 
scan mode; (2) product (daughter) ion scan 
mode; and (3) neutral loss scan mode. 

In the precursor (parent) ion scan mode, the 
first quadrupole is scanned and only one or 
more product ions (daughter ions) are selected 
and recorded. For example, parent ions of the 
C30—C35 hopanes consist of 412, 426, 440, 
454, 468, and 482, respectively. Each of these 
parent ions produces a major daughter ion at 
m/z 191 following collision with the inert gas 
in the collision cell. By the same mechanism, 
parent ions of common sterane homologous 
compounds (C27—C28—C29—C30 steranes) 
produce major daughter ions at m/z 217 and 
218. Both parent and daughter ions can be 
selectively monitored to improve signal-to
noise ratio. In comparison with the routine 
benchtop GC-MS, the GC-MS-MS technique 
offers a significant refinement for biomarker 
separation. For example, monitoring the frag
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ment ions at m/z 217 by benchtop GC-MS 
in SIM mode provides a single mass chro
matogram for all steranes (from C27 to C30) 
in an oil sample, many of which co-elute. 
However, by specifying parent and daughter 
ions (such as from m/z 386 to m/z 217 for C28 

steranes), triple quadrupole GC-MS-MS can 
provide nearly complete separation of an indi
vidual sterane family by carbon number. This 
approach has been successfully used for iden
tification of a biomarker and a biomarker 
family, product screening, and distribution 
pattern recognition of biomarkers. 

In the product (daughter) ion scan mode, 
only one precursor (parent) ion is selected and 
enters the collision cell. The second MS ana
lyzer scans for all product (daughter) ions pro
duced in the collision cell. This type of scan is 
often used to analyze the fragmentation pattern 
of a component with specific molecular weight 
in a complex mixture without interference 
from any co-eluting compound of different 
molecular mass. 

In the neutral loss scan mode, both analyz
ers are scanned with the selected mass differ
ence, and for reaction monitoring only one 
precursor and one product ion species are 
permitted to travel through MS-1 and MS-2, 
respectively. This approach can be particu
larly useful in the search for specific com
pounds derived from a certain precursor 
compound. 

3.2.5 Mass Spectra and Identification 
of Biomarkers 

Mass spectra produced by GC-MS are one of 
the most valuable tools for identification of 
unknown compounds. In addition to mo
lecular formula, the mass spectrum provides 
structural information of a given molecule. An 
electron with typical energy of 70 eV (1610 
kcal/mol or 6740 kJ/mol) has far more energy 
than needed to ionize a molecule. Much work 
on the isolation and identification of individ
ual biomarker components in oils and sedi
ment extracts has been done by petroleum 
geochemists. The Chevron Biomarker Labora
tory developed a coinjection and mass spectra 

matching technique, in combination with 
other analytical techniques, for provisional 
identification of unknown biomarker com
pounds (Peters and Moldowan, 1993). 

As an example, Figure 3-4 shows mass 
spectra for several common petroleum bio
markers used in environmental forensic 
studies. These figures show that common fea
tures of the mass spectra of terpanes, steranes, 
monoaromatic steranes, and triaromatic ster
anes: a large parent ion (M+), an important 
parent minus a methyl ion (M+ − 15), and a 
base peak at m/z 191, 217 and 218, 253, and 
231, respectively. C30 17β(H), 21β(H)-hopane 
has, for example, a characteristic parent ion, 
parent minus methyl ion, and base peak at 412, 
397, and 191, respectively. C27 20R ααα
cholastane has a characteristic parent ion, 
parent minus methyl ion, and base peak at 
372, 357, and 217, respectively; while C27 20R 
αββ-cholastane has a characteristic parent ion, 
parent minus methyl ion, sterane-characteristic 
ion, and base peak at 372, 357, 217, and 218, 
respectively. Adamantane, which is very stable 
under typical electron impact ionization con
ditions, has both its base peak and parent ion 
at m/z 136. 

The m/z 191 fragment is often the base peak 
of mass spectra of cyclic terpanes. It is derived 
from rings (A+B) of the molecule, but rings 
(D+E) may also be the source. The m/z 177 
fragment is most likely derived from rings 
(A+B) of triterpane molecules that have lost a 
methyl group from position 10, that is, 25
norhopanes (Volkman et al., 1983a, 1983b; 
Grahl-Nielsen and Lygre, 1990). The notable 
feature of mass spectra for 25-demethylated 
hopanes is that the m/z 177 fragment has 
higher intensity than the m/z 191 fragment. 
Demethylated triterpanes contain different 
information than the triterpanes and have been 
suggested as markers for biodegradation 
(Volkman et al., 1983a). The other triterpanes 
do also give the m/z 177 fragment upon elec
tron impact in the mass spectrometer, but in 
lower abundance than the m/z 191 fragment. 
The fragment is formed by the loss of CH2 

from the m/z 191 fragment and can be seen in 
all mass spectra of triterpanes. The biomarker 
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Figure 3-4 Mass spectra of some common biomarkers used in environmental forensic studies. 
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Figure 3-4, continued 
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ion minus a methyl ion, and a base peak at m/z 
217 can be determined from the peak ratio 
at m/z 149 to m/z 151. If the ratio of the m/z 
149 ion to the m/z 151 ion is greater than 1, it 
is 5α-sterane; otherwise, it is 5β-sterane. 

The SIM chromatogram of one ion of given 
m/z with the GC retention time is often diag
nostic of a class of homologous compounds 
with similar structures but different carbon 
numbers and isomerism and can be used for 
identification. As an example, Figure 3-5 
shows the SIM chromatograms for common 
biomarker classes (terpanes at 191 and ster
anes at 217) in a Kuwait crude oil obtained by 
using a 60-m column (Barbanti, 2004). Thirty-
eight terpanes from C19 tricyclic terpane to C35 

homohopanes (m/z 191) and 19 steranes from 
C21 to C29 steranes (m/z 217) in total have been 
unambiguously identified and characterized in 
this Kuwait oil (refer to Table 3-1 for peak 
identity). Paired biomarker isomers (H29 and 
C29Ts, H30 and NOR30H) and triplet (TET24 
+ TR26A + TR26B) are well resolved. Less 
abundant C30 steranes can be clearly recog
nized as well. 

Identification of Vegetation Biomarkers. In 
addition to petroleum biomarkers, oil-contam
inated sediment samples may contain modern 
plant biomarker compounds that represent 
oxygenated or unsaturated equivalents of 
biomarkers found in oil. Identification of these 
biogenic biomarkers of sediment extracts can 
often provide valuable information about the 
nature and source of samples. For example, 
in the Nipisi spill study (Wang et al., 1998a), 
three unknown vegetation biomarker com
pounds with significant abundances were 
detected. They were positively identified as 
12-oleanene (C30H50, MW = 410.7, RT = 
42.27 min), 12-ursene (C30H50, MW = 410.7, 
RT = 42.74 min), and 3-friedelene (C30H50, 
MW = 410.7, RT = 44.26 min). Formation of 
a six-membered ring E from the baccharane 
precursor leads to the oleanane group. Olean
anes and their derivatives form the largest 
group of triterpenoids and occur widely in the 
plant kingdom (Connolly and Hill, 1991). The 
friedelene-type triterpenoids arise by increas

ing degrees of backbone rearrangement of the 
oleanene skeleton. Methyl migration in ring E 
of the oleanene precursor leads to the ursene 
skeleton (Connolly and Hill, 1991). 

3.3 Fingerprinting Petroleum 
Biomarkers 

Characterization of n-alkanes is achieved 
using GC-FID and GC-MS at m/z 85, 71, and 
57, while characterization of major biomarker 
groups is achieved using GC-MS at their diag
nostic fragment ions (Table 3-4). Various bio
markers occur in different carbon ranges of 
crude oils (Figure 3-6). 

3.3.1 Biomarkers in Crude Oils 

Depending on the oil sources and the geolog
ical migration conditions, crude oils can have 
(1) large differences in distribution patterns of 
the n-alkane and cyclic-alkanes as well as 
UCM profiles, (2) significantly different rela
tive ratios of isoprenoids to normal alkanes, 
and (3) large differences in distribution pat
terns and concentrations of alkylated PAH 
homologues and biomarkers. For many oils, 
their GC-MS chromatograms of terpanes at 
m/z 191 are characterized by the terpane dis
tribution in a wide range from C19 to C35 often 
with C29 αβ- and C30 αβ-pentacyclic hopanes 
and C23 and C24 tricyclic terpanes being often 
the most abundant. As for steranes (at m/z 217 
and 218), the dominance of C27, C28, and C29 

20S/20R homologues, particularly the epimers 
of αββ-steranes, among the C20 to C30 steranes 
is often apparent. As examples, Figures 3-7 
and 3-8 show GC-MS chromatograms at m/z 
191, 217, and 218 for five light (API >35) to 
medium (API: 25–35) crude oils. For compar
ison, Figures 3-9 and 3-10 present biomarker 
fingerprints for five heavy oils including 
California API 15, Sockeye and Platform Elly 
from California, and Boscan and Orinoco from 
Venezuela. Table 3-5 summarizes the quantifi
cation results of major target biomarkers in 
these light, medium, and heavy oils. 

In addition to composition, the concentra
tions of biomarkers can vary widely with the 
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Figure 3-5 The SIM chromatograms at m/z (a) 191 and (b) 217 of a Kuwait crude oil for common terpane and sterane 
biomarker classes. 
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Table 3-4 Characteristic Fragment Ions for Various Biomarkers 

Biomarkers Diagnostic Fragment Ions 

Acyclic terpenoids 
alkyl-cyclohexanes 83 
methyl-alkyl-cyclohexanes 97 
isoprenoids 113, 127, 183, M+ 

Cyclic terpenoids 
sesquiterpanes with drimane structure 123 
adamantanes 135, 136, 149, 163, 177, 191 
diamantanes 187, 201, 215, 229 
tri-, tetra-, penta-cyclic terpanes 191, M+ 

25-norhopanes 177, 191 
28, 30-bisnorhopanes 163, 191 
steranes 217, 218 
5α(H)-steranes 149, 217, 218 
5β(H)-steranes 151, 217, 218 
diasteranes 217, 218, 259 
methyl-steranes 217, 218, 231, 232 

Aromatic steranes 
monoaromatic steranes 253, 267 
triaromatic steranes 231, 245 

type of depositional environment (noxic/ 
anoxic, freshwater/marine/hypersaline), type 
of organic matter (e.g., terrigenous origin or 
marine origin), maturity and biodegradation as 
well (see Chapter 1 herein). For a given type 
of organic material, the biomarker concentra
tions generally decrease with increasing 
thermal maturity. Very light oils or conden
sates (e.g., the Scotia Light) typically contain 
low concentrations of detectable biomarkers. 
In most cases, characterization of biomarkers 
should include determination of both absolute 
concentrations and relative fingerprinting dis
tributions, and should not be just measuring 
peak ratio alone. This is important because it 
is possible to have a situation where a source 
might have a similar biomarker ratio but very 
different actual amounts of biomarkers. Quan
titative determination of biomarkers is also 
critical in oil spill studies involving recogni
tion and/or allocation of mixtures of different 
oils (e.g., see Chapter 8). 

Figures 3-7 to 3-10 and Table 3-5 qualita
tively and quantitatively demonstrate differ
ences in biomarker distributions between 10 
oils. Different from most crude oils, the Scotia 
Light (API = 59) only contains trace amounts 

of biomarkers [the total concentration of target 
biomarkers (i.e., terpanes and steranes) is only 
29 µg/g oil], far lower than the corresponding 
values for other crude oils. The Alaska North 
Slope (ANS) oil contains a wide range of 
terpanes from C20 tricyclic terpane to C35 pen
tacyclic terpanes with the C30 αβ hopane as the 
most abundant, followed by C29 αβ hopane. 
The triplet C24 tetracyclic + C26 (S + R) tri
cyclic terpanes are highly abundant as well. In 
contrast, the Arabian Light, South Louisiana, 
and Troll oils have terpanes largely located in 
the C27 to C35 pentacyclic hopane range, and 
only contain small amounts of C20 to C24 tri
cyclic terpanes. In addition, the abundance of 
C29 αβ hopane is higher than that of C30 αβ 
hopane in Arabian Light crude oil. The ster
anes are present in all five light to medium 
crude oils but with different distribution pat
terns. The characteristic V-shaped C27—C28 — 
C29 regular αββ sterane (m/z 218) distribution 
is clearly demonstrated, which indicates high 
thermal maturity. The relative abundances of 
C27—C28—C29 steranes in oils reflect the 
carbon number distribution of the sterols in the 
precursor organic matter in the source rocks 
for these oils. In general, a dominance of 
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Figure 3-6 Carbon range of common cyclic biomarker classes in crude oil and petroleum products. 

C27 over C29 steranes specifies marine algae amounts of diasteranes as well as C21 and C22 

organic matter input, while a predominance of regular steranes. By contrast, the Arabian 
C29 steranes over C27 steranes may indicate a Light has much lower concentrations of ster
preferential higher plant input (Peters and anes in total (the total of C27—C28—C29 αββ 
Moldowan, 1993; Gürgey, 2002). The ANS, steranes is only 110 µg/g oil) but displays 
South Louisiana, and Troll oils contain higher significantly higher concentration of C29 αββ 
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Figure 3-7 GC-FID (left panel) and GC-MS (at m/z 191, right panel) chromatograms of five different oils (light to 
medium) to illustrate differences in the n-alkane and tri-, tetra-, and pentacyclic terpane distributions between oils. 
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Figure 3-8 GC-MS chromatograms at m/z 217 and 218 for five different oils (light to medium) to illustrate differences 
in sterane distributions between oils. 
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Figure 3-9 GC-FID (left panel) and GC-MS (at m/z 191, right panel) chromatograms of five heavy oils from different 
regions. 
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Figure 3-10 GC-MS chromatograms at m/z 217 and 218 of five heavy oils from different regions. 



C
h
0
0
3
-
P
3
6
9
5
2
3
.
q
x
d
  4

/
1
1
/
0
6
  5

:
3
1
 P
M
  P

a
g
e
 9
8

Table 3-5 Quantitation results of Major Target Biomarkers in Example Crude Oils and Petroleum Products 

Oil Samples Scotia South Alaska Arabian Troll California Sockeye Platform Used Air Valvoline 
Light Louisiana North Light (API = 11) Elly Compressor 10W-30 

Slope Oil Motor Oil 

Biomarker compounds (mg/g oil) 
C21 0.00 9.43 18.7 4.47 7.81 22.5 19.1 20.1 17.1 11.6 
C22 0.00 3.53 8.65 4.73 2.96 8.86 17.7 4.32 14.3 15.2 
C23 0.87 14.8 49.6 17.7 11.1 56.5 46.2 41.3 86.7 68.2 
C24 0.61 10.7 31.6 6.60 9.14 39.3 31.3 33.9 45.0 25.5 
C29 αβ 3.32 74.6 69.3 152 56.6 69.3 61.2 107 190 864 
C30 αβ 5.79 100 112 125 126 109 99.5 216 414 718 
C31 (S) 1.74 26.4 48.9 79.9 44.3 46.1 38.7 64.6 180 385 
C31 (R) 1.24 21.5 35.8 65.7 34.5 32.7 40.6 52.5 148 305 
C32 (S) 0.95 15.2 37.4 48.1 30.4 32.5 27.5 43.0 142 238 
C32 (R) 0.79 9.94 24.6 29.8 22.0 22.0 18.9 32.2 96.1 164 
C33 (S) 0.00 8.96 24.2 27.0 26.7 25.1 18.8 35.2 104 140 
C33 (R) 0.00 5.48 16.1 17.8 16.3 17.6 12.8 28.5 69.5 91.7 
C34 (S) 0.00 4.65 19.1 14.4 16.4 17.9 8.40 20.0 78.3 77.6 
C34 (R) 0.00 2.78 11.2 8.80 9.54 11.6 5.70 15.1 43.1 51.6 
C35 (S) 0.00 3.33 17.7 14.7 12.4 23.0 12.1 22.1 72.5 85.7 
C35 (R) 0.00 2.27 15.0 7.80 8.73 20.8 9.15 20.9 46.5 47.6 
Ts 1.40 20.3 16.2 42.6 34.1 9.08 6.90 13.2 61.9 148 
Tm 1.66 29.6 25.2 36.5 23.3 20.7 35.4 55.9 74.8 215 
C27 αββ-steranes 2.84 89.3 124 35.1 172 438 208 649 437 525 
C28 αββ-steranes 2.77 67.4 121 20.1 125 427 260 754 384 363 
C29 αββ-steranes 5.20 89.8 152 55.1 179 289 152 466 761 778 
Total 29.2 610 979 814 968 1738 1129 2695 3466 5318 
Diagnostic ratios 
C23/C24 1.42 1.39 1.58 2.68 1.22 1.44 1.48 1.22 1.93 2.68 
C23/C30 αβ 0.15 0.15 0.45 0.14 0.09 0.52 0.46 0.19 0.21 0.09 
C24/C30 αβ 0.11 0.11 0.28 0.05 0.07 0.36 0.31 0.16 0.11 0.04 
C29 αβ/C30 αβ 0.57 0.75 0.62 1.22 0.45 0.64 0.62 0.49 0.46 1.20 
C31(S)/C31(S + R) 1.40 1.23 1.36 1.22 1.28 1.41 0.95 1.23 1.22 1.26 
C32(S)/C32(S + R) 1.20 1.53 1.52 1.61 1.38 1.48 1.46 1.33 1.48 1.45 
Ts/Tm 0.84 0.69 0.64 1.17 1.46 0.44 0.19 0.24 0.83 0.69 
C27 αββ-steranes/C29 αββ-steranes 0.55 0.99 0.82 0.64 0.96 1.52 1.37 1.39 0.57 0.67 
C30/(C31 + C32 + C33 + C34 + C35) 1.23 0.99 0.45 0.40 0.57 0.44 0.52 0.65 0.42 0.45 
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steranes than C27 αββ cholestane and C28 αββ 
ergostane series (Table 3-5). 

The dominance of C28 17α(H), 18α(H), 
21β(H)-28,30-bisnorhopane (BHN28) is par
ticularly prominent in California API-11, 
Sockeye, and Platform Elly (all three oils are 
from California), and its abundance is even 
higher than C30 and/or C29 17α(H), 21β(H)
hopane (Figure 3-9). A high concentration 
of C28 17α(H), 18α(H), 21β(H)-28,30
bisnorhopane is typical of petroleum from 
highly reducing to anoxic depositional envi
ronments (Mello et al., 1990). The California 
API-11 and Platform Elly demonstrate higher 
concentration of C31 to C35 homohopanes than 
the Sockeye oil. Also, the California API-11 
has a significantly higher concentration of C35 

homohopanes (22S + 22R) than C34 homo
hopanes (22S + 22R), further indicating a 
highly reducing marine environment of depo
sition with no available free oxygen (Peters 
and Moldowan, 1993). For the Orinoco 
Bitumen, C23 terpane is the most abundant, 
followed by the C30 and C29 hopane; while the 
Boscan oil demonstrates higher concentrations 
of C29 and C30 terpanes than C23 terpane. The 
presence of triplets with different relative 
distributions is apparent for most heavy oils. 
Orinoco and Boscan oils have somewhat the 
V-shaped C27—C28—C29 regular αββ sterane 
(m/z 218) distribution. Three California oils 
have very high concentrations of steranes 
(Table 3-5), with a more abundant C28 ergos
tane than C27 and C29 sterane series. This is also 
the case for several other heavy California oils 
including California API-15 and Platform Irene 
(data not shown here). The high relative levels 
of C28 ergostane may be related to increased 
diversification of phytoplankton assemblages 
in the Jurassic and Cretaceous oils. 

3.3.2 Biomarkers in Petroleum Products 

Petroleum products are refined from crude oils 
through a variety of refining processes includ
ing distillation, cracking, catalytic reforming, 
isomerization, alkylation, and blending 
(Olah and Molnar, 1995; Speight, 2002; 
Simanzhenkov and Idem, 2003). Depending 
on the chemical composition of their “parent” 

crude oil feedstocks, varying refining approach 
and conditions, wide range of applications, 
regulatory requirements, and economic 
requirements, refined products can have a wide 
variety in chemical compositions. 

Light distillates are typically products in the 
C4 to C13 carbon range. They include aviation 
gas (gasoline-type jet fuel), naphtha, and 
automotive gasoline. The GC traces of fresh 
light distillates are featured with dominance 
of light-end, resolved hydrocarbons and a 
minimal UCM. Gasoline is a complex mixture 
of hundreds of different hydrocarbons pre
dominantly in the C4 to C13 boiling range. 
Additives are often added to gasoline to 
improve some specific properties and anti
knock properties. The major components of 
gasoline that are of environmental concern 
include MTBE, BTEX, C3-benzenes, and 
naphthalene. Gasoline and other light distil
lates do not contain any terpane and sterane 
biomarker compounds. But, it has been 
recently reported that gas condensates and 
some gas-derived nonaqueous phase liquids 
(NAPLs) contain diamondoid compounds, 
which can have potential applications in dis
tinguishing natural gas condensate from auto
motive gasoline (Stout and Douglas, 2004). 

Mid-range distillates are typically products 
in a relatively broader carbon range (C6 to C26) 
and include kerosene, aviation jet fuels, and 
lighter diesel products. Jet fuel is kerosene-
based aviation fuel. Jet fuel is used for aviation 
turbine power units and usually has the same 
distillation characteristics and flash point as 
kerosene. Jet fuels are similar in gross compo
sition, and compositional differences are attrib
utable to additives designed to control some 
fuel parameters such as freeze and pour point 
characteristics. As Figure 3-11 shows, the chro
matogram of a commercial jet fuel (Jet A) is 
dominated by GC-resolved n-alkanes in a 
narrow range of n-C7 to n-C18 with maximum 
around n-C11 and a well-defined UCM. Diesel 
fuels were originally straight-run products 
obtained from the distillation of crude oil. 
Currently, diesel fuel may also contain varying 
amounts of selected cracked distillates to 
increase the available volume. The boiling 
range of diesel fuel is approximately 
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Figure 3-11 GC-FID (left panel) and GC-MS (at m/z 191, right panel) chromatograms of five common petroleum 
products (light to heavy) to illustrate differences in the n-alkane and tri-, tetra-, and pentacyclic terpane distributions 
between oils. 
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125–380°C. One of the most widely used spec
ifications (ASTM D-975) covers three grades 
of diesel fuel oils: diesel fuel No. 1, diesel fuel 
No. 2, and diesel fuel No. 4. The marine fuel 
specifications have 4 categories of distillate 
fuels and 15 categories of fuels containing 
residual components (ASTM D-2069). Diesels 
consist of hydrocarbons in a carbon range of 
C8 to C28 and contain high levels of n-alkanes, 
alkyl-cyclohexane, and PAHs. The properties 
of a given diesel are largely a function of the 
crude oil feedstock and any blending of various 
distillate stocks. The GC chromatogram of 
the Korean diesel fuel No. 2 (Figure 3-11) is 
dominated by a nearly normal distribution of 
n-alkanes with maxima around n-C11 to n-C14. 
Also, a central UCM hump is obvious. 

Heavy residual fuels. Heavy fuel oils (HFO) 
are blended products manufactured from 
residues of various refinery processes. The 
heavy residual fuels are largely used in marine 
applications and industrial power generation. 
Classic heavy fuel types include fuel No. 5 and 
No. 6 (also known as Bunker C) fuel. For years 
the term “Bunker C fuel oil” has been widely 
used to designate the most viscous residual 
fuels for general land and marine use. The 
chemical composition of Bunker C (or IFO 
380) can vary widely, depending on produc
tion oil fields, production years, and processes 
it has undergone (see Chapter 10 herein for 
more details). Currently, many Bunker-type 
fuels are produced by blending residual oils 
with diesel fuels or other lighter fuels in various 
ratios to produce residual fuel oil of acceptable 
viscosity for marine or power plant use. The GC 
chromatograms of IFO 180, a lighter residual 
fuel No. 5 (also called Bunker B), and a Bunker 
C from Venezuela are also shown in Figure 
3-11. The differences in the chromatographic 
profiles, carbon range, shapes of UCM, n-alkane, 
and isoprenoid distributions among these prod
ucts are obvious. GC-MS chromatograms of 
m/z 191, 217, and 218, for example, jet fuel, 
diesel, IFO 180, Fuel No. 5 (Bunker B), and 
Venezuela Fuel No. 6 (Bunker C) are shown in 
Figures 3-11 and 3-12, respectively. 

The differences in the concentrations and 
relative distributions of tri-, tetra-, and penta

cyclic terpanes and steranes between refined 
products are apparent. No target terpane and 
sterane compounds are detected in the Jet A 
fuel. Generally, most diesels contain none or 
only a trace of terpanes and steranes. However, 
the Korean diesel No. 2 demonstrates abundant 
biomarkers in a much wider carbon number 
range, indicating that diesels from different 
manufacturers may have correspondingly 
varying biomarker fingerprints. The GC-MS 
chromatogram of terpanes for the Venezuela 
Fuel No. 6 is characterized by a distribution in 
a wide range from C19 to C35 with C23 tricyclic 
triterpanes being the most prominent. As for 
steranes, the dominance of C27, C28, and C29 

20S/20R homologues is apparent. The relative 
proportion of C27—C28—C29 αββ steranes 
shows a consistent decrease with increasing 
carbon number (C27 > C28 > C29). For the IFO
180, the presence of diasteranes is significantly 
higher than in other heavy fuel oils. As for Fuel 
No. 5, the dominance of C29 sterane peaks, in 
particular the 20S C29 ααα sterane, in SIM 
chromatogram (m/z 217) is pronounced. 

3.3.3 Biomarkers in Lubricating Oils 

Petroleum-derived lubricating oils are the 
most commonly used for both automotive and 
industrial applications. Small-scale spills and 
contamination by lubricating oil are quite 
common due to their wide application. Lubri
cating oils have broad GC profiles in the 
carbon range of C20 to C40 with boiling points 
greater than 340°C. Lubricating oil does not, 
generally, contain the low boiling fraction of 
petroleum hydrocarbons. Lubricating oil is 
largely composed of saturated hydrocarbons, 
and its GC trace is often dominated by a large 
UCM with few resolved peaks. In lubricating 
oil such as hydraulic fluid, for example, the 
PAH concentrations can be very low, while 
the biomarker concentrations are, generally, 
high. As examples, Figure 3-13 shows the GC
FID chromatograms and GC-MS fingerprints 
of five common lubricating oils. 

Significant features of the biomarker distri
bution in petroleum-derived lubricating oils 
include the following: (1) biomarkers are 
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Figure 3-12 GC-MS chromatograms at m/z 217 and 218 for common petroleum products (light to heavy) to illustrate 
differences in sterane distributions between oils. 
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Figure 3-13 GC-FID (left panel) and GC-MS (at m/z 191, middle panel; m/z 218, right panel) chromatograms of five 
lubricating oils. 
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predominantly located in the high carbon 
number end, because the refining processes 
have removed low MW biomarkers and con
centrated high MW biomarkers from the 
corresponding crude oil feed stocks; (2) lubri
cating oils, in general, have high concentra
tions of target terpane and sterane compounds 
(2000–6000 µg/g oil) in comparison with most 
crude oils and petroleum products (Table 3-5); 
(3) the dominance of characteristic pentacyclic 
C31 to C35 homohopanes is particularly promi
nent; (4) the dominance of C27, C28, and C29 

20S/20R homologues is apparent, too; (5) the 
concentrations of biomarkers are very low in 
the chemically synthetic lube oil, and the unre
solved hump is pronounced. 

Lubricating oil contamination through 
engine exhaust and through leakage and 
spillage occurs everywhere (Stout et al., 2001; 
Kaplan et al., 2001). Bieger et al. (1996) have 
reported the use of terpane biomarker finger
prints of refined oils and motor exhausts to 
indicate the presence of and trace the origin 
of diffuse lubricating oil contamination in 
plankton and sediments around St. John’s, 
Newfoundland, Eastern Canada. 

3.3.4 Biomarkers in Oil Fractions with 
Different Carbon Number Range 

A research project to study the relative toxic
ity of oil fractions to fish (Khan et al., 2004; 
Clarke et al., 2004) was launched in 2004. The 
overall aim of this project was to generate 
useful and relevant data on the mechanism of 
hydrocarbon toxicity to fish to provide a strong 
foundation for ecological risk assessment of 
crude oil. Four oils (Federated crude oil, ANS 
oil, Scotia Light, and MESA oil) were selected 
for this research and fractionated into four 
oil fractions each using a distillation method. 
The nominal carbon number and boiling point 
ranges of these fraction are: Fraction 1, C6 to 
C10, 50–173°C; Fraction 2, C10 to C16, 
174–287°C; Fraction 3, C17 to C34, 288–481°C; 
and Fraction 4, >C34, >481°C. Each distillation 
fraction was quantitatively characterized. 
Characterization results clearly show that four 
oil fractions are significantly different from 

each other in their chemical composition 
including the carbon range and molecular-
weight range, diagnostic ratios of target indi
vidual compounds and compound classes, and 
distribution patterns and profiles of n-alkanes, 
BTEX and alkyl benzenes, PAHs, and bio
markers. The left panel of Figure 3-14 shows 
the GC chromatograms of the MESA oil (a 
medium South American crude, API gravity of 
29.7) and four fractions of the oil to illustrate 
major chemical composition features of each 
fraction; and the right panel graphically com
pares quantitative distribution of target al
kylated PAHs and other EPA priority PAHs in 
the oil and its four fractions. Figure 3-15 pres
ents GC-MS chromatograms at m/z 191 and 
218 to illustrate differences in biomarker 
distributions of four fractions. Table 3-6 sum
marizes the quantitation results of target bio
markers in the MESA oil and its four fractions. 

Figure 3-15 clearly reveals that the distribu
tion patterns and profiles of biomarkers in four 
fractions are significantly different from each 
other. No biomarkers were present in Fraction 
1, and only several smaller biomarker com
pounds (C21 to C24 terpanes) with very low 
abundances were detected in Fraction 2 
(2.14 µg/g oil in total). The totals of the target 
biomarkers were determined to be 2523 and 
2045 µg/g oil for Fractions 3 and 4, respec
tively, much higher than that in the original oil 
(1771 µg/g oil). Obviously, as the lower
molecular-weight hydrocarbons were removed 
from the crude oil by distillation, the higher
molecular-weight biomarkers were corre
spondingly concentrated, resulting in higher 
concentration of biomarkers in Fractions 3 and 
4. In Fraction 4, no biomarkers with a carbon 
number smaller than C27 were detected. The 
terpanes (pentacyclic hopanes) were confined 
to a much narrower range of C29 to C35, and the 
C29 20S/20R steranes were significantly more 
abundant than the C27 and C28 group steranes. 

3.3.5 Aromatic Steranes in Oils and 
Petroleum Products 

Aromatic steranes are another group of bio
marker compounds that are highly resistant to 
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Figure 3-14 GC-FID chromatograms (left panel) and PAH distributions (right panel) of the MESA oil and its four 
fractions. 
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Figure 3-15 GC-MS chromatograms of the MESA oil and its four fractions at m/z 191 (left panel) and 218 (right panel) 
to illustrate differences in biomarker distributions. 
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Table 3-6 Quantitation Results of Target Biomarkers in the MESA Oil and Its Four Fractions 

Oil Samples MESA MESA-F1 MESA-F2 MESA-F3 MESA-F4 

Biomarker compounds (mg/g oil) 
C21 35.8 0.76 7.73 95.0 0.00 
C22 13.2 0.20 2.24 35.4 0.00 
C23 77.3 0.76 8.62 211 0.32 
C24 59.8 0.42 5.97 161 0.26 
C29 αβ 92.1 0.00 1.02 98.9 150 
C30 αβ 148 0.00 1.62 124 262 
C31 (S) 65.9 0.00 0.51 44.6 122 
C31 (R) 46.8 0.00 0.21 31.5 84.2 
C32 (S) 40.3 0.00 2.35 22.7 72.9 
C32 (R) 25.4 0.00 0.00 15.2 50.2 
C33 (S) 26.5 0.00 0.00 13.3 58.0 
C33 (R) 16.7 0.00 0.00 8.12 38.4 
C34 (S) 16.9 0.00 0.00 6.97 39.2 
C34 (R) 9.05 0.00 0.00 3.76 24.8 
C35 (S) 12.7 0.00 0.00 4.51 34.9 
C35 (R) 14.0 0.00 0.00 4.13 35.4 
Ts 17.9 0.00 0.39 27.4 17.5 
Tm 37.6 0.00 0.66 47.4 40.2 
C27 αββ-steranes 366 0.00 6.65 649 236 
C28 αββ-steranes 308 0.00 5.19 506 352 
C29 αββ-steranes 340 0.00 4.06 412 428 
Total 1771 2.14 47.2 2523 2045 
Diagnostic ratios 
C23/C24 1.29 1.81 1.44 1.31 1.21 
C23/C30 αβ 0.52 NA 5.32 1.70 0.00 
C24/C30 αβ 0.40 NA 3.68 1.29 0.00 
C29 αβ/C30 αβ 0.62 NA 0.63 0.79 0.57 
C31(S)/C31(S + R) 1.41 NA 2.43 1.42 1.44 
C32(S)/C32(S + R) 1.59 NA NA 1.50 1.45 
Ts/Tm 0.48 NA 0.60 0.58 0.44 
C27 αββ-steranes/C29 αββ-steranes 1.08 NA 1.64 1.57 0.55 
C30/(C31 + C32 + C33 + C34 + C35) 0.54 NA 0.53 0.80 0.47 

biodegradation and can be used for oil-to-oil 
correlation and oil source tracking. Aromatic 
steranes are monitored using m/z 231 and 253 
for triaromatic (TA) and monoaromatic (MA) 
steranes, respectively. The m/z 231 mass chro
matograms of crude oil are characterized by 
series of 20R and 20S C26-C27-C28 triaromatic 
a steranes (TA-cholestanes, TA-ergostanes, and 
TA-stigmastanes) plus C20 to C22 TA-steranes. 
The m/z 253 mass chromatograms are featured 
by series of 20R and 20S C27-C28-C29 5β(H) 
and 5α(H) MA steranes as well as rearranged 
ring-C 20S and 20R MA-diasteranes. Peak 
identification of TA- and MA-steranes in the 
Platform Elly oil is summarized in Figure 3-16 

and Table 3-7. As Figure 3-16 shows, all target 
TA-steranes are well separated under the present 
GC conditions except that the C26 20R isomer 
co-elutes with the C27 20S isomer (Peak 5). The 
structures of rearranged MA steranes have been 
established as 10-desmethyl 5α- and 5β-methyl 
(20S and 20R) MA-diasterane isomers (Riolo et 
al., 1985; Moldowan and Fago, 1986). 

To illustrate the differences in TA- and MA
steranes between oils and refined products, 
Figure 3-17 compares the mass chromatograms 
of the TA- and MA-steranes in the aromatic 
hydrocarbon fractions of the NIST 1582 oil and 
refined products (IFO-180, a lubricating oil, 
and a Diesel No. 2 from Korea). 
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Figure 3-16 Peak identification of the triaromatic (m/z 231) and monoaromatic (MA, m/z 253) steranes in the Platform 
Elly oil. 

Figure 3-17 shows apparent differences in 
the relative distributions and absolute concen
trations of TA- and MA-steranes between oils 
and refined products. Generally, triaromatic 
steranes are much more abundant than 
monoaromatic steranes for all oils studied. In 
many lighter oils such as Cook Inlet, Feder
ated, West Texas, and Scotia Light, only trace 
MA-steranes are detected. This implies that 
TA-steranes are more valuable marker com

pounds than MA-steranes for environmental 
forensic investigations. Unlike most Canadian 
diesels, the Korean Diesel No. 2 still contains 
a relatively large quantity of high carbon 
number TA-steranes. Similarly, lubricating 
oils do not or only contain trace levels of 
MA-sterane compounds. Synthetic lubricants 
should not contain any TA- or MA-sterane 
compound if they are purely chemically syn
thesized. However, GC-MS analyses show that 
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Table 3-7 Peak Identification of the Triaromatic and Monoaromatic Steranes in the Platform Elly Oil 

Peak No. Compounds Code Molecular Formula 

Triaromatic steranes (TA-steranes, m/z 231) 
1 C20 TA-sterane (X = ethyl) C20TA C20H20 

2 C21 TA-sterane (X = 2-propyl) C21TA C21H22 

3 C22 TA-sterane (X = 2-butyl) C22TA C22H24 

(a and b are epimers at C-19) 
4 C26 TA-chloestane (20S) SC26TA C26H32 

5 C26 TA-chloestane (20R) + C27 TA-ergostane (20S) RC26TA + SC27TA C26H32 

C27H34 

6 C28 TA-stigmastane (20S) SC28TA C28H36 

7 C27 TA-ergostane (20R) RC27TA C27H34 

8 C28 TA-stigmastane (20R) RC28TA C28H36 

Monoaromatic steranes (MA-steranes, m/z 253) 
1 C21 MA-sterane (X = ethyl) C21H30 

2 C22 MA-sterane (X = 2-propyl) C22H32 

3 C23 MA-sterane (X = 2-butyl) (a and b are epimers at C-20) C23H34 

4 C27 5β(H) MA-cholestane (20S) C27H42 

5 C27 MA-diacholestane (20S) C27H42 

6 C27 5β(H) MA-cholestane (20R) + C27 MA-diacholestane (20R) C27H42 

7 C27 5α(H) MA-cholestane (20S) C27H42 

8 C28 5β(H) MA-ergostane (20S) + C28 MA-diaergostane (20S) C28H44 

9 C27 5α(H) MA-cholestane (20R) C27H42 

10 C28 5α(H) MA-ergostane (20S) C28H44 

11 C28 5β(H) MA-ergostane (20R) + C28 MA-diaergostane (20R) C28H44 

12 C29 5β(H) MA-stigmastane (20S) + C29 MA-diastigmastane (20S) C29H46 

13 C29 5α(H) MA-stigmastane (20S) C29H46 

14 C28 5α(H) MA-ergostane (20R) C28H44 

15 C29 5β(H) MA-stigmastane (20R) C29H46 

16 C29 5α(H) MA-stigmastane (20R) C29H46 

17 C30 5β(H) MA-sterane (20S) C30H48 

TA-steranes are present in the Synthetic 10W
30 lubricating oil. This fact indicates that this 
lubricating oil may not be 100% synthesized 
and may be composed of a portion of petro
leum-derived hydrocarbons. Barakat et al. 
(2002) have recently reported a case study in 
which oil residues were correlated to a fresh 
crude oil sample of the Egyptian Western 
Desert-sourced oil by fingerprinting monoaro
matic and triaromatic steranes and by determi
nation and comparison of molecular ratios of 
the target MA- and TA-sterane compounds. 

3.3.6 Sesquiterpanes in Oils and 
Petroleum Products 

Polymethyl-substituted decalins or decahy
dronaphthalenes (i.e., C14–C16 bicyclic 
alkanes), commonly known as sesquiterpanes, 

were first reported in 1974 (Bendoraitis, 1974) 
and later discovered in crude oils of the Loma 
Novia and Anastasievsko-Troyitskoe deposits 
(Petrov, 1987). Alexander et al. (1983) identi
fied and confirmed the existence of 8β(H)
drimane and 4β(H)-eudesmane in most 
Australian oils. Noble (Noble, 1986) identified 
a series of C14 to C16 sesquiterpane isomers 
using synthesized standards and mass spectral 
studies. Various sesquiterpanes, with the great
est enrichment in condensate, were also iden
tified by Simoneit et al. from fossil resins, 
sediments, and crude oils (Simoneit et al., 
1986), and by Chen and He from a great off
shore condensate field of Liaodong Bay, 
Northern China (Chen and He, 1990). 

Bicyclic biomarker sesquiterpanes with the 
drimane skeleton are ubiquitous components 
of crude oils and ancient sediments. Most 
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Figure 3-17 Mass chromatograms of the TA- (m/z 231) and MA-steranes (253) in the aromatic hydrocarbon fractions 
of the NIST 1582 oil, a Diesel No. 2 from Korea, IFO-180, and a lubricating oil. 

sesquiterpanes probably originate from bicyclic sesquiterpanes is higher at the imma
higher plants and also from algae or bacteria ture stage, while those of C15 drimane and C16 

(Alexander et al., 1984; Philp, 1985; Fan et al., homodrimane are relatively lower. As a result 
1991). During the thermal evolution, the of the dehydroxylation and chemodynamics of 
relative concentration of C14 sesquiterpanes their higher-molecular-weight precursors, the 
decreases with increasing maturation of concentrations of drimane (C15) and homo-
organic matters. The concentration of C14 drimanes (C16) gradually increase, and the 



Ch003-P369523.qxd  3/11/06  4:50 PM  Page 111

Petroleum Biomarker Fingerprinting for Oil Spill Characterization and Source Identification 111 

concentrations of C14 sesquiterpanes decline 
(Cheng et al., 1991). 

Though biomarker sesquiterpanes have 
found increasing application in petroleum 
exploration in recent years, there have been 
few reports of use of these compounds for 
forensic oil spill identification (Stout et al., 
2005; Wang et al., 2005a). For lighter petro
leum products, refining processes have 
removed most high MW biomarkers from the 
original crude oil feedstock. Thus, the penta
cyclic terpanes and steranes are generally 
absent or in low abundance in lighter petro
leum products (e.g., jet fuels and diesels), 
while the sesquiterpanes are concentrated in 
these distillates. The sesquiterpanes with the 
drimane skeleton are monitored at m/z 123 (a 
base fragment ion common to all sesquiter
panes). Confirmation ions include 179 (the ion 
after sesquiterpane C14H26 loses –CH3), 193 
(the ion after C15H28 loses –CH3 and after 
C16H30 loses –C2H5), and 207 (the ion after 
C16H30 loses –CH3). Examination of GC-MS 
chromatograms of these characteristic ions of 
sesquiterpanes provides a highly diagnostic 
means for correlation, differentiation, and 
source identification of light to middle-range 
petroleum products, in comparison with the 
use of other hydrocarbon groups. 

The sesquiterpanes ranging from C14 to C16 

elute between n-C13 and n-C16 (boiling point 
235–287°C) in the SIM chromatogram of the 
saturated hydrocarbon fraction. Peaks 1 and 2, 
3 to 6, and 7 to 10 (Figure 3-18) are identified 
as C14, C15, and C16 sesquiterpanes, respec
tively. Of 10 identified sesquiterpanes, peaks 5 
and 10 are identified to be 8β(H)-drimane and 
8β(H)-homodrimane, respectively. GC-MS 
analyses demonstrate different distribution 
patterns of sesquiterpanes in crude oils and 
refined products of different origins. The left 
panel of Figure 3-19 shows SIM chro
matograms of sesquiterpanes at m/z 123 for 
light (API >35), medium (API: 25–35), and 
heavy (API <25) crude oils, including Alaska 
North Slope (ANS), Arabian Light, Scotia 
Light oil (Nova Scotia), West Texas, and Cal
ifornia API 11, while the right panel compares 
sesquiterpane distributions in common petro

leum products from light kerosene to heavy 
fuel oil. 

Ten sesquiterpanes are present in all oils 
studied. However, distributions and concentra
tions of sesquiterpanes vary between oils of 
different origins. Lighter oils ANS, Arabian 
Light, and Scotia Light have high concentra
tions of sesquiterpanes, with Peak 10 (C16 

homodrimane) being the most abundant for the 
ANS and Arabian Light, and Peak 3 (C15 

sesquiterpane) for Scotia Light, respectively. 
The Arabian Light has the lowest concentra
tion of C14 sesquiterpanes (Peaks 1 and 2), 
indicating that this oil is highly mature. On the 
contrary, the heavy California API 11 oil has 
the highest concentration of C14 sesquiterpane, 
indicating that this oil is relatively immature. 

Sesquiterpanes are absent in light kerosene 
and heavy lubricating oils. However, refined 
products IFO-180 and HFO 6303 (Bunker C 
type) contain high concentrations of sesquiter
panes. It is also noticed that an unknown 
bicyclic biomarker compound (between Peaks 
2 and 3) is abundant in these two products. Jet 
A is characterized with Peaks 1, 3, and 5 being 
the most abundant, while Peak 10 is the most 
abundant in middle-distillates such as diesel 
due to concentration of lower-MW biomarkers 
from the original crude oil feedstock. The dif
ferences in distribution patterns and concen
trations are often apparent between diesels. 

Oil spills were reported and sampled on 
March 17 and 23, 1998, at a sewer outlet 
flowing into the Lachine Canal in Quebec. Fol
lowing the accident, a diesel fuel, which was 
suspected to be the source of the spill, was col
lected from a reservoir at a pumping station 
located in Lachine, Quebec. Biomarker finger
printing of the samples revealed that only trace 
amounts (<10 µg/g oil) of C19–C24 tricyclic ter
panes, regular C20–C22 steranes, and diaster
anes were detected. However, the spill samples 
contained significant amounts of sesquiter
panes. The GC-MS/SIM chromatogram (at m/z 
123) and diagnostic ratios of target sesquiter
panes of the spill samples were found to be 
nearly identical to that of the suspected-source 
diesel. The only noticeable difference is that, 
compared to the suspected-source-diesel, the 
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Figure 3-18 GC-MS (SIM) chromatograms of sesquiterpanes eluting in the n-C13 and n-C16 range. 
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Figure 3-19 Left panel: GC-MS chromatograms of sesquiterpanes at m/z 123 for light (API > 35), medium (API: 25–35), 
and heavy (API < 25) crude oils, including Alaska North Slope (ANS), Arabian Light, Scotia Light oil (Nova Scotia), 
West Texas, and California API 11. Right panel: Comparison of SIM chromatograms of sesquiterpanes at m/z 123 for 
common petroleum products. 
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spilled sample had slightly higher abundances 
due to weathering. These similarities, in com
bination with other hydrocarbon quantifica
tion results such as bulk hydrocarbon groups, 
n-alkane distribution, and fingerprints of 
alkylated PAHs and diagnostic ratios of 
source-specific PAH compounds (Wang et al., 
2000), argued strongly that the suspected 
diesel collected from the pumping station close 
to the spill site was the source of the spilled 
diesel. 

3.3.7 Diamondoid Compounds in Oils 
and Lighter Petroleum Products 

The group of diamondoids (collective term for 
adamantane, diamantane, and their alkyl 
homologous series) is another group of low-
boiling cyclic biomarkers of interest to envi
ronmental forensics. Diamondoids are rigid, 
three-dimensionally fused cyclohexane-ring 
alkane compounds that have a diamondlike 
cage structure (Chen et al., 1996; Dahl et al., 
1999; Grice et al., 2000). They consist of 
pseudo-homologous series with the general 
formula, C4n+6H4n+12, including adamantane 
(C10), dia- (C14), tria-, tetra-, and pentamantane 
(n = 1–5, respectively) and higher polyman
tanes, and their alkylated homologues. 
Adamantane was first discovered and isolated 
from a Czechoslovakian petroleum in 1933. 
Since then, more diamondoids have been 
found in crude oils (Petrov, 1987; Williams 
et al., 1986; Wingert, 1992; Grice et al., 2000; 
Lin and Wilkes, 1995). Adamantane and dia
mantane found in petroleum are thought to 
be formed from rearrangements of suitable 
organic precursors including multiring terpene 
hydrocarbons under thermal stress with strong 
Lewis acids (typically clays) acting as cata
lysts during oil generation (Chen et al., 1996; 
Dahl et al., 1999). The higher homologues of 
diamondoids are thought to be formed from 
lower homologues under extreme temperature 
and pressure conditions (Grice et al., 2000). 
The diamond structure endows these mole
cules with a high kinetic and thermodynamic 
stability. Laboratory thermal cracking experi
ments (Dahl et al., 1999) have shown that 

diamondoids have a higher thermal stability 
than most other hydrocarbons during thermal 
cracking of oil; therefore, diamondoids 
become increasingly enriched in the residual 
oil or condensate. The increase in methyldia
mantane (C15) concentration is directly pro
portional to the extent of cracking, indicating 
that under the conditions of the experiments, 
diamondoids are neither destroyed nor created. 
Instead, they are conserved and concentrated, 
and hence can be considered a naturally occur
ring internal standard by which the extent of 
oil loss can be determined. 

Adamantanes and diamantanes elute in the 
ranges of n-C10 and n-C13 and n-C15 and n-C17, 
respectively, in the GC-MS chromatogram of 
a saturated hydrocarbon fraction. Adaman
tanes are monitored at their characteristic ions 
at m/z 136 for adamantane, 135 for methyl-
and ethyladamantanes, 149 for dimethyl
adamantanes, 163 trimethyladamantanes, and 
179 for tetramethyladamantanes; while dia
mantanes are monitored at m/z 188, 187, 201, 
and 215 for diamantane, methyldiamantanes, 
dimethyl-diamantanes, and trimethyl
diamantanes, respectively. Figure 3-20 shows 
the GC-MS-SIM chromatograms for analysis 
of diamondoids in Prudhoe Bay oil. Twenty-
six diamondoid compounds were identified, 
and among these 17 are adamantanes and 9 
diamantanes. Peak assignments are presented 
in Table 3-8. Identification of diamondoid 
hydrocarbons as based on mass spectra, com
parison of GC retention data with reference 
standards, and calculation of reference index 
(IR) and comparison with literature RI values 
(Wingert, 1992; Chen et al., 1996). 

Figure 3-20 reveals the following: (1) the 
differences in concentrations and relative 
distributions of adamantanes are apparent. 
1,3,5,7-tetramethyladamantane (Peak 5) has 
the lowest concentration among the adaman
tane series. This is most likely due to the fact 
that 1,3,5,7-tetramethyladamantane has four 
methyl groups that could affect each other and 
cause the molecule structure to be thermally 
unstable. (2) The group of methyladamantanes 
contains only two isomers (Peak 2: 1-methyl
adamantane and Peak 6: 2-methyladamantane) 
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Table 3-8 Peak Identification of Diamondoid Compounds in Prudhoe Bay Oil 

Peak No. Compounds Abbreviations Base Peak M+ (m/z) Formula 

Adamantanes 
1 Adamantane A 136 136 C10H16 

2 1-Methyladamantane 1-MA 135 150 C11H18 

3 1,3-Dimethyladamantane 1,3-DMA 149 164 C12H20 

4 1,3,5-Trimethyladamantane 1,3,5-TMA 163 178 C13H22 

5 1,3,5,7-Tetramethyladamantane 1,3,5,7-TeMA 177 192 C14H24 

6 2-Methyladamantane 2-MA 135 150 C11H18 

7 1,4-Dimethyladamantane, cis 1,4-DMA, cis 149 164 C12H20 

8 1,4-Dimethyladamantane, trans 1,4-DMA, trans 149 164 C12H20 

9 1,3,6-Trimethyladamantane 1,3,6-TMA 163 178 C13H22 

10 1,2-Dimethyladamantane 1,2-DMA 149 164 C12H20 

11 1,3,4-Trimethyladamantane, cis 1,3,4-TMA, cis 163 178 C13H22 

12 1,3,4-Trimethyladamantane, trans 1,3,4-TMA, trans 163 178 C13H22 

13 1,2,5,7-Tetramethyladamantane 1,2,5,7-TeMA 177 192 C14H24 

14 1-Ethyladamantane 1-EA 135 164 C12H20 

15 1-Ethyl-3-methyladamantane 1-E-3-MA 149 178 C13H22 

16 1-Ethyl-3,5-dimethyladamantane 1-E-3,5-DMA 163 192 C14H24 

17 2-Ethyladamantane 2-EA 135 164 C12H20 

Diamantanes 
18 Diamantane D 188 188 C14H20 

19 4-Methyldiamantane 4-MD 187 202 C15H22 

20 4,9-Dimethyldiamantane 4,9-DMD 201 216 C16H24 

21 1-Methyldiamantane 1-MD 187 202 C15H22 

22 1,4 & 2,4-Dimethyldiamantane 1,4 & 2,4-DMD 201 216 C16H24 

23 4,8-Dimethyldiamantane 4,8-DMD 201 216 C16H24 

24 Trimethyldiamantane TMD 215 230 C17H26 

25 3-Methyldiamantane 3-MD 187 202 C15H22 

26 3,4-Dimethyldiamantane 3,4-DMD 201 216 C16H24 

due to their structural symmetry. 1-methyl
adamantanes that have only one methyl group 
attached to the bridgehead position (that is, 
at carbon position 1) are the most abundant. 
Similarly, 4-methyldiamantane (Peak 19), 
also a bridgehead methylated compound, is the 
most abundant compound in the diamantane 
series. The reason is that the methyl substitu
tion in adamantane or diamantane at a bridge
head position (i.e., position of a tertiary carbon 
in the ring structure) creates a more stable 
molecule than substitution at a secondary 
carbon atom (carbon position 2) as the latter 
produces additional skew-butane repulsions 
that are not imposed by the bridgehead attach
ment (Wingert, 1992). Therefore, 1-methyl
adamantane has a higher thermal stability than 
2-methyladamantane. Likewise, 4-methyl
diamantane has a higher thermal stability than 

1-methyldiamantane (Peak 21) and 3-methyl
diamantane (Peak 25). Stable hydrocarbons 
will gradually increase in relative abundance 
over the less stable isomeric ones with increas
ing thermal stress. Hence, the relative 
distribution of alkyl-substituted diamondoid 
hydrocarbons may be used for assessing the 
maturity, especially for highly mature petro
leum. Two diamondoid hydrocarbon ratios 
[methyladamantane index (MAI) and methyl
diamantane index (MDI), defined as 1-MA/(1 
+ 2-MA) and 4-MD/(1 + 3 + 4-MD), respec
tively] have been developed and used as novel 
high-maturity indices to evaluate the matura
tion and evolution of crude oils, and to deter
mine the thermal maturity of thermogenic gas 
and condensate in several Chinese basins, the 
maturity of which may be difficult to assess 
using routine geochemical techniques (Chen 
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et al., 1996). (3) The elution of alkyladaman
tanes (i.e., the sequence of their boiling points) 
is quite peculiar. All methyladamantanes sub
stituted at the bridgehead (that is, at position 
1) have much lower boiling points than 
adamantanes with at least one of the methyl 
groups not situated at the bridgehead (such as 2
methyladamantane, 1,2-dimethyladamantane, 
1,4-dimethyladamantane, and 1,3,4-trimethyl
adamantane). The difference in the boiling 
points of these adamantanes is so large that 
2-methyladamantane (C11) elutes later than 
1,3,5,7-tetramethyladamantane (C14). 

Experimental results demonstrate that both 
concentrations and relative distributions of 
diamondoids vary significantly between crude 
oils and refined products of different origins. 
Figure 3-21 diplays the GC-MS chro
matograms of adamantanes and diamantanes 
for five representative crude oils from Cold 
Lake Bitumen to the South Louisiana oil. Both 
adamantanes and diamantanes occur in 
detectable quantities in all of the crude oils 
studied. Overall, the one-cage adamantanes 
are much more abundant than two-cage dia
mantanes. Based on quantitation data, the 
principal dominant adamantane hydrocarbons 
are A, 2-MA, 1-MA, 2-EA, 1,2-DMA, and, 
1,3-DMA, together accounting for about 50% 
of all detected adamantanes; and the dominant 
diamantane compounds are D, 4-MD, 1-MD, 
3-MD, and 3,4-DMD. Figure 3-22 compares 
the GC-MS chromatograms of adamantanes 
and diamantanes for five representative refined 
petroleum products including Jet A, two diesel 
fuels, a fuel No. 4, and a lubricating oil. 
Adamantanes were found in all fuel oil 
samples and were detected in most lubricating 
oils at a trace level. As expected, however, 
only quite low or no diamantane compounds 
were detected in light kerosene and heavy-end 
lubricating oils. Generally, the overall distri
bution pattern of individual diamondoid com
pounds in petroleum products is similar to 
that in crude oils, in which 1-MA and 2-MA, 
and D and 4-MD, dominated the adamantanes 
and diamantanes, respectively. The absolute 
concentrations and distribution patterns of 
diamondoids differ widely in the petroleum 

products studied. These differences are attrib
uted to the differences in the crude oil feed
stocks used in the production and to the 
distillation cut point of the petroleum products. 

The unique molecular structures of diamond
oids imply that their distributions and relative 
ratios have the potential to differentiate spilled 
oils, particularly to correlate and differentiate 
spilled lighter refined products in which high
molecular-weight tri- to pentacyclic biomark
ers are present, if at all, in only trace amounts. 
Although diamondoids have found increasing 
application in petroleum exploration and refin
ing in recent years, there have been few reports 
of use of these compounds for forensic oil spill 
investigations. Recently, Stout and Douglas 
(2004) reported application of diamondoid 
hydrocarbons in the chemical fingerprinting of 
natural gas condensates and gasoline. In this 
laboratory, diamondoids in over a hundred 
crude oils and refined products have been 
quantitatively characterized, and distributions 
of diamondoids in different oils, oil distillation 
fractions, and various refined products have 
been qualitatively and quantitatively com
pared. A number of diagnostic indices of dia
mondoids have been developed for forensic oil 
correlation and differentiation (Wang et al., 
2005b). 

3.3.8 Application of Biomarker 
Fingerprintings to Oil Spill Studies 

The fingerprints of petroleum biomarkers have 
been applied to investigations of oil spill acci
dents (e.g., Barakat et al., 1999; Bence et al., 
1996; Kvenvolden et al., 1993; Page et al., 
1988; Wang et al., 1994b, 1995b, 1998b; 
Zakaria et al., 2000, 2001; Stout et al., 2001) 
and to trace the record of hydrocarbon input to 
the San Francisco Bay (Hostettler, 1999a). In 
recent years, biomarkers, together with PAHs 
and other hydrocarbon characterization results, 
have been extensively applied to assess the 
origin of the petrogenic hydrocarbon back
ground in Prince William Sound (PWS) of 
Alaska, the site of the 1989 Exxon Valdez oil 
spill (i.e., is the petrogenic hydrocarbon back
ground mainly from eroding Tertiary shales 
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Figure 3-21 GC-MS total ion chromatograms of adamantanes (left) and diamantanes (right) of five representative crude 
oils including Cold Lake Bitumen, Maya, Mars, Alaska North Slope, and South Louisiana crude oil. 
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Figure 3-22 GC-MS total ion chromatograms of adamantanes and diamantanes of five representative refined petroleum 
products including Jet A, Diesel No. 2, Korea Diesel, Fuel No. 4, and Valvoline-10W-30 lube oil. 
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and residues of natural oil seepage, or mainly 
from Berling River coals and oil from the 
Katalla area?) by two groups of scientists 
(Boehm et al., 2001, 2002; Page et al., 1995, 
1996, 2002; Bence et al., 1996; Short et al., 
1997, 1999; Hostettler et al., 1999b). (See 
Chapter 15 herein.) 

Examination and comparison of biomarker 
fingerprinting patterns and profiles are widely 
used for oil correlation and differentiation in 
environmental forensic studies. As described 
above, the distribution pattern and profiles of 
biomarkers are, in general, different from oil 
to oil and from oil to refined products of dif
ferent origins. Various biomarkers can occur in 
different carbon ranges. Also, concentrations 
of individual biomarkers could be markedly 
different. Therefore, qualitative and quantita
tive comparisons of biomarker distribution are 
important for spill/source identification: (1) 
whether target biomarkers detected in spill 
samples can be found in suspected source can
didates; (2) whether the distribution patterns 
and profiles of biomarkers match; (3) whether 
the abundances of target biomarkers match; (4) 
whether there are any “source-specific” or 
unknown biomarker compounds; (5) whether 
the diagnostic ratios of major biomarkers 
match. In most cases, disparity (no matching) 
of biomarker distribution is strong evidence 
for lack of correlation between spill sample(s) 
and suspected source(s). Matching may be an 
indication of a correlation of spill sample(s) 
and suspected source(s), but under certain spill 
scenarios is not necessarily “proof” that 
samples are from the same source. 

Based on analysis of triterpane distribution 
patterns and determination of two pentacyclic 
C27 triterpanes, Shen (1984) distinguished four 
Arabian crudes, which in their weathered 
forms were extremely similar. Volkman et al. 
(1992b) determined the distribution of various 
biomarker compounds in a range of aquatic 
sediment samples to confirm the presence of 
oil contamination and identify possible oil 
sources. Among a number of pollution sources, 
lubricating oils were identified as a major 
source of hydrocarbon pollution in many estu
aries and coastal areas around Australia. Currie 

et al. (1992) proposed utilization of triterpanes 
to distinguish tar balls originated from South
east Asia from those of Australian petroleum 
sources. Mello et al. (1988) studied the geo
logical and biomarker features of a wide selec
tion of oils from the major Brazilian offshore 
basins. The study results reveal significant 
differences in chemical features of various 
oils, which enable them to be divided into 
five groups. The diagnostic features used for 
this classification include the absolute concen
trations and distributions of hopanes and 
steranes, their abundances relative to 4
methylsteranes, and the occurrence and 
abundance of several specific biomarkers 
including 18α-oleanane, gammacerane, β
carotane, higher acyclic isoprenoids, 28,30
bisnorhopane, and 25,28,30-trisnorhopane. 
Barakat et al. (1997) studied the biomarker dis
tribution within five crude oils from the Gulf 
of Suez, Egypt. The results revealed significant 
differences in biomarker distribution within 
the oils, and the oils can be categorized into 
three groups. Type 1 oils show a high relative 
abundance of gammacerane indicating a 
marine saline-source depositional environ
ment. Furthermore, these oils have a predom
inance of C35 over C34 17α(H)-homohopanes. 
Type 2 oils have an oleanane content of more 
than 20% of the concentration of C30 αβ 
hopane, indicating they originated from an 
angiosperm-rich, Tertiary source rock. Type 3 
oil has geochemical characteristics intermedi
ate between type 1 and 2 oils. Lu and Kaplan 
(1992) studied biomarker distribution in 
natural bitumen extracted from four coals: 
Rocky Mountain coal (RMC), Australian 
Gippsland Latrobe Eocene coal (GEC), Aus
tralian Gippsland Latrobe Cretaceous coal 
(GCC), and Texas Wilcox lignite (WL). They 
found there is a significant difference in the 
distribution of terpanes among these coals. 
Whereas pentacyclic triterpanes are dominant 
in GEC, GCC, and WL, diterpanes strongly 
predominate in the bitumen of RMC. Further
more, the composition of triterpanes is also 
different. For example, tricyclic diterpanes are 
the only diterpanes present in RMC, whereas 
tetracyclic and tricyclic diterpanes are both 
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present in GEC and GCC, and tetracyclic diter
panes are most abundant in GEC. However, 
diterpanes are nearly absent in WL. 

Spill Samples Are Different in General 
Chemical Composition. Wang et al. (1999b) 
studied oil spilled after a fire broke out at a 
carpet factory in Acton Vale, Quebec, on June 
29, 1998. The GC-FID chromatograms of the 
spill samples were markedly different from the 
suspected-source sample. Spill samples were 
highly weathered (e.g., the n-alkanes were 
nearly completely lost with the abundances of 
pristane and phytane greatly reduced, and only 
a hump of UCM was seen in the chro
matograms). However, the GC-MS biomarker 
analysis demonstrated that the distribution 
pattern of biomarker terpanes and steranes 
were nearly identical for the highly weathered 
spill and the relatively fresh suspected-source 
samples. In addition to the presence of the 
regular biomarkers from C21 to C35, C30 -βα 
hopane in high abundance was also observed. 
It was concluded that the spilled oil was a 
Bunker C-type fuel, and it matched with the oil 
in the heat exchange equipment near the boiler, 
suggesting the oil spilled in the river came 
from the burned factory. 

Spill Samples Are Very Similar in General 
Chemical Composition. In some cases, 
unknown oil samples may have very similar 
bulk chemical composition but markedly dif
ferent biomarker distribution. On March 28, 
2001, three unknown oil samples were 
received from Montreal for product character
ization, correlation, and differentiation. The 
GC-FID screening results show that the three 
samples are hydraulic fluid-type products. 
The samples have very similar GC profiles 
(Figure 3-23). However, biomarker character
ization results demonstrated that samples 1 and 
2 are nearly identical in biomarker distribution 
patterns and concentrations, but sample 3 
shows significantly different biomarker distri
bution from samples 1 and 2 (Figure 3-23). 
Concentrations of C29 and C30 hopanes in 
sample 3 match those in samples 1 and 2. Con
versely, concentrations of C23 and C24, and the 

sum of C31 to C35 homohopanes, are markedly 
lower and higher than those of the correspond
ing compounds in samples 1 and 2, respec
tively. Consequently, the diagnostic ratios of 
target biomarkers are very similar for samples 
1 and 2, but apparently different from sample 
3. All these observations point toward the con
clusion that samples 1 and 2 are identical, 
while sample 3 comes from another source 
(Wang et al., 2002). This case study illustrates 
that successful forensic investigation will 
require fingerprinting not only common n-
alkanes and isoprenoids but also biomarkers 
and determining their diagnostic ratios of spill 
samples, in particular for oils and products 
exhibiting very similar n-alkane and iso
prenoid distributions. 

3.3.9 Source-Specific Biomarkers 

Biomarker terpanes with a hopane skeleton 
and steranes are common constituents of crude 
oils. However, certain oils may also contain 
some “source-specific” biomarker compounds 
including several geologically rarer acyclic 
alkanes. These biomarkers and their ratios can 
furthermore provide additional diagnostic 
information on the types of organic matter that 
give rise to the crude oil. For example, the geo
logically rare acyclic alkane botryococcane 
(C34H70) was used to identify a new class of 
Australian nonmarine crude oils (McKirdy 
et al., 1986). The presence of botryococcane 
indicates that the source rock contains remains 
of the algae Botryococcus braunii. The broad 
platform area of the northern North Sea, 
including Statford, Gullfacs, Brent, Oseberg, 
Troll, etc., seems to be specially featured by 
relative high abundances of C28-bisnorhopane 
(Dahlmann, 2003). Thus, C28-bisnorhopane 
can be regarded as a “source-specific” param
eter. Dahlmann (2003) also found that oils 
from the Niger Delta (Nigeria) and oils from 
Africa (in Angola Cabinda and Nemba crudes 
and in Kongo and Gabon crudes) are charac
terized by the presence of highly abundant 
oleanane and gammacerane, respectively. The 
presence of 18α(H)-oleanane in benthic sedi
ments in PWS, coupled with its absence in 
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Figure 3-23 Comparison of GC-FID and GC-MS (m/z 191) of three unknown oil samples. 

Alaska North Slope crude and specifically in 
Exxon Valdez cargo oil and its residues, con
firmed another petrogenic source (Bence et al., 
1996; see also Chapter 15). Characterization of 
18α(H)-oleanane in oils from the Anaco area 
and Maturin subbasin, Venezuela, has been 
used for organic type and age indicator for 
assessment of the Venezuelan petroleum 
system (Alberdi and Lopez, 2000). Other 
“source-specific” petroleum biomarkers 
(Figure 3-24) include: 

1.	 C30 17α(H)-diahopane: C30 17α(H)
diahopane (C30*) elutes right after C29 

αβ-norhopane and 18α(H), 21β(H)-30
norneohopane (C29Ts) in the m/z 191 mass 
chromatogram. C30 17α(H)-diahopane has 
been regarded as a possible terrestrial 
marker (Moldowan et al., 1991). El-Gayar 
et al. (2002) characterized seven oils repre
senting the different petroleum-bearing 
basins in the Western Desert, Egypt. The 
characterization indicated that Type 2 and 
Type 3 oils are similar and show relative 
high pristane/phytane ratios, paucity of 
C30 steranes, and high relative abundance 
of C30*, suggesting that they probably 
originated from source rocks containing 
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Figure 3-24 Molecular structures of a selection of “source-specific” biomarkers. 



Ch003-P369523.qxd  3/11/06  4:50 PM  Page 124

124 Oil Spill Environmental Forensics 

significant proportions of higher plant 
material. 

2.	 β-carotane: This compound is a fully satu
rated C40-dicyclane. It elutes after C35 

homohopane in the oil saturate fraction. It 
is highly specific for anoxic, saline, and 
lacustrine deposition of algal organic 
matter. It is measured at fragment m/z 125 
and/or at molecular ion m/z 558. β-carotane 
has been detected in several Chinese oils 
and the Mississippian Alberta shale. The 
presence of a significant amount of β
carotane and gammacerane relative to 
the hopanes has recently been detected, 
suggesting that the source rocks of the oil 
from the Liaohe Basin of China were 
probably deposited in a highly stratified, 
strongly reducing environment (Wang et al., 
1996). 

3.	 Extended hopanes beyond C40: A  series of 
side-chain extended 17α(H), 21β(H)
hopanes and 17β(H), 21α(H)-hopanes up to 
C44 have been identified in crude oils and 
source rock extracts in the Liaohe Basin, 
Northeast China (Wang et al., 1996). These 
compounds may be viewed as the repre
sentatives of a new class of molecules and 
may find applications in forensic finger
printing of unknown spill oils. 

4.	 Bicadinanes: Bicadinanes are C30-penta
cyclic biomarker compounds and have 
three configurations, labeled as W (cis
cis-trans-bicadinane), T (trans-trans-trans
bicadinane), and R (cardinane). The mass 
spectra of bicadinane contain prominent 
m/z 191 and 217 fragments, while peaks 
can appear in corresponding chro
matograms of both hopanes and steranes. 
All three bicadinanes (W, T, and R) form 
elute prior to C29 hopane in the m/z 191 
chromatogram. But it can be conveniently 
monitored with little interference using the 
m/z 412 mass chromatogram. They are 
highly specific for resinous input from 
certain higher plants that commonly con
tributed to source rocks for Tertiary oils 
from the Far East (van Aarssen et al., 1990). 
Based on biomarker composition, crude 
oils from the North, Central, and South 

Sumatra basins, Indonesia, were classified 
into three types (Sosrowidjojo et al., 1994), 
and Group II oils were further distinguished 
from Group 1 oils by their high abundance 
of bicadinanes relative to C30 hopane on the 
m/z 412 mass chromatogram. 

5.	 4-methyl steranes: The 4-methyl steranes 
can be divided into two major classes: 
(1) C28–C30 analogues of the steranes at 
positions 4 and 24 (e.g., the C30 sterane 
is 4α-methyl-24-ethylcholestane), and 
(2) C30 dinosteranes (e.g., 4α,23,24
trimethylcholestanes). 4α-Methyl-24-ethyl
cholestanes often occur in relatively high 
abundance in Tertiary source rocks and 
related oils from China (Fu et al., 1992). 
For example, almost all of the oils from the 
eastern Pearl River Mouth Basin contain 
significant amounts of 4-methylsteranes 
(Zhang et al., 2003). Hu (1991) found that 
4-methylsteranes in the range of C28–C30 

are unusually rich (which comes up to 
20–40% of the total steranes) in certain oils 
from terrestrial facies within the South 
China Sea. C30 4-methylsterane (M+ = 414) 
is particularly abundant among the 4
methylsteranes. Dinosterane has only 
been reported in petroleum younger than 
Triassic age (Summons et al., 1992). The 
presence of dinosterane in relatively high 
concentrations in asphaltic bitumens from 
southern Australia (Mckirdy et al., 1994) 
suggests that their source is no older than 
mid-Triassic. In a study to re-evaluate the 
petroleum prospective potential in south
east Australia, Volkman et al. (1992b) 
examined 10 bitumen samples collected 
between 1880 and 1915. The high propor
tions of C27 steranes and the presence of C30 

steranes including dinosteranes suggested 
that the bitumens were derived from a 
marine source rock containing mainly 
marine organic matter. 

6.	 Macrocyclic alkanes: Murrisepp et al. 
(1994) first reported the presence of non
isoprenoidal macrocyclic alkanes in sedi
mentary material and tentatively identified 
these cyclic hydrocarbons of the cyclodo
decane and cyclohexadecane series in the 
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nonaromatic hydrocarbon fractions of the 
semicoking oil from an Estonian oil shale. 
Audino et al. (2001, 2002) have unambigu
ously identified for the first time a new 
class of cyclic hydrocarbon biomarker, 
macrocyclic alkanes and their methylated 
analogues in a Botryococcus braunii-rich 
sediment (torbanite) of Late Carboniferous 
age (Audino et al., 2001) and in two 
Indonesian crude oils (Audino et al., 2002). 
The compounds consist of a homologous 
series of macrocyclic alkanes in a wide 
range from C15 to C34 and their methylated 
derivatives (ranging from C17 to C26). The 
distribution of macrocyclic alkanes was 
measured at the characteristic ion m/z 111. 
The macrocyclic alkanes appear to be novel 
markers of B. braunii and add to the cata
logue of the characteristic hydrocarbons 
derived from this alga. More importantly, 
these compounds could be original markers 
specific to highly resistant algaenan of B. 
braunii in sediments and crude oils. 

7.	 Porphyrins: Porphyrins are a special class 
of N-containing compounds. They are 
complex derivatives of the basic material 
porphine. Porphine consists of four pyrrole 
[(CH¨CH)2 ̈ NH] units joined by 
methine, –C¨, bridges; the methine 
bridges establish conjugated linkages 
between the component pyrrole nuclei, 
forming a more extended resonance 
system. Although the resulting structure 
retains much of the inherent character of the 
pyrrole components, the larger conjugated 
system gives increased aromatic character 
to the porphine molecule. The porphyrin 
compounds are degradation products of the 
chlorophyll (photosynthetic pigments of 
plants and some bacteria). Most of the por
phyrin material in crude oils is chelated 
with metal, of which vanadium is the most 
important, followed by nickel. Iron and 
copper-porphyrin chelates may also be 
present in oil. Porphyrins are not usually 
considered among the usual nitrogen-
containing constituents of petroleum, nor a 
metallo-containing organic material. Con
versely, they are often classified as a unique 

class of biomarker compounds because 
they may establish a link between com
pounds found in the geosphere and their 
corresponding biological precursors. Crude 
oils and bitumens contain small amounts of 
vanadyl and nickel porphyrins. In general, 
mature, lighter oils contain less of these 
compounds, whereas heavy oils may 
contain larger amounts of vanadyl and 
nickel porphyrins. Chen et al. (1999) have 
successfully separated nine free petropor
phyrin compounds from a Chinese crude oil 
by reversed-phase HPLC. These were 
further identified by mass spectrometry as 
C27E (m/z 408), C28E (m/z 422), C29E (m/z 
436), C30E (m/z 450), C31E (m/z 464), C29D 
(m/z 434), C30D (m/z 448), C31D (m/z 462), 
and C32D (m/z 476) porphyrins. 

The search for source-specific geochemical 
biomarkers continues to be a fertile area of 
research for fingerprinting similar sources of 
petroleum. If an oil shows any additional char
acteristic compositional features (such as 
“extra” biomarker peaks), these should of 
course always be included in the characteriza
tion and considered in the identification and 
correlation. It should be noted, however, that 
reliable biomarker interpretation is usually 
based on a whole biomarker distribution chro
matogram and a series of biomarker parame
ters. No single parameter can be exclusively 
used for unambiguous source identification of 
unknown spills. Individual unique biomarker 
parameters only become valuable and mean
ingful when used together and they agree with 
other biomarker parameters. 

3.3.10 Using Diagnostic Ratios and 
Cross-Plots of Biomarkers for Source 
Identification of Oil Spills 

Biomarker diagnostic parameters have been 
long established and are widely used by geo
chemists for oil correlation, determination of 
organic input and precursors, depositional 
environment, assessment of thermal maturity, 
and evaluation of in-reservoir oil biodegrada
tion (Peters and Moldowan, 1993). Many 
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diagnostic ratios currently used in oil spill 
studies and environmental forensics originate 
from the petroleum geochemistry literature. 

3.3.10.1 Diagnostic Ratios of Biomarkers 

Most biomarkers in spill samples and source 
oils, in particular those homologous series of 
biomarkers with similar structure, show little 
or no changes in their diagnostic ratios. An 
important benefit of comparing diagnostic 
ratios of spilled oil and suspected source oils 
is that concentration effects are minimized. In 
addition, the use of ratios tends to induce a 
self-normalizing effect on the data since vari
ations due to the fluctuation of instrument 
operating conditions day-to-day, operator, and 
matrix effects are minimized. Therefore, com
parison of diagnostic ratios reflects more 
directly differences of the target biomarker dis
tribution between samples. 

Diagnostic ratios can either be calculated 
from quantitative (i.e., compound concentra
tions) or semiquantitative data (i.e., peak areas 
or heights). Diagnostic biomarker ratios fre
quently used as defensible indices by the 
environmental chemists for identification, 
correlation, and differentiation of spilled oils 
are summarized in Table 3-9. These ratios 
consist of alkanes, terpanes, steranes, 
sesquiterpanes, and diamondoids. Ratios are 
generally defined from (biomarker 1)/(bio
marker 2) for simplicity, but can readily be 
redefined in other forms such as (biomarker 
1)/(biomarker 1 + biomarker 2). Selection of 
diagnostic ratios employed in oil spill studies 
is mainly based on source-specific variables 
(e.g., specificity, diversity, and analytical pre
cision). It is important to realize that the suite 
of diagnostic ratios as listed in Table 3-9 is 
neither inclusive nor appropriate for all oil 
spill identification cases. In some spill cases, it 
may be prudent to include some particularly 
characteristic ratios. In other situations, the 
abundance of some biomarkers may be too low 
to obtain reliable diagnostic ratios. Thus, 
maintaining flexibility in the selection of diag
nostic ratios to be used in specific cases is 
important. 

For diamondoid compounds, numerous 
diagnostic indices based upon concentrations 
of target adamantanes have been developed 
and calculated for the crude oil samples as well 
as the refined petroleum products. In principle, 
a large number of diagnostic ratios from 26 
identified adamantanes and diamantanes can 
be produced. However, some ratios are heavily 
affected by measurement errors due to low 
peak abundances and poor peak separation; 
thus, a proper selection of diagnostic ratios of 
diamondoids is important in order to keep the 
uncertainties to a minimum and yield reliable 
results. For this purpose, the diagnostic power 
(DP) is used for selection of diagnostic ratios 
(Christensen et al., 2004). DP is defined as the 
relative standard deviation (RSDV) of a diag
nostic ratio for oils of different origins (∼100 
oil samples in total) divided by the relative 
standard deviation (RSDA) of the same ratios 
calculated from six measurements of the 
ESTD reference oil (Prudhoe Bay crude oil, 
13.1% weathered). Based on the determined 
DP values for oil in the Environmental Canada 
Oil Research Laboratory, diagnostic ratios of 
1-MA/2-EA, 1-MA/1,3,4-TMA, 1-MA-1,2
DMA, 1-MA/1,2,5,7-TeMA, 1,3,5,7-TeMA/ 
1,2,5,7-TeMA, 1,3,5-TMA,/1,2,5,7-TeMA, 
1,3,5-TMA,/1,3,6-TMA, and 1,4-DMA/1,3,4
TMA with high DP values are selected from 
more than 50 possible diagnostic ratios as 
more sensitive and reliable parameters for 
source correlation and differentiation of oils 
and petroleum products. It should be noted that 
the ratios with low DP values, particularly 
those developed from low abundant diaman
tanes, are not recommended as reliable distin
guishing tools and may be used only as 
supplementary diagnostic information for 
certain case studies. Otherwise, higher analyt
ical uncertainties related to these indices could 
lead to erroneous conclusions for oil source 
identification. 

The triplet ratio, if present, generally varies 
in oils from different sources and is depen
dent upon sources, depositional environment, 
and maturity. The ratio was first used by 
Kvenvolden et al. (1985) to study a North 
Slope crude, in which the ratio is ∼2. The 
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Table 3-9 Diagnostic Biomarker Ratios Frequently used for Identification, Correlation, and Differentiation of 
Spilled Oils 

Biomarker classes Diagnostic ratios	 Code 

Acyclic isoprenoids	 pristane/phytane 
pristane/n-C17 

phytane/n-C18 

Terpanes (m/z 191)	 C21/C23 tricyclic terpane 
C23/C24 tricyclic terpane, 
C23 tricyclic terpane/C30 αβ hopane 
C24 tricyclic terpane/C30 αβ hopane 
C24 tertracyclic/C26 tricyclic (S)/C26 tricyclic (R) terpane 
C27 18α,21β-trisnorhopane/C27 17α,21β-trisnorhopane 
C28 bisnorhopane/C30 αβ hopane 
C29 αβ-25-norhopane/C30 αβ hopane 
C29 αβ-30-norhopane/C30 αβ hopane 
oleanane/C30 αβ hopane 
moretane(C30 βα hopane)/C30 αβ hopane 
gammacerane/C30 αβ hopane 
tricyclic terpanes (C19–C26)/C30 αβ hopane 
C31 homohopane (22S)/C31 homohopane (22R) 
C32 bishomohopane (22S)/C32 bishomohopane (22R) 
C33 trishomohopane (22S)/C33 trishomohopane (22R) 
relative homohopane distribution 
Σ(C31 − C35)/C30 αβ hopane 
homohopane index 

Steranes and C27 20S-13β(H), 17α(H)-diasterane/ C27 20R-13β(H), 
diasteranes (m/z 17α(H)-diasterane 
217 & 218) relative distribution of regular C27-C28-C29 steranes 

C27 αββ/C29 αββ steranes (at m/z 218)
 
C28 αββ/C29 αββ steranes (at m/z 218)
 
C27 αββ/(C27 αββ + C28 αββ + C29 αββ) (at m/z 218)
 
C28 αββ/(C27 αββ + C28 αββ + C29 αββ) (at m/z 218)
 
C29 αββ/(C27 αββ + C28 αββ + C29 αββ) (at m/z 218)
 
C27, C28, and C29 ααα/αββ epimers (at m/z 217)
 

C27, C28, and C29 20S/(20S + 20R) steranes (at m/z 217) 

C30 sterane index: C30/(C27 to C30) steranes 
selected diasteranes/regular steranes 
regular C27-C28-C29 steranes/C30 αβ-hopanes 

Sesquiterpanes	 relative distribution of sesquiterpanes 
(m/z 123)	 C14 group: Peak 1/Peak 2 

C15 group: Peak 3/Peak 5, Peak 4/Peak 5, Peak 6/Peak 5 
C16 group: Peak 8/Peak 10 
inter-group: Peak 1/Peak 3, Peak 1/Peak 5,Peak 3/Peak 10, 

Peak 5/Peak 10 
Adamantanes methyl adamantane index: 1-MA/(1- + 2-MA) 

(m/z 135, 149, 1,4-DMA, cis/1,4-DMA, trans 
163, 177) dimethyl admantane index: 1,3-DMA/(1,3- + 1,4- + 

1,2-DMA) 
1,3,4-TMA, cis/1,3,4-TMA, trans 
trimethyl adamantane index: 1,3,4-DMA, cis/(1,3,4-DMA, 

cis + 1,3,4-DMA, trans) 
ethyl adamantane index: 1-EA/(1- + 2-EA) 

Diamantanes methyl-diamantane index: 4-MD/(1- + 3- + 4-MD) 
(m/z 187, 201, 215) relative distribution of diamantanes: C0-D : C1-D : C2-D : C3-D 

Triaromatic C20 TA/(C20 TA + C21 TA) 
steranes (m/z 231)	 C26 TA (20S)/sum of C26 TA (20S) through C28 TA (20R) 

C27 TA (20R)/C28 TA (20R) 
C28 TA (20R)/C28 TA (20S) 
C26 TA (20S)/[C26 TA (20S) + C28 TA (20S)] 
C28 TA (20S)/[C26 TA (20S) + C28 TA (20S)] 

Monoaromatic C27-C28-C29 monoaromatic steranes (MA) distribution. 
steranes (m/z 253) 

pri/phy 
pri/C17 

phy/C18 

TR21/TR23 
TR23/TR24 
TR23/H30 
TR24/H30 
triplet ratio 
Ts/Tm 
H28/H30 
NOR25H/H30 
H29/H30 
OL/H30 
M30/H30 
GAM/H30 
Σ(TR19-TR26)/H30 
H31S/H31R 
H32S/H32R 
H33S/H33R 
H31 : H32 : H33 : H34 : H35 
Σ(H31 − H35)/ H30 
H31/Σ(H31 − H35) to 

H35/Σ(H31 − H35) 
DIA 27S/DIA 27R 

C27 : C28 : C29 steranes 
C27ββ(S + R)/C29ββ(S + R) 
C28ββ(S + R)/C29ββ(S + R) 
C27ββ/(C27 + C28 + C29)ββ 
C28ββ/(C27 + C28 + C29)ββ 
C29ββ/(C27 + C28 + C29)ββ 
C27αα/C27ββ 
C28αα/C28ββ 
C29αα/C29ββ 
C27 (20S)/C27 (20R) 
C28 (20S)/C28 (20R) 
C29 (20S)/C29 (20R) 
C30/(C27 to C30) steranes 
C27-C28-C29 steranes/H30 

P1/P2 
P3/P5, P4/P5, P6/P5 
P8/P10 
P1/P3, P1/P5, P3/P10, P5/P10 

MAI 
DMAI 

TMAI 

EAI 
MDI 

* Ratios are defined for simplicity, but can be readily redefined in other forms. For example, the ratio of C29 αβ-30
norhopane/C30 αβ hopane (H29/H30) can be readily redefined as H29/(H29 + H30) × 100%. 
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spilled Exxon Valdez oil (an Alaska North 
Slope crude) and its residues also have triplet 
ratios of ∼2. Conversely, many tar balls and 
residues collected from the shorelines of the 
Prince William Sound were similar to each 
other but chemically distinct from the spilled 
Exxon Valdez oil with triplet ratios of ∼5. The 
triplet ratio, combined with other diagnostic 
biomarker ratios and isotopic compositions, 
revealed that these non-Valdez tar balls origi
nated from California with a likely source 
being the Monterey Formation (Kvenvolden 
et al., 1995). During the Arrow oil spill work, 
the ratio of the most abundant C29 to C30 hopane 
as well as C23/C24, Ts/Tm, and αββ/(αββ + 
ααα) of C27, C28, and C29 steranes as defined 
and used by Wang et al. (1994b) as reliable 
source indicators. Similar approaches, com
bined with determinations of a number of other 
“source-specific marker” ratios, were applied 
to characterize oil samples from the Arctic 
Baffin Island spill (Wang et al., 1995b), oil on 
birds (Wang et al., 1997), the 25-year-old 
wetland Nipisi spills (Wang et al., 1998a), a 
mystery spill in Quebec (Wang et al., 2001a), 
and the Detroit River oil spill (Wang et al., 
2004). Barakat et al. (2002) have proven the 
molecular ratios of triaromatic steranes includ
ing C28TA 20R/C28TA 20S, C27TA 20R/C28TA 
20R, and C28TA 20S/(C26TA 20R + C27TA 20S) 
were useful source indicators for correlating 
naturally weathered oil residues in the 
Egyptian Western Desert to a fresh crude oil 
sample of the Western Desert-sourced oil. 

Use Diagnostic Ratios of Biomarkers in 
Combination with PAH Ratios for Source 
Identification. In January/February 1996, 
a significant number of tar ball incidents 
occurred along the coasts of Vancouver Island, 
Washington, Oregon, and California. Samples 
of the tar balls were collected from the affected 
beaches and characterized by GC-FID and 
GC-MS, and further analyzed using a carbon 
isotopic technique (Wang et al., 1998b). Bio
marker characterization revealed that the BC 
and CA samples have similar diagnostic ratios 
of most biomarkers, but the CA samples show 
lower ratios of C23/C30 and C24/C30 than the BC 

samples. Only after in combination with char
acterization results of PAHs and PAH diag
nostic ratios, was it defensively concluded that 
(1) CA/Oregon samples were chemically 
similar and consistent with the same source of 
a Bunker-type fuel. (2) BC tar ball samples 
were chemically similar and consistent with 
the same source (also Bunker-type fuel). They 
were similar to the CA/Oregon samples but 
may have a different source. (3) The spill 
samples had been highly weathered since 
release, and the CA samples were more heavily 
weathered than the BC samples. (4) The source 
of the tar ball samples was neither ANS nor 
California Monterey Miocene oil. 

In application of diagnostic ratios of bio
markers for spill studies, it is important to 
acknowledge that regardless of diagnostic 
parameters used, a basic rule applied to all 
correlations and differentiations should be 

• poorly 	matching biomarker distribution 
and/or diagnostic ratios are strong evidence 
for lack of a correlation between a spill 
sample(s) and suspected source(s), 

• matching may be an indication of a correlation 
of a spill sample(s) and suspected source(s), 
but is not necessarily “proof ” for identity. 

Hence, in order to make more reliable and 
defensible correlations, the use of a “multi
criteria approach” is often a prerequisite. In a 
multicriteria approach, the final conclusion is 
based on analysis and evaluation of the distri
bution of more than one suite of petroleum 
compounds (Peters et al., 2005; Stout et al., 
2002; Wang et al., 1999a; Christensen et al., 
2004; Daling et al., 2002). 

3.3.10.2 Cross-Plots of Biomarkers 

Cross-plots (i.e., plot of one diagnostic bio
marker ratio versus another ratio) are another 
diagnostic means frequently used in oil geo
chemistry for oil–oil correlation and determi
nation of oil source and depositional 
environment (Peters and Moldowan, 1993). 
Gürgey (2002) analyzed 56 rock and 28 crude 
oil samples from the sub-salt and supra-salt 
section of the southern Pre-Caspian Basin. 
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Based on plots of C24/C26T (C24 tetracyclic/C26 

tricyclic terpanes) versus C29/C30 hopane, the 
author illustrates a clear separation between 
two populations: Population 1 (1A and 1B) and 
Population 2. Seifert and Moldowan (1986) 
applied cross-plots of C29 αββ/(αββ+ααα) 
sterane versus C29 20S/(20S+20R) steranes as 
a particularly effective measure in describing 
the thermal maturity of source rocks or oils. 
Zhang et al. (2003) classified crude oils from 
the eastern Pearl River Mouth Basin into 
groups based on cross-plots of relative abun
dance (at m/z 123) of various isomeric 
sesquiterpanes versus relative abundances of 
bicadinanes to C30 hopane on the m/z 412 mass 
chromatogram (bicadinane-T/C30-hopane). 

Cross-Plots of Biomarkers for Spill Source 
Identification. Malaysian coasts are sub
jected to various threats of petroleum pollution 
including deliberate and accidental oil spills 
from various sources. The identification of 
detailed sources of the oil pollution, therefore, 
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is essential to reduce the oil pollution through 
effective regulation. Based on chemical evi
dence that Middle East crude oils were char
acterized by C29 17α,21β-norhopane and 
C31–C35 homohopanes, whereas these com
pounds were depleted in South East Asian 
crude oils, Zakaria et al. (2000, 2001) pro
posed utility of the cross-plots of C29 αβ/C30 

αβ hopane ratio versus the homohopane index 
Σ(C31–C35)/C30 hopane as key biomarker indi
cators and successfully distinguished a large 
number tar ball samples that originated from 
South East Asian crude oil sources from those 
of Middle East sources. 

Cross-Plots of Sesquiterpane Isomers for 
Distinguishing Oils and Petroleum Prod
ucts. Wang et al. (2005a) depict the cross-
plots of sesquiterpanes (Peak 4/Peak 5 versus 
Peak 3/Peak 5) for more than 50 crude oils and 
refined products (Figure 3-25, left panel). 
There is large scatter in this set of oils in the 
cross-plot data: P4 : P5 and P3 : P5 fall in the 
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Figure 3-25 A: Cross-plots of the double ratios of Peak 4/Peak 5 versus Peak 3/Peak 5 for over 50 different oils and 
refined products. The circle indicates related samples from the same origin. B: Cross-plots of the double ratios of Peak 
4/Peak 5 versus Peak 3/Peak 5 for 11 weathering oil series and 1 diesel weathering series. Each weathering oil series 
produces a tight cluster. 
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ranges of 0.2–1.2 and 0.1–2.1, respectively. 
Furthermore, related oils, such as the circle for 
Orimulsion samples from different batches and 
for the original Orinoco bitumen, produce tight 
clusters on the plot. This implies that sesquiter
pane ratios, in combination with other finger
printing data, may be used to discriminate 
different oils and to identify the source of spill 
samples. A double ratio plot of P4 : P5 versus 
P3 : P5 for 11 weathered crude oil and 1 weath
ered diesel series is shown in the right panel 
of Figure 3-25. The four weathered samples 
for each oil series form tight clusters, indicat
ing that moderate weathering would not be 
expected to alter sesquiterpane distributions. 
For example, no depletion of sesquiterpanes, 
relative to the most abundant Peak 3, was 
observed for the weathered diesel samples (an 
Ottawa diesel, 2002) at four weathering per
centages of 0, 7.2, 14.2, and 22%. 

3.4 Effects of Weathering on 
Biomarker Fingerprinting 

3.4.1 Processes Affecting the Fate and 
Behavior of Spilled Oil 

When oils and petroleum products are released 
into the environment — water or land — they 
undergo a series of changes in chemical com
positions and physical properties that in com
bination are termed “weathering.” Weathering 
can strongly influence how oils move and 
behave in the environment (Jordan and Payne, 
1980; Wang et al., 1995c; NRC, 2002). Weath
ering processes could include evaporation, 
emulsification, natural dispersion, dissolution, 
microbial degradation, photooxidation, and 
other processes (such as sedimentation, adhe
sion onto the surface of suspended particulate 
materials, and oil-fine interaction). Each of 
the weathering processes affects the hydrocar
bon family differently. For example, aromatics 
tend to be more water soluble than aliphatics. 
Weathering processes occur at very different 
rates, depending on both the oil type and envi
ronmental conditions. 

Evaporation. In the short term after an oil 
spill, evaporation is usually the single most 

important and dominant weathering process, in 
particular for the light petroleum products such 
as gasoline. Evaporation has the greatest effect 
on the amount of oil remaining on water or 
land after a spill. In the first few days follow
ing a spill, the loss can be up to 70 and 40% 
of the volume of light crudes and petroleum 
products, and gasoline can evaporate com
pletely above zero degrees. For heavy or resid
ual oils such as Bunker C oil, the losses due to 
evaporation comprise only a few percentages 
of the total volume. The rate at which oil evap
orates depends primarily on the oil composi
tion. The more volatile components an oil or 
fuel contains, the greater the extent and rate of 
its evaporation. The extent of evaporation is 
often the most important factor for determin
ing oil properties at a given time after the spill 
and for changing the behavior of the oil. 

Emulsification. Emulsification is the process 
by which water is dispersed into oil in the form 
of small droplets. Water droplets can remain in 
an oil layer in a stable form, and the properties 
of the emulsified oil are very different from the 
starting oil. The mechanism of water-in-oil 
emulsion formation is not yet fully understood, 
but most likely it starts with sea energy forcing 
the entry of small water droplets, about 10 to 
25 µm in size, into the oil. Emulsions contain 
about 70% water, and thus, when emulsions 
are formed, the volume of spilled oil more than 
triples. In general, water can be present in oil 
in four ways (Fingas and Fieldhouse, 2003): 
(1) soluble; (2) unstable emulsion; (3) semi- or 
meso-stable emulsion; and (4) stable emul
sions. Stable emulsions are reddish-brown in 
color and appear to be nearly solid. These 
emulsions do not spread and tend to remain in 
lumps or mats on the sea or shore. It has been 
noted that when oil forms stable or meso
stable emulsions, the rate of evaporation slows 
down considerably. Microbial degradation also 
appears to slow down. The dissolution of 
soluble components from oil may also cease 
once emulsification has occurred. 

Natural Dispersion. Natural dispersion 
occurs when fine droplets of oil are transferred 
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into the water column by wave action or tur
bulence. Small droplets (<20 µm) are rela
tively stable in water and will remain so for 
long periods of time. Large droplets tend to 
rise and larger droplets (>100 µm) will not stay 
in the water column for more than a few 
seconds. Natural dispersion is dependent on 
both the oil type and weather conditions of sea 
(such as wave action and sea energy). Heavy 
oils such as Bunker C or a heavy crude will 
not disperse naturally to any significant extent, 
whereas light crudes and diesel fuel can dis
perse significantly. Dispersed oil may also rise 
to form another surface slick or it may become 
associated with sediment and be precipitated 
to the bottom. Dispersant, a chemical spill-
treating agent, may be applied to promote the 
formation of small droplets of oil that “disperse” 
throughout the top layer of the water column. 

Dissolution. Dissolution occurs immediately 
after the spill. Through the process of dissolu
tion, some of the most soluble components of 
the oil are lost to the water under the slick. The 
amount of an individual compound dissolving 
in the water phase from oil slicks in a given 
time largely depends on kinetic and equilib
rium conditions affected by molecular struc
ture and polarity. In general, (1) the aromatic 
hydrocarbons are more soluble than aliphatic 
hydrocarbons, (2) the solubility increases as 
the degree of alkylation of benzenes and PAHs 
decrease, (3) the lower-molecular-weight 
hydrocarbons are more soluble than the high
molecular-weight hydrocarbons in each class 
of petroleum compounds, and (4) the more 
polar S-, N-, and O-containing compounds are 
more soluble than hydrocarbons. Hence 
BTEX, lighter alkyl-benzene compounds, and 
PAHs with fewer rings such as naphthalene 
are particularly susceptible to dissolution or 
water-washing. As only a small amount of oil 
components actually enters the water column, 
dissolution does not measurably change the 
mass balance of the oil. The significance of 
dissolution is that the soluble aromatic com
pounds are particularly toxic to fish and other 
aquatic life. If a spill of oil containing a large 
amount of soluble aromatic components 

occurs in shallow water and creates high 
localized concentrations, then significant 
numbers of aquatic organisms can be at risk 
and killed. 

Biodegradation. Biodegradation of hydrocar
bons by natural populations of microorganisms 
represents the primary mechanisms by which 
petroleum and other hydrocarbon pollutants 
are eliminated from the environment (Prince, 
1993; Leahy and Colwell, 1990). The quanti
tative and qualitative aspects of biodegrada
tion depend on the composition of the 
microbial community (for example, indige
nous bacteria and other microorganisms are 
often the best adapted and more effective at 
degrading oil as they are acclimatized to the 
temperature and other conditions of the area); 
the type, nature, and amount of oil; and the 
ambient and seasonal environmental condi
tions (such as temperature, oxygen, nutrients, 
salinity, and pH). Petroleum hydrocarbons 
differ in their susceptibility to microbial attack. 
Transformations of petroleum hydrocarbons 
by biodegradation occur stepwise, producing 
oxidized compounds including alcohols, 
phenols, aldehydes, and carboxylic acids in 
sequence by phase 1 and phase 2 metabolic 
pathways. The compounds may eventually be 
completely metabolized to carbon dioxide and 
water, or the polar metabolites may be spread 
to the surrounding water or accumulated in the 
residual oil. 

Photooxidation. Photooxidation is a poten
tially significant process in degradation of 
crude oil spilled at sea, but the effects of pho
tooxidation on the oil composition following 
oil spills are not yet well understood. In 
general, photooxidation is considered to be a 
factor involved in the transformation of crude 
oil or its products released into the marine 
environment (Garrett et al., 1998). The pho
tooxidation is dependent on the thickness of 
the oil slick as well as sun incidence. The pho
tochemical degradation yields a variety of 
oxidized compounds including alcohols, alde
hydes, ketones, and acids, which are more 
soluble in water than the starting compounds. 
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Photodegradation affects the oil composition 
differently than is the case for microbial degra
dation and can hence complicate the observed 
weathering patterns for spills in areas with 
large sun incidence. For most oils, photooxi
dation is not an important process in terms of 
changing their fate or mass balance after a 
spill. 

Sedimentation and Oil–Mineral Aggrega
tion. Sedimentation is the process by which 
oil is deposited on the bottom of the sea or 
other water body. Once oil is on the bottom, it 
is usually covered by additional sedimentation 
and degraded very slowly. Oil–mineral aggre
gates (OMA) result from interactions among 
the oil residues, fine mineral particles, and sea
water. OMA formation has been identified as 
an important process that facilitates the natural 
removal of oil stranded in coastal sediments 
(Bragg and Owens, 1994; Owens and Lee, 
2003). OMA formation is enhanced by physi
cal processes such as wave, energy, tides, or 
currents. It has recently been noted that oil 
biodegradation may be enhanced by OMA 
formation. 

3.4.2 Weathering Effects on 
Biomarkers Fingerprinting 

Weathering causes considerable changes in 
the physical properties and the chemical com
position of spilled oil. For severely weathered 
oils, not only n-alkanes but also branched and 
cyclo-alkanes are heavily or completely lost, 
and the UCM becomes pronounced; the BTEX 
and alkyl benzene compounds can be com
pletely lost, and the PAHs and their alkylated 
homologous series could also be highly 
degraded, resulting in the development of a 
profile in each alkylated PAH family with the 
distribution of C0 - < C1 - < C2 - < C3-. Hence it 
is difficult and often impossible to identify 
severely weathered oil samples through recog
nition of n-alkane and PAH fingerprinting 
patterns. However, the biomarker fingerprint
ing patterns are often unaltered even for some 
severely weathered oil samples. Thus, bio
marker fingerprints could provide a powerful 

tool for tracking the source and correlation and 
differentiation of weathered oils. 

The laboratory evaporative weathering 
(Wang et al., 1995c; Wang and Fingas, 2003; 
EPA report, 2003) reveals that biomarker ter
panes and steranes are not depleted during 
evaporative weathering; all target biomarker 
compounds from the C19 to C35 range are con
centrated in proportion with the increase of the 
weathered percentages; and both terpanes and 
steranes show a great consistency in the rela
tive ratios of paired biomarker compounds and 
biomarker compound classes. A number of the 
laboratory biodegradation studies (Wang et al., 
1998c; Blenkinsopp et al., 1996; Swannel 
et al., 1996; Atlas and Bartha, 1992; Foght 
et al., 1998) also demonstrate that no sign of 
alteration in the composition of biomarkers 
was observed, regardless of the oil type (light, 
middle, or heavy), incubation times (7, 14, and 
28 days), incubation conditions (incubated at 
4, 10, 15, and 22°C), with and without the 
presence of nutrients. The concentrations of 
terpanes and steranes in the tested oils were 
consistent, and the diagnostic ratios of paired 
terpanes and steranes remained constant. For 
example, the average of the sum of eight target 
diagnostic biomarker ratios [including C23/C24, 
Tm/Ts, C29/C30, C32(S)/C32(R), C33(S)/C33(R), 
C23/C30, C24/C30, and C27αββ/C29αββ steranes] 
from 70 biodegradation samples of the ASMB 
oil inoculated under various inoculum condi
tions during 1994 was 8.2 ± 0.2 with relative 
standard deviations less than 4%. Contrary to 
the biomarker compounds, n-alkanes, pristine, 
and phytane were greatly reduced in the 
positive controls, and n-C17/pristane, n
C18/phytane, and pristane/phytane ratios were 
significantly altered, indicating degradation of 
pristane and phytane had also occurred. 

Compared to the laboratory-controlled 
evaporative weathering and biodegradation, 
the field biodegradation of contaminated 
petroleum in the environment is generally a 
long-term and complex process. The study of 
the 25-year-old Nipisi spill (Wang et al., 
1998a) indicates that the surface oil (0–2 cm) 
has been heavily weathered, evidenced by 
nearly complete depletion of n-alkanes and 
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isoprenoids and by complete loss of BTEX 
compounds, striking decreases in the abun
dances of alkylated naphthalene series, and 
development of a profile of C0 - < C1 - < C2 - < 
C3- in each alkylated PAH group. Conversely, 
the subsurface residual oil (>30–40 cm) from 
the same location is still almost unaffected by 
weathering, with GC chromatographic profiles 
similar to the reference oil. In contrast to 
alkane and PAH groups, the biomarker com
position of the Nipisi spilled oil is nearly unaf
fected. The accumulation of terpanes relative 
to the reference oil during the 25-year period 
of weathering is apparent, especially for the 
severely weathered surface sample N2–1A: 
the concentration of C30 -αβ hopane was 
approximately 1.8 times that found in the ref
erence oil, and five diagnostic biomarker ratios 
(C23/C24, Ts/Tm, C29/C30, C32 22S/22R, and C33 

22S/22R) were found to be consistent between 
samples as well. 

3.4.3 Biodegradation of Biomarkers in 
Spilled Oil 

Although terpanes and steranes are highly 
resistant to biodegradation, several studies 
have shown that they can be degraded to a 
certain degree under severe weathering condi
tions (i.e., extensive microbial degradation) 
(Seifert et al., 1984; Chosson et al., 1991). 
Based on several geochemical studies, Peters 
and Moldowan (1993) have created a “quasi
stepwise” sequence for assessing the extent to 
which biomarkers are degraded in the reser
voir. The Arrow (Wang et al., 1994b) and 
BIOS oil spill studies (Wang et al., 1995b; 
Prince et al., 2002) have demonstrated degra
dation of C23 and C24 tricyclic terpanes. In 
addition, Tm is degraded faster relative to Ts, 
even though Ts chromatographically elutes 
earlier than Tm. In March 1986, sections of 
peaty mangrove in a tropical ecosystem were 
polluted by Arabian Light crude oil. Eight 
years later, Munoz et al. (Munoz et al., 1997) 
found that isoprenoids were severely degraded 
and the biomarker distribution altered as well. 
Norhopanes were found to be the most 
biodegradation-resistant among the studied 

terpane and sterane groups, and the C30 -αβ 
hopane appeared more sensitive to weathering 
than its higher homologues. Frontera-Suau 
et al. (2002) examined degradation of petro
leum biomarkers using mixed cultures of 
microorganisms enriched from surface soils at 
four different hydrocarbon-contaminated sites. 
They found that these cultures degraded C30 

17α, 21β-hopane and the C31–C34 extended 
hopanes in Bonny Light crude oil after 21 days 
of incubation at 30°C. 

Three coastal sites, heavily oiled from the 
1974 Metula oil spill in the Strait of Magellan, 
Chile, were examined in May 1998 to deter
mine the long-term fate and persistence of 
Metula oil in a marine marsh environment 
(Wang et al., 2001b). Among the characterized 
samples, the asphalt pavement samples were 
the most heavily weathered, evidenced by a 
complete loss of n-alkanes from n-C8 to n-C41 

and by depletion of more than 98% of the alky
lated PAHs. Even the most refractory bio
marker compounds were affected to varying 
degrees. Biomarkers showed degradation in 
the following sequences: 

• Biomarkers were altered in the declining 
order of importance as: diasteranes > C27 

steranes > tricyclic terpanes > pentacyclic 
terpanes > norhopanes (C29Ts) ∼ C29 αββ 
steranes. 

• Steranes degraded in the order of C27 > C28 

> C29 with the stereochemical degradation 
sequence 20R ααα steranes > 20(R+S) αββ 
steranes > 20S ααα steranes. 

• Degradation of terpane C35 > C34 > C33 > C32 

> C31 was apparent with a significantly pref
erential degradation of the 22R epimers over 
the 22S epimers. 

• C30 -αβ-hopane appeared more degradable 
than the 22S epimers of C31 and C32 homo
hopanes, but had roughly the same biodegra
dation rate as the 22R epimers of C31 and C32 

homohopanes and was significantly more 
resistant to degradation than 
the 22S and 22R epimers of C34 and C35 

homohopanes. 
• C29-18α(H), 21β(H)-30-norneohopane, and 

C29 -αββ 20R and 20S stigmastanes were 
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found to be the most degradation-resistant 
terpane and sterane, respectively, among the 
studied target biomarkers. 

3.4.4 Determination of Weathered 
Percentages Using Biomarkers 

Highly degradation-resistant oil components 
such as C30 αβ hopane or C29 αβ norhopane 
have been applied as conserved “internal stan
dards” for more precise estimation of the 
weathering degree and extent of the spilled 
residual oil (Butler et al., 1991; Douglas et al., 
1994; Prince et al., 1994; Wang et al., 1995b): 

P(%) = (1 − Cs /Cw) × 100% (1) 

where P is the weathered percentages of the 
weathered samples, and Cs and Cw are the con
centrations of C30 αβ-hopane in the source oil 
and weathered samples, respectively. It should 
be noted, however, that the weathered per
centages can still be underestimated by using 
C30 -αβ-hopane as an internal oil reference for 
extremely degraded oil samples because C30 
αβ-hopane under such circumstances is itself 
partially depleted, such as in the case of the 
Metula oil spill (Wang et al., 2001b). However, 
in most cases, C30 -αβ-hopane is the preferred 
choice and used as “internal standards” for 
estimating weathered percentages, because 
C30 -αβ-hopane is often the most abundant 
among C19 to C35 biomarkers and can thus be 
quantified more accurately. For lighter refined 
products, such as diesel samples, which gen
erally do not contain high-molecular-weight 
terpane and sterane compounds, the bicyclic 
sesquiterpanes (Wang et al., 2005a) as well as 
a selection of the more conservative PAHs 
with a high degree of alkylation such as C3- or 
C4-phenanthrenes can be used as an alternative 
internal standard for estimating the degree of 
weathering. 

3.4.5 Case Study: Source Identification 
of a Harbor Spill by Forensic 
Fingerprinting of Biomarkers 

A harbor spill occurred in the Netherlands in 
2004. A thick layer of oil (sample 2) was found 

between a bunker boat and the quay next to 
the bunker center, and it was suspected that 
something had gone wrong during bunkering 
of the vessel. Fuel oils from the bunker boat 
(sample 1) and the bunker center (sample 3) 
were collected as suspected sources for com
parison with the spill sample. A multi-criterion 
approach was applied to fingerprint and iden
tify these oil samples and to determine the 
source of the spill. 

3.4.5.1 Product Type-Screening 

The samples were type-screened from their 
GC traces: (1) all have similar GC-FID and 
GC-MS chromatographic profiles at m/z 83 
and 85 for alkyl cyclo-hexanes and n-alkanes, 
respectively; (2) hydrocarbons ranged between 
n-C8 and n-C32 with maximal abundances 
between n-C15 to n-C17, and no hydrocarbons 
heavier than C32 were detected; (3) a nearly 
symmetrical UCM (unresolved complex 
mixtures of hydrocarbons) of middle-range 
distillate was apparent; (4) GC-detectable 
total-petroleum-hydrocarbons (GC-TPH) 
ranged from 870 to 920 mg/g oil, typical of 
lighter distillate fuels, significantly higher than 
most crude oils; (5) total n-alkanes including 
pristane and phytane were 142, 142, and 145 
mg/g oil for the three samples, typical for 
diesel fuels; (6) all three samples had similar 
ratios of n-C17/pristane, n-C18/phytane, and 
pristane/phytane with sample 1 (Bunker boat) 
being closer to the spill sample 2 than sample 
3 (Bunker center); (7) spill sample 2 had been 
slightly weathered, having considerably lower 
concentrations of n-C8, n-C9, and n-C10 than 
the suspected source samples 1 and 3. All the 
chromatographic evidence suggests that the 
spilled oil (sample 2) was a diesel-type fuel 
and the spill sample was slightly weathered. 
In this case, two questions remain after the 
product type-screening: (1) Did these three 
samples come from the same source? (2) Were 
the minor differences in chemical composition 
between samples caused by weathering or 
mixing with other (pre-existing) contamina
tion? To unambiguously answer these ques
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tions, characterization of more than one suite 
of analytes was performed. 

3.4.5.2 Characterization of 
Bicyclic Sesquiterpanes 

Figure 3-26 compares the GC-MS chro
matograms of sesquiterpanes at 123 and their 
corresponding GC-FID chromatograms. Three 
samples contain significant amounts of 
sesquiterpanes (Table 3-10). To aid compari
son, the diagnostic ratios of paired sesquiter
pane isomers with the same carbon number 
and between groups (with different carbon 
number) for three samples are presented in 
Table 3-10 as well. Figure 3-26 and Table 3
10 reveal that (1) sesquiterpanes are extremely 
abundant in three oil samples. The total con
centrations of 10 sesquiterpanes were deter
mined to be as high as 7986, 8255, and 7384 
µg/g oil (n = 3). (2) Samples 1 and 2 have 
nearly identical distribution patterns of 
sesquiterpanes. (3) More importantly, the diag
nostic ratios of eight sesquiterpane isomeric 
pairs were nearly identical for samples 1 and 
2 as well. (4) Sample 3 is distinctly different 
from samples 1 and 2 not only in the diagnos
tic ratios but also in the concentrations of 
target sesquiterpanes. In particular, the abun
dances of Peaks 2, 3, 4, and 8 of sample 3 are 
much lower than the corresponding peaks of 
samples 1 and 2. (5) Furthermore, the diag
nostic ratios of P3/P5 and P4/P5 for sample 3 
are considerably lower than the corresponding 
ratio values for samples 1 and 2. Conversely, 
sample 3 has a much higher ratio of P1/P2 than 
samples 1 and 2. (6) Note that, because of 
weathering, most probably due to evaporation 
of the spill sample, the spill sample 2 had 
slightly higher concentrations of all the 
observed sesquiterpanes compared to sample 
1. Based on the sesquiterpane concentrations, 
the evaporative mass-loss of sample 2 relative 
to sample 1 is estimated to be between 4 
and 6%. 

The diagnostic ratios of sesquiterpanes are 
compared in double-ratio plots at the 95% con
fidence limits (Figure 3-27). Specifically, the 
spill sample (oil sample 2) is compared to both 

suspected source oil samples 1 and 3, respec
tively. Based on the criteria described in the 
revised Nordtest method (Daling et al., 2002), 
there is a perfectly “positive match” between 
the spill sample (sample 2) and the spill source 
candidate (sample 1), while sample 3 is a 
“nonmatch” to the spill. 

3.4.5.3 Confirmation of Source 
Identification by Quantitative Evaluation 
of Alkylated PAHs and Pentacyclic 
Terpanes and Steranes 

The source identification by characteriz
ing sesquiterpanes is further validated by 
quantitative evaluation of five petroleum-
characteristic alkylated PAH homologous 
series (naphthalene, phenanthrene, dibenzo
thiophene, fluorene, and chrysene) and the 
pentacyclic biomarker terpanes and steranes. 
PAH fingerprinting results show that (1) the 
totals of alkylated PAHs were 24,902, 25,870, 
and 21,528 µg/g oil for samples 1, 2, and 3, 
respectively; (2) sample 2 and sample 1 have 
nearly identical distribution patterns of target 
alkylated PAHs and other EPA priority PAHs. 
The pattern for sample 3, however, is notice
ably different; (3) diagnostic ratios of target 
PAH groups and paired PAH isomers are all 
very similar for all samples, but the ratios for 
sample 1 and 2 were more similar to each other 
than to sample 3. 

GC-MS analysis found that, in this case, all 
three oil samples contain detectable amounts 
of high molecular-weight terpanes and ster
anes (Table 3-10). The extracted ion chro
matograms at m/z 191 and 218 for terpane and 
sterane characterization are shown in Figure 
3-28. The concentrations of target terpanes 
(C21 to C31) and three groups of αββ-steranes 
(C27, C28, and C29) were determined, and the 
relative ratios of target biomarker terpanes 
C23/C24, C29/C30, Ts/Tm, C29 -αβ-hopane/C30 
αβ-hopane, C31(22S)/C31(22R), and C27αββ/ 
C29αββ steranes were also calculated. Terpane 
and sterane fingerprinting results reveal that 
(1) only traces of terpanes and steranes were 
detected in the samples (157, 181, and 101 µg/g 
oil for samples 1, 2, and 3, respectively), 
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Figure 3-26 Extracted ion chromatograms at m/z 123, sesquiterpanes, for three Round Robin samples (right) and their 
corresponding GC-FID chromatograms for n-alkane analysis (left). 
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Table 3-10 Quantitation Results and Diagnostic Ratios of Sesquiterpanes in Three Oil Samples 

Oil Samples Sample 1 Sample 2 Sample 3 

Sesquiterpanes (mg/g oil) 
Peak 1 481 (1.2)* 518 (0.2) 527 (0.6) 
Peak 2 334 (0.5) 355 (2.3) 283 (2.6) 
Peak 3 1163 (0.9) 1212 (1.4) 965 (2.4) 
Peak 4 805 (1.0) 836 (1.4) 666 (2.2) 
Peak 5 1349 (2.4) 1392 (1.5) 1370 (1.0) 
Peak 6 722 (1.4) 750 (1.2) 658 (2.3) 
Peak 7 368 (4.8) 377 (2.4) 384 (4.1) 
Peak 8 625 (2.1) 640 (1.4) 507 (2.6) 
Peak 9 251 (4.1) 259 (4.6) 220 (4.2) 
Peak 10 1889 (0.7) 1916 (0.3) 1803 (1.2) 
Total 7986 (0.7) 8255 (0.5) 7384 (0.6) 

Sesquiterpane diagnostic ratios 
C14 group 
P1:P2 1.44 (1.6) 1.46 (2.3) 1.87 (3.0) 
C15 group 
P3:P5 0.86 (3.3) 0.87 (2.5) 0.70 (1.5) 
P4:P5 0.60 (1.4) 0.60 (2.7) 0.49 (1.5) 
P6:P5 0.54 (1.0) 0.54 (2.7) 0.48 (3.2) 
C16 group 
P8:P10 0.33 (2.7) 0.33 (1.4) 0.28 (1.5) 
Intergroup 
P1:P5 0.36 (3.2) 0.37 (1.3) 0.38 (0.6) 
P3:P10 0.62 (0.4) 0.63 (1.3) 0.54 (1.9) 
P5:P10 0.71 (3.0) 0.73 (1.3) 0.76 (0.8) 

Terpanes and steranes (mg/g oil) 
C21 16.2 (2.9) 14.7 (3.6) 15.9 (5.2) 
C22 8.47 (2.4) 7.80 (2.7) 7.16 (4.9) 
C23 25.7 (0.7) 24.5 (0.9) 22.4 (4.9) 
C24 13.1 (1.2) 12.9 (3.7) 11.6 (5.6) 
C29 6.61 (1.2) 8.17 (7.0) 3.03 (2.4) 
C30 6.39 (0.8) 7.13 (7.0) 2.75 (5.6) 
Ts 4.88 (5.0) 6.43 (2.0) 2.14 (2.0) 
Tm 4.53 (7.0) 5.67 (2.7) 2.27 (7.3) 
C27 αββ 37.0 (2.4) 48.5 (4.3) 17.8 (3.8) 
C28 αββ 17.1 (3.7) 22.7 (5.4) 8.13 (8.2) 
C29 αββ 17.3 (2.5) 22.1 (6.1) 7.91 (6.4) 
Total 157 (1.2) 181 (3.6) 101 (3.7) 

Diagnostic ratios of target terpanes and steranes 
C21/C22 1.92 (4.6) 1.89 (1.8) 2.23 (1.1) 
C23/C24 1.97 (1.3) 1.90 (3.9) 1.94 (4.2) 
C23/C30 4.03 (0.9) 3.44 (6.8) 8.17 (3.6) 
C24/C30 2.05 (2.0) 1.81 (4.0) 4.23 (7.5) 
C29/C30 1.03 (0.4) 1.15 (0.3) 1.11 (4.4) 
Ts/Tm 1.08 (2.0) 1.13 (3.8) 0.95 (8.7) 
C27 αββ/C29 αββ 2.13 (3.7) 2.20 (5.3) 2.25 (8.7) 

* The concentrations and diagnostic ratios were determined from three measurements. The values in parentheses are 
relative standard deviation (% RSD) of three measurements. 
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Figure 3-27 Correlation of diagnostic ratios (normalized to %) of sesquiterpanes between spill sample 2 and suspected 
source samples 1 (left) and 3 (right) at 95% confidence. All the data (A: left panel) overlap the 1 : 1 line at 95% confi
dence, representing a “perfect” match between samples 2 and 1. Conversely, most data points (B: right panel) between 
samples 2 and 3 do not overlapping the line at 95% confidence, representing a “nonmatch.” 

mostly lower-MW C19–C24 terpanes, diaster
anes, and C27–C29 steranes. No C33–C35 penta
cyclic hopanes were detected. (2) Samples 2 
and 1 have nearly identical terpane and sterane 
distribution patterns. (3) Sample 3 shows the 
distribution pattern different from that of 
samples 1 and 2. The tricyclic terpanes (C21 to 
C24) in sample 3 are similar to samples 1 and 
2, but the pentacyclic terpanes (C29–C32) and 
C27–C29 steranes have much lower concentra
tions than samples 1 and 2. (4) The diagnostic 
ratios of target hopanes and steranes are 
similar for samples 1 and 2, while the diag
nostic ratios of sample 3, however, are signif
icantly different from either. Clearly, the 
fingerprinting and quantitation data of PAH 
and biomarker terpanes and steranes further 
confirm the conclusion obtained from the fin
gerprinting results of sesquiterpanes, that is, 
sample 1 (Bunker boat) is a positive match to 
the spill sample 2 (spill oil on the water 

surface), while sample 3 (Bunker center) is a 
nonmatch to the spill. 

The fingerprinting results described above 
strongly demonstrate that for defensive foren
sic investigation and unambiguous spill source 
identification, the use of the “multicriteria” 
analytical approach must be followed. In many 
cases, characterization of biomarker and PAH 
compounds should include determination of 
both concentrations and diagnostic ratios/rela
tive distributions. 

3.5 Conclusions 

Biomarkers retain all or most of the original 
carbon skeleton of the original natural product, 
and this structural similarity reveals highly 
specific information about a spilled oil’s 
source than do other compound groups present 
in oil. Therefore, chemical fingerprinting of 
source-characteristic and environmentally 
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Figure 3-28 Comparison of GC-MS chromatograms of terpanes (m/z 191) and steranes (m/z 218) in three oil samples. 

persistent biomarkers generates information of tion process and weathering state of oils under 
great importance to environmental forensic a wide variety of conditions. Advancements in 
investigations in terms of determining the spilled oil fingerprinting techniques will con-
source of spilled oil, differentiating and tinue and these advancements will further 
correlating oils, and monitoring the degrada- enhance the utility and defensibility of oil 
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hydrocarbon fingerprinting and spill source 
identification. 
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Flaxseed (Linum usitatissimum L.) is a multi-purpose crop and its consumption is beneficial for human 
health. The nutritional components of flaxseed are oil, protein, lignans, fiber and vitamin. The 
determination of the minor components is of great importance in establishing the flaxseed oil quality 
and their genuineness. The qualitative and quantitative determination of its constituents has been 
carried out by using several analytical techniques most of which are based on gas chromatography and 
some being based on high-performance liquid chromatography. In the present work, the different 
methods used for the determination of flaxseed components are revised. 

Keys words: Methods, chromatography, flaxseed, food, fiber, protein, oil, lignans. 

INTRODUCTION 

Flaxseed is the seed from the flax plant (Linum 
usitatissimum L.), which is a member of the Linaceae 
family. The plant is not a new crop and native to West 
Asia and the Mediterranean (Berglund, 2002). Flaxseed 
is rich in fat, protein and dietary fibre. Chemical analysis 
of flaxseed averaged 30 to 40% oil, 20 to 25% protein, 20 
to 28% total dietary fibre, 4 to 8% moisture and 3 to 4% 
ash and the oil contains vitamins A, B, D and E, minerals 
and amino acids. By virtue of the presence of 
physiologically active food components that may provide 
health benefits beyond basic nutrition, flaxseed is often 
grouped into one of several categories: ‘‘functional food’’, 
‘‘bioactive food’’ and an ‘‘endocrine active food’’ (Hasler 
et al., 2000). 

The qualitative and quantitative determination of the 
constituents is often done by capillary gas 
chromatography (GC). The use of chromatographic 
techniques, especially gas chromatography (GC), has 

*Corresponding author. E-mail: wahid1bio@yahoo.fr Tel: 
(00216) 96 538 999. 

become more and more important, because it can be 
applied to the quality control of many food matrices. In 
standardized analytical methods, flame ionization 
detection (FID) is the most widely used together with 
mass spectrometry (MS) which allows molecular mass 
data, structural information and identification of com
pounds. In particular, GC has been useful for detecting 
the presence of other fat substances in flaxseed oils, 
even at very low concentration levels. High-performance 
liquid chromatography (HPLC) is used normally for 
separating non-volatile, high-molecular-mass consti
tuents, namely normal phase, is widely used to separate 
classes of constituents according to the nature and 
number of polar functional groups. Reversed-phase 
HPLC is used to separate individual components that 
belong to one constituent class. Several detection 
methods can be used in conjunction with HPLC, the 
ultraviolet-visible (UV-Vis) being the most commonly 
used. Other detection methods, such as refractive index 
(RI), FID, MS, evaporative light scattering (ELSD), 
fluorescence (FD) and electrochemical detection are also 
used (Cert et al., 2000). Recently, there has been a 
growing interest in the probiotic properties of flaxseed 

mailto:wahid1bio@yahoo.fr
http://www.academicjournals.org/AJB


 
 
 
 

        
        

      
          

 
 

     
  

 
  

 
          

       
        

       
       

       
         

        
          

        
       

     
      
       
       

        
      

      
        

         
       

          
 
 

      
 

       
     

         
         

      
       

  
     

  
     

     
       

       
        

        
       

        
      

         
         

           
 
 
 

   
 
 

   
 

              
      

       
         

      
      

       
       

    
       

     
      

        
          
      

    
      

       
         

          
        

       
        

      
     

        
       

       
     

       
       

         
        
      

         
      

        
       

        
     

        
         
        

       
    

 
 

   
 

       
        

        
               

and in its beneficial effects on coronary heart disease, 
some kinds of cancer and neurological and hormonal 
disorders. This review shows the most commonly used 
methods in flaxseed in order to assess it nutritional value. 

ANALYSIS OF THE DIFFERENT FLAXSEED 
COMPONENTS 

Protein 

Flaxseed is a source of raw materials such as protein 
(35%) with potential application as nutraceuticals and 
functional foods (Bozan and Temelli, 2008). The content 
of albumins fraction was higher in flaxseed (40%), 
whereas in stone pine (Pinus pinea) was found in the 
range of 15% (Sammour et al., 1999). 

With the increasing demand for vegetable sources of 
proteins, there is a potential for utilizing flaxseed proteins 
as a food source. The identification requires the use of 
advanced analytical techniques due to the complexity of 
these compounds. As a result, HPLC, GC, capillary 
electrophoresis (CE), nuclear magnetic resonance (NMR) 
and Fourier transform infrared spectroscopy (FTIR) have 
been used to analyse these compounds. Analysis of 
these compounds were carried out employing HPLC-MS 
(Oomah et al., 2007), other techniques like differential 
scanning calorimetry (Li-Chan and Ma, 2002). Sodium 
dodecyl sulphate PAGE (SDS-PAGE) and 2D-PAGE 
have been employed to analyse protein in flaxseed 
(Chung et al., 2005). These more classical techniques do 
not provide an identification of these biomolecules as 
accurate as CE or HPLC coupled to mass spectrometry. 

Dietary fiber (mucilage or gum) 

Flaxseed contains both soluble and insoluble fiber 
(Bloeden and Szapary, 2004). 

The measurement of dietary fibers in flaxseed is a 
complex issue, associated with the definition of fiber in 
the analytical method chosen. Methods for the determi
nation of dietary fiber may be divided into three 
categories: non-enzymatic-gravimetric, enzymatic gravi
metric and enzymatic-chemical methods. The later 
includes enzymatic-colourimetric and enzymatic-
chromatographic (GLC/ HPLC) methods. Nowadays, the 
most commonly used methods for dietary fiber measure
ment are the enzymatic-gravimetric, the Association of 
Official Analytical Chemists (AOAC) method (Prosky et 
al., 1988) and enzymatic-chemical method (Englyst et al., 
1994). The most fiber-rich plants include grains such as 
wheat, barley and oats; legumes such as beans, lentils 
and soybeans; and vegetables such as garlic, asparagus, 
broccoli and carrots (Murphy and Hendrich, 2002). 
Flaxseed is recognized as having about 35 to 50% 
dietary fiber. It contains 5% viscous fiber (mucilage) (Muir 

Herchi et al. 725 

et al., 2000). 

Cyanogenic glycosides 

A range of 218 to 538 mg/100 g and 73 to 454 mg/100 g 
of linustatin and neolinustatin, respectively has been 
reported for 48 flaxseed varieties (Dean, 2003). Methods 
in the literature related with the detection of cyanogenic 
glycosides in flaxseed include chemical and enzyme-
linked colorimetric tests (Vetter, 2000), thin-layer chroma
tography (Sherma, 2000), HPLC and GC of trimethylsilyl 
(TMS) derivatives (Bacala and Barthet, 2007). 

Chemical hydrolyses function, by employing strong 
acids at elevated temperatures to hydrolyze the cyano
genic glycosides, have been used as quantities colori
metric method measuring the liberated cyanide gas. 
Although, amenable for rapid analysis of large sample 
sets, this method was found to be much less accurate 
than enzyme-linked assays (Kobaisy et al., 1996). 
Enzyme-linked assays function by employing endo
genous hydrolytic enzymes to hydrolyze the cyanogenic 
glycosides. Quantitation is achieved by measuring either 
the liberated cyanide or glucose using a colorimetric test. 
Although, one report shows that such a method could be 
as accurate as HPLC (Bacala and Barthet, 2007), enzy
matic methods only provide total cyanogenic glycoside 
content and no information on identity or levels of indivi
dual cyanogenic glycosides in the sample. 

Furthermore, two different [beta]-glucosidases are 
required for liberation of cyanide from linustatin and 
neolinustatin in flaxseed (Bacala and Barthet, 2007). 
First, linustatinase converts linustatin and neolinustatin to 
linamarin and lotaustralin, respectively. Second, linama
rase liberates cyanide from the monoglycosides. The 
abundance and relative activity of each of these enzymes 
in a seed sample or crude enzyme preparation would 
affect the observed rate of reaction. This creates addi
tional variables that could adversely affect assay repro
ducibility, as enzyme levels in different seed samples and 
enzyme preparations will almost certainly vary over time 
and from sample to sample. Although, existing TLC 
methods can resolve linustatin and neolinustatin. 

They are not capable of full resolution of diglucosides 
from their respective monoglucosides (Amarowicz and 
Shahidi, 1994) and TLC is generally considered a semi 
quantitative test at best. GC or HPLC methods are 
typically the preferred method of analysis due to their 
high resolving power, capability of direct quantitation of 
analyses and automation. 

Flaxseed oil 

Flaxseed oil is naturally high in polyunsaturated fatty 
acids (PUFA), more specifically in ω-3 fatty acids and 
hence, flaxseed as a component of poultry meal, can 
provide ω-3 enriched eggs. Rapid drying linseed oil is 
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used for several purposes in industry, including paint and 
flooring (linoleum) industries (Jhala and Hall, 2010). 
Because of its novel oil profile, flaxseed may also be a 
suitable platform crop for the synthesis of specialized 
industrial and nutraceutical products. 

Fatty acids 

Nutraceutical and health virtues of flaxseeds have been 
attributed to their essential fatty acids (EFAs) which are 
essentially omega-6 (Linoleic) and omega-3 (Linolenic) 
fatty acids (Bozan and Temelli, 2008). Fatty acids, the 
main components of any edible oil, are usually converted 
to fatty acid methyl esters (FAMEs) for GC analysis using 
capillary columns (Tuberoso et al., 2007). The use of 
capillary columns in GC analysis has notably improved 
the resolution of separations, improving the precision of 
analysis in terms of quality, quantity, sensitivity and 
analysis times. American Oil chemistry’s Society (AOCS) 
official methods include various procedures for FAME 
quantification by GC with capillary columns (Firestone, 
1987). The composition of fatty acids has traditionally 
been used in the food industry as an indicator of purity 
(Kfapoulas et al., 1981). Palmitic acid is used as an 
indicator of adulteration of flaxseed oil by palm olein, 
since flaxseed oil has a palmitic acid content of between 
8 and 10%, whereas palm olein contains around 40% 
palmitic acid. Information regarding linoleic acids is used 
for the detection of flaxseed adulteration with soybean oil. 
Soybean oil contains about 50% linoleic acid, whereas 
flaxseed oil contains 15% (Aparicio and Aparicio-Ruiz, 
2000). At present, GC allows not only the percentage of 
trans-fatty acids to be determined, but they can also be 
identified and the proportion of each one of them to be 
calculated. The presence of the trans-isomers of oleic, 
linoleic and linolenic acids in flaxseed oils above the 
maximum levels (Aparicio and Aparicio-Ruiz, 2000), can 
indicate adulteration with hydrogenated seed oils or 
mutant (or genetically altered) seed oils desterolised at 
high temperatures (Paganuzzi, 1997). 

Triglycerides 

Triglyceride composition has also been established as a 
measurement of the quality and purity of vegetable oils 
(Aparicio and Aparicio-Ruiz, 2000). Analysis can be 
carried out by HPLC or high-temperature GLC, although, 
HPLC is becoming widely accepted in the analysis of 
triglycerides (Tuberoso et al., 2007). Different types of 
sample preparation, stationary and mobile phases and 
detectors have been studied to separate triglycerides 
according to the number of carbon atoms by HPLC. The 
greatest resolution of a triglyceride homologous series 
was found using an RP-18 (Lisa and Holcapek, 2007). 

Depending on the degree of separation demanded and 

the type of detection used, different mobile phases can 
be used. The detectors commonly used are UV-Vis which 
is the most sensitive. An alternative is light-scattering 
detection. Tuberoso et al. (2007) used the equivalent 
carbon number (ECN) to cluster triglycerides exhibiting 
the same behaviour on reversed-phase HPLC columns. 
From the point of view of authentication, fatty acids are 
distributed on glycerol molecules according to certain 
position-specific patterns and hence, triglycerides are 
considered to be good fingerprints for adulteration 
purposes. Flaxseed oil is a triglyceride oil consisting 
mainly of linolenic acid (53%), oleic acid (18%), linoleic 
acid (15%), palmitic acid (6%) and stearic acid (6%). The 
major forms of TAG species (LnLnLn, LnLLn, LLLn, 
LnOLn) (Tuberoso et al., 2007) whereas in corn oil, OLL, 
OOL, POL and LLL were the major species (Harrabi et 
al., 2008). 

Waxes 

The profiles of waxes are of interest as indicators of both 
quality and purity. Virgin olive oil can be distinguished 
from refined olive oil and olive-pomace oils, because the 
first has a higher content of C36 and C38 waxes than of 
C40, C42, C44 and C46, whilst the other oils have an 
inverse relation (Aparicio and Aparicio-Ruiz, 2000). The 
most common methodologies are based on separation by 
HPLC followed by GC analysis (Herbert et al., 2006). 
Alternatives such as TLC (Gordon and Miller, 1997), 
open column chromatography and off-line HPLC methods 
have all been used for the isolation of the total wax ester 
fraction. GC analysis is then carried out to quantify each 
compound (Herbert et al., 2006). 

Sterols (4-desmethylsterols) 

The analysis of sterols is important for detecting oil 
adulteration. Chromatographic methods are currently the 
most widely used for the qualitative and quantitative ana
lysis of this extensive series of compounds clustered in 4
desmethylsterols, 4, 4-dimethylsterols and 4-monome
thylsterols or triterpene alcohols. GC for unsaponifiable 
matter is the prevalent technique in flaxseed (Schwartz et 
al., 2008). A direct analysis of the silylated unsaponifiable 
components obtained from different food products was 
performed on a thermostable polar cGC column (65% 
phenyl-35% dimethylpolysiloxane); this allowed a fast 
screening of the components of the lipid fraction that are 
considered to be the fingerprint of a natural matrix. Using 
this methodology, it is possible to detect the presence of 
small quantities of husk oil in the new or rectified olive 
oils, as well as to establish the quality of the oil with 
respect to oxidation (Lercker et al., 2000). The 
unsaponifiable matter is isolated preferably using the 
diethyl ether procedure that allows the total extraction of 
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sterols (Schwartz et al, 2008; Herchi et al., 2009b). 
Various developing liquids can be used to purify this 
material by TLC on silica gel. Capillary columns give the 
best performance since they can resolve the sterols 
almost completely (Herchi et al., 2009b). The sterols 
fraction, probably due to their relative abundance, is 
frequently used for tracking commercial frauds. Positional 
isomers of the double bond in the sterols ring have been 
recently detected, which can be used as fraud tracers in 
flaxseed oils. Refining and acidity can modify the sterol 
composition leading to isomerisation of fucosterol and 5
avenasterol (Lercker et al., 2000). Sitosterol was the 
most abundant sterol in flaxseed oil (Herchi et al., 
2009b). Cholesterol and brassicasterol which were the 
minor sterols in flaxseed oil, have high contents of butter 
oil and rapeseed oil, respectively (Schwartz et al., 2008). 

Hydrocarbons 

Hydrocarbons in flaxseed oil are present in quite small 
amounts (≤0.2%) (Herchi et al., 2009a). The only excep
tion is virgin olive oil, which contains about 0.5% and is 
mainly constituted by squalene (Lercker et al., 2000). 

They are formed by a homologous series of linear com
pounds that are mainly saturated chain of 13 to 34 
carbon atoms (Cunha and Fernandes, 2001). Silica TLCs 
of natural lipids using a mobile phase of n-hexane-diethyl 
ether provide a good separation of hydrocarbons (Cert et 
al., 2000). 

In flaxseed, the hydrocarbons can be determined by 
GC and GC-MS (Herchi et al., 2009a). The results of 
Herchi et al. (2009a) provide useful information on the 
hydrocarbon composition of linseed oil, which contained 
n-alkanes (C22-C34) and squalene using GC and GC
MS techniques. The high-chain-length n-alkane (C40
C50), characterizing a mineral origin (Neukom et al., 
2001) and n-alkenes were absent in the hydrocarbon 
fraction of three varieties of linseed. 

Determination of the aliphatic hydrocarbon profile of 
vegetable oils has been used as a marker to reveal con
tamination with mineral oil residues, which could be dif
fused in vegetable oils. In some unrefined vegetables 
oils, small quantities of pollutants can be found 
(pesticides, volatile organic compounds, chlorinated 
hydrocarbons, aromatic hydrocarbons, etc.) (Lercker et 
al., 2000). 

In the TLC fractionation, the polycyclic aromatic hydro
carbons (PAHs) elute together with the other hydro
carbons. HPLC would be in this case, a suitable analy
tical choice, since it has proven successfully to separate 
PAHs from the other hydrocarbons (Moreda et al., 2001). 

oils. Both linear and triterpenic alcohols are more polar 
than tocopherols and are often badly separated in silica 
TLC and are observed for their determination by GC 
(Herchi et al., 2009b). The TLC separation of aliphatic 
and triterpenic alcohols from each other is difficult 
although procedures have been suggested (Schwartz et 
al., 2008). In any case, a better TLC separation could be 
achieved by using a multiple development technique with 
a slightly different mobile phase for the second 
development (Cert et al., 2000). The effects of refining 
and industrial hydrogenation on the structural 
modifications of linear and triterpenic alcohols have also 
been studied (Lercker et al., 2000). 

Tocopherols and tocotrienols 

Flaxseed oil is rich in gamma tocopherol (400 to 500 mg/ 
kg oil) (Herchi et al., 2011d) which have many health 
effects. The most commonly used method for the 
analysis of tocopherols and tocotriénols in flaxseed oil is 
the direct HPLC analysis of the oil sample using normal 
phase and fluorescence detection (Schwartz et al., 2008; 
Herchi et al., 2011d).The method with either fluorescence 
or UV-Vis detection has been standardized by the IUPAC 
(IUPAC, 1987) and AOCS (AOCS, 1990). The HPLC 
techniques have been also used with UV-Vis detection 
and reversed-phase columns. The separation with 
reversed-phase columns presents the advantage of short 
equilibrium and analysis time and high reproducibility of 
retention time, but has the disadvantage of not resolve 
between β and γ isomers of both tocopherols and 
tocotrienols (Swigło and Sikorska, 2004). On the other 
hand, normal phase HPLC allows a good separation of all 
isomers, but the analysis time is longer and the retention 
times are more variable (Schwartz et al., 2008). 
Evaporative light scattering detectors (ELSD) has been 
compared with fluorescence, being less sensitive than 
fluorescence needing a very clean sample. In the 
preparative TLC tocopherols and tocotrienols coelute with 
epoxy-squalene, the epoxy-squalenes are derive from the 
oxidation of squalene, which can be of enzymatic or 
chemical origin, as in the olive husk oil (Lercker et al., 
2000). γ-Tocopherol occurred in highest concentrations in 
linseed (Herchi et al., 2011d), camelina, cold-pressed 
rapeseed and corn oil (Schwartz et al., 2008). The range 
of α-tocopherol contents in linseed oil has been reported 
to be exceptionally wide. For example, in one study, the 
contents varied between <1 and 12.1 mg/100 g (Bozan et 
al., 2008) and in another study, between 0 and 9.11 
mg/100 g (Schwartz et al., 2008), while the content of the 
major tocol, γ -tocopherol, was more stable. In contrast, 
α-tocopherol was the major isomer in wheat germ (192 
mg/100 g oil) and γ-tocopherol was found in trace. 

Aliphatic and triterpenic alcohols 
Phenolic compounds 

The determination of aliphatic and triterpenic alcohols are 
also used for ascertaining the genuineness of vegetable A column chromatography method for separation of 
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phenolic compounds from flaxseed using Sephadex LH
20, RP-8 and silica gel is described (Amarowicz and 
Shahidi, 1994). TLC analysis proved that separated 
fractions contained numerous phenolic compounds. The 
levels of lignans in food vary widely with flaxseed (L. 
usitatissimum L.) being a rich source which contains 
lignans tens to hundreds times more than most other 
edible plants (Kraushofer and Sontag, 2002) including 
minor amounts of phenolic acids as p-coumaric and 
simple phenols as vanilline (Siger et al., 2008). Extraction 
methods vary widely depending on the sample and the 
compound of interest. Following the discovery of SDG by 
Bakke and Klosterman (1956) and its connection to the 
mammalian lignans, several methods for the analysis of 
lignans and other phenolic compounds of flaxseed have 
been developed. The polymeric powder obtained by 
ethanol: dioxane extraction of defatted flaxseed flour 
(DFF) was found to release hydroxymethyl glutaric acid 
(HMGA), 4-O-β-D-glucopyranosyl coumaric acid and 
SDG upon alkaline hydrolysis (Bakke and Klosterman, 
1956), suggesting that these compounds are bound in 
ester-linked polymeric structure(s) in flaxseed. The 
compounds may also be released from the polymeric 
material as aglycones by enzyme or acid hydrolysis 
(Mazur and Adlercreutz, 1998). Extractions of flaxseed 
phenols have usually been carried out with organic 
solvents (Chimichi et al., 1999) sometimes mixed with 
water (Sicilia et al., 2003), but the use of supercritical 
fluid (SCF) extraction has also been reported (Harris and 
Haggerty, 1993). SDG and cinnamic acids absorb light in 
the UV-region and have been detected and quantified by 
column chromatography, HPLC, GC and NMR 
techniques. Methods for the extraction and purification of 
SDG in flaxseed have been compiled in Table 1. The 
colorimetric procedures using the Folin-Ciocalteu reagent 
have been used for the determination of total phenols 
(Herchi et al., 2011e; Siger et al., 2008). HPLC-MS 
detection is one of the most important analytical 
techniques used for the analysis of phenolic compounds. 
Herchi et al. (2011c) describe here, a simple HPLC-ESI
TOF (MS) method to analyse phenolic and other polar 
compounds in oil samples after solid-phase extraction 

Pigments 

Chlorophylls and carotenoids are the main pigments in 
vegetables oils, being pheophytin the principal 
component of the chlorophyll group. Carotenoids are 
divided into two groups; carotenes and xanthophylls. In 
flaxseed oil, the main carotenoids are β-carotene 
(Tuberoso et al., 2007). Both chlorophylls and 
carotenoids are considered to have an important role in 
keeping the quality of edible oils, mainly due to their 
action as photo-sensitizers or singlet oxygen quenchers, 
respectively (Tuberoso et al., 2007). The analysis of 
carotenes is usually performed by HPLC, since GC 

degrades the compounds. For the determination of 
chlorophylls in flaxseed oil, a spectrophotometric method 
has been standardized by the IUPAC (Herchi et al., 
2011d). Nevertheless, to quantify flaxseed oil, a different 
chromatographic method was developed using direct 
injection of the oil onto an HPLC provided with a reversed 
phase column and UV detection at 408, 430 and 450 nm 
(Daun and Thorsteinson, 1989). The method allowed the 
detection of β-carotene, chlorophyll a and b and 
pheophytin a and b simultaneously (Rahmani and Saari, 
1991). An improvement of the method was achieved 
using silica gel columns and UV-Vis diode array detection 
(Psomiadou and Tsimidou, 1998). The carotenoids were 
determined after cold saponification of the oil, by means 
of reversed-phase HPLC (Stancher et al., 1987). 

Phospholipids 

Phospholipids (PLs) contribute to the stability and quality 
of edible oils through their antioxidative activity or 
contribution to the texture (Singleton, 1993). On the other 
hand, they are responsible for oil discoloration during 
deodorization and steam distillation, so that their 
determination is necessary to evaluate the efficiency of 
degumming (Mounts and Nash, 1990). Recently, a 
sensitive method has been described for the separation 
and identification of glycerophospholipids derived from 
flaxseed samples by negative ion high performance liquid 
chromatography and tandem mass spectrometry LC
MS/MS (Herchi et al., 2011f). Flaxseed oil contains 
substantial amounts of phospholipids (Herchi et al., 
2011f). The most important members of this class of 
lipids found in flaxseed oil are phosphatidylethanolamine, 
phosphatidylinositol and phosphatidylcholine. The 
purification by SPE was investigated in different 
stationary phases (Herchi et al., 2011f). The quantitative 
analysis of the PLs fraction is usually performed by HPLC 
using silica gel column and UV-Vis detection with both 
isocratic and programmed elution (Chea Chua et al., 
2008). ELSD has been used in conjunction with 
preparative HPLC to isolate PLs classes from flaxseed 
oil. In each PLs class, the separation of molecular 
species differing in the fatty acid composition was 
achieved using reversed-phase HPLC (W anasundara et 
al., 1999). 

Future applications 

Flaxseed is not a major food plant. Its use as food is 
limited by its laxative properties and content of 
cyanogenic glucosides. Nevertheless, given its high 
levels of biologically active lignans, flaxseed may still be 
added to foods as a health promoting ingredient. There is 
a demand for alternative sources of polyunsaturated fatty 
acids (PUFA) and the possibility of obtaining them from 
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Table 1. Extraction systems for lignan isolation from flaxseed and flaxseed containing foods. 

Extraction Hydrolysis Purification Level SDG (µmol/g Reference 
seed) 

MeOH-dioxane (1:1) 24 h 

In vitro Fermentation 

β-Glucuronidase 

β-Glucuronidase 

Reflux, 80% MeOH, 2 h 

70% Aqueous alcohol 

95% EtOH-dioxane (1:1) 8 h 

SCO2 + THF-H2O (1:1) 

Shaker, 80% MeOH, 4 h, 
55°C 

Ba methoxide 

Na methoxide 

β-Glucuronidase 

β-Glucuronidase 

2 M HCl, 2.5 h, 
100°C 

β-Glucuronidase 

NaOH 

nr 

nr 

1 M HCl, 1 h 100°C 

Cellulose column 

Silica gel (CHCl3-MeOH-H2O) 

C18 SPE 

Ether extraction/DEAE-Sephadex 

OH−QAE-SephadexAC− 

C18 SPE + Lipophilic 
chromatography 

C18 SPE 

nr 

nr 

EtOAC-hexane (1:1) 

3.15 

0.96 to 3.15 

1.19 to 1.97 

9.05 to 10.21 

gel 0.22 to 3.41 

5.24 to 15.74 

0.001 to 0.004 

7.15 

nr 

(Bakke and Klosterman, 1956) 

(Thompson et al., 1991) 

(Obermeyer et al., 1995) 

(Mazur and Adlercreutz, 
1998) 

(Setchel et al., 1999) 

(Westcott and Muir, 1998) 

(Harris et al., 1994) 

(Wilson et al., 1993) 

(Meagher et al., 1999) 

nr = Not reported. Source: Adapted from (Muir et al., 2000). 

higher plants in commercial quantity is particularly 
attractive. As no oil-seed species produces such 
products naturally, genetically engineering would 
be required to synthesize these fatty acids. 
Because flaxseed already contains the precursor 
to PUFA and the highest value of alpha-linolenic 
acid (ALA), it may be a choice platform species. 
The molecular and gene expression experiments 
are not widely studied in flaxseed, which may also 
expand the applications and uses of flaxseed in 

future (Jhala and Hall, 2010). Apart from the 
interest on knowing in properties of flaxseed, the 
determination of its compounds also helps to 
understand their health benefits that include 
reduction of risk factors of coronary heart disease, 
prevention of several varieties of cancer and 
modification of immune and inflammatory 
responses. Although, excellent progress has 
already been made, it is expected that the use of 
different methodologies of potent techniques 

coupled with rapid, reliable and sophisticated 
detectors will become more common in the near 
future. 

Conclusion 

The present review shows the different analytical 
methods used for the analysis of flaxseed 
components. The qualitative and quantitative 
determination of the major and minor constituents 
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of flaxseed are carried out by GC and primarily HPLC, 
which are the most important two techniques widely 
applied for the analysis of edible oils and fats. The choice 
of the method employed depends on the scope of the 
analytical control, the amount of information that can be 
acquired and the cost of the overall analytical operation. 
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THE COMPOSITION OF KAOLINITE--AN ELECTRON 
MICROSCOPE MICROPROBE STUDY 
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Abstract--Electron microscope microprobe analysis (EMMA) has been applied to the determination 
of the elemental compositions of the kaolinite particles (Mg, A1, Si, K, Ti and Fe) contained in the 
0.~0-3 Izm e.s.d., the 0.9-1.0/~m e.s.d, and the 1.9-2.0/am e.s.d, fractions of an English kaolin and 
an American kaolin. Particles with masses as small as 10-13 g were analysed. An EMMA-4 instrument 
(A.E.I. Ltd.) equipped with linear fully focussing spectrometers was used. The ratio method of analysis 
was employed. The operating procedures used to obtain the required high experimental precision 
in the measurement of AI:Si atom ratio are discussed. 

Statistical analysis of the results gives the estimated mean and spread of the AI:Si atom ratios. 
In the English kaolin the mean AI: Si atom ratio differs from the ideal 1:1 at the 0.05 significance 
level. There is evidence for a variation in composition from kaolinite particle to kaolinite particle 
in the 1.9-2.0~m fraction of each kaolin. In the 0.9-l.0#m fractions, the mean Fe:Si atom ratio 
was close to 0.002 showing the presence of iron in the kaolinite structure. The mean K:Si ratio 
was about 0.002 which would be equivalent to 1 unit muscovite layer associated with a 0.175 #m 
thick kaolinite particle. In the American clay the Ti:Si atom ratio was 0.002 suggesting that some 
12 per cent of the 'titania' found by conventional chemical analysis was associated with the kaolinite 
particles either as titania itself or as an isomorphous substituent. 

INTRODUCI'ION 

Kaolinite is always found in association with ancilli- 
ary minerals which can include one or more of ana- 
tase, feldspar, hydrated iron oxide, mica, montmoril- 
lonite, quartz and rutile. The amounts of these ancilli- 
ary minerals can be estimated from, for example, the 
results of XRD analysis and selective chemical disso- 
lution. Such data may be combined with results 
obtained from chemical analysis and used to calcu- 
late, after making various assumptions, the elemental 
composition of the kaolinite. Whilst such a calcula- 
tion invariably indicates deviations from the ideal for- 
mula A12Si2Os(OH),, and the presence of other ele- 
ments, one can never be certain that these deviations 
are not due to experimental inaccuracies (Weaver and 
Pollard, 1973). 

There is strong evidence from M6ssbauer and ESR 
investigations (Malden and Meads, 1967, 1974; Angel 
and Hall, 1972) that some ferric iron is present as 
a substituent in the kaolinite structure and that it 
occupies octahedral sites. The amount of iron actually 
substituting is not revealed by either technique. There 
have been claims that titanium isomorphously substi- 
tuted in the kaolinite structure can be distinguished 
from that present in associated crystalline titania 
minerals. Weiss and Range (1966) used X-ray diffrac- 
tion to estimate the amount of pseudo-anatase formed 
upon heating the kaolinite above 450~ and identified 
this with titanium present in the original kaolinite 
structure. Dolcater et  al. (1970) selectively dissolved 
the crystalline titania minerals in hydrofluotitanic 
acid. 

This paper describes an application of electron 
microscope microprobe analysis (EMMA) to the 

determination of the elemental compositions of indi- 
vidual kaolinite particles. An English kaolin and an 
American kaolin, each representative of the best avail- 
able materials in terms of mineralogical purity, were 
used. Individual particles were analysed by the 
EMMA technique for the elements A1, Si, Mg, Fe, 
K and Ti. Particular attention was paid to experimen-" 
tal precision in the measurement of AI:Si atom ratios. 

THE EMMA TECHNIQUE 

Analyses were carried out with the commercial in- 
strument EMMA-4 (A.E.I. Ltd.) which combines the 
functions of a high resolution electron microscope 
and a microprobe analyser. The kaolin is mounted 
on a carbon film supported on a grid as in conven- 
tional electron microscopy. When the instrument is 
used in its analytical mode an extra lens, called a 
mini lens, is energized. A single particle is chosen for 
analysis by direct observation of the image on the 
fluorescent screen of the microscope. The electron 
beam is then focussed onto the particle. The emitted 
X-rays pass out of the microscope colunm at a take- 
off angle of 45 ~ through two opposite windows into 
a pair of linear fully focussing spectrometers each 
offering a choice of one of four diffracting crystals. 
The crystals used were potassium hydrogen phthalate 
for Mg K~, mica for A1 Kcr pentaerythritol for Si 
Ks and K Kcr and lithium fluoride for Ti Kc~ and 
Fe K~. Windows of cast nylon film, i000 A thick, 
are used to minimise intensity losses through absorp- 
tion. The characteristic X-ray intensities are measured 
with gas flow proportional counters. The micrographs 
in Fig. 1 illustrate the application of the technique 
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by showing a particle of estimated mass 10-12g 
before and after analysis. 

Hall (1971) has reviewed the quantitative aspects 
of electron microscope microprobe analysis. The 
characteristic X-ray intensities 1~ and I2 from a "thin" 
specimen containing atoms 1 and 2 respectively are 
related to the atom fractions X1 and Xz by 

Ix _ k X1. (F~ 
I2 X2 

Provided that the X-ray intensities are measured 
simultaneously the ratio I1/.[ 2 is independent of fluc- 
tuations in probe current. The constant k allows for 
differences in ionization cross section, stopping power 
and spectrometer efficiency for the two elements. For 
equation (1) to be valid X-ray absorption and X-ray 
fluorescence in the specimen should either cancel or 
be negligible; this is a partial definition of "thin". The 
constant k is determined using a standard containing 
elements 1 and 2 in a known atom ratio. 

In the present work silicon was used as the refer- 
ence element so that equation (1) becomes 

* kx 
17 = ' X, (2) 

where the subscript s refers to silicon. The constant 
k, is affected by instrumental conditions and increases 
with atomic number, from about 0-5 for Mg + Si to 
about 4"4 for K + Si (Rowse et al., 1974). 

E X P E R I M E N T A L  

Materials 

An English kaolin from St. Austell, Cornwall, U.K. 
and an American clay from Washington County, 
Georgia, U.S.A. were used. They were part of larger 
batches (ca. 250 kg) which had been prepared for sur- 
face chemical studies following the procedures de- 
scribed by Bidwell et al. (1970) Particle size distribu- 
tion curves are given in Fig. 2. Table 1 shows minera- 
logical analyses determined by XRD and elemental 
analyses determined by conventional wet chemical 
methods. The hydroxyl contents were calculated from 
isothermal TG measurements made in flowing dry 
air; it was assumed that all adsorbed water had been 

I '  ' I ' 

" 7 '% 

o~'if' 
A 

io 4.0 J-o 04 o.r 

Table 1. Chemical and mineralo- 
gical analyses of the two clays 

A~lysis (w%.~g) 
English Clay As~tlcan Clay 


SiO 2 46.2 ~5.2 


AJ.2o3 39.2 39.2 

0.23 0.17
Fe203 

Ti02 0.09 1.21 


CaO 0.O6 O.O6 


R~o 0.07 
 0.08 


0.21 0,02K20 

0.09 0.03 

L.O.I. 13.8 13.3 
( 3o2-950~ ) 
Total:  99.15 99.27 

Mica 1 - 2 Trace 

A~atase 0 I-2 

lost when the sample reached constant weight at 
300~ and that all lattice water had been lost when 
the sample reached constant weight at 950~ The 
correction for weight loss through burning off of 
organic carbon was negligible. Ion exchange capaci- 
ties, by the ammonium acetate method (Mackenzie, 
1950), were 3.9 m-equiv./100g and 4"3 m-equiv./100g 
for the English and American clay respectively. 

Three sized fractions with equivalent spherical dia- 
meters (e.s.d.) between 0.2 and 0'3 #m, 0-9 and 1-0/an 
and 1-9 and 2"0#m were prepared in an ultracentri-
fuge (Superspeed 40, M.S.E. Ltd., Crawley, Sussex) 
using a modified zonal rotor at speeds up to 104 rev/ 
min as appropriate. The clay was deflocculated at pH 
7 with sodium polyacrylate. A minimum of 5 cuts 
was made. A part of each fraction was reserved for 
EMMA investigation. The remainder was flocculated 
with strontium chloride and sufficient hydrochloric 
acid to reduce the pH to 4-5. After filtering, washing 
and drying, the clay was analysed by wet chemical 

Table 2. Chemical analyses for the sized fractions from 
each clay 

(a) English Clay. 


Atom Ratio in Stated Fr~tion (e.s,d.) 95% Confidence 

Elemenf Ratio 0.2 - 0.3 ~m 0.9 - 1.0 ~m 1,9 - 2.0 ~m Limits 


Na,Si 0.003 0,0004 O. oo04 + 0.0021 


Mg:Si 0.0027 0.CO2 0.0033 0.001 


AI:SI 0.987 0.993 0.998 _+ 0.0129 


K:Si 0.0071 0,001 0.012 + 0.003 

Ca:8i 0.001 0.00O7 0.0014 _+ 0.0014 


Ti:Si 0.0017 O. 00O~ 0.0036 _+ 0.0005 


Fe,Si 0.0042 0.0026 0.0064 • 0.0001 


Fe: Si* O. 0024 ~ 0.0001 


o6:Si 1.88 1.97 1.98 0.036 


(b) Ame r io em Clay. 

El~n% Ratio Atom Ratio in Stated Fraction (e.s.d.) 95% Confidence 


0.2 - 0.3 ~m O.9 - t.O ~m 1.9 - 2.0 ~m Limits 


Na:Si 0.0003 0.0O09 0.0003 _+ 0.0021 


Mg:Si 0,002 0.002 0.O02 _+ 0.001 


AI=Si 1.0~1 1.019 1.014 + 0.0155 


K:Si 0.0OO3 0.00O9 I 0.0003 _+ 0.0021 


Ca,Si 0.0025 0.0~7 ! 0.00~ + 0.0015 


Ti :S i  0.0291 0,0178 0.0171 + 0.0010 

E.SD., #m Fe:Si 0.0036 0.0032 O. CO$3 + O. 0CO1 

Fe:Si e - 0.0030 + O. 0OO1 
F i g  2. ]Particle size d i s t r i bu t ion  curves for  the two  clays. OH:Si 2.C6 2.O7 2,03 _+ 0.036 

Curve E, O---English clay; Curve A, O--American clay. 
The fractions used for EMMA investigation are indicated. * ~/'Zer reaction with excess s c d i ~  dlthlor/te. 
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methods. Results are expressed in Table 2 as atom 
ratios. The indicated spreads are for 95 per cent confi- 
dence limits. In further experiments, a part of each 
0"9-1"0 ~m fraction was reacted with excess sodium 
dithionite (Mitchell and Mackenzie, 1954) at pH 4. 
Only about 6 per cent of the total iron was removed. 

For the English clay (Table 2) the spread of values 
for Ca and Ti each contain zero. The K:Si and Fe:Si 
atom ratios decrease at first (compare the 1.9-2.0 #m 
fraction with the 0-9-1.0ym fraction) and then in- 
crease again in the finest fraction reflecting perhaps 
an increase in the concentration of mica there. For 
each fraction the range of values for AI: Si atom ratio 
include the ideal value of 1:1. 

For the American clay (Table 2) the range of values 
for Na and K contain zero. Ca is present in each 
fraction and the Ti content is high, reflecting the ana- 
tase detected by XRD. Each AI: Si atom ratio and 
two of the three OH:Si mole ratios exceed the ideal 
values. When the chemical analyses are expressed in 
the conventional way, a deficiency of SiOz is indi- 
cated. Thus the 0-9-1.0/an fraction analysed 44.9 wt. 
per cent SiO2 compared with the ideal value of 
46"6wt. per cent. This deficiency is partially eli-
minated if allowance is made for the anatase present 
in the sample. 

Specimen preparation 

The development and verification of standards for 
EMMA have been described in detail elsewhere 
(Rowse et al., 1974). The preparation of an A1 + Si 
standard is quoted as an illustrative example. A gibb- 
site (<0 '5#m e.s.d.) slurry and a silica (<0'5/~m 
e.s.d.) slurry were mixed in proportions appropriate 
for an AI:Si atom ratio of about 1:1. One part of 
the mixture was filtered, dried and its AI: Si atom 
ratio determined by chemical analysis. The other part 
was dried, embedded in resin and sections about 
1200 A thick were cut with an ultramicrotome. One 
or more of the sections were mounted side by side 
on an electron microscope grid carrying a Formvar 
film and then vacuum coated with a carbon film. 

Specimen preparation followed the technique used 
in these laboratories for conventional electron micro- 
scopy. A suspension of the deflocculated kaolin at 
about 0.1 wt. per cent solids was diluted with an equal 
volume of methanol and sprayed through a micro-
spray onto a freshly cleaved mica surface. Carbon was 
then evaporated onto the mica, and the carbon film 
(together with the clay particles) was floated off on 
water and transferred to the electron microscope grid. 
For measurements of AI: Si atom ratios, a high exper- 
imental precision was required and it was preferred 
to mount the standard on one half of the grid and 
the specimen on the other half of the same grid. With 
this technique, the particles were covered with a 
second carbon film. 

Instrumental conditions 

Each kaolinite particle was analysed with an acce- 
lerating voltage of 60 kV, a maximum probe current 

.E ~ ' I ' l ' I ' I 


6 0 0 (  - -

4 0 0 (  - -

8' B e 

0'81 0 . 8 2  0 - 8 3  084 0 - 8 5  

Wavelength, n m  

Fig. 3. The measured A1 Ka peak. Counting rate is plotted 
against wavelength. The letters A, B1 and B2 are referred 

tO in the text. 

of 80nA and a probe area just sufficient to cover 
the particle. The shape of the probe was adjusted 
using the stigmator controls of the instrument. Each 
standard was measured using the same accelerating 
voltage but with a probe current of 300 nA and a 
probe diameter of 60/~m. Because more than 104 par- 
ticles in the standard were simultaneously irradiated, 
the recorded characteristic X-ray intensity ratio could 
be identified with the atom ratio determined from the 
chemical analysis of the bulk standard. 

One spectrometer was reserved for measurement of 
Si Ks intensity. The other spectrometer was used to 
measure the Ks intensities from the other element 
or elements. Figure 3 shows the curve of counting 
rate vs wavelength for A1 Kc~ radiation. It was impor- 
tant at the start of a run to establish the optimum 
spectrometer settings for each sought element (pos- 
ition A in Fig. 3) and to check these periodically mak- 
ing adjustments as necessary. Counting rates were 
corrected for continuum background (Bremsstrah- 
lung) using the mean of the counting rates measured 
on either side of the peak: Thus for A1 Ks the back- 
ground was taken as the arithmetic mean of the 
counting rates B1 and B2 shown in Fig. 3. For kao- 
linite particles in the 0-9-1-0/~m size fraction, the peak 
to background ratio was 22:1 for A1 Ks radiation 
and 120:1 for Si Ke radiation. Counting rates for 
peak-plus-background and for background are given 
in Table 3. They apply to a kaolinite particle in the 
0.9-1-0 #m e.s.d, size fraction with the elements at the 
stated atom ratios. 

The probe current used for particle analysis was 
a compromise between the desire for high counting 
rates (and hence precision) and specimen stability. 

Table 3. Counting rats for peak-plus-background and 
for background. Values are for a kaolinite particle in 
the 0.9-1.0 ym fraction with the elements at the indi- 

cated atom ratios 
C~nti~ Rate (c.p,m.) 


Element Ele~t:Si atom ratio 
 Peak + Background B a c k ~  

Mg O.OO25 206 194 

AI 1 l+~0 218 

Sl O )  9070 75 

K 0 , O 0 2  210 m60 

Ti O,O02  36 31 

Fe 0.0C~25 188 137 



Fig. 1. Electron micrographs showing a particle (a) before analysis, and (b) after analysis. 
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Fig. 4. The effect of probe current on characteristic inten- 
sity ratio, AI:Si. The curves 1, 2 and 3 were obtained with 

three different kaolinite particles. 

Figure 4 shows a graph of AhSi intensity ratio vs 
probe current for three different kaolinite particles 
representing the range of thicknesses. Measurements 
were sequential, each experimental point representing 
a counting period of 40 sec. For probe currents up 
to 100 nA, 1~Iswas constant and independent of time. 
For greater values, I/Is increased, probably through 
volatilization of silicon monoxide formed by the reac- 
tion of dehydroxylated kaolinite with deposited car- 
bonaceous material. The increase was greatest with 
the thickest particle [curve 3). In the measurements 
described below the probe current was always less 
than 80 nA. 

The're was no indication of potassium migration 
(Hodson and Marshall. 1971) or loss using the K ~- Si 
standard or when analysing the specimen. 

The validity of equation (2) was tested by making 
experiments with a mica flake having a stepped sec- 
tion. The results are shown semilogarithmically on 
an exaggerated scale in Fig. 5 as AI:Si intensity ratio 
vs 100 Q/Qo where Q and Qo are the transmitted and 
incident probe currents respectively. Log(100 Q/Qo) 
is approximately proportional to specimen thickness. 

0.4 
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IO 2~) 40 60 80 O0 


0ooo/o o) 
Fig. 5. Experiments with a stepped mica flake. The charac- 
teristic intensity ratio. AI:Si. is plotted against I00 Qo/Q. 
Particle thicknesses were within the indicated range, 

60 < 100 Q/Qo < 100. 

Over the indicated range (Fig. 5) of values of Q/Qo 
for the kaolinite particles, the Ah Si intensity ratio 
measured on the mica flake was constant. This finding 
is consistent with previous work with EMMA-4 
(Nissen et al., 1973; Lorimer and Champness, 1973). 
Calculations using tabulated X-ray absorption coeffi- 
cients (Jenkins and De Vries, 1967) show that devia- 
tions from equation (2) are likewise negligible for the 
other elements of interest. Considering Fe as a substi- 
tuent in kaolinite at a fixed Fe: Si atom ratio then 
for two particles, 0.1 and 0.2 Fm thick, the recorded 
Fe:Si intensity ratios would differ by only 1.5 per 
cent. 

RESULTS AND DISCUSSION 

Measurements of A1: Si atom ratios 

AhSi atom ratios were measured for each of the 
three fractions prepared from the English and Ameri- 
can clays. It was necessary to complete the measure- 
ments on a given fraction within one run to avoid 
errors which would otherwise have been incurred 
through instrumental variations between shutdowns. 
Hexagonal particles with well-defined 120 ~ corners 
were selected for analysis. Alternate measurements 
were made on the particles and on the same area 
of standard. At least 60 and usually 100 particles were 
analysed; not less than 5000 counts were recorded 
for the A1 Kcc radiation and about 10,000 counts were 
recorded for the Si K~ radiation. Counting rates on 
the standard generally exceeded those on the particles 
by a factor of at least four. Spectrometer peaking was 
checked after every 10 measurements. 

The results for the 1.9-2.0 pm fraction of the Eng- 
lish clay (100 particles) and for the standard (100 rep- 
licate measurements) are shown on an exaggerated 
scale in Fig. 6 as AI:Si intensity ratio vs analysis 
sequence. The slopes of the two lines were not signifi- 
cant at the 0.05 level showing the absence of any long 
term instrumental instability. The statistical analysis 
of the data is described using these results. 

A z2-test [Chatfield, 1970) showed that the data for 
particles and standard could be represented by nor- 
mal distribution curves. These are shown in Fig. 7 
superimposed on the histograms. The curve for the 
standard had a mean intensity ratio (I/Is)st of 0"470 
and a standard deviation sst of 0"0132. In physical 
terms the experimental values show a spread because 
the generation of X-ray photons is a random process 
and because there are random instrumental vari- 
ations. The curve for the specimen had a mean inten- 
sity ratio of (I/Is)~p of 0.473 and a standard deviation 
ssp of 0.018,. There is now a third possible contribu- 
tion to the spread: a compositional variation between 
the kaolinite particles. An F-test (Chatfield, 1970) was 
used to compare the variance s~ 2 of 0.000174 with 

2the variance ssp of 0.000350. It showed that the differ- 
ence between the two values was significant even at 
the 0-01 level. If the curve of normal distribution for 
compositional variation alone (i.e. the curve for the 
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Fig. 6. Analysis of the 1.9-2.0 #m fraction of the English clay. The characteristic intensity ratio AI:Si 
is plotted against analysis number. O Particles. O--Standard. 

particles minus the curve for the standard) has a s.d. 
of sp then 

2 _ _  2 2s,p - ss, + sp. (3) 

Substitution gives s o as between 0.0119 and 0"0149 
for 95 per cent confidence limits: these values are 
equivalent to 2"5 and 3-1 per cent of the mean value 
of (I/IO, p. It might be argued that this result arises 
from a dependance of I/I  s on particle thickness. Such 
an effect would be more pronounced with the larger 
particles, being magnified by surface roughness and 
variable orientation. This can be dismissed. A rough 
calculation (Jenkins and De Vries, 1967) shows that 
I/I,  decreases by only 0"01 for an increase in particle 
thickness of 0-2 #m. 

Application of equation (2) to the specimen and 
standard gives 

. . . . .  (I/ls)w(X/X,),p = tA/-~s),, ~ (4) 

where (X/X~),p and (X/X~)s, are atom ratios in speci- 
men and standard respectively. Sections cut from a 
single preparation of standard were used for all six 
sets of measurements: chemical analysis gave (X/X~)~t 
as 1.017 _+ 0.017. Insertion of the appropriate values 
in equation (4) gives (X/X~)~p as 1-024 with a spread 
of _+0.017 for 95 per cent confidence limits. 

The data for the other five sets of measurements 
were treated in a like manner. The F-test showed that 
there was no difference at the 0'05 significance level 
between s2p and s 2 for the data appropriate to the 
experimental runs on both 0.2 0'3 pan fractions and 
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4c 

3C 
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E 

z 

both 0.9-1-0#m fractions. This does not prove an 
absence of compositional variation but merely indi- 
cates that no useful conclusions can be made without 
analysing many more particles. For the 1.9-2-0#m 
fraction of the American clay sp lay between 3"6 and 
4.5 per cent of the mean value of (I/I~)~ r, for 95 per 
cent confidence limits. 

Values of (X/X~)sp are listed in Table 4. The spreads 
for the English clay do not include the ideal AI: Si 
atom ratio of 1 : 1 at the 95 per cent confidence level. 
For the American clay the converse holds. The 
EMMA values and the chemical values, reproduced 
in Table 4, differ at the 95 per cent confidence level 
for four of the six fractions (English 0-9-1.0prn and 
1-9-2.0#m; American 0-2-0-3#m and 0-9-1"0 #m). 
The discrepancy, if real, means that particles with an 
AI:Si atom ratio different from 1:1 are present 
in the kaolins and that such particles were not 
included in the population sample chosen for EMMA 
investigation. 

Table 4. Mean AI:Si atom ratios determined by 
EMMA. Values calculated from chemical analysis are 

included for comparison 
Al:Si a%~ ratio 


F1-action
Olay (~m) Emma OhemioalA~la 


Eugllsh 0.2 - 0.3 0.993 -t 0.019 O.S~7 + 0.0129 

0 .9  - 1.0 0.962 _+ 0,018 0.993 _+ 0.0129 

1.9 - 2.0 1.02~ + 0.017 0.998 + 0.0129 

0.2 - 0.3 0.99q + 0.018 1.04`I + 0.0134 

0.9 - 1.0 0.99"7 * 0.019 1.019 * 0.013J+ 

1.9 - 2 .0  1.008 -t 0.018 1.014. ~ 0 .01~  �9 

0"43 0"46 0"49 0"52 0"43 0"46 0"49 0"52 

Character ist ic intensi ty ratio 

Fig. 7. The data of Fig. 6 are plotted as histograms with curves of normal distribution superimposed. 
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Measurement of minor element concentrations 

The 0"%1.0 #m sized fractions from each clay were 
examined to determine the amounts of Fe, Ti, K and 
Mg relative to Si associated with the kaolinite par-
ticles. Separately mounted binary standards and the 
specimen were accommodated in the sample rod. Ap-
proximately 50 particles from each clay were exam-
ined. Because of the low counting rates (Table 3) the 
analysis was particularly time-consuming: at least 
45 min were needed to complete the analysis of one 
particle. One consequence of the long analysis time 
was the build up of contamination on the specimen 
with an attendant increase in background counting 
rate. 

(a) American clay. The experimental values for the 
atom ratios with respect to Si of Fe, Ti, K and Mg 
are shown as histograms in Fig. 8. The calculation 
of atom ratios from intensity ratios followed the 
example given above. The mean atom ratios with 
their 95 per cent confidence limits are given in Table 
5 and compared with the values from the chemical 
analysis of the bulk fraction. 

Referring to Fig. 8, it is seen that the distribution 
of Fe:Si atom ratios was wide: the mean was 0-00248 
with a s.d. 0.00188. This represents a coefficient of 
variation of 75 per cent which is about a factor of 
three greater than would have been expected from 
instrumental and counting variations alone. Compari-
son with the value from chemical analysis shows that 
most of the iron must be associated with the kaolinite. 
Also, most of the iron must be occupying structural 

Table 5. Mean Mg:Si, K:Si, Ti:Si and Fe:Si 
atom ratios determined by EMMA for the 

0.%1"0/~m fraction of the American clay 
Atom Ratio 


Element Ratio E~ Chemical Analysis 


Mg:si 0.0024~ _+ 0.00200 0 .0~  _+ 0.001 
i 

K:Si 0.00186 _+0.000~+ 0.0009 _+0.0021 


T i :S i  0.00221 + 0.001%0 0.0178 + 0.0010 

Fe=Si 0.OO248 + O.00053 0.0032 ~ 0.0OO1 

positions and not confined to the surface as a coating 
since only 6 per cent of the total was removed on 
reacting with an excess of sodium dithionite. 

The results for Ti:Si atom ratios are of particular 
interest. Because XRD analysis showed between 1 and 
2 wt. per cent anatase, a disparity between the results 
of the EMMA investigation and the value derived 
from chemical analysis of the whole sample was to 
be expected. Isolated titania particles were identified 
and their iron contents measured. What is surprising 
is that as much as 12 per cent of the total titania 
is associated with the kaolinite. In a further exper-
iment a 0-75-1-0 #m sized fraction was prepared after 
first stirring a suspension of the deflocculated clay 
at about 75 wt. per cent solids under conditions of 
shear sufficient to give a temperature rise of about 
20~ in 4 min. Four cuts were made. The fraction 
was flocculated, filtered and dried. It was then stirred 
at 75 wt. per cent solids as above and fractionated 
to give a 0-9-1-0/~m sized fraction. Four cuts were 
again made. Analysis of the fraction gave 0.90 wt. per 
cent TiO2 corresponding to a Ti:Si atom ratio of 
0.0153 compared with 0.0178 for the fraction (Table 
2) prepared with the vigorous stirring omitted. The 
difference is not statistically significant. EMMA 
measurements were made on 50 kaolinite particles 
contained in this new fraction. The mean Ti:Si atom 
ratio was 0-00355 _+ 0-0018 which agrees with the ear-
lier value of 0.00221-!-_0-0014 (Table 5). If this 
titanium is present as very small titania particles 
attached to the surfaces of the kaolinite particles there 
can be little detachment as the kaolinite particles rub 
against each other during the vigorous stirring. 

The K:Si atom ratios are shown in Fig. 8. Naively 
it might have been expected that perhaps one particle 
in every several hundred would have been mica so 
that the failure to find such a particle after examining 
only 50 clay particles is not unreasonable. What is 
surprising is that many of the kaolinite particles 
showed a finite K:Si atom ratio. The spread was 

http:Colcula1.ed
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0.00186 _+ 0.00044 which is consistent with the spread 
of 0.0009 __ 0.0021 determined by chemical analysis 
though now the experimental errors are larger. 
Methods of sample preparation not involving a mica 
substrate have given similar results so that a false 
conclusion through contamination of the kaolinite 
particles by mica during specimen preparation can 
be discounted. Also, it was confirmed that there is 
no detectable potassium when the A1 + Si standard 
is examined by EMMA. The mean K:Si  ratio given 
above is equivalent to 1 unit muscovite layer asso- 
ciated with about 250 unit kaolinite layers. (A par- 
ticle, 0.2 #In thick, contains 280 unit kaolinite layers). 

The histogram in Fig. 8 for Mg: Si atom ratio is 
seen to contain a significant proportion of negative 
values. If the true Mg:Si atom ratio was zero then 
the whole population of experimental values would 
include an equal number of positive and negative 
values. The estimated spread here was 
0.00246 _+ 0.00200 which shows within the 95 per cent 
confidence limits that some magnesium is associated 
with some of the kaolinite particles. 

Graphs of the K:Si atom ratio versus the Fe:Si 
and the Ti:Si atom ratios and of the Fe:Si atom ratio 
versus the Ti:Si atom ratio showed no correlation. 
For example, a particle with a high Fe:Si ratio did 
not have a high K:Si ratio. 

(b) English clay. With the English clay every par- 
ticle within one grid square excluding the few 
obviously undersized particles present, was analysed. 
This avoided any possible bias towards the more 
regularly shaped particles. The results are shown as 
histograms in Fig. 9 and as spreads of values in Table 
6. The broad conclusions made above for the Ameri- 
can clay again apply: a spread in the Fe:Si atom 
ratios and potassium again apparently associated 
with many of the kaolinite particles. No individual 
mica particles were found. The spread of values for 
Mg:Si atom ratio, 0.00438 _+ 0'0155, included zero at 
the 95 per cent confidence level. There was no correla- 
tion between the three atom ratios. 

2 0  Iron 

.c 
r-~ [ ~  

- 0 0 0 4  4 0 .008  0.012 
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Table 6. Mean Mg:Si, K:Si and Fe:Si 
atom ratios determined by EMMA for 
the 0.9-1.0 fraction of the English clay 

Atom Ratio 

Ele~nt Ratio 
 E~4A Chemical Analysis 


Mg:Si 0.O0/+38 + 0.0155 0.002 + 0.001 


K:Si 0.O0185 + 0.00139 0.001 + 0.003 


Fe:Si 0.00137 + 0.00100 0.0026 _+ o.oooi 

Of the 50 particles analysed there was one particle 
which was atypical, being low in each of K, Si, Mg, 
Fe and A1. Its identity was not established. 

C O N C L U S I O N S  

The present study has shown that with proper 
attention to operating procedures and choice of stan- 
dards, the technique of electron microscope micro- 
probe analysis can be applied to the elemental analy- 
sis of individual clay particles with masses approach- 
ing 10-14g. Because most clay particles are platelike 
and can be prepared for study with their smallest 
dimension perpendicular to the electron beam, the 
simple ratio method expressed by equation (1) is 
applicable and the lengthy corrections applied in nor- 
mal probe analysis are unnecessary. The technique 
is capable of giving results of high precision, about 
3 per cent as a coefficient of variation, provided that 
the sought elements are present in sufficient amounts 
to give adequate counting rates. 

The AI:Si atom ratios of the kaolinite particles con- 
tained in three sized fractions of an English kaolin 
and three sized fractions of an American clay have 
been measured. Statistical analysis of the results 
shows that for each 1.9-2.0#m fraction, the AI:Si 
atom ratio does vary from kaolinite particle to kao- 
linite particle; the coefficient of variation was 2-8 per 
cent for the English clay and 4.1 per cent for the 
American clay. I t  was not possible to make any 
definitive statement about compositional variation 
from kaolinite particle to kaolinite particle for the 

M a g n e s i u m  _ 

r I-I-h I 
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Colculol-ed atom rol-io with respect 1-o silicon 
Fig. 9. Histograms showing the atomic ratios, Fe:Si, K:Si and Mg:Si in the 0.9 1.0 #m fraction of 

the English clay. Note the different scales on the abscissae. 
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other sized fractions (0.2-0"3 #m and 0.9-1.0 #m) from 
each clay. The mean AI:Si atom ratio for each frac- 
tion has been estimated together with its range of 
values for 95 per cent confidence limits. The values 
for the English clay, unlike those for the American 
clay, do not include the ideal AI:Si atom ratio of 
1 : 1 at the 95 per cent confidence level (Table 4). The 
validity of these conclusions on compositional devia- 
tions is reinforced by a current study of the composi- 
tion of the "kaolinite" present in certain ball clays. 
EMMA investigation of the "kaolinite" particles con- 
mined in a Dorset ball clay gives a mean AI:Si atom 
ratio of 0"924 with a spread of _+ 0.023 for 95 per 
cent confidence limits. Specifically for the 0"2-0'3 pm 
and 0'9-1"0 #m fractions, the mean AI: Si atom ratios 
are less than unity. Any replacement of Si by A1 in 
the kaolinite structure would give an A1: Si atom ratio 
greater than unity. From the data of Table 2 it is 
readily seen that the reduction in AI:Si atom ratio 
through isomorphous replacement of A1 by Fe is neg- 
ligibly small. The most reasonable interpretation is 
one in terms of an excess of silica: whether this is 
present as a gel coating (Jones and Uehara, 1973) 
or as discrete particles attached to each kaolinite par- 
ticle is conjecture. 

Measurement of the minor element concentration 
in the kaolinite present in the 0.9-1"0#m fractions 
of each clay has confirmed the conclusion from M6ss- 
bauer and ESR measurements (Angel and Hall, 1972; 
Malden and Meads, 1967, 1974) that iron is present 
as a substituent in the kaolinite structure. Unexpec- 
tedly the spread in Fe:Si atom ratio was wide (Fig. 
8 and 9) reflecting perhaps the large samples of matrix 
used to prepare the days. It would be of interest to 
investigate the kaolinite extracted from a single feld- 
spar pseudomorph in English matrix; here the Fe:Si 
atom ratio might show a smaller variation. Some 12 
per cent of the titanium detected by chemical analysis 
in the American clay is associated with the kaolinite 
particles. It was not possible to reduce this value by 
stirring the suspension of clay prior to fractionation 
under conditions such that the kaolinite particles 
rubbed against each other. The value is not dissimilar 
from that found by Dolcater et al. (1970) for a similar 
clay, after selective dissolution of the free titania in 
hydrofluotitanic acid. It might be interpreted by them 
and by Weiss and Range (1966) as present as an iso- 
morphous substituent in the kaolinite structure 
although there is no confirmatory evidence on this 
point. The kaolinite particles contained in the 0"9- 
1.0pro fractions of both the English and American 
clays have a statistically significant K:Si atom ratio. 
The potassium may be present as a mica interlayer 
(Range et al., 1969) to the extent of about one unit 
muscovite layer for every 250 unit kaolinite layers. 

The analytical sensltwaty tor magnesmm was small. 
There was some indication of its presence in the kao- 
linite contained in the 0.9-1.0#m fraction of the 
American clay but not in the same fraction of the 
English clay. 

Acknowledgements--The help of A. T. Bailey and Mrs. P. 
M. Soper with the experimental work is gratefully acknow- 
ledged. 

REFERENCES 

Angel, B. R. and Hall, P. L. (1972) Electron spin resonance 
studies of kaolins: Int. Clay Conf., Madrid, Vol. 1, pp. 
71-86. 

Bidwell, J. I., Jepson, W. B. and Toms, G. L. (1970) The 
interaction of kaolinite with polyphosphate and polyac- 
rylate in aqueous solutions--some preliminary results: 
Clay Minerals 8, 445. 

Chatfield, C. (1970) Statistics for Technology p. 48, Penguin 
Books, Harmondsworth, Middlesex, U.K. 

Dolcater, D. L., Syers, J. K. and Jackson, M. L. (1970) 
Titanium as free oxide and substituted forms in kao- 
linites and other soil minerals: Clays and Clay Minerals 
18, 71 79. 

Hall, T. A. (1971) The microprobe assay of chemical ele- 
ments. In Physical Techniques in Biological Research, 
2nd Edition, Vol. la (Edited by Oster, G.) pp. 157-275, 
Academic Press, New York. 

Hodson, S. and Marshall, J. (1971) Migration of potassium 
out of electron microscope specimens: J. Microscopy 93, 
4%53. 

Jenkins, J. and De Vries, J. L. (1967) Practical X-ray Spec- 
trometry, Appendix 2c, MacMillan, London. 

Jones, R. C. and Uehara, G. (1973) Amorphous coatings 
on mineral surfaces: Soil Sci. Soc. Am. Proc. 37, 792-798. 

Lorimer, G. W. and Champness, P. E. (1973) Combined 
electron microscopy and analysis of an orthopyroxene: 
Am. Miner. 58, 243 248. 

Mackenzie, R. C. (1950) A micro method for determination 
of cation-exchange capacity of clay: Clay Minerals Bull. 
1, 203-205. 

Malden, P. J. and Meads, R. E. (1967) Substitution by 
iron in kaolinite: Nature, Lond. 215, No. 5103, 844-846. 

Malden, P. J. and Meads, R. E. (1975) Electron spin 
resonance in natural kaolinites containing Fe 3+ and 
other transition metal ions. To be published. 

Mitchell, B. D. and Mackenzie, R. C. (1954) Removal of 
free iron oxide from clays: Soil Sci. 77, 173-184. 

Nissen, H. U., Champness, P. E., Cliff, G. and Lorimer, 
G. W. (1973) Chemical evidence for exsolution in a 
labradorite: Nature Phys. Sci. 245, 13~137. 

Range, K.-J., Range, A. and Weiss, A. (1969) Fire-clay type 
kaolinite or fire-clay mineral? Experimental classification 
of kaolinite-halloysite minerals: Int. Clay Conf., Tokyo, 
Vol. 1, pp. 3-13. 

Rowse, J. B., Jepson, W. B., Bailey, A. T., Climpson, N. 
A. and Soper, P. M. (1974) Composite elemental stan- 
dards for quantitative electron microscope microprobe 
analysis: J. Phys. E: Sci. Inst. 7, 512-514. 

Weaver, C. E. and Pollard, L. D. (1973) Developments in 
Sedimentology--15: The Chemistry of Clay Minerals, 
Elsevier, New York. 

Weiss, A. and Range, K.-J. (1966) On titanium in the kao- 
linite lattice: Int. Clay Conf., Jerusalem, Vol. 1, pp. 53- 
66. 



 

  

Reference 19 


ATSDR, 2001 




ASBESTOS 135 

4. CHEMICAL AND PHYSICAL INFORMATION 

4.1 CHEMICAL IDENTITY 

Asbestos is a generic term for a group of six naturally-occurring, fibrous silicate minerals that have been 

widely used in commercial products.  Asbestos minerals fall into two groups or classes, serpentine 

asbestos and amphibole asbestos.  It should be noted that serpentine and amphibole minerals also occur in 

nonfibrous or nonasbestiform forms.  These nonfibrous minerals, which are not asbestos, are much more 

common and widespread than the asbestiform varieties.  Serpentine asbestos, which includes the mineral 

chrysotile, a magnesium silicate mineral, possesses relatively long and flexible crystalline fibers that are 

capable of being woven. Amphibole asbestos, which includes the minerals amosite, crocidolite, tremolite, 

anthophyllite, and actinolite, form crystalline fibers that are substantially more brittle than serpentine 

asbestos and is more limited in being fabricated.  This group can form a variety of polymeric structures 

through formation of Si-O-Si bonds.  For the amphibole class of asbestos (amosite, crocidolite, tremolite, 

anthophyllite, and actinolite), the polymeric structure consists of a linear double chain, as shown in (see 

Figure 4-1 [top]).  These chains crystallize into long, thin, straight fibers, which are the characteristic 

structure of this type of asbestos.  For the serpentine class (chrysotile), the polymeric form is an extended 

sheet (see Figure 4-1, [bottom]).  This extended sheet tends to wrap around itself forming a tubular fiber 

structure. These fibers are usually curved ("serpentine"), in contrast to the straight morphometry of the 

amphiboles.  Some of the asbestos minerals are solid solution series, since they show a range of chemical 

formulas as a result of ion or ionic group substitutions. Tremolite and actinolite form such a series with 

iron replacing magnesium as one goes from tremolite to actinolite.  The definition of how much iron must 

be present before tremolite becomes actinolite is not universally recognized and has changed over time 

(Wylie and Verkouteren 2000).  Wylie and Verkouteren also cited the sodic-calcic amphiboles, winchite 

and richterite, which form a solid solution series and are not regulated under Federal Regulations (EPA 

1987d; OSHA 1998a, 1998b). Asbestiform varieties of these amphiboles were found in vermiculite ore in 

Libby Montana (Wylie and Verkouteren 2000).  Table 4-1 lists common synonyms and other pertinent 

identification information for asbestos (generic) and the six individual asbestos minerals.  

The geological or commercial meaning of the word asbestos is broadly applied to fibrous forms of the 

silicaceous serpentine and amphibole minerals mentioned above.  Asbestos minerals form under special 

physical conditions that promote the growth of fibers that are loosely bonded in a parallel array (fiber 

bundles) or matted masses.  The individual fibrils, which are readily separated from the bundles of fibers, 

are finely acicular, rodlike crystals.  Deposits of fibrous minerals are generally found in veins, in which 









 


 

 


 

Table 4-1. Chemical Identity of Asbestos 

Characteristic Asbestos Amosite Chrysotile Tremolitea Actinolitea Anthophyllite Crocidolite 

Synonyms No data Mysorite, brown Serpentine asbestos; Silicic acid; calcium No data Ferroantho- Blue asbestos 
asbestos; white asbestos magnesium salt phyllite; 
fibrous (8:4) azbolen 
cummingtonite/ asbestos 
grunerite 

Trade name No data No data Avibest; Cassiar AK; No data No data No data No data 
Calidria RG 144; 
Calidria RG 600 

Chemical formula No data [(Mg,Fe)7Si8 Mg3Si2O5(OH)4 [Ca2Mg5Si8 O22 [Ca2(Mg,Fe)5 [(Mg,Fe)7Si8O22 [NaFe3 
2+Fe2 

3+Si8 

O22(OH)2]n (OH)2]n Si8O22(OH)2]n (OH)2]n O22(OH)2]n 

Chemical structure See Figure 4-1 

Identification numbers:

 CAS registry 1332-21-4 12172-73-5 12001-29-5 14567-73-8 13768-00-8 17068-78-9 12001-28-4

  NIOSH RTECS CI6475000 BT6825000 GC2625000 XX2095000 AUO550000 CA8400000 GP8225000

 EPA hazardous No data No data No data No data No data No data No data
  waste 

  OHM/TADS 7217043 No data No data No data No data No data No data

  DOT/UN/NA/ IMCO 9.0 No data IMCO 9.3 No data No data No data No data
 IMCO shipping UN2212 

UN2212 
UN2590 

HSDB 511 2957 2966 4212 No data No data No data

 NCI CO8991 No data C61223A CO8991 No data No data CO9007 

aTremolite and actinolite form a continuous mineral series in which Mg and Fe(II)  can freely substitute with each other while retaining the same three-dimensional crystal structure. 

Tremolite has little or no iron while actinolite contains iron (Jolicoeur et al. 1992; Ross 1981; Skinner et al. 1988).  


Sources: EPA 1985b; HSDB 2001a, 2001b, 2001c, 2001d; IARC 1977
 

CAS = Chemical Abstracts Service; DOT/UN/NA/IMCO = Department of Transportation/United Nations/North America/International Maritime Dangerous Goods Code;
 
EPA = Environmental Protection Agency; HSDB = Hazardous Substances Data Bank; NCI = National Cancer Institute; NIOSH = National Institute for Occupational Safety and Health;
 
OHM/TADS = Oil and Hazardous Materials/Technical Assistance Data System; RTECS = Registry of Toxic Effects of Chemical Substances
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Figure 3-1.  Basic Polysilicate Structures of Asbestos*
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Figure 4-1. Basic Polysilicate Structures of Asbestos* 

Oxyg e n 

Amphibole Group (Double Chain) 
• Actinolite 
• Amosite 
• Anthophyllite 
• Crocidolite 
• Tremolite 

Basic Unit 
SiO4 

-4 

Serpentine Group (Extended Sheet) 
• Chrysotile 

* Adapted from Hurlbut and Klein 1977 
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the fibers are at right angles to the walls of the vein.  In the general mineralogical definition, fiber size is 

not specified. Health regulatory agencies use a more limited definition of asbestos fibers, and therefore, 

only a subset of asbestos fibers are subject to regulations and used in reporting fiber concentrations.  U.S. 

workplace air regulations apply to chrysotile, crocidolite, amosite, and the asbestiform varieties of 

anthophyllite, tremolite, and actinolite (OSHA 1992). Prior to 1992, these regulations referred to 

chrysotile, crocidolite, amosite, anthophyllite, tremolite, and actinolite.  Since nonasbestiform and 

asbestiform varieties of the last three minerals have the same name, new legislation was needed to 

specifically exclude the nonasbestiform varieties of these minerals.  The word asbestos is often added 

after the mineral (e.g., tremolite asbestos) to signify that the asbestiform variety of the mineral is being 

referred to. This is not necessary for chrysotile, crocidolite, or amosite because the nonasbestiform 

varieties have different names (i.e., serpentine, riebeckite, and cummintonite-grunerite).  OSHA defended 

the change in definition by noting that there was a lack of substantial evidence that exposed employees 

would be at significant risk because the nonasbestiform tremolite, anthophyllite, and actinolite were not 

regulated in the asbestos standard. OSHA (1992) noted that nonasbestiform amphibole airborne particles 

are regulated by a separate standard for “not otherwise specified” particulate dusts to protect against “the 

significant risks of respiratory effects which all particulates create at higher levels of exposure.”  OSHA 

defines an asbestos fiber for counting purposes as a particle with a length >5 µm and a length:width ratio 

(aspect ratio) >3:1. It should be noted that other agencies use different definitions of asbestos fibers for 

counting purposes. For example, EPA defines a fiber as any particle with aspect ratio >5:1 when 

analyzing bulk samples for fiber content. 

Most amphibole and serpentine minerals in the earth’s crust are of nonfibrous forms and are therefore not 

asbestiform.  Fibrous forms may occur together with nonfibrous forms in the same deposits. 

Nonasbestiform amphiboles may occur in many diverse forms, including flattened prismatic and 

elongated crystals and cleavage fragments.  These crystals exhibit prismatic cleavage with an angle of 

about 55E between cleavage planes. When large pieces of nonfibrous amphibole minerals are crushed, as 

may occur in mining and milling of ores containing the minerals, microscopic fragments may be formed 

that have the appearance of fibers but are generally shorter and have smaller length:width ratios (i.e., 

particle length >5 µm and a length:width ratio >3:1) than particles traditionally defined as fibers by health 

regulatory agencies (American Thoracic Society 1990; Case 1991; Ross 1981; Skinner et al. 1988). 

However, some cleavage fragments may fall within the dimensional definition of a fiber and be counted 

as an asbestos fiber in air samples or biological samples, unless evidence is provided that the particles are 

nonasbestiform. 
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4.2 PHYSICAL AND CHEMICAL PROPERTIES 

Asbestos fibers are basically chemically inert, or nearly so.  They do not evaporate, dissolve, burn, or 

undergo significant reactions with most chemicals.  In acid and neutral aqueous media, magnesium is lost 

from the outer brucite layer of chrysotile.  Amphibole fibers are more resistant to acid attack and all 

varieties of asbestos are resistant to attack by alkalis (Chissick 1985; WHO 1998).  Table 4-2 summarizes 

the physical and chemical properties of the six asbestos minerals. 



 

Table 4-2. Physical and Chemical Properties of Asbestos 

Property Amosite Chrysotile Tremolite Actinolite Anthophyllite Crocidolite 

Molecular weighta Not applicable Not applicable Not applicable Not applicable Not applicable Not applicable 

Color Brown, gray, 
greenish 

White, gray, 
green, 
yellowish 

White to pale 
greenb 

Greenb Gray, white, brown-
gray, green 

Lavender, blue, 
green 

Physical state Solid Solid Solid Solid Solid Solid 

Flexibility Fair Good Brittle Fair to brittle Fair to brittle Good 

Melting point/ 
decomposition 
temperature 

600–900 EC 800–850 EC 1,040 EC No data 950 EC 800 EC 

Specific gravity 3.43 2.55 2.9–3.2 3.0–3.2 2.85–3.1 3.37 

Solubility: 
Water 
Organic solvents 
Acidsc 

Basesc 

Insoluble 
Insoluble 
12.00 
6.82 

Insoluble 
Insoluble 
56.00 
1.03 

Insoluble 
Insoluble 
No data 
No data 

Insoluble 
Insoluble 
No data 
No data 

Insoluble 
Insoluble 
2.13 
1.77 

Insoluble 
Insoluble 
3.14 
1.20 

Isoelectric point 5.2–6.0 11.8 No data No data No data No data 

Electrical charge at Negative Positive No data No data Negative Negative 

neutral pH 
Length distribution 
in UICC reference 
samples 

% >1 µm 
% >5 µm 
% >10 µm 

46 
6 
1 

36–44 
3–6 
1–3 

No data 
No data 
No data 

No data 
No data 
No data 

46 
5 
1 

36 
3 
0.7 
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Table 4-2. Physical and Chemical Properties of Asbestos (continued) 

Property Amosite Chrysotile Tremolite Actinolite Anthophyllite Crocidolite 

Flammability limits Nonflammable Nonflammable Nonflammable Nonflammable Nonflammable Nonflammable 

Conversion factorsd 

Sources: Chissick 1985; EPA 1980a, 1985b; HSDB 2001a, 2001b, 2001c, 2001d; IARC 1977; Jolicoeur et al. 1992; Kayser et al. 1982; NAS 1977; Ross 1981;
 
Skinner et al. 1988; SRI 1982.
 
aAll forms of asbestos are indefinite polymers.

bTremolite and actinolite form a continuous mineral series in which Mg and Fe(II) can freely substitute with each other.  With increasing iron content, the color of
 
tremolite, typically creamy white, takes on a greenish cast. 

cPercent loss in weight due to loss of counter-ions; silicate structure remains intact.

dSee text, Section 3.2
 

UICC = Union Internationale Centre le Cancer
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ATSDR, 2002 
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4. CHEMICAL AND PHYSICAL INFORMATION 

4.1 CHEMICAL IDENTITY 

The chemical synonyms and identification numbers for wood creosote, coal tar creosote, and coal tar are 

listed in Tables 4-1 through 4-3. Coal tar pitch is similar in composition to coal tar creosote and is not 

presented separately.  Coal tar pitch volatiles are compounds given off from coal tar pitch when it is 

heated. The volatile component is not shown separately because it varies with the composition of the 

pitch. Creosotes and coal tars are complex mixtures of variable composition containing primarily 

condensed aromatic ring compounds (coal-derived substances) or phenols (wood creosote).  Therefore, it 

is not possible to represent these materials with a single chemical formula and structure.  The sources, 

chemical properties, and composition of coal tar creosote, coal tar pitch, and coal tar justify treating these 

materials as a whole.  Wood creosote is discussed separately because it is different in nature, use, and 

risk. 

Information regarding the chemical identity of wood creosote, coal tar creosote, and coal tar is located in 

Tables 4-1 through 4-3. 

4.2 PHYSICAL AND CHEMICAL PROPERTIES 

Wood creosote, coal tar creosote, coal tar, and coal tar pitch differ from each other with respect to their 

composition.  Descriptions of each mixture are presented below.  

4.2.1 Wood Creosote 

Wood creosotes are derived from beechwood (referred to herein as beechwood creosote) and the resin 

from leaves of the creosote bush (Larrea, referred to herein as creosote bush resin). Beechwood creosote 

consists mainly of phenol, cresols, guaiacols, and xylenols.  It is a colorless or pale yellowish liquid, and 

it has a characteristic smoky odor and burnt taste (Miyazato et al. 1981).  It had therapeutic applications 

in the past as a disinfectant, laxative, and a stimulating expectorant, but it is not a major pharmaceutical 

ingredient today in the United States.  Beechwood creosote is obtained from fractional distillation 

(200–220 EC at atmospheric pressure) of beechwood or related plants.  The mixture has only recently 

been characterized to any significant extent (Ogata and Baba 1989).  Phenol, p-cresol, and guaiacols 
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Table 4-1. Chemical Identity of Wood Creosote 

Characteristic Information Reference 

Chemical name Wood creosote Merck 1989 

Synonym(s) Beechwood creosote, creosote, creasote Merck 1989 

Registered trade name(s) Not applicable 

Chemical formula Not applicable 

Chemical structurea Not applicable 

Identification numbers: Windholz 1983 

CAS registry 8021-39-4 Merck 1989 

NIOSH RTECS G05870000 HSDB 2000 

EPA hazardous waste U051 HSDB 2000 

OHM/TADS No data 

DOT/UN/NA/IMCO UN 2810; IMO 6.1 HSDB 2000 

HSDB 1979 HSDB 2000 

aWood creosote is a mixture composed primarily of phenolic compounds. 

CAS = Chemical Abstracts Services; DOT/UN/NA/IMCO = Department of Transportation/United Nations/North 
America/International Maritime Dangerous Goods Code; EPA = Environmental Protection Agency; 
HSDB = Hazardous Substance Data Bank; NIOSH = National Institute for Occupational Safety and Health; 
OHM/TADS = Oil and Hazardous Materials/Technical Assistance Data System; RTECS = Registry of Toxic Effects 
of Chemical Substances 
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Table 4-2. Chemical Identity of Coal Tar Creosote 

Characteristic Information 	Reference 

Chemical name Coal tar creosote	 American Wood Preserver’s 
Association 1988 

Synonym(s)	 Creosote, creosote oil, dead oil, brick HSDB 2000 
oil, coal tar oil, creosote P1, heavy oil, 
liquid pitch oil, wash oil, creosotum, 
cresylic creosote, naphthalene oil, tar 
oil, AWPA #1, Preserv-o-sote 

Registered trade name(s) Sakresote 100 HSDB 2000 

Chemical formula Not applicable 

Chemical structurea Not applicable 

Identification numbers: 

CAS registry 8001-58-9 Merck 1989; Weiss 1986 

NIOSH RTECS GF9615000 HSDB 2000 

EPA hazardous waste U051 HSDB 2000 

OHM/TADS No data 

DOT/UN/NA/IMCO shipping UN 1136/1137; IMO 3.2/3.3 HSDB 2000 

HSDB 6299 HSDB 2000 

NCI No data 

aCoal tar creosote is a mixed compound composed primarily of polycyclic aromatic hydrocarbons including 
phenanthrene, acenaphthene, fluorene, anthracene, and pyridine. 

CAS = Chemical Abstracts Services; DOT/UN/NA/IMCO = Department of Transportation/United Nations/North 
America/International Maritime Dangerous Goods Code; EPA = Environmental Protection Agency; 
HSDB = Hazardous Substance Data Bank; NCI = National Cancer Institute; NIOSH = National Institute for 
Occupational Safety and Health; OHM/TADS = Oil and Hazardous Materials/Technical Assistance Data System; 
RTECS = Registry of Toxic Effects of Chemical Substances 
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Table 4-3. Chemical Identity of Coal Tar 

Characteristic Information Reference 

Chemical name Coal tar Merck 1989 

Synonym(s) Crude coal tar, pixalbol, tar HSDB 2000 

Registered trade name(s) Psorigel, Clinitar Merck 1989 

Chemical formula Not applicable 

Chemical structurea Not applicable 

Identification numbers: 

CAS registry 

NIOSH RTECS 

EPA hazardous waste 

OHM/TADS 

DOT/UN/NA/IMCO 

HSDB 

NCI 

8007-45-2 

No data 

No data 

No data 

UN 1999; IMO 3.2/3.3 

5050 

No data 

HSDB 2000 

HSDB 2000 

HSDB 2000 

aCoal tar is a mixed compound composed primarily of polycyclic aromatic hydrocarbons including phenanthrene, 
acenaphthene, fluorene, anthracene, and pyridine. 

CAS = Chemical Abstracts Services; DOT/UN/NA/IMCO = Department of Transportation/United Nations/North 
America/International Maritime Dangerous Goods Code; EPA = Environmental Protection Agency; 
HSDB = Hazardous Substance Data Bank; NCI = National Cancer Institute; NIOSH = National Institute for 
Occupational Safety and Health; OHM/TADS = Oil and Hazardous Materials/Technical Assistance Data System; 
RTECS = Registry of Toxic Effects of Chemical Substances 
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(guaiacol and 4-methylguaiacol) comprise the bulk of beechwood creosote.  Xylenols, other methylated 

guaiacols, and trimethylphenols account for virtually all of the remaining phenolics in the material.  Since 

beechwood creosote is obtained from different sources using nonstandardized procedures, its composition 

may vary to some degree.  For the sample analyzed by Ogata and Baba (1989), more than two-thirds of 

the more than 20 compounds identified (Table 4-4) were represented by just four components (phenol, 

p-cresol, guaiacol, and 4-methylguaiacol).  Selected chemical and physical properties of wood creosote 

are shown in Table 4-5. 

Creosote bush resin consists of phenolics (e.g., flavonoids and nordihydroguaiaretic acid), neutrals (e.g., 

waxes), basics (e.g., alkaloids), and acidics (e.g., phenolic acids).  The phenolic portion comprises 

83–91% of the total resin. Nordihydroguaiaretic acid accounts for 5–10% of the dry weight of the leaves 

(Leonforte 1986). No other relevant chemical/physical data are available for creosote bush resin; the 

substance is therefore not addressed further in this profile. 

4.2.2 Coal Tar Creosote, Coal Tar, and Coal Tar Pitch 

These three substances are very similar mixtures obtained from the distillation of coal tars.  The physical 

and chemical properties of each are similar, although limited data are available for coal tar, and coal tar 

pitch. Chemical Abstracts Service Numbers (CAS #) are associated with coal tar creosote (8001-58-9), 

coal tar pitch (67996-93-2), and coal tar (8007-45-2). Literature searches for coal tar pitch produce data 

identical to that obtained for coal tar creosote. A distinction between these materials is provided in the 

following discussion. 

Coal tars are by-products of the carbonization of coal to produce coke and/or natural gas.  Physically, 

they are usually viscous liquids or semi-solids that are black or dark brown with a naphthalene-like odor. 

The coal tars are complex combinations of polycyclic aromatic hydrocarbons, phenols, heterocyclic 

oxygen, sulfur, and nitrogen compounds. By comparison, coal tar creosotes are distillation products of 

coal tar. They have an oily liquid consistency and range in color from yellowish-dark green to brown. 

The coal tar creosotes consist of aromatic hydrocarbons, anthracene, naphthalene, and phenanthrene 

derivatives. At least 75% of the coal tar creosote mixture is polycyclic aromatic hydrocarbons (PAHs). 

Unlike the coal tars and coal tar creosotes, coal tar pitch is a residue produced during the distillation of 

coal tar. The pitch is a shiny, dark brown to black residue which contains polycyclic aromatic 

hydrocarbons and their methyl and polymethyl derivatives, as well as heteronuclear compounds 

mrigney
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Table 4-4. Identity of Major Components of Wood Creosotea 

Compound 
Relative peak area, 
(percent total peak area) 

phenol 14.45 

methylhydroxycyclopentenone 0.23 

o-cresol 3.22 

dimethylhydroxycyclopentenone 0.50 

p-cresol 13.60 

guaiacol 23.76 

2,6-xylenol 1.04 

3,4-xylenol 0.70 

6-methylguaiacol 0.31 

3,5-xylenol 2.94 

2,4-xylenol 2.80 

2,5-xylenol 0.68 

unknown 1.31 

2,3-xylenol 0.70 

3-methylguaiacol 1.85 

5-methylguaiacol 1.29 

4-methylguaiacol 19.01 

2,4,6-trimethylphenol 0.40 

2,3,6-trimethylphenol 0.48 

4-ethylguaiacol 6.36 

4-ethyl-5-methylguaiacol 0.21 

4-propylguaiacol 0.45 

aAs identified by gas chromatography/mass spectrometry (Ogata and Baba 1989); 
composition of wood creosotes may vary from source to source. 
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Table 4-5. Physical and Chemical Properties of Wood Creosote 

Property Information Reference 

Molecular weight 

Color 

Not applicable 

Yellowish to colorless Merck 1989 

Physical state 

Melting point 

Liquid 

No data 

Weiss 1986 

Boiling point 

Specific gravity at 25 EC 

Odor 

.203 EC 

1.08 

Characteristic smokey odor 

Merck 1989 

Merck 1989 

Merck 1989 

Taste 

Odor threshold: 
Water 
Air 

Caustic, burning taste 

No data 
No data 

Merck 1989 

Solubility: 
Water 150–200 parts Merck 1989 

Organic solvent(s) Miscible with alcohol, ether, fixed, or 
volatile oils 

Merck 1989 

Partition coefficients: No data 

Vapor pressure No data 

Henry's law constant 

Autoignition temperature 

Flashpoint 

Flammability limits in air 

No data 

No data 

74 EC (closed cup) 

No data 

Clayton and Clayton 1981 

Explosive limits 

Other 

No data 

The major components of wood 
creosote (phenols) are susceptible 
to oxidative degradation when 
exposed to air (oxygen), particularly 
if the material is basic (high pH). 

Not applicable 
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(American Wood Preserver's Association 1988).  Coal tar creosote is defined by the latter organization as: 

A distillate derived from coal tar.  As used in the wood preserving industry, creosote denotes 
a distillate of coal tar produced by the high temperature carbonization of bituminous coal. 
Coal tar creosote consists principally of liquid and solid aromatic hydrocarbons and contains 
some tar acids and tar bases; it is heavier than water and has a continuous boiling range 
beginning at about 200 EC. 

Coal tar creosote is now commonly defined by function, and refers to "the fractions or blends of fractions 

specifically used for timber preservation" (IARC 1987).  Coal tar creosote is referred to as “creosote” by 

the U.S. EPA. The substance is a complex mixture typically composed of approximately 85% PAHs and 

2–17% phenolics (Bedient et al. 1984). The composition of the mixture may also vary across lots and 

across manufacturers.  Properties of coal tar creosote are shown in Table 4-6. 

Coal tar pitch is the tar distillation residue produced during coking operations (NIOSH 1977).  The grade 

of pitch thus produced is dependent on distillation conditions, including time and temperature.  The 

fraction consists primarily of condensed ring aromatics, including 2–6 ring systems, with minor amounts 

of phenolic compounds and aromatic nitrogen bases.  The number of constituents in coal tar pitch is 

estimated to be in the thousands (HSDB 2000).  A list of the components comprising the PAH fraction of 

coal tar pitch is shown in Table 4-7. Properties for this substance are similar or identical to those shown 

in Table 4-6 for coal tar creosote. 

Coal tar itself is produced by the carbonization, or coking of coal.  Coal tar is defined by Hawley (1977) 

as: 

A black, viscous liquid (or semi-solid), naphthalene-like odor, sharp burning taste; obtained by the 
destructive distillation of bituminous coal, as in coke ovens; 1 ton of coal yields 8.8 gallons of coal 
tar. Combustible.  Specific gravity 1.18–1.23 (66/60 EF). Soluble in ether, benzene, carbon 
disulfide, chloroform; partially soluble in alcohol, acetone, methanol, and benzene; only slightly 
soluble in water. 

The composition of the creosote mixture is dependent on the sources and preparation parameters of the 

coal tar, and as a result the creosote components are rarely consistent in their type and concentration.  An 

example of the composition variability among creosote samples was recently presented by Weyand et al. 

(1991). In that study, the concentrations of several PAHs were analyzed in four coal tars.  All of the 

PAHs identified exhibited 2-fold to nearly 20-fold differences in concentration among the four samples.  

http:1.18�1.23
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Table 4-6. Physical and Chemical Properties of Coal Tar Creosote 

Property Information Reference 

Molecular weight 
Color 

Not applicable 
Translucent brown to Merck 1989 
black; oily liquid; 
yellowish to dark green-
brown 

Physical state 
Melting point 
Boiling point 
Specific gravity 
Odor 

Odor threshold: 

Liquid 
No data 
194–400 EC 
1.07–1.08 
Aromatic smokey smell 
Characteristic sharp odor 

Weiss 1986 

Clayton and Clayton 1981 
Clayton and Clayton 1981 
DOT 1985 
Merck 1989 

Water No data 
Air No data 

Taste 
Solubility: 

Water 

Burning, caustic taste 

Slightly soluble 

Clayton and Clayton 1981 

Clayton and Clayton 1981 

Organic solvent(s) Miscible with alcohol, 
ether, fixed or volatile oils 

Clayton and Clayton 1981 

Partition coefficients: 
Vapor pressure 
Autoignition temperature 
Flashpoint 
Flammability limits in air 
Explosive limits 

1.0 (log Kow) 
No data 
335 EC 
74 EC 
No data 
No data 

HSDB 2000 

Merck 1996 
Merck 1989 



CREOSOTE 225 

4. CHEMICAL AND PHYSICAL INFORMATION 

Table 4-7. Identity of PAH Components of Coal Tar Pitcha 

Peak No. Compoundb Peak No. Compoundb 

1 naphthalene 31 acridine 

2 benzo(b)thiophene 32 phenanthridine 

3 quinoline 33 carbazole 

4 2-methylnaphthalene 34 methylphenanthrene, -anthracene 

5 1-methylnaphthalene 35 methylphenanthrene, -anthracene 

6 biphenyl 36 methylphenanthrene, -anthracene 

7 2-ethylnaphthalene 37 4H-cyclopenta(def)phenanthrene 

8 dimethylnaphthalene 38 methylphenanthrene, -anthracene 

9 dimethylnaphthalene 39 methylphenanthrene, -anthracene 

10 dimethylnaphthalene 40 methylcarbazole 

11 methylbiphenyl 41 methylcarbazole 

12 acenaphthene 42 2-phenylnaphthalene 

13 naphthonitrile or azaacenaphthylene 43 dihydropyrene or isomer 

14 dibenzofuran 44 fluoranthene 

15 fluorene 45 azafluoranthene, -pyrene 

16 methylacenaphthene 46 phenanthro(4,5-bcd)thiophene 

17 methylacenaphthene 47 azafluoranthene, -pyrene 

18 methylacenaphthene 48 pyrene 

19 methyldibenzofuran 49 benzonaphthofuran 

20 methyldibenzofuran 50 benzacenaphthene or isomer 

21 9,10-dihydroanthracene 51 benzacenaphthene or isomer 

22 9,10-dihydrophenanthrene 52 benzonaphthofuran 

23 methylfluorene 53 benzonaphthofuran 

24 methylfluorene 54 benzo(lmn)phenanthridine 

25 methylfluorene 55 benzo(kl)xanthene 

26 methylfluorene 56 methylfluoranthene, -pyrene 

27 1,2,3,4-tetrahydroanthracene 57 4H-benzo(def)carbazole 

28 dibenzo(bd)thiophene 58 azafluoranthene, -pyrene 

29 phenanthrene 59 benzo(a)fluorene 

30 anthracene 60 methylfluoranthene, -pyrene 
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Table 4-7. Identity of PAH Components of Coal Tar Pitcha (continued) 

Peak No. Compoundb Peak No. Compoundb 

61 benzo(a)fluorene 91 7H-benzo(c)carbazole 

62 benzo(c)fluorene or isomer 92 methylbenz(a)anthracene or isomer 

63 methylbenzacenaphthene or isomer 93 tetramethylfluoranthene or isomer 

64 methylbenzonaphthofuran or isomer 94 5H-benzo(b)carbazole 

65 methylpyrene or isomer 95 methylbenzophenanthridine or isomer 

66 methylpyrene or isomer 96 dimethylbenzo(cdf)carbazole 

67 methylbenzonaphthofuran or isomer 97 methylchrysene or isomer 

68 methylbenzonaphthofuran or isomer 98 methylchrysene or isomer 

69 methylazapyrene or isomer 99 methylbenz(a)anthracene or isomer 

70 methylbenzonaphthofuran or isomer 100 dimethylbenz(a)anthracene or isomer 

71 methylbenzofluorene 101 methylbenz(a)anthracene or isomer 

72 dihydrochrysene or isomer 102 dimethylbenz(a)anthracene or isomer 

73 dimethylfluoranthene, -pyrene 103 11H-benz(bc)aceanthrylene or isomer 

74 trimethylfluoranthene, -pyrene 104 methylbenz(a)anthracene or isomer 

75 dimethylfluoranthene, -pyrene 105 4H-cyclopenta(def)chrysene or isomer 

76 benzo(b)naphtho(2,1-d)thiophene 106 methylbenz(a)anthracene or isomer 

77 benzo(c)phenanthrene 107 binaphthalene or isomer 

78 benzo(ghi)fluoranthene 108 4H-cyclopenta(def)triphenylene or isomer 

79 dimethylbenzonaphthofuran 109 dimethylbenz(a)anthracene or isomer 

80 benzo(b)naphtho(1,2-d)thiophene 110 methylbenz(a)anthracene or isomer 

81 dibenzoquinoline or isomer 111 binaphthalene or isomer 

82 tetrahydrochrysene or isomer 112 dimethylbenz(a)anthracene or isomer 

83 benzo(a)naphtho(2,3-d)thiophene 113 methylbenz(a)anthracene or isomer 

84 benz(a)anthracene 114 binaphthalene or isomer 

85 chrysene 115 phenylphenanthrene or isomer 

86 11H-benzo(a)carbazole 116 dihydrobenzofluoranthene or isomer 

87 naphthacene 117 dimethylchrysene or isomer 

88 methylbenzonaphthothiophene 118 dibenzophenanthridine or isomer 

89 methylbenz(a)anthracene or isomer 119 biquinoline 

90 tetramethylfluoranthene or isomer 120 biquinoline 
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Table 4-7. Identity of PAH Components of Coal Tar Pitcha (continued) 

Peak No. Compoundb Peak No. Compoundb 

121 benzo(j)fluoranthene 151 methylbenzopyrene or isomer 

122 dihydrobenzofluoranthene or isomer 152 methylbenzopyrene or isomer 

123 benzo(b)fluoranthene 153 11H-cyclopenta(ghi)perylene or isomer 

124 dihydrobenzofluoranthene or isomer 154 methylbenzopyrene or isomer 

125 benzo(k)fluoranthene 155 dimethylbenzopyrene or isomer 

126 dibenzonaphthofuran or isomer 156 methylbenzopyrene or isomer 

127 dihydrobenzofluoranthene or isomer 157 methylbenzopyrene or isomer 

128 dimethylchrysene or isomer 158 dimethylbenzopyrene or isomer 

129 azabenzopyrene or isomer 159 11H-indeno(2,1,7-cde)pyrene or isomer 

130 dibenzonaphthofuran or isomer 160 dimethylbenzopyrene or isomer 

131 benzophenanthrothiophene 161 dinaphthothiophene 

132 azabenzopyrene or isomer 162 dimethylbenzopyrene or isomer 

133 benzo(e)pyrene 163 dibenzophenanthridine or isomer 

134 dibenzonaphthofuran or isomer 164 dibenzonaphthothiophene 

135 benzo(a)pyrene 165 dimethylbenzopyrene or isomer 

136 dibenzonaphthofuran or isomer 166 dibenzocarbazole 

137 perylene 167 dimethylbenzopyrene or isomer 

138 dibenzonaphthofuran or isomer 168 dibenzo(bg)phenanthrene or isomer 

139 methylbenzofluoranthene or isomer 169 benzo(g)chrysene or isomer 

140 methylbenzofluoranthene or isomer 170 dinaphthothiophene 

141 azabenzopyrene or isomer 171 dimethylbenzofluoranthene or isomer 

142 4H-naphtho(1,2,3,4-def)carbazole or 172 dibenzoacridine or isomer 
isomer 

143 methylbenzofluoranthene or isomer 173 dinaphthothiophene 

144 dibenzofluorene or isomer 174 dinaphthothiophene 

145 dihydroindenopyrene or isomer 175 benzo(c)chrysene or isomer 

146 dibenzofluorene or isomer 176 dibenzocarbazole 

147 dibenzofluorene or isomer 177 dimethylbenzofluoranthene or isomer 

148 methylbenzopyrene or isomer 178 dibenz(aj)anthracene 

149 dibenzo(cg)phenanthrene or isomer 179 indenopyrene or isomer 

150 dimethyldibenzonaphthofuran or isomer 180 dimethyldibenzonaphthofuran 
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Table 4-7. Identity of PAH Components of Coal Tar Pitcha (continued) 

Peak No. Compoundb Peak No. Compoundb 

181 methyldibenzophenanthrene, 
-anthracene 

191 dimethyldibenzonaphthofuran 

182 indenopyrene or isomer 192 picene 

183 methylbenzophenanthrothiophene 193 dimethylbenzopyrene or isomer 

184 dibenz(ac)anthracene 194 dimethyldibenzonaphthofuran 

185 methyldibenzophenanthrene, 195 benzo(ghi)perylene 
-anthracene 

186 dimethylbenzofluoranthene or isomer 196 benzo(a)naphthacene or pentacene 

187 dibenz(ah)anthracene 197 dimethyldibenzonaphthofuran 

188 trimethylbenzofluoranthene or isomer 198 anthanthrene 

189 dimethyldibenzophenanthrene, 
-anthracene 

199 methyl indenopyrene or isomer 

190 benzo(b)chrysene 

aAs reported by Guillén et al. 1992; compounds presented in elution order
bTentative identification by gas chromatography/mass spectrometry 
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Benzo[a]pyrene, a component whose individual toxicity has been examined extensively, ranged from 

nondetectable levels (detection limit 0.3 g/kg) to 1.7, 6.4, and 3.9 g/kg of coal tar. 

Limited chemical/physical data exist for coal tar.  Table 4-8 summarizes the current information.  Because 

of the variability in feedstock and manufacturing processes, presentation of exact values for various 

properties presented in Tables 4-6 and 4-8 is not possible. 
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Table 4-8. Physical and Chemical Properties of Coal Tar 

Property Information Reference 

Molecular weight 
Color 

Not applicable 
Almost black, thick liquid, or 
semisolid 

Merck 1989 

Physical state 
Melting point 
Boiling point 
Specific gravity 
Odor 
Odor threshold: 

Water 
Air 

Semisolid 
No data 
No data 
1.18–1.23 
Naphthalene-like 

No data 
No data 

Weiss 1986 

Hawley 1981 
Osol 1980 

Taste 
Solubility: 

Water 

Sharp, burning taste 

Slightly soluble 

Osol 1980 

Merck 1989 

Organic solvent(s) 

Partition coefficients 

Mostly dissolves in benzene; 
partially dissolves in alcohol, 
ether, chloroform, acetone, and 
petroleum ether 
No data 

Merck 1989 

Vapor pressure 
Autoignition temperature 
Flashpoint 
Flammability limits 
Explosive limits 

No data 
No data 
No data 
No data 
No data 
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SUMMARY OF DATA FOR CHEMICAL SELECTION 

Dibenzofuran 

132-64-9 

BASIS OF NOMINATION TO CSWG 

Dibenzofuran is presented to CSWG for consideration based on the potential for widespread 

human exposure and a lack of information on toxicity. 

Worker exposure to dibenzofuran may occur through inhalation and dermal contact at sites 

where coal tar, coal tar derivatives, or creosote are handled. The general population may be 

exposed to dibenzofuran through contact with creosote-treated wood or inhalation of fly ash 

particulates and emissions from municipal waste incinerators. Since dibenzofuran is a 

contaminant often found in waste dumps and in water supplies, exposure through ingestion of 

contaminated food products, e.g., fish, may also occur. 

Despite significant human exposure, very little information on the toxicity of dibenzofuran was 

found in the available literature. This limited information suggests that dibenzofuran may not 

exhibit “dioxin-like” behavior. 

INPUT FROM GOVERNMENT AGENCIES/INDUSTRY 

Dibenzofuran was originally presented to the CSWG as a result of the Furans Class Study. In 

August 1978, dibenzofuran was dropped as a candidate chemical for testing because it was being 

studied by Litton Bionetics under contract to the Environmental Protection Agency (EPA). The 

CSWG members felt that the Litton protocol was sufficient to meet the NCI standards since it 

addressed both carcinogenicity and reproductive effects via the oral route of administration with 

an adequate number of animals. Unfortunately, the Litton study was terminated several months 

after exposure was initiated due to lack of funds (Beliles, 2000). 




 SELECTION STATUS
 

ACTION BY CSWG: 12/12/00 

Studies requested: 

Carcinogenicity 

Short-term tests for chromosome aberrations 

Priority: High 

Rationale/Remarks: 

Widespread human exposure as an environmental pollutant 

Exposure as a contaminant of several products handled in the occupational setting 

Human exposure occurs via multiple routes 

Potential for carcinogenicity via epigenetic mechanisms not related to TCDD toxicity 

CSWG suggested skin painting studies using the TGAC mouse, with the recommendation that 

the FVB/N strain also be added 

NCI will conduct the mouse lymphoma assay 
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CHEMICAL IDENTIFICATION 

CAS Registry Number: 132-64-9 

Chemical Abstract Service Name: 
Synonyms: 

Dibenzofuran (8CI; 9CI) 
2,2-Biphenylene oxide, dibenzo(b,d)furan, diphenyl-
ene oxide 

Structural Class: Polycyclic aromatic hydrocarbon (PAH); cyclic 
ether 

Structure, Molecular Formula and Molecular Weight: 

O 

C12H8O  Mol. wt.: 168.19 

Chemical and Physical Properties: 

Description: White solid (Sigma-Aldrich, 2000) 

Melting Point: 86.5 °C (Lide, 1995) 

Boiling Point: 287 °C (Lide, 1995) 

Solubility: Slightly soluble in water; soluble in ethanol and 
acetone; very soluble in ether, benzene, and acetic 
acid; sublimable (Elvers, 1989; Lide, 1995)

 Density: 1.0886 at 99°C (Lide, 1995) 

Reactivity: Strong oxidation agent; stable at room temperature 
in closed container (Fisher Scientific Canada, 1999) 

Octanol/Water Partition Coefficient: Log Ko/w  =  4.12 (NLM, 2000a) 

Vapor Pressure: 0.0044 mm Hg at 25 °C (NLM, 2000a) 

Technical Products and Impurities: Dibenzofuran is available at 99+% purity from Sigma-
Aldrich (Sigma-Aldrich, 2000). Research grade dibenzofuran is also available from Acros, 
Alfa Aesar, and TCI America (Alfa Aesar, 1999; Fisher Scientific, 2000; TCI America, 
1998). 
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EXPOSURE INFORMATION 

Production and Producers: Dibenzofuran is recovered from a wash oil fraction of coal tar 

that boils between 275 °C and 290 °C. Redistillation separates dibenzofuran from 

acenaphthene, which boils at a lower temperature. Crystallization of the redistilled 

fraction then produces technically pure dibenzofuran (Elvers et al., 1989). 

Dibenzofuran is supplied by twelve companies within the United States (Chemical 

Sources International, 2000). 

Dibenzofuran is listed in the EPA’s Toxic Substances Control Act (TSCA) Inventory 

(NLM, 1999). 

Use Pattern: Dibenzofuran is found in various percentages in coal tars and coal tar 

creosotes. Coal tar creosote is a complex mixture typically composed of 85% PAHs 

and 2-17% phenolics. Typical wood preservative creosote is approximately 3.5% 

dibenzofuran. Dibenzofuran occurs at levels of 0.19-1.50 wt % of dry tar in 

commercial coal tars (ATSDR, 1990; NLM, 2000a). 

Due to its high heat resistance, dibenzofuran, together with biphenyl, is a component of 

heat-transfer oils. When combined with methylnaphthalenes, it is suitable as a carrier 

for dyeing and printing textiles. A range of polymers can be produced from 

dibenzofuran, e.g., heat-resistant polyarylacetylene and quinoxaline polymers or 

photoconductive polymers for electrophotography (Elvers et al., 1989). 

As a combustion product, dibenzofuran may be released from the incomplete 

combustion of coal biomass, refuse, diesel fuel and residual oil, as well as from 

tobacco smoke (NLM, 2000a). 
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Human Exposure: Humans are exposed to dibenzofuran through inhalation of contaminated 

air, ingestion of contaminated food, or dermal contact with some treated wood 

products (NLM, 2000a). 

Occupational Exposure. The National Occupational Exposure Survey (NOES), which 

was conducted by the National Institute for Occupational Safety and Health (NIOSH) 

between 1981-1983, estimated that 3,292 workers were potentially exposed to 

dibenzofuran in the workplace. (NLM, 1999). Occupational exposure to dibenzofuran 

may occur through dermal contact and inhalation, particularly at sites where coal tar 

and coal tar derivatives, especially creosote, are used (NLM, 2000a). 

General Population Exposure. The general population may be exposed to 

dibenzofuran through inhalation of air which has been contaminated by a variety of 

combustion sources. Assuming an average ambient air concentration of 19 ng/m3, the 

average daily air intake of dibenzofuran is 380 ng (NLM, 2000a). 

There should be very little exposure of the average homeowner to creosote solutions 

[containing dibenzofuran] used for wood treatment because they can only be sold to 

certified applicators. However, homeowners can be exposed to creosote-treated 

products (ATSDR, 1990). 

In the EPA’s National Human Adipose Tissue Survey, 46 composite samples of human 

adipose tissue representing various age groups and locations were analyzed. Three 

percent of these samples contained dibenzofuran (NLM, 2000a). 

Environmental Exposure. Exposure to dibenzofuran may occur through consumption 

of contaminated food and drinking water. Dibenzofuran was qualitatively detected in 

catfish from the Black River near Lorain, Ohio, and in Potomac River bass. 

Dibenzofuran was qualitatively identified in drinking water collected from Cincinnati, 

Ohio in October 1978 and Philadelphia, Pennsylvania in February 1976 (NLM, 2000a). 
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The concentration of dibenzofuran detected in Finnish margarines and vegetable oils 

ranged from 0.08 to 0.64 µg/kg. The mean concentration in various Finnish cereal 

products ranged from 1.0 (wheat) to 4.7 µg/kg (bran) (NLM, 2000a). 

Environmental Occurrence: 

Dibenzofuran is a common component of environmental pollutants, and has been 

identified in air, ground water, fuel gas, fly ash from municipal incinerators, and diesel 

exhaust gas particulates, and cigarette smoke (Watanabe, 1992). 

Water. Dibenzofuran has been detected in the surface waters of Lake Erie and is one of 

28 aromatic compounds regularly detected in surface sediments from the Elizabeth 

River, which flows into the Chesapeake Bay. Dibenzofuran (1.70 and 9.50 ppm) was 

found in sediment from two of five Great Lakes tributaries. Dibenzofuran has also 

been found in sediments collected from Lake Pontchartrain, Eagle Harbor (Puget 

Sound area), the Black River, the Martha’s Vineyard area, and in sediment cores in 

various northern New Jersey waterways (NLM, 2000a; Padma et al., 1999). 

Dibenzofuran was also found in tissue of snails obtained from two different sites in 

Pensacola, Florida as well as in sediment taken from the Black River (Rostad & 

Pereira, 1987; West et al., 1988). 

Concentrations of dibenzofuran ranging 0.008 - 0.42 ppm were detected in ground 

water beneath an abandoned creosote plant in Texas. Dibenzofuran was also found at 

concentrations of 0.01 - 0.49 ppm beneath a wood preserving facility in Florida and 

was detected qualitatively in ground water beneath a coal-tar distillation facility in 

Minnesota (NLM, 2000a). 

Hazardous waste sites. Dibenzofuran is a component of coal tar. Prior to the 

development of a nationwide gas pipeline system, gas was produced locally by coal 

distillation. The coal tar residue not sold for roofing and road surfacing materials was 
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disposed of at sites near the gasification plants. There are approximately 1,500 coal tar 

waste sites in the United States (Culp et al., 1998). 

Air. The total releases and transfers of dibenzofuran listed in EPA’s Toxic Release 

Inventory for 1994 were reported as 26,116 pounds and 53,744 pounds, respectively 

(EPA, 1994). In 1998, the Toxic Release Inventory reported that total on-site releases 

of dibenzofuran were 150,929 pounds (air emissions - 94,230 pounds; releases to land -

56,670 pounds; surface water discharges - 29 pounds) and total off-site releases were 

13,304 pounds. For creosote, total on-site releases in 1998 were 3,072,169 pounds 

and total offsite releases were 1,263,532 pounds (EPA, 1998). 

Atmospheric sampling of dibenzofuran was performed between November 1988 and 

February 1989 in Minneapolis and Salt Lake City. Levels ranged from 6.5 - 31 ng/m3 

in Minneapolis and 10 -76 ng/m3 in Salt Lake City. The concentration of dibenzofuran 

in the gas-phase in the ambient air of Portland, Oregon in February to April 1984 was 

13 - 25 ng/m3 (mean 19 ng/m3) but the concentration in the particulate phase was only 

0 - 0.35 ng/m3 (mean 0.1 ng/m3) (NLM, 2000a). 

Regulatory Status: Dibenzofuran is cited in the Clean Air Act 1990 Amendments -

Hazardous Air Pollutants as a volatile hazardous air pollutant of potential concern. 

The Superfund Amendment Reauthorization Act (SARA) Section 110 placed 

dibenzofuran on the revised Agency for Toxic Substances and Disease Registry 

(ATSDR) priority list of hazardous substances to be the subject of a toxicological 

profile. The listing was based on the substance’s frequency of occurrence at 

Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) 

National Priorities List sites, its toxicity, and/or its potential for human exposure. 

Dibenzofuran is also listed in the Massachusetts Substance List for Right-to-Know 

Law, the New Jersey Department of Health Hazard Right-to-Know Program 

Hazardous Substance List, and the Pennsylvania Department of Labor and Industry 

Hazardous Substance List. California’s Air Toxics “Hot Spots” List (Assembly Bill 
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2588) and EPA’s Toxic Release Inventory Chemicals also list dibenzofuran as a 

hazardous air pollutant (EDF, 1998; EPA, 1998; STN, 2000). 

No standards or guidelines have been set by NIOSH or the Occupational Safety and 

Health Administration (OSHA) for occupational exposure to or workplace allowable 

levels of dibenzofuran. Dibenzofuran was not on the American Conference of 

Governmental Industrial Hygienists (ACGIH) list of compounds for which 

recommendations for a Threshold Limit Value (TLV) or Biological Exposure Index 

(BEI) are made. The OSHA standard for coal-tar pitch volatiles (which contain a small 

amount of dibenzofuran) in workroom air is a 0.2 mg/m3 time-weighted average 

(ATSDR, 1990). 
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EVIDENCE FOR POSSIBLE CARCINOGENIC ACTIVITY 

Human Data: No epidemiological studies or case reports investigating the association of 

exposure to dibenzofuran and cancer risks in humans were identified in the available 

literature. 

Animal Data: No 2-year carcinogenicity studies of dibenzofuran in animals were identified 

in the available literature. 

According to the International Agency for Research on Cancer (IARC), the available 

data indicate that coal-tars and coal-tar pitches are causally associated with cancer in 

humans and that creosotes derived from coal-tars are probably carcinogenic to humans 

(IARC, 1984). 

To determine the contribution of benzo[a]pyrene to the carcinogenicity of coal tar, 

mice were fed two coal tar mixtures or benzo[a]pyrene in a 2-year bioassay. The coal 

tar diets induced a dose related increase in tumors at multiple sites. Although the 

benzo[a]pyrene present in the two coal tar mixtures could have accounted for the 

forestomach tumors observed, the lung and liver tumors appeared to be due to other 

components in the coal tar mixture and the small intestine tumors may have resulted 

from chemically-induced cell proliferation that occurred at high doses of coal tar. 

Although the coal tar mixtures contained 1,504 or 1,810 mg/kg of dibenzofuran, 

respectively, they also contained mutagenic PAHs which could have accounted for the 

observed lung and liver tumors (Culp et al., 1998; Goldstein et al., 1998). 

Short-Term Tests: 

Dibenzofuran has been evaluated for mutagenic activity in the Ames 

assay. Dibenzofuran did not induce genotoxicity with or without metabolic activation 

in Salmonella TA98 at concentrations from 0.025-1.6 µmol/plate and TA100 at 

concentrations from 0.05- 4.0 µmol/plate (Matsumoto et al., 1988). In a separate 

study by Mortelmans and coworkers (1984), dibenzofuran did not induce 
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mutagenicity in Salmonella strains TA98, TA100, TA1535, or TA1537 in the 

absence and presence of S-9. These results are consistent with the results reported 

by Uno and coworkers (1991), as well as Schoeny (1982). 

Metabolism: No information on the metabolism of dibenzofuran in mammalian organisms 

was found in the available literature. The bacteria Sphingomonas, Brevibacterium, 

Terrabacter, and Staphylococcus auricularis degrade dibenzofuran to 2,2',3-

trihydroxybiphenyl via dibenzofuran 4,4a-dioxygenase (Bunz & Cook, 1993; Ouelette 

& McLeish, 2000). 

Other Biological Effects: 

Enzyme Induction. The P450 superfamily contains the principal enzymes responsible 

for the metabolic activation of carcinogens. In the P4501A family, CYP1A1 and 

CYP1B1 metabolize and participate in the metabolic activation of PAHs. CYP1A2 

catalyzes aromatic and heterocyclic amine N-oxidation, and has been implicated as a 

risk factor in urinary bladder and colorectal cancer (Gonzalez & Kimura, 1999; 

MacLeod et al., 1997). 

Chaloupka and coworkers investigated manufactured gas plant PAH mixtures in 

B6C3F1 mice. This residue contained a complex mixture of 2-ring, 3-ring and 4-ring 

PAHs which induced hepatic CYP1A1 and CYP1A2 gene expression. However, the 

3-ring mixture, which contained dibenzofuran and five other PAHs induced only 

CYP1A2. All six tricyclic PAHs significantly induced hepatic microsomal 

methoxyresorufin O-de-ethylase (MROD) activity, a more specific indicator of 

CYP1A2 activity than ethoxyresorufin O-de-ethylase (EROD) activity, although 

acenaphthylene and anthracene were more active than dibenzofuran (Chaloupka et al., 

1994; Chaloupka et al., 1995). 

Aryl Hydrocarbon (Ah) Receptor Binding Studies. An important criterion to define 

whether dibenzofurans and dibenzodioxins exhibit “dioxin-like” toxicity is Ah receptor 

binding (EPA, 2000). 
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In competitive binding studies using mouse hepatic cytosol, the tricyclic PAHs, 

including dibenzofuran, did not displace TCDD from the Ah receptor or 

benzo[a]pyrene from the 4S carcinogen binding protein. Thus, tricyclic PAHs appear 

to induce hepatic CYP1A2 gene expression in mice by an Ah receptor-independent 

pathway (Chaloupka et al., 1994; Chaloupka et al.,1995). 

Immunotoxicity. A reconstituted PAH mixture containing 17 congeners, including 

dibenzofuran, and the 2-, 3-, and 4-ring PAH fractions all caused a dose-dependent 

decrease in the splenic plaque-forming cell response of B6C3F1 mice to sheep red 

blood cells or trinitrophenyl-lipopolysaccharide antigens (Harper et al., 1996). While 

this response may occur with “dioxin-like” PAHs, it cannot be attributed to 

dibenzofuran because of the other PAHs present in the mixtures. 

Structure-Activity Relationship: Chemicals structurally similar to dibenzofuran were 

screened for relevant information associating these chemicals with mutagenic or 

carcinogenic effects. Dibenzo-p-dioxin was found to be the most structurally related 

compound to dibenzofuran. The structure of dibenzo-p-dioxin is shown below: 

O 

O 

A bioassay of unsubstituted dibenzo-p-dioxin was conducted in Osborne-Mendel rats 

and B6C3F1 mice. Groups of 35 rats of each sex were administered dibenzo-p-dioxin 

at 5,000 or 10,000 ppm in feed for 110 weeks. Groups of 50 mice of each sex were 

administered the same doses in feed for 87 or 90 weeks. Controls consisted of groups 

of 35 untreated rats of each sex and 50 untreated mice of each sex. No tumors were 

induced in rats or mice of either sex at incidences that were significantly higher in the 

dosed groups than in the corresponding control groups. Thus, it was concluded that 
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under the conditions of the bioassay, dibenzo-p-dioxin was not carcinogenic (NTP, 

1979). 

Dibenzo-p-dioxin was negative in the Ames Salmonella strains TA98 and TA100 with 

or without S-9 activation (NLM, 2000b). 
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Metals as Catalysts during the Formation and Decomposition
 
of Chlorinated Dioxins and Furans in Incineration Processes
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ABSTRACT 
Polychlorinated dibenzo-p-dioxins (PCDDs) and polychlo
rinated dibenzofurans (PCDFs) are found on fly ash and in 
flue gas of municipal waste incinerators. Municipal waste 
incinerators seem to be the most important source for 
PCDDs and PCDFs emitted into the air during the last de
cades. PCDD/F formation takes place in the cooler zones 
(250 °C–450 °C) of a municipal waste incinerator, at the 
electrostatic precipitator. Copper is an important compo
nent of the fly ash that can catalyse the formation of PCDDs 
and PCDFs. Inhibition of the formation can be done by 
complexation of the metals (Cu) with EDTA or NTA. 

INTRODUCTION 
Properties of PCDDs and PCDFs 

Polychlorinated dibenzo-p-dioxins (PCDDs) and polychlo
rinated dibenzofurans (PCDFs) are a group of tricyclic com
pounds substituted with one to eight chlorine atoms. This 
results in 210 different compounds: 75 PCDDs and 135 
PCDFs. Seventeen congeners are more toxic than the oth
ers. These toxic congeners all have chlorine atoms at the 
2,3,7 and 8 positions. PCDDs and PCDFs are very stable 
compounds and have very long residence times in the en
vironment and in organisms, including humans. Their 
hydrophobicity promotes accumulation in sediments and 
organisms, resulting in high concentrations in both sedi
ment and organisms. Physical chemical properties of PCDDs 
and PCDFs are reported in Table 1. In a substantial number of 
studies the effects of PCDDs and PCDFs on various animals are 
determined. Among toxicological effects reported are terato
genicity, reduced reproduction, liver toxicity, decreased growth 
rate and behavioral changes.1 Toxicological effects were also 
reported for humans: chloracne, enlargement and tenderness 

IMPLICATIONS 
PCDDs and PCDFs are very toxic compounds that can 
enter the foodchain after being emitted into the air. Be-
cause of the toxicity, emission levels are set as low as 
0.1ng TEQ/m3 for waste incinerators. 

of the liver, decreased libido or sexual dysfunction, person
ality changes, tiredness, hirsutism, and neurological disor
ders.2 Some studies also suggested soft tissue sarcoma, stom
ach cancer, nasal cancer, and cancer of the respiratory tract. 
In other studies of these cancers, no correlation was found.2 

Sources 
PCDDs and PCDFs have never been produced intention
ally, but are formed as trace contaminants in various pro
cesses. One of the first known sources was in the produc
tion of 2,4,5-T, a herbicide. The production of pentachlo
rophenol has also been long established as a source. Re
strictions to production have eliminated these sources to a 
large extent, at least in some countries. Sources of PCDD/F 
emission into the air are reported in Table 2. Municipal 
waste incineration is responsible for most of the PCDDs 
and PCDFs emitted into the air during recent decades.4,5 In 
1977, they were found on fly ash and in the flue gas of 
municipal waste incinerators.6 Related compounds, like 
chlorobenzenes and chlorophenols, were also found. New 
technologies of flue gas cleaning in waste incineration will 
reduce the amount of PCDD and PCDF in the flue gas and, 
therefore, the contribution of municipal waste incineration 
in PCDD/F emission into the air. The total amount of PCDD 
and PCDF formed can be reduced by using filter systems 
that work at higher or lower temperatures than the opti
mum temperatures for the formation of PCDD/Fs. Waste 
from the cleaning section contains the larger part of the 

Figure 1. Molecular structures of PCDD and PCDF. 
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Table 1. Some physical chemical properties.3 

MPb BPc Ps d (Pa) Se Log K f Half Life Half Life Half Life Half Life 
(°C) (°C) (mg/m3) 

ow 
Air Water Soil Sediment 

PCDDsa 89- 322 284-510 1.1*10-10- 0.017 74*10-6- 417 4.3-8.2 2 days- 3 weeks 2 days- 8 months 2 months- 6 years 8 months- 6 years 
PCDFsa 184-258 375-537 5*10-10- 3.9*10-4 1.16*10-3- 14.5 5.4-8.0 1 - 3 weeks 3 weeks- 8 months 8 months- 6 years 2 - 6 years 

a Range for mono- to octa-chlorinated congeners, b MP = melting point, c BP = boiling point, d Ps = vapour pressure, e = solubility, f K = octanol water partition coefficient. 
ow 

PCDD/Fs formed. 
Most of the reported PCDD/F sources are high-tem

perature processes. In addition to waste incineration, these 
include iron ore sintering in the steel industry,7 aluminium 
recycling,8 copper ore melting,9 nickel refinery, magnesium 
production,10 electrical cable splicing,11 catalyst regenera
tion in the petroleum refining industry,12 fossil-fueled pow
erhouses,13 automobile exhausts,13,14 fireplaces, charcoal 
grills, and cigarettes.13 Slag from copper ore melting was 
used at one time as covering material for sportsgrounds 
and playgrounds,9 resulting in PCDD/PCDF contamination 
of these areas. 

Although not reported in Table 2, pulp bleaching in 
the paper industry is a source of PCDD/Fs in other coun
tries.15-19 From the chemical production processes, the pro
duction of chlorophenols is the most important one;20-22 it 
leads to PCDD/F contamination in wood impregnated with 
pentachlorophenol,22 and to contamination of chemicals 
f or med f rom ch loroph e n ol s , lik e 2 ,4 ,5 -T (2,4 ,5 
trichlorophenoxy acids).20 Other chemical production pro
cesses reported as sources of PCDDs and PCDFs are the pro
d uc tion o f c h lorobe n z enes , c h lor o bi-p h e n y ls , 21 

chlorobenzoquinones,24 and dyes (phthalocyanines and 
dioxazines).25 

PCDD/F formation during any natural or human ac
tivity requires three basic ingredients: an organic starting 
material, a chlorine source, and, in processes with relatively 
low temperatures, a metallic catalyst. These compounds can 
be present in different amounts; the metallurgic industry, 

Table 2. Emissions of PCDDs and PCDFs in The Netherlands (g TEQ/year), 1991.4 

Municipal solid waste incineration 382 
Other incineration processes 18.4 
Burning of cables and electromotors 1.5 
Asphalt-mixing plants 0.3 
Combustion of oil, coal, lignite and wood 16.7 
Traffic 7.0 
Sintering processes 26 
Metal industry 4.0 
Chemical production processes 0.5 
Use of wood preservatives 25 
Various high temperature processes 2.9 

for example, has high amounts of metals available, but low 
amounts of carbon and chlorine. In the paper industry, large 
amounts of chlorine and carbon are available, but low 
amounts of metals. 

MUNICIPAL WASTE INCINERATION 
Incineration Parameters 

The CO concentration in flue gas is an indicator of com
bustion conditions. CO also correlates to some extent with 
PCDD/F concentrations.26-28 Important parameters in CO 
control are oxygen concentration and furnace temperature. 
Excess oxygen and low furnace temperatures yield high CO 
and high PCDD/F concentrations. An oxygen concentra
tion that is too low, however, will cause other problems, 
like formation of PAHs.29,30 Good control of oxygen is there
fore very important. The residence time in the cooling sec
tion is also an important parameter. Long residence times 
means high PCDD/F concentrations. The residence time in 
a small temperature window around 340 °C is very deci
sive.31 HCl, sulfur oxides, and nitrogen oxide concentra
tions in the flue gas do not correlate with the PCDD/F con
centrations. Also, the percentage of moisture in the flue 
gas has no effect.28,32 Adding PVC to the feedstock will give 
higher HCl concentrations. As there is no correlation be
tween HCl concentration and PCDD/F concentration, this 
has no direct influence on the PCDD/F concentration.33 

There is a correlation between the elemental composition 
of fly ash and PCDD/F concentrations. Chlorine, copper, 
sodium, potassium, and zinc have a positive correlation 
with PCDD/F concentration, with copper being the most 
effective. Aluminum and silicon have a negative correla
tion.34 In Table 3, the average concentration of some met
als in fly ash from a large number of municipal waste in
cinerators is reported. 

Mechanism of Formation 
Since the discovery of PCDDs and PCDFs in Municipal 
Waste Incinerator (MWI) fly ash and flue gas in 1977, much 
attention has been paid to the formation of these compounds. 
Theoretical calculations by Shaub and Tsang showed that for
mation is unlikely to take place through homogeneous gas 
phase reactions.36,37 They instead proposed a heteroge
neous fly ash catalyzed mechanism of formation in the 
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Table 3. Average metal concentration in fly ash (mg/g).35 

Al 96 Cr 1 
Ca 50 Cu 1 
Fe 45 Ni 0.46 
Zn 42 As 0.05 
Pb 9.3 Hg 0.02 
Cd 2.3 

post combustion zone of the incinerator. It was experimen
tally verified that the PCDD/F concentration in the flue gas 
passing the downstream region before the electrostatic pre
cipitator is very low.5,38 Since 1982, a large number of ex
periments have been performed in which the formation 
on fly ash has been modelled on laboratory scale. A review 
of the results is given by Addink and Olie.39 

Chlorinated aromatic compounds can be intermedi
ates in the formation of PCDDs and PCDFs. The correla
tion between some chlorinated compounds and PCDD/Fs 
present in a municipal waste incinerator support this route 
of formation. Chlorophenols, however, might play only a 
minor role in PCDD/F formation according to the lack of 
correlation between chlorophenols and PCDD/Fs in a mu
nicipal waste incineration. The isomer pattern found for 
the PCDD/Fs formed from chlorophenols during labora
tory experiments also does not support the role of 
chlorophenols. 

A rather good correlation between the chlorinated ben
zenes and PCDD/Fs is found. Chlorinated benzenes can be 
formed from benzene during model experiments, but it is 
not possible to form PCDD/Fs from benzene under realistic 
model conditions.40,41 

Model experiments support the idea that carbon on 
the fly ash plays an important role during the formation of 
PCDD/Fs. 

MUNICIPAL WASTE INCINERATION FLY 
ASH AS A CATALYST FOR THE FORMATION 
OF PCDDs AND PCDFs 
Shaub et al.36 have calculated that homogeneous gas-phase 
formation of PCDDs and PCDFs from (chlorophenol) pre
cursors is not likely to occur. They suggested a surface reac
tion where the fly ash surface can promote reactions at rela
tively low temperatures. 

Chlorination Reactions on Fly Ash 
Fly ash is known to catalyze chlorination of aromatic com
pounds such as toluene, biphenyl, diphenylether, PAHs, 
dibenzodioxin, and lower-chlorinated PCDD congeners. The 
products found point to an electrophilic aromatic substitution 
reaction.42-46 This electrophilic aromatic substitution reaction 
can also take place on model fly ash systems, like silica gel, 

activated carbon, Tenax GC polymer, and a silica-alumina 
support impregnated with copper chloride.47,48 

Dechlorination Reactions 
Fly ash is also able to catalyze the dechlorination of PCDDs 
and PCDFs. Heating fly ash in absence of oxygen leads to a 
decrease of PCDD/F concentration. This decrease is totally 
due to a decrease of higher chlorinated congeners, the 
amount of lower chlorinated congeners increases. This has 
led to the assumption that a dechlorination/hydrogena
tion reaction occurs under these reaction conditions, lead
ing to the formation of lower chlorinated congeners.49-53 

Formation of PCDDs and PCDFs 
A third reaction catalyzed by fly ash is the formation of PCDDs 
and PCDFs. The amount of PCDDs and PCDFs increased when 
the fly ash was heated at temperatures around 300 °C in an 
oxygen atmosphere.49-51,54 PCDDs and PCDFs are in this case 
probably formed from residual carbon present on the fly ash 
surface. Ions of heavy metals or of the transition metal group 
are essential for this formation reaction.51 Copper has been 
identified as the strongest catalyst.50 The catalytic action of 
CuCl2 is poisoned by NH3, which results in lower PCDD/F 
amounts in the presence of NH3. As already noted in the pre
ceding section, the amount of oxygen present can influence 
the formation of PCDDs and PCDFs. Already 1% oxygen 
present in the carrier gas causes formation of PCDD/Fs.60 

FORMATION OF PCDDs AND PCDFs 
FROM CARBON 
The molecular structure of carbon consists of layers of aro
matic rings of the type existing in graphite.55 This ordered 
structure can be disturbed by oxygen and hydrogen atoms.56 

Part of the layer can also contain aliphatic chains. 
Formation of PCDDs and PCDFs from carbon starts 

with the chlorination of the surface of carbon. During oxi
dation of the carbon afterwards, PCDDs and PCDFs are re
leased. The following knowledge is available on the mecha
nism of chlorination, the effect of water and carbon sources, 
temperature dependence, and inhibition with respect to 
the mechanism of formation of PCDDs and PCDFs. 

The Deacon Reaction 
Chlorination of aromatic ring structures with HCl is a ther
modynamically unfavored reaction: chlorination of ben
zene (Bz) with HCl, for example, proceeds with a positive 
Gibbs free energy of formation.57 

Bz (g) + 2 HCl (g) → Cl2Bz (g) + H2 (g) ΔG = 34.3 kCal 
(1) 

When HCl is first converted to Cl2 a favored reaction is 
obtained. 
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2 HCl (g) + _ O (g) → Cl (g) + H O (g) ΔG = - 9.07 kCal 2 2 2

(2) 

Bz (g) + Cl2 (g) → Cl2Bz (g)  ΔG = - 11.23 kCal (3) 

Reaction 2 can be catalyzed by copper, as can be seen in 
reaction 4.49 

CuCl + _ O → CuO + Cl2 2 2 

CuO + 2 HCl → CuCl2 + H2O 
2 HCl + _ O →Cl + H O (4) 2 2 2

This reaction is called the Deacon Reaction and could play 
a role in the chlorination of carbon.49,50,57,58 The chlorine 
formed in the Deacon Reaction can react back to hydrogen 
chloride with sulfur dioxide (reaction 5). This reaction will 
inhibit the chlorination of carbon and, hence, the forma
tion of PCDDs and PCDFs.57,58 

SO + Cl + H O→SO + 2 HCl (5) 2 2 2 3 

Chlorination via Direct Transfer 
Stieglitz et al.58 have looked at the influence of HCl and 
SO2 on the formation of PCDDs and PCDFs. When the 
Deacon reaction plays an important role in the forma
tion of PCDD/Fs, HCl would stimulate the formation of 
PCDDs and PCDFs, and SO2 would inhibit PCDD/F forma
tion. HCl and SO2 concentrations, however, were found to 
have no influence on the formation of PCDDs and PCDFs. 
Elemental chlorine gas without copper chloride does not 
yield PCDDs and PCDFs at 300 °C. It also does not give 
oxidation of carbon at that temperature.58 In other stud
ies,59 no correlation is found between the surface area of 
the carbon and the formation of PCDDs and PCDFs. This 
means that a direct interaction carbon-gas phase (as in the 
Deacon Reaction) is not the rate determining step. These facts 
suggest that the Deacon process plays only a minor role in the 
formation of PCDDs and PCDFs. Stieglitz et al.58 have proposed 
a mechanism of direct transfer of halogen instead. 

ArH + CuCl2 → ArHCl* + CuCl (6) 

ArHCl* + CuCl2 → ArCl + CuCl + HCl (7) 

Cu(I) is oxidized to Cu(II) by oxygen. Hoffman42 also sug
gested a direct transfer of chlorine for the chlorination of 
aromatic compounds at the surface of fly ash. Aromatic 
compounds are adsorbed to the fly ash surface and chlori
nated by an electrophilic aromatic substitution reaction. 
He suggests that iron is the chlorinating agent. 

Carbon Source 
The origin of carbon used for PCDD/F formation is 

important.59,60 Soot and sugar coal, for example, are less 
reactive than charcoal. Graphite produces only minor 
amounts of PCDD/Fs.60 The crystal lattice of graphite is prob
ably more resistant to an attack of chlorine/oxygen than the 
already disturbed graphite structure of the other carbon samples. 
There is no correlation between the surface area of the carbon 
and the formation of PCDD/Fs,59 so the variance of PCDD/F 
formation from different kinds of carbon is not caused by vari
ance in surface area. In a recent study, Eichberger et al.61 

found that formation of PCDDs, PCDFs, and PCBs is corre
lated with the activity of the carbon. 

Role of Metals 
Copper is very reactive in the formation of PCDDs and PCDFs. 
Various metal chlorides—such as MgCl2, ZnCl2, FeCl2, MnCl2, 
HgCl , CdCl , NiCl , SnCl , PbCl , and CuCl —have been tested 2 2 2 2 2 2

for their ability to catalyze the formation of PCDD/Fs. From 
these metal chlorides, only CuCl2 made a significant contribu
tion to the PCDD/F formation.60 Without metal chlorides, only 
trace amounts of PCDD/Fs were found. The addition of only 
0.08% Cu2+ gives rise to significant amounts of PCDD/Fs. The 
addition of 0.24 and 0.4% Cu2+ gives rise to an overproportional 
rise in PCDD/F formation.60 It was later found that FeCl3 can 
catalyze the formation of PCDD/F too, but only when it is 
present in high amounts.58 

Inhibition 
Inhibition of the formation of PCDDs and PCDFs from car
bon was studied by Addink.53 Ethylenediamine-tetra acetic acid 
(EDTA), nitrilo-tri-acetic acid (NTA), and Na2S were found to 
inhibit the formation of PCDDs and PCDFs from carbon. 
Na2S2O3 also inhibits PCDD/F formation, but less effectively. 
The inhibition is proposed to proceed by formation of stable 
complexes with transition metals, especially copper. 

Formation of Other Chlorinated Aromatic
 
Compounds
 

Chlorinated aromatic compounds other than PCDDs and 
PCDFs are formed during the municipal waste incineration 
process. In laboratory studies, many of those compounds are 
found to be formed from carbon. The most important group 
of compounds are chlorobenzenes, which are also dominant 
in municipal waste incineration.6 Besides chlorobenzenes, 
chloronaphthalenes, -biphenyls and -phenols, and a large 
number of trace compounds are formed from carbon.60,62-66 It 
is suggested that those compounds are formed when the car
bon is degraded similarly to the formation of PCDDs and 
PCDFs.60,64,65 Some of these products, together with the com
pounds present or formed in the gas stream, could act as pre
cursor compounds for the formation of PCDDs and PCDFs. 

The complexity of the formation is also found from ex
periments where 18O2 is used in model experiments.40 The 
amount of 18O found in the PCDD/Fs formed is not constant 
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for all the compounds. Some compounds have relatively 
large amounts of 16O due to oxygen, which is already present 
in the carbon. 

CONCLUSIONS 
Formation of PCDD/Fs during incineration of municipal waste 
is promoted by the catalytic properties of metals which are 
found in the waste itself. All types of carbon can serve as a 
carbon source. Chlorine can also be used in the different forms 
as it is present. Prevention of the formation can be done by 
poisoning the catalysts with complexing compounds. The for
mation of the PCDD/Fs is a complex of reactions in which 
chlorination of carbon and dechlorination of the innitially 
formed PCDD/Fs are the most important. 
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ABSTRACT

Since polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/PCDF) were quantified in the
emissions from the Amsterdam municipal solid waste incinerator (MSWI) in 1977, more than 20
years of intensive research gave many answers on how PCDD and PCDF can form in thermal
processes. As a result, it can be concluded that PCDD/PCDF can be formed in all combustion
processes where organic carbon, oxygen, and chlorine are present. Although there are still open
questions, findings can be summarized as follows:

• PCDD/PCDF can be formed in the gas phase as well as in the heterogeneous phase.
• Geometry of the combustion chamber, time, temperature, feeding rate, input (chlorine), and so forth may

have an influence on the formation of PCDD/PCDF.
• There may be different processes dominating to form PCDD or PCDF.
• The amount of PCDD and PCDF formed differs between types of thermal processes.
• Within the same process categories, e.g., MSWIs, hazardous waste incinerators, steel mills, etc., the

PCDD/PCDF pattern is very similar.
• Formation of PCDD/PCDF can be prevented by addition of "inhibitors" such as sulfur- or nitrogen-con-

taining agents.
Results from field investigations, i.e., waste wood combustion and a new technology for thermal
treatment of municipal solid waste, support these basic findings.

Key words: Polychlorinated dibenzo-p-dioxins (PCDD); polychlorinated dibenzofurans (PCDF); forma-
tion; incineration; dioxin patterns; emissions.

INTRODUCTION

ONCE POLYCHLORINATED DIBENZO-/7-DIOXINS and poly-
chlorinated dibenzofurans (PCDD/PCDF) were de-

tected in emissions of municipal solid waste incinerators
(MSWIs) (Olie et al., 1977), they became a key issue in
the discussion of sustainable waste management. As in
many highly industrialized and densely populated coun-

tries combustion of municipal waste is the ultimate tech-
nology for waste disposal, attempts were undertaken
either to prevent formation of PCDD/PCDF in high-tem-
perature processes or to minimize the release of these

compounds into the environment by application of highly
sophisticated and expensive flue gas cleaning technology.

PARAMETERS INFLUENCING DIOXIN
FORMATION

Basic Consideration
The processes by which PCDD/PCDF are formed dur-

ing incineration are not completely understood or agreed
on. Most information about formation of PCDD/PCDF
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during combustion processes has been obtained from lab-
oratory experiments, pilot scale systems, and MSWIs.
Three possibilities were proposed to explain the presence
of dioxins and furans in incinerator emissions (Hutzinger
et al., 1985):

1. PCDD/PCDF are already present in the incoming feed
(e.g., estimates for municipal solid waste are 6-50 ng
I-TEQ/kg waste) and are incompletely destroyed or

transformed during combustion.
2. PCDD/PCDF are produced from related chlorinated

precursors (=predioxins) such as polychlorinated
biphenyls (PCB), chlorinated phenols, and chlorinated
benzenes.

3. PCDD/PCDF are formed via de novo synthesis from
chemically unrelated compounds such as

Polyvinylchloride (PVC) and other chlorocarbons, or

are formed by the burning of nonchlorinated organic
matter such as polystyrene, cellulose, lignin, coal, and
paniculate carbon in the presence of chlorine donors.

These basic findings led to the establishment of the "trace
chemistries of fires" (Bumb et al., 1980). Later it was
verified in a variety of thermal processes that
PCDD/PCDF were present in all emissions—flue gases,
bottom ashes, fly ashes, scrubber water. Although all
three of the above-mentioned possibilities can occur in
large-scale operations, recent results showed that options
2 and 3 dominate over option 1. The smaller probability
as indicated in option 1 is due to the fact that with to-
day's combustion and flue gas cleaning technologies and
for thermodynamic reasons, PCDD/PCDF are destroyed
when incinerated at temperatures above 800°C and suf-
ficient residence times (e.g., 2 as required in MSWI
combustion). Today there is an agreement that the most
important pathway for formation of PCDD/PCDF is
when the flue gases are transported down the cooling
zone at temperatures between 250°C and 450°C
(Hutzinger et al., 1993; 1985; Bumb et al., 1980). Both
fly ash with its constituents—organic carbon, chlorides
of alkali and earth alkali metals, metal activators, and cat-
alysts (Stieglitz et al., 1989) and dioxin/furan precursors
in the gas phase play a role in the formation mechanism
of PCDD/PCDF. In addition, parameters such as oxygen,
water vapor, and temperature have to be taken into ac-

count. The preferred location to generate PCDD/PCDF
are economizer and equipment for dedusting, especially
electrostatic precipitators (Vogg, 1995).

Although much research was performed to study the
formation of PCDD/PCDF in combustion processes,
there is still no clear evidence as to which mechanism is
dominating and which parameters are important. There

is some evidence that both homogeneous reactions in the
gas phase and heterogeneous reactions on surfaces of par-
ticles play a role to form these thermodynamically stable
compounds (Hutzinger and Fiedler, 1991; 1988). In ad-
dition, there are several indications that the mechanisms
to generate PCDD/PCDF in the gas phase and in the par-
ticle phase are different. In the following sections some
key parameters are briefly summarized that have been
identified to influence the formation of PCDD/PCDF in
combustion processes.

Role of Temperature. Some early experimenst were

performed at high temperatures when, for example,
Rubey et al. (1985) studied the thermal stability of PCB
and the formation of PCDF. The experiments clearly
showed PCB (here 2,3,4,4,5-pentachlorobiphenyl =

2,3,4,4',5-CB) are stable up to temperatures around
700°C. With increasing temperatures there is a decrease
in the PCB concentration and an increase in PCDF for-
mation. Preferentially, lower chlorinated PCDF (C14DF)
were formed with a maximum at about 750°C. Further
increase of the temperatures results in destruction of the
newly formed PCDF.

Experiments to study the temperature dependence typ-
ically range from 180°C to 550°C and the formation of
PCDD/PCDF in the heterogeneous phase at long resi-
dence times was evaluated. In 1986/85 using heated fly
ash in a stream of air, Vogg and Stieglitz determined an

optimum window for the de novo formation of
PCDD/PCDF at temperatures 280-320°C (Fig. 1) [Vogg,
1993; 1986). In subsequent experiments, Schwarz et al.
found a second maximum around 400°C for especially
PCDF; for the PCDD the maximum was less pronounced
(Fig. 2) (Schwartz et al., 1990). As can be seen from Fig-
ure 2, PCDD were less stable than PCDF at higher tem-
peratures. Such results are confirmed from large-scale op-

300
Temp (°C)

FIG. 1. Temperature dependence of formation of ClgDD,
C14DD, CI5DF, and CI4DF on fly ash (2 h annealing time)
(Stieglitz et al, 1989; Vogg, 1995; 1993; 1991; Vogg and
Stieglitz, 1986).
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FIG. 2. Temperature dependence of PCDD/PCDF formation
(2 h annealing time) [10].

erations, e.g., municipal waste incinerators, where more

PCDF are present than PCDD.
Role ofPrecursors. Karasek and Dickson (Karasek and

Dickson, 1987) were the first to show that pen-
tachlorophenol (PCP) serves as a precursor to PCDD
when condensed over fly ash. From their experiments in
a temperature range from 250°C to 350CC, the authors
concluded that metallic constituents in the fly ash act as

catalysts for the formation of PCDD. In more recent
works, Milligan and Altwicker found that gas phase
2,3,4,6-tetrachlorophenol was the most efficient precur-
sor in PCDD formation. In addition, the newly formed
PCDD were found desorbed in the gas phase and not ad-
sorbed on fly ash (Milligan and Altwicker, 1996a;
1996b). The measured conversions of chlorophenols to
PCDD were in agreement with a model suggesting that
two adjacent adsorbed precursor molecules dimerize to
the product.

Role of Sulfur/Chlorine Ratio. In 1986, Griffin estab-
lished a hypothesis to explain the formation of
PCDD/PCDF as a result of the sulfur-to-chlorine ratio in
the feed (Griffin, 1986). It is well known that combus-
tion of fossil fuels like coal generates much less
PCDD/PCDF than combustion of municipal solid waste.
The hypothesis states that in coal there is a sulfur-to-chlo-
rine ratio of 5:1 whereas in municipal waste the S/Cl ra-

tio is 1:3. The latter ratio allows to form molecular chlo-
rine according to the Deacon process catalytically driven
by metals, e.g., copper. The molecular chlorine is con-

sidered to be responsible for the de novo dioxin forma-
tion according to the following equation (1):

CuCl2 + l/202
CuO + 2HC1

*CuO

CuCl2
Cl2
H20

2HC1 + I/2O2 -* H20 + Cl2 (1)

rine, molecular chlorine (Cl2) will be "captured" accord-
ing to Eq. (2) and formation of chlorinated aromatics does
occur. In cases of fossil fuels, such as coal, crude oil, and
gas, reaction (2) dominates over reaction (1).

Cl2 + S02 + H20 -* S03 + 2HC1 (2)

However, in fossil fuel with a surplus of sulfur over chlo-

Similar S/Cl ratios as in coal are found in wood (see sec-
tion "Technical Parameters, S/Cl Rates") and sewage
sludge.

In addition to the above-mentioned theoretical consid-
erations and observations from large-scale operations,
Lindbauer et al. (1992) found lower PCDD/PCDF con-
centrations when high-sulfur coal was added to the fuel.
Recent results from Raghunathan and Gullett (1996)
showed that in the presence of HC1 relatively many
PCDD/PCDF were formed; however, upon addition of
S02, the formation rate of PCDD/PCDF decreased. The
authors determined a critical S/Cl ratio of 0.64. Further
increase of S did not result in lower production of diox-
ins and furans. As no congener- or homolog-specific cor-
relation for the inhibition of dioxin formation could be
established, the authors concluded that the depletion of
molecular chlorine Cl2, the active chlorinating agent, by
S02 through a gas phase reaction appears to dominate
over the deactivation of the copper catalysts in fly ash
(= inhibition mechanism) as previously reported (Grif-
fin, 1986).

Role of Chlorine Species. The influence of the chlo-
rine species can be summarized as follows: Chlorination
of aromatic compound readily occur in the presence of
Cl2. Such substitution reactions do occur in the presence
of fly ash (heterogeneous phase, probably surface-cat-
alyzed) as well as in the gas phase (homogeneous phase).
At temperatures up to 250°C, HC1 chlorinates chlorine-
free dibenzodioxin, 1,2,3,4-C14DD, or toluene when ad-
sorbed to fly ash. Without fly ash, Cl2 was 4 times more
efficient than HC1 in chlorinating these compounds (Gul-
lett et al., 1994). Gaseous chlorine (Cl2) was found to be
the most efficient chlorinating agent (Gullett, 1990).

Role ofOxygen. From laboratory, pilot scale, and large-
scale experiments it was concluded that increasing oxy-
gen concentrations from 0 to 10% resulted in increasing
formation of PCDD/PCDF. The 02 content pushes the
Deacon reaction toward CI2 production and subsequently
to formation of organochlorine compounds (Vogg 1987).
Under pyrolytic conditions (oxygen deficiency), dechlo-
rination of PCDD/PCDF occurs at temperatures above
300°C. This effect is technically used to detoxify fly ash
(Hagenmaier, 1987).

Role ofMetals. When testing the efficiency of metals to
catalyze formation of PCDD/PCDF, copper was found to
be the most efficient compound. In most experiments, Cu

ENVIRON ENG SCI, VOL. 15, NO. 1, 1998
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FIG. 3. PCDD/PCDF homolog profile of a typical MSWI
emission.

and other metals as well as Si were introduced as a pow-
der and in its ionic form (copper salts) (Stieglitz, 1989).

Role of Deposits and Other Parameters. Results from
Kanters and Louw showed that in the absence of fly ash,
deposits in the cooler ends of a municipal solid waste in-
cinerator favor the formation of PCDD/PCDF and other
products of incomplete combustion (PICs). The authors
showed that catalytic processes caused by conditioned
walls played an important role in the formation of
PCDD/PCDF via oxychlorination at temperatures above
600°C (Kanters and Louw, 1996).

To complete this survey, some additional parameters
should be mentioned that were reported to favor the for-
mation of PCDD/PCDF in combustion processes. How-
ever, quantitative information is not available. From
MSWI incineration it is known that humidity in the feed
leads to poorer combustion conditions resulting in a

poorer burnout and higher concentrations of organic car-

bon in the fly ashes, thus favoring PCDD/PCDF forma-

tion. High copper concentrations in fly ashes generate
higher PCDD/PCDF levels. An interesting finding is that
the HC1 concentration in the raw gases seems to be less
important for the formation of dioxins and furans than
the content of inorganic chlorine in the fly ashes (Vogg,
1995; 1993; 1991). Whereas the chlorine concentration
in the gas phase is a result of the chlorine in the input, a
saturation of the fly ashes seems to occur at relatively
low chlorine concentrations. In other words, once a sat-
uration with Cl is reached on the fly ashes (occurring at

relatively low chlorine input), formation of PCDD/PCDF
occurs. As a result, high chlorine levels in the input do
not increase the PCDD/PCDF concentrations in the emis-
sions as the Cl concentrations on the fly ashes are inde-
pendent of the chlorine in the feed. Most findings ob-
tained in MSWI combustion can be transferred to other
combustion processes.

Inhibition of PCDD/PCDF Formation. Addition of
chemicals to prevent formation of PCDD/PCDF in in-
cineration processes is a primary measure to reduce
dioxin emissions from such processes. Experiments on a

laboratory, pilot plant, and full-scale basis have shown
that nitrogen- and sulfur-containing chemicals are suit-
able inhibitors (Addink et al., 1996; Dickson et al., 1989).

Dioxin Profiles and Patterns

The typical combustion profile has more PCDF than
PCDD. Within the PCDD, there is generally an increase
in the concentrations from tetra and octahomologs
whereas within the PCDF the lower chlorinated diben-
zofuran homologs (C15DF, C14DF, C16DF) dominate the
profile. The PCDD/PCDF profile can be changed when
under conditions of insufficient oxygen (e.g., flue gas

FIG. 4. PCDD/PCDF patterns. Contribution of individual 2,3,7,8-substituted congeners to X(2,3,7,8-substituted congeners).
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FIG. 5. PCDD/PCDF patterns. Contribution of individual 2,3,7,8-substituted congeners to I-TEQ.

treatment), especially the C17DD and ClgDD undergo
dechlorination to lower chlorinated homologs (Hagen-
maier et al., 1987). A typical PCDD/PCDF profile from
municipal solid waste incineration is shown in Figure 3.
PCDD/PCDF profiles from nonferrous metal processes
and the steel industry have more PCDF than emissions
from municipal solid waste and hazardous waste incin-
eration.

Mathematical Evaluation of Patterns. A total of 109
samples from three major categories of thermal sources—

municipal solid waste incinerators (MSWIs), hazardous
waste incinerators (HWIs), and iron and steel industry
(ISI)—were evaluated for common pattern of polychlo-
rinated dibenzo-p-dioxins and dibenzofurans (Fiedler et

al., 1998, submitted). It was found that ClgDD was the
most abundant of the 172,3,7,8-substituted congeners in
most samples from all three categories. The mean per-
centages of ClgDD were 15% for the ISI samples and
33% for the HWI samples (Fig. 4). However, the high-
est contribution to the toxic equivalent (I-TEQ) was at-
tributable to 2,3,4,7,8-Cl5DF. More than 30% of the I-
TEQ was due to the presence of this congener in the
MSWI and HWI samples and 45% in the ISI samples
(Fig. 5). Hierarchical cluster analysis (not shown) re-

vealed that the emission pattern from the iron and steel
industry were slightly different from those of the waste
incineration. It was not possible to differentiate between
the emissions from municipal solid waste and hazardous
waste incinerators.

CASE STUDIES: EXAMPLES

Waste Wood Incineration
General. Combustion of wood and especially of treated

or waste wood is considered to be a major dioxin source.
Results from Germany generated by the Commission of
Ambient Air (LAI) show that PCDD/PCDF concentra-
tions greater than 0.1 ng I-TEQ/m3 were found in raw

gases in cases of poor combustion conditions or elevated
levels of chlorine in the feed (LAI, 1995). The LAI iden-
tified elevated concentrations of carbon monoxide (CO >
100 mg/m3) in the off-gases and high concentrations of
organic carbon (>1%) in the solid residues (bottom
ashes, fly ashes) as an indicator for poor combustion con-
ditions. In general, there was a trend toward higher
PCDD/PCDF concentrations. In addition, it was con-
cluded that higher chlorine concentrations in the input

Table 1. Comparison of Sulfur and Chlorine Contents
in Municipal Solid Waste and Waste Wood

Cl

Range Mean Range Mean

Municipal waste 1000-10,000
Waste wood 20-4400 849
Ratio S/Cl (municipal waste) approx.: 1:3

300-5000
20-5800 1385
Ratio S/Cl (waste wood) approx. 1.2:1
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Table 2. Results of Input Analyses

Dimension
Humidity (DIN 51718) S (total) Cl (total)

(%) (mg/kg) (mglkg)
Waste wood (medium contamination)
Waste wood (saw mill)
Waste wood, fresh, shredded
Bark, fine
Bark, coarse

8.28
9.23

38.2
7.22

15.75

2,800
200
300
400
400

730
890

1400
100
280

materials may favor a poor burnout. Finally, in older com-
bustion chambers dust deposits and longer residence
times of the particulates in the cooling zone at tempera-
tures 450-250°C may favor the de novo synthesis of
PCDD/PCDF. In this paper, the PCDD/PCDF concen-

trations in raw and purified gases from a grate incinera-
tor fed at 6-8 t/d are summarized (LAI, 1995).

Technical Parameters, SICl Ratio. Burning waste
wood in a former MSWI at 850-950°C does not differ
significantly from burning municipal solid waste. Some
characteristics of the two input materials are compared
in Table 1.

As already mentioned in the section, "Role of Sul-
fur/Chlorine Ratio" the S/Cl ratio may have some con-

sequences for the formation of PCDD/PCDF in combus-
tion processes. There exists a large database to
characterize wood of different origins; the results are
shown in Table 1 (Nussbaumer, 1996). Comparison of
the S and Cl contents shows that they are in the same

range. The maximum concentration for chlorine in con-

taminated waste wood is lower than in municipal solid
waste. The sulfur content in wood and municipal waste
is comparable. To conclude, from the S and Cl point of
view in the input, combustion of (contaminated) waste
wood should not be more critical than combustion of
MSWI. Due to the higher S content, the dioxin forma-
tion potential should be lower for the combustion of waste
wood.

Combustion of Waste Wood in a Former MSWI. In
1996, trial bums using different kinds of waste wood

were performed at a grate combustion chamber of a for-
mer MSWI. The incinerator was equipped with a cyclone
and a fabric filter. A mixture of active carbon and lime
was injected prior to the fabric filter. Characteristics of
the input materials are given in Table 2. The feeding rate
was between 6.4 and 8.6 tons/h. Flue gases (raw and pu-
rified) were sampled according to standard procedures
(cooled probe according to VDI Method 3499).

Results. The results of the PCDD/PCDF measurements
in raw and clean gases along with the temperatures at the
walls of the combustion chamber are summarized in
Table 3. It can be seen that the concentrations of the stack
gases were in a very narrow range between 0.008 and
0.011 ng I-TEQ/m3. Thus, the legal limit of 0.1 ng I-
TEQ/m3 was fulfilled in all three measurements. The two
raw gas concentrations were identical and very low too
(0.2 ng I-TEQ/m3). From these few results, an influence
from neither the input material (chlorine content) nor the
combustion temperature could be seen (BIfA, 1997;
1996).

Thermoselect Technology
Traditionally, at least in central Europe, municipal solid

waste is incinerated by mass bum water wall incinerators.
PCDD/PCDF emissions can be controlled by good com-

bustion practices (three T's = temperature, time, turbu-
lence), control of back-end temperatures to prevent de
novo synthesis of PCDD/PCDF, control of fine particu-
lates, postincineration of gases, or H202 oxidation (Tech-

Table 3. PCDD/PCDF in Raw and Cleaned Gases from Wood Combustion

Input
Mean temperature

combustion chamber (°C)

ng I-TEQ/m3
Raw gas Cleaned gas

Day 1 Waste wood (100%)
Day 2 Contaminated and uncontaminated

waste wood (50:50%)
Day 3 Uncontaminated wood (100%)

968 + 922
930 + 888

868 + 869

0.240

0.156

0.011
0.008

0.008

aLost due to breakage of sample container.
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FIG. 6. Schematic drawing of the Thermoselect process and sampling points (see Tables 1-3). M1-M4, sampling points for
gas measurements.

nische Anleitung zur Verwertung, 1993). The following
technologies are frequently applied to reduce or destroy
PCDD/PCDF emissions in the off-gases: activated carbon
reactors, carbon/coke injection, selective catalytic reduc-
tion, and lime-enhanced carbon. Application of these prin-
ciples and technologies made it possible to meet the legal
emission limit value of 0.1 ng I-TEQ/m3 as set by the au-

thorities in Austria, The Netherlands, and Germany (Liem
and van Zorge, 1995; BImSchV, 1990). In Sweden, 0.1 ng
Eadon-TEQ/m3 is a guideline for waste incinerators. Fi-
nally, the European Commission has released a draft to in-
clude the same value for waste incinerators (EG, 1994). In

many cases, it was shown that with the above-mentioned
technologies and high investment costs, the legal require-
ments can be fulfilled.

The Thermoselect process using high-temperature
gasification of the waste in a reducing atmosphere fol-
lowed by shock cooling of the synthesis gas is an alter-
native technology that, in addition, suppresses de novo

synthesis of PCDD/PCDF (Hassler, 1995; Schweizer,
1994).

General. The Thermoselect can be describe as a high-
temperature recycling for the disposal of municipal solid
and hazardous wastes, as well as residues from chemical

Table 4. PCDD/PCDF in the Synthesis Gas (SG)
at Three Different Sampling Points (Six Samples)3

Sample
Ml

(ng I-TEQ/m3)
M2

(ng I-TEQ/m3)
M3

(ng I-TEQ/m3)
1PCDD/PCDF

(ng/m3)
SG 1
SG2
SG3
SG4
SG5
SG6

0.009
0.009
0.010
0.015
0.016
0.011

0.0005
0.0008
0.0002

0.0010
0.0010
0.0025

0.505
0.607
0.596

"For location of sampling points, see Figure 6.
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Table 5. PCDD/PCDF in the Synthesis Gases of the Thermoselect Plant
Before (BGM, M3 in Figure 6) and After the Gas Motor (AGM, M4
in Figure 6) (Concentrations in ng/m3, dry, 1,013 Pa, 273 K, 5% 02)a

Sample
I-TEQ
(ng/m3)

1PCDDIPCDF
(ng/m3) Sample

I-TEQ
(ng/m3)

ÏPCDD/PCDF
(ng/m3)

Synthesis gases before gas motor Synthesis gases after gas motor

BGM 1
BGM 2
BGM 3

0.0035
0.0017
0.0009

0.193
0.113
0.099

AGM 1
AGM 2
AGM 3

0.0010
0.0012
0.0013

0.0680
0.0560
0.0602

"Effective 02 concentration. According to German laws, 02 concentrations <11
allowed to be "recalculated" (= diluted to 11%).

are not

production and wastewater treatment plants. Presently,
there exists one Thermoselect plant in Fondotoce, Italy,
processing 2.5-3 t/h (up to 100 t/d). Construction of a

one-line facility in northern Bavaria (Ansbach, Germany)
and of a three-line plant with 225,000 t/a in Karlsruhe
(Germany) has started. Here, the dioxin/furan results ob-
tained at the plant in Fondotoce are briefly summarized
(Calaminus et al., 1997).

The basics of the Thermoselect technology are that the
waste is compacted to plugs without previous treatment
to less than one-fifth of their original volume. The plugs
are pushed into a degasification channel with a wall tem-

perature of approximately 600°C. By this procedure, the
waste is densified, and the residual air volume reduced.
As a consequence, the channel is sealed against the press.
When the waste plugs are pushed down the channel into
an oxygen-free environment, water is evaporated and the
organic substances in the refuse are either degassed or

converted into a carbon-like product as the temperature
increases. The products are continuously fed to a high-
temperature reactor (HTR) where pure oxygen is added

to oxidize the material in exothermic oxidation reactions.
Due to the overall understochiometric conditions a com-

bustible synthesis gas is obtained. Core temperatures rise
to 2,000°C, sufficient to melt the metal and mineral com-

ponents in the waste. Due to the overall understochio-
metric conditions, a combustible synthesis gas is ob-
tained. Advantageous for prevention of dioxin formation
is the presence of H2S in the flue gas (see also section
"Role of Sulfur/Chlorine Ratio").

In a first step of a multistage cleaning process, the flue
gas is shock-cooled to prevent de novo formation of
PCDD/PCDF and to precipitate molten particles. The gas
then passes through acid and basic scrubbers, and acti-
vated coke. Oxygen and combustible gases are added to
reduce the residual carbon content and to maintain the
temperature of the molten material above 1,600°C. After
water-cooling and granulation, a mineral granulate and
ferrous alloy pellets are obtained. A schematic drawing
of the Thermoselect process and the sampling points are

given in Figure 6.
Results. The results of the PCDD/PCDF measurements

Table 6. PCDD/PCDF in Liquid and Solid
Residues from the Thermoselect Process3

Sample Unit I-TEQ
Water from quench (WQS) pg/L 0.0033-2.2
Water from granulates (WGRAN) pg/L 0.5
Water before evaporation pg/L 0.7 + 4.6
Condensate pg/L 0.8 + 9.2
Mineral granulate ng/kg 0.11-0.34
Carbon sludge ng/kg 43-72
Mineral deposit (Q) ng/kg 0.72 + 3.22
Residue after precipitation of process water (Me(OH)x) ng/kg 26-53
Sulfur ng/kg 0.02 + 0.17
Salt ng/kg 0.05-0.44

aFor location of sampling points, see Figure 6.
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in synthesis gases are summarized in Tables 4 and 5 and
for the solid residues in Table 6 (RWTÜV). In the syn-
thesis gas, the concentrations ranged 0.0002-0.016 ng I-
TEQ/m3; for the SPCDD/PCDF (C14-C18) the range was
0.03-1.38 ng/m3. As can be seen from Table 5, there is
almost no difference between the PCDD/PCDF concen-
trations in the synthesis gas before and after the gas mo-

tor. As expected, PCDD/PCDF could hardly be detected
in the aqueous samples (Table 6); the PCDD/PCDF con-

centrations in the solid residues were in the low ppt range
(I-TEQ).

The results obtained from various emissions generated
in the Thermoselect process show that the PCDD/PCDF
concentrations are very low and thus, the dioxin forma-
tion potential in the process is low. All flue gas mea-

surements were far below the legal emission limit of 0.1
ng I-TEQ/m3 (BImSchV, 1990). PCDD/PCDF in water

samples (0.4-2.2 pg I-TEQ/L) were in the range reported
for dioxin concentrations in effluents from publicly
owned treatment works for water (POTWs) in the United
States (Rappe et al., 1996). Generally, the dioxin levels
in the solid residues were much lower than those reported
for fly ashes or bottom ashes from MSWI (Marb et al.,
1997). The smaller flue gas volume emitted from the
Thermoselect process (1500 m3 wet/t waste compared to
8500 m3 wet/t from traditional gate furnaces) releases less
PCDD/PCDF per ton of waste combusted and thus re-

duces costs for flue gas cleaning.
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Neoprene Traits and Applications 

Neoprene rubber is a synthetic rubber composed of polymerized chloroprene, 
and is sometimes referred to as polychloroprene. Polychloroprene is primarily 
composed of carbon, hydrogen, and chlorine polymers, which are cross-linked 
to give neoprene certain desirable properties, such as chemical inertness, and 
thermal, oil, water, and solvent resistance. When cross-linking occurs during 
vulcanization, sulfur bridges are produced that unite individual chains of 
chloroprene to create a larger molecule. The number of sulfur links affects the 
overall neoprene properties. Therefore, depending on how chloroprene is 
vulcanized and how many sulfur bonds are produced, neoprene can express an 
array of traits in varying degrees without changing its basic structure, and as a 
result is found in many different applications. 

Neoprene Traits 

Neoprene was originally 
intended to serve as on oil-
resistant substitute for natural 
rubber, but since its invention 
neoprene’s other properties 
have enabled its use a rubber 
alternative in a wide range of 
applications. 

When compared with natural 
rubber, neoprene is more gas 
permeation resistant and can tolerate higher temperatures: up to 200 degrees 
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Fahrenheit (F). Even at such high temperatures, neoprene will not physically 
degrade, making it better suited to long-term use in high temperature 
applications than natural rubber. When heat degradation does occur it does 
not manifest itself in the form of melting or stretching, as with many 
applications, but instead exhibits hardening. When operating at temperatures 
below 0 degrees Fahrenheit, neoprene will become increasingly stiff and hard, 
becoming nonfunctional for most applications at around minus 40 degrees F. 

Neoprene also works well in conjunction with a multitude of other materials 
and can be manipulated to bond mechanically with cotton and several types of 
metal, including stainless steel, aluminum, brass, and copper. A basic bonding 
agent aids in the process. In neoprene with specific additives, adhesion can be 
induced between neoprene and materials such as glass and acrylic. 

In addition to neoprene’s ability to adhere and bond to other materials, it also 
has a very low oxidation rate, making it resistant to both indoor and outdoor 
environments. (Featuring high sun and ozone resistance, neoprene is 
especially useful for long-term outdoor use.) In other applications, however, 
neoprene is valued for its ability to withstand petroleum-based mixtures, such 
as solvents, oils, and greases. Additionally, it can withstand methyl and ethyl 
alcohols as well as alkalines, mineral acids, and some salt solutions. 

Common Neoprene Applications 

Chemical inertness, one of neoprene’s key 
traits, makes the material especially useful in 
industrial applications, including corrosion-
resistant coatings and as a base for various 
adhesives. Additionally, it is fire-resistant and 
commonly used in power transformers and 
other electrical applications. Because neoprene 
is a soft rubber by nature, it is also an effective 
source of padding and reinforcement for certain 
fragile applications. 

As a result of neoprene’s water and thermal 
resistance properties, it is also used in wet-suits and diving-suits—nitrogen is 
added to increase insulation which increases overall buoyancy, so the suits 
must be weighted to prevent them from floating or pulling the diver back 
toward the surface.  

However, because neoprene contains air-pockets and is subject to 
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compression as pressure increases, the efficiency of a neoprene wet-suit 
decreases as water depth and distance from the surface increases. 
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