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Abstract -The utility and limits of applicability of a simple equilibrium partitioning model for pre­
dicting the maximum concentration of neutral organic compounds which can be accumulated by 
infaunai organisms exposed to a contaminated sediment were examined. Accumulation factors (AFs) 
for PCBs, the lipid normalized PCB concentration in organisms divided by the organic carbon nor­
malized PCB concentration in sediments, were measured for PCBs in infaunai mollusks and poly­
chaetes at field sites with a range of sediment Aroclor (A-1254) and total organic carbon (TOC) 
concentrations. The average AFs for A-1254 were found to be higher (Jf» 4.94; range 3.76-7.27) 
at sites with lower contaminant concentrations (15.0-48.3 ng A-1254/g dry sediment) than at more 
contaminated sites (328-9,200 ng/g), where AFs were lower (t * 2.62; range 1.14-5.04). AF data 
grouped on the basis of sediment A-1254 and TOC concentration differed statistically between, but 
not within each group. Significant differences in mean AFs were found between some species and 
between some PCB congeners. When all data were considered, the variability associated with AFs 
was lower than that found for bioaccumulation factors on a wet weight basis, indicating the util­
ity of lipid and organic carbon normalization. 

Keywonts-Bioaccumulation Equilibrium partitioning PCBs 

INTRODUCTION 

The bioaccumulation of sediment-associated 
contaminants by infaunai organisms has been ex­
amined because residues accumulated by these or­

ganisms may be transferred up food chains and 
impact higher trophic level organisms and man. To 
assess bioaccumulation potential from contami­
nated sediments and dredged materials, present 
regulations require analyses of the concentrations 
of organic and inorganic contaminants in an in­
faunai porychaete, an infaunai mollusk and a crus­
tacean following a 10-d laboratory exposure to the 
test sediment (!]. These tests are expensive to con­
duct and of a duration that is inadequate to assess 
bioaccumulation potential of sediment contami­
nants. For neutral organic*, an alternative method 

To whom correspondence may be addressed. 
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using an equilibrium partitioning model for pre­
dicting the maximum bioaccumulation potential 
has been proposed [2-4]. This model considers the 
first level transfer of neutral organic compounds 
from sediment to infaunai organism to result from 
equilibrium partitioning, and uses the physical 
chemical concept of fugacity to express these dis­
tributions (5-7]. Fugacity/ (Pa) is an expression 
of chemical potential or escaping tendency of a 
contaminant from a phase. Fugacity capacity Z 
(moles/m1 Pa) describes the relative affinity a 
contaminant has for a phase. Using the terminol­
ogy of MacKay {5] the relationship between fugac­
ity and the concentration C (moles/m3) of a 
contaminant, i, in a phase is given by: 

(1) 

For two phases (1 and 2) the distribution of con­
taminant is described by: 
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(2) 

At equilibrium/,1 =f'2 and the contaminant / will 
partition according to its relative affinity for each 
phase. 

The controlling distributional phases for con­
taminant partitioning are lipids for organisms [8] 
and organic carbon for sediments [9]. To evaluate 
contaminant partitioning in infaunal organism-
sediment systems we write: 

(3) 

where AF is the accumulation factor; X\_ is the 
concentration of i in organism's lipids (ng //g lipid) 
and XK is the concentration of / in the organic 
carbon of sediment (ng //g organic carbon). 

AFs for contaminants are useful because they 
can be used along with the measured contaminant 
concentration in the organic carbon to estimate the 
contaminant concentration in the lipid of exposed 
infaunal organisms. Assuming that all the contam­
inant is in the lipid, the concentration of contam­
inant in the whole organism can be obtained by 
multiplying the contaminant concentration in the 
lipid by the fraction of lipid in the organism. These 
calculations allow prediction of the maximum con­
centration of contaminant in an infaunal organism 
at equilibrium (with respect to contaminant) with 
a specific waste sediment or dredged material. The 
suitability of the test sediment for ocean disposal 
can be evaluated by comparing the maximum con­
taminant concentration in organisms with regula­
tory limits (e.g., FDA tolerance levels). 

This simple construct of contaminant partition­
ing in infaunal organism-sediment systems as­
sumes that no kinetic or structural barriers to the 
establishment of equilibrium are present. Other as­
sumptions of this model are: there is no metabo­
lism of accumulated compounds; oranisms are not 
impacted by exposure; and measured lipids and or­
ganic carbon are the sole distributional phases for 
the compounds and are compositionally uniform. 
In actual environmental exposures some contam­
inants may be excluded from bioaccumulation be­
cause of size, and some infaunal organisms can 
construct barriers (e.g., burrows) which limit con­
taminant exchange. In addition, infaunal organ­
isms may metabolize accumulated compounds and 
may be impacted by contaminant exposure. Fi­
nally, the composition of distributional phases (lip­
ids and organic carbon) vary within and between 

organisms and from site to site. Any of these real­
ities may alter contaminant distribution, as per­
ceived in the simple construct, and cause variability 
in model predictions. 

Our objective was to determine if the AF model 
is a sufficiently accurate representation of contam­
inant partitioning to predict bioaccumulation of 
neutral organic compounds (e.g., PCBs) by in-
faunal organisms. Infaunal organisms and sedi­
ments were collected from 13 sampling sites, AFs 
were measured and evaluations were made of the 
general utility and limits of applicability of the AF 
model. 

MATERIALS AND METHODS 

Sampling locations, sediment A-1254 and TOC 
concentrations are shown (Table 1). Sediments and 
organisms were collected between September 1986 
and March 1987 using a Smith-Maclntyre grab 
sampler (0.1 m2). Sediment samples were taken by 
opening the doors of the grab and collecting ap­
proximately 100 g of the top 5-cm layer of sedi­
ment in a glass jar that had been cleaned by solvent 
rinsing and heating to 450°C. The remaining sed­
iment sample was sieved using a 2-mm stainless 
steel sieve, and additional sediment grabs were 
taken at the station and sieved. Organisms (sepa­
rated by species) were placed in separate glass jars. 
All samples were capped with aluminum foil and 
were kept on ice until arrival at the laboratory. In 
the laboratory, sediment adhering to organisms 
was removed by rinsing with small amounts of de­
ionized water. Sediment and organisms were fro­
zen until analysis. 

The guts of organisms were not purged prior to 
analysis. A previous study examining the quantity 
of sediment present in field-collected Nephtys in­
cisa without purging the gut showed the worms 
contained only 3.8ft (SD, ± 1.8ft, n - 7) dry weight 
of sediment (J.L. Lake, unpublished data). If AF 
is approximately in the range of 1 to 10, then, at 
least for Nephtys, the organic contaminants asso­
ciated with sediment in the gut are insignificant rel­
ative to amounts accumulated in the tissues of the 
organisms. 

Sediment samples from each location and col­
lection date were mixed thoroughly with a stainless 
steel spatula and a weighed aliquot was dried 
(90°C) to constant weight to determine sediment 
water content. A portion of the dried sediment was 
used for TOC analysis. Shell fragments were re­
moved from sediment samples for TOC analysis. 
Sediment sample weights were determined on an 
electrobalance and TOC analyses were conducted 
with a Carlo Erba CHN analyzer (Model No. 1106). 
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Equilibrium partitioning and bioaccumulation 

Table 1. Locations and concentrations of A-1254 and TOC of tedimcnt samplint sites' 

Sample 

New Bedford 1 

New Bedford 2 

New Bedford 3 

New Bedford 4 

New Bedford S 

New Bedford 6 

Long Island Sound SR 

Long Island Sound 40 

Long Island Sound 46 

Long Island Sound 55 

Upper Narragansett Bay 1 

Lower Narragansett Bay 2 

Lower Nanagansett Bay 3 

A-1254 TOC 
Location (ng/g) percent 

41 '33.42 'N 
70'53.53'W 

3070 (85) 4.15(0.12)" 

41'36.62'N 
70e53.86'W 

4510(193) 4.67 (0.22) 

41*37.82'N 9200(384 4.84(0.13) 
70*54.45 'W 
41'38.06'N 6330 (378) 4.58 (0.090) 
70"54.79'W 
4I«38.02'N 7760 (389) 5.24 (0.28) 
70*54.78 'W 
41'38.01'N 7180 (567) 4.29(0.11) 
70'54.77'W 
40*7.95 'N 43.0(2.64) 2.39(0.16) 
72°52.7'W 
41*03.8'N 48.3 (2.08) 2.62 (0.066) 
73°10.0'W 
4I*04.9'N 15.0(1.41)' 0.673 (0.36) 
73'05.2'W 
41'06.2'N 
73°00.2'W 

40.3(6.11) 2.45(0.11) 

71'22.0'W 328 (27.1) 3.57 (0.055) 
41*43.5'N 
7I*22.5'W 39.0 (2.65) 1.97(0.16) 
4I*34.5'N 
71'22.5'W 27.0(2.64) 2.02(0.16) 
41'34.6'N 

•Arodor 1254 and TOC concentrations are on a dry weight basis and are means of three analytical replicates. Standard 
deviations are in parentheses. 

"Mean of five analytical replicates. cMean of two analytical replicates. 

For each station the sediment sample was ho­
mogenized and three analytical replicates were 
taken from this pool and averaged to yield a mean 
sediment concentration. For Long Island Sound 
Station 46 only two sediment replicates were ana­
lyzed. For sediment PCB analysis each 1-g aliquot 
of the wet sediment was extracted with 5 ml ace­
tone for 15 s using a Brinkman tissue homogenizer 
(Model PT/35). The sample was centrifuged to 
separate the phases and the acetone extract was 
saved. The extraction was repeated and the acetone 
extracts were combined with 5 ml deionized water 
plus 1 ml of hexane containing octachloronaphtha­
lene. The sample extract was shaken for 30 s and 
centrifuged to separate the layers. The hexane ex­
tract was reacted with 1 ml concentrated HjSCV 
The hexane layer was removed and reacted with re­
duced copper powder to remove elemental sulfur. 
This hexane extract was then analyzed for PCBs. 

For each station all organisms of a species type 
were pooled and homogenized and three analytical 
replicates were averaged to obtain a mean organ­

ism concentration. Tissue samples were thawed 
and shells were removed from bivalves. The sam­
ples were homogenized using a Brinkman tissue 
homogenizer (Model PT/35). When sufficient tis­
sue was available, a portion of the homogenized 
sample was removed and dried (90°C) for calcula­
tion of a wet to dry ratio. For each analytical repli­
cate a 1-g aliquot of the tissue homogenate was 
extracted as described for sediments except that 
one half of the hexane extract was removed for 
lipid analysis prior to addition of H2SO4, and the 
extract was not reacted with copper powder. 

Lipids were measured by placing 100-pl por­
tions of the hexane tissue extract on a preweighed 
aluminum pan, allowing the sample to air dry and 
reweighing the pan. Repeated analysis for lipids in 
aliquots of homogenates of Mytilus edulis and Pe­
tar sp. using this lipid procedure gave coefficients 
of variation of 11.5«7« (n = 16) and 14.1 % (n = 
18). 

The sediment and tissue extracts were analyzed 
for PCBs on a Hewlett-Packard 5890A gas chro­
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matograph equipped with a splitless injection port, 
electron capture detector and a 30-m fused silica 
column coated with a 0.25-micron coating of phe­
nyl-methyl silicone (DB-5) from J + W Scientific. 
The injection port was at 270°C, the detector at 
300°C and the column was held at 160°C for 1 min 
and then programmed at 10°C per min to 290°C 
and held for 10 min. The output from the detector 
was collected on a Perkin-Elmer LIMS 3210 
computer. 

Peaks were identified by matching retention 
times of peaks of PCB congener standards with 
peaks in samples and by comparison of chromato­
grams with published analyses of Aroclor mixtures 
[10]. The peaks analyzed and their constituent con­
geners are shown (Table 2). The congener numbers 
used in this article refer to the dominant congener 
in these peaks. PCBs were also quantitated as 
Aroclor 1254 (A-1254) using the sums of the areas 
of seven peaks which were selected as representa­
tive of A-1254. The congeners comprising these 
seven peaks are shown (Table 2). 

The analytical procedures used for the determi­
nation of organic contaminants have been tested 
with spiking experiments and have been success­
fully intercalibrated with other analytical proce­
dures. Recoveries from spiked samples using these 
procedures ranged from 89.3% (so, ±3.8*7o) for 
tetrachlorobiphenyl to 100.5V* (so, ±2.5%) for 
decachlorobiphenyl. 

Table 2. Congeners comprising peaks measured
in this study 

Peak IUPAC numbers Structures* 

A 052 25-25 
Bb 95e,66 236-25,24-34 
Cb 101e,90 245-25, 235-24 
D" HO1 .77 236-34,34-34 
E 151e,82 2356-25,234-23 
Fb . 118M49 245-34,245-236 
G 153 245-245 
Hb 138M58 245-234,2346-34 
Ib 128 234-234 
Jb 180 2345-245 
K 195e,208 23456-234,23456-2356 
L 194 2345-2345 
M 206 23456-2345 
N 209 23456-23456 

•Numbers refer to locations of chlorine substituents on 
biphenyl. Dash indicates separation of rings. 

"Peak used for quamitation of Aroclor 1254. 
'Dominant congener in peak. 

Samples of commercial lunchmeat (as blanks) 
were taken through the wet sieving, sample collec­
tion, storage and analytical procedures. In addition, 
reagent blanks were carried through the analytical 
procedures with each set of samples. No contam­
ination interfering with the analysis of PCBs was 
found in any of the blanks. To ensure satisfactory 
performance of the gas chromatograph, standards 
of A-1254 were run at intervals in each series of 
analyses. 

The mean sediment concentration and the mean 
organism concentration were used along with the 
mean organic carbon and lipid concentrations to 
determine AF by Equation 3. 

All concentrations used in this paper are on a 
dry weight basis except for those used in calculat­
ing bioaccumulation factors (BAFs), which were 
calculated as 

C" organism (wet weight) BAF = (4) 
C" sediment (wet weight) 

where / = contaminant and C » concentration. 
BAFs were calculated as wet weight concentrations 
because (for most organisms) insufficient tissue 
was available for determining wet to dry ratios. 

Analysis of variance and Duncan's multiple 
range test were used to compare AFs and BAFs for 
each congener using a SAS statistical package. All 
tests were performed at the 5% level of significance. 

RESULTS 

A-1254 concentrations ranged from 3,070 to 
9,200 ng/g in New Bedford Harbor, 27.0 to 328 
ng/g in Narragansert Bay and 15.0 to 48.3 ng/g in 
Long Island Sound. Sediment TOC concentrations 
averaged 4.63V* in New Bedford Harbor, 2.52% in 
Narragansert Bay and 2.03% in Long Island Sound 
(Table 1). 

Organisms collected at each station and their 
feeding mode are listed in Table 3. The polychaete 
Nephtys incise, the most ubiquitous species col­
lected, was found at 12 of the 13 stations. The hard 
clam, Mercenaria mercenaria, and the bivalve, Yol­
dia lima tula, were found at about half of the field 
sites. 

Observations of the distribution of AFs for A­
1254 against sediment A-1254 and TOC showed 
the data divided into two groups with two points 
between the groups (Fig. 1). A similar division of 
AFs by lipid concentration (wet weight basis) was 
not found. Although the middle points were from 
stations which were heavily contaminated [11] they 
were included with other contaminated sediments 
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Yoldia lima 
Glycerosp.
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Table 3. Organisms collected at Held sampling sites1
 

Location 

New Bedford" Long Island Sound0 

Lower
Narragansett

Bay'

 Upper 
 Nanagansett 

 Bay" 

Organisms 1 2 3 4 5 6 SR 40 46 55 2 3 1 

NepHtys incisa*
Merctnarit 

3 1 1 1 1 1 3 3 3 3 3 

mercmaria'  3 3 3 3 1 3 
Yoldia limatula* I  I 1 2  3 3 2 
Clycentp.'
Worm (Nemartine/
Astarte sp.«

 3 1  1
 3 

2 

3 

•Number in table refers to number of analytical replicates run on tissue, "Deposit feeder. 
"Samples at these locations were in the high group, •Filter feeder. 
cSamples at these locations were in the low group. 'Predator. 

(4) and AF data were divided into two groups, low centrations from 3.57 to 5.24V». Analysis of AF 
sediments with A-1254 concentrations from 15.0 data within these groups resulted in no significant 
to 48.3 ng/g and TOC concentrations from 0.673 
to 2.62ft and high sediments with A-1254 concen­

relationships between AFs (for A-1254) and either 
sediment A-1254 or TOC concentration. This sep­

trations from 328 to 9,200 ng/g and TOC con­ aration of AFs for data from all stations and spe­

ties col-
Thehard 
ilve, Yol­
the field 

=s for A­
' showed 
'o points 
vision of 

-asi 
er«. 
[llltney 
ediments 

TOC 
A-C54 ~ 

Logo;Sectnent 

Fig. I. Accumulation factor (AF) for Aroclor-1254 (A-1254) relative to sediment concentration of total organic carbon 
(TOC) (percent dry wt) and A-1254 (as log,0) (dry wt). AFs are the lipid normalized tissue concentration of a con­
gener or set of congeners for (A-1254) divided by the organic carbon normalized sediment concentration of that con­
gener or set of congeners. Open balloons: high group sediments. Closed balloons: low group sediments. See text for 
details of sample sites, etc. 
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cies is tentative because the coverage of species at 
stations was not uniform, and only 13 sediments 
were sampled. Therefore, differences in AFs can­
not be ascribed solely to differences in sediment A­
1254 or TOC concentrations. This tentative 
separation was used to compare interspecies AFs 
and to examine differences in AFs between high 
and low sediment groups. 

AFs for A-1254 for data from all stations and 
species had a mean of 3.39 and a range factor of 
6.38 (1.14-7.27), but sediment A-1254 concentra­
tions and TOC concentrations differed by factors 
of 613 and 7.82. In high group sediments AFs for 
A-1254 had a mean of 2.62, a range factor of 4.42 
(1.14-5.04) and sediment A-1254 and TOC concen­
trations ranged by factors of 28 and 1.47. In low 
group sediments the mean AF for A-1254 was 
4.94, the range factor was 1.93 (3.76-7.27) and 
sediment A-1254 and TOC concentrations ranged 
by factors of 3.22 and 3.91. 

Mean AFs (for A-1254 and for individual con­
geners) were compared between species with suffi­
cient occurrence at stations in the high group. Mean 
AFs for Nephtys incisa (a deposit feeder), Mer­
eenaria mercenaria (a filter feeder) and Glycera sp. 
(a predator) which were each found at the same three 
stations in New Bedford are compared (Table 4). 
For A-1254 and most congeners there is no signifi­
cant difference between AFs for N. incisa and 
Glycera sp., but AFs for M. mercenaria are usually 
significantly lower. The data also show an increase 
in mean AFs for Glycera sp. relative to N. incisa 
with increasing number of chlorine atoms on the 
PCB molecule. 

Mean AFs for A-1254 and congeners for the 
deposit feeders Y. limatula and jV. incisa were com­
pared at common low and high group stations 
(Table 5). No significant differences in mean AFs 
were found for eight of 11 congeners or for A-1254 
in the low group. AFs were not different for eight 
of nine congeners and A-1254 between these spe­
cies in the high group. 

Comparisons of mean AFs for the individual 
PCB congeners showed that AFs for 8 of 12 con­
geners were not significantly different and values 
overall differed by less than a factor of 2.4. The 
highest mean AFs were found for PCBs containing 
five and six chlorine atoms (Table 6). The group 
with the lowest mean contained PCBs with eight 
and nine chlorine atoms. 

The mean AFs and BAFs and the coefficients 
of variation for each congener for data from all 
stations and species are shown (Table 7). The co­
efficients of variation are greater for BAFs than 

Table 4. Mean accumulation factors (AFs) by PCB 
congener or mixture for Mercenaria mercenaria, 

Nephtys incisa and Glycera sp. at 
common high group stations* 

IUPAC No. or 
Aroclor mixture Species MeanAF(n)b 

52	 N. incisa 3.24 (2)' 
Glycera sp. 2.76(3)' 
M. mercenaria 1.99(3)' 

101,90	 N. incisa 3.60 (3)' 
Glycera ip. 2.71 (3)­
M. mercenaria 1.57 (3)d 

151.82	 Glycera sp. 3-26 (3)' 
N. incisa 3.26 (3)' 
M. mercenaria 0.79 (3)d 

118,149	 N. incisa 3.31 (3)' 
Glycera sp. 2.78 (3)' 
M. mercenaria 1.32 (3)d 

153	 N. incisa 4.14(3)' 
Glycera ip. 3.92(3)e 

M. mercenaria l.49(3)d 

138.158	 N. incisa 3.56 (3)' 
Glycera sp. 3.55 (3)' 
M. mercenaria 0.95 (3)d 

128 Glycera tp. 3.64 (3)' 
N. incisa 3.12(3)' 
M. mercenaria 0.79(3)d 

180 Glycera tp. 3.73 (3)' 
N. incisa 2.94 (3)' 
M. mercenaria 1.05(3)d 

195.208	 Glycera tp. 1.61(3)' 
N. incisa 1.06(1)' 
M. mercenaria 0.84 (2)' 

194 Glycera sp. 2.09 (3)' 
N. incisa 2.07 (3)' 
M. mercenaria 0.39 (3)' 

206	 N. incisa 2.19(3)' 
Glycera sp. 1.60(3)' 
M. mercenaria 1.03(1)' 

A-1254	 N. incisa 3.22(3)' 
Glycera sp. 2.79 (3)c 

M. mercenaria 1.27(3)' 

•New Bedford 1,2 and 3. 
b/i, number of samples used for calculation of mean. 

c>dCommon Duncan groups for mean AFs within a PCB 
congener or mixture. 

AFs for all PCBs except congener No. 194. This 
demonstrates the increased precision, relative to 
that for BAF, afforded by lipid and organic car­
bon normalization in deriving AFs. 

DISCUSSION 

AFs show the equilibrium distribution of a con­
taminant between the lipid and organic carbon 
phases and, if the assumptions of the equilibrium 
partitioning model are valid, should be constant 
regardless of factors such as sediment contaminant 
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'CB Table 5. Mean accumulation factors (AFs) by PCB Tabk 6. Comparison of nulation factors 
j, congener or mixture for Nephlys incisa and Yoldio (AFs) of PCB congeners for data from 

limatula at common stations grouped by sediment all stations and species 
A-1254 and TOC concentrations 

lUrAV. no. \,J. man AT (ij 
MeanAF(n) b 

00" 153 6 4.58 (29)c 

Aroclor mixture Group* N. incisa Y. limatula 138,158 6,6 3.92 (30)"1 

101,90 5,5 3.86 (SO)* 
)c 52 Low 4.52(2) 2.48(2) 118,149 5,6 3.56(30)°* 
)C High' 3.16(2) 4.89(3) 151,82 6.5 3.44(30)" 
)c 101,90 Low 4.79(3) 6.33(3) 52 4 3.34 (25)* 

High 3.55 (3) 4.38 (3) 128 6 3.1200V 
151,82 Low 4.68(3) 5.72(3) 180 7 3.04(30)* 

High 3.28(3) 4.10(3) 206 9 2.92 (22)*' 
118,149 Lowc 4.48(3) 5.73(3) 195.208 8.9 2.15(22)'' 

High 3.29 (3) 4.26 (3) 194 8 1.95 (28)r 

153 Low' 6.35(3) 8.25(3) 209" 10 1.74(6) 
High 4.15(3) 5.10(3) 

138,158 Lowc 5.14(3) 5.60(3) •Number of chlorine atoms on congener(s). 
High 3.59(3) 4.01(3) 

bn. number of samples used for calculation of mean. 
128 Low 3.66(3) 4.80(3) '•"•••'Common Duncan groups for mean AFs. 

High 3.17(3) 3.30(3) •Congener No. 209 was not used in analysis of com­
180 Low 4.27(3) 3.77(3) parisons of means because of the small sample size 

High 3.03 (3) 3.88 (3) (« = 6). 
195,208 Low 4.49(3) 3.58(3) 

High " 
194 Low 3.27(3) 3.13(3) 

High 2.12(3) 1.35(2) 
206 Low 6.20(3) 4.22(3) 

High " Table 7. Mean accumulation factor (AF) and 
3)" A-1254 Low 4.29(3) 4.79(3) bioaccumulation factor (BAF)1 for all stations and 

High 3.22 (3) 4.07 (3) species by PCB congener or mixture 

•Low stations were Long Island Sound SR, 40 and 55 IUPAC No. or 
3)c 

with sediment A-1254 concentrations from 40.3 to 48.3 Aroclor mixture Factor Mean (n)b C.V. (%) 
3)c 

ng/g (dry wt) and TOC concentrations from 2.39 to 
3)c 

2.62ft (dry wt). High stations were New Bedford 1, 2 52 AF 3.34(25) 39.2 
3)c 

and 6 with sediment A-1254 concentrations from 3,070 BAF 1.18(25) 64.1 
3)c 

to 7,180 ng/g (dry wt) and TOC concentrations 4.16 to 101.90 AF 3.86(30) 49.7 
Dc 

4.67*1 (dry wt). BAF 1.87(30) 103.7 
3)e bn, number of samples. 151,82 AF 3.44(30) 52.3 
3)c CA significant difference in mean AFs for N. incisa and BAF 1.64(30) 86.1 
3)c 

Y. limatula was found for this congener and group. For 118,149 AF 3.56(30) 45.9 
BAF 1.68(30) 87.7 unnoted groups no significant differences in mean AFs 

were found when separated by congeners and groups. 153 AF 4.58(29) 53.4 
mean. "Insufficient data. BAF 2.23(29) 95.1 
aPCB 138,158 AF 3.92(30) 56.3
 

BAF 1.90(30) 89.7
 
128 AF 3.12(30) 49.2
 

BAF 1.54(30) 97.6
 
180 AF 3.04(30) 46.8
 concentration, organic carbon content or organism BAF 1.38(30) 76.3 

type and lipid content. We collected sediment that 195.208 AF 2.15(22) 81.5 
ranged from 15.0 to 9,200 ng A-1254/g sediment BAF 1.23(22) 121.2 

194 AF 2.65(29) 148.5 and 0.67 to 5.24% TOC and deposit, filter feeding 
BAF 1.28(29) 146.2 and predatory infaunal organisms to cover a range 206 AF 2.92(22) 67.1 

in model parameters. Measured AFs between loca- BAF 1.52(22) 88.0
 
tions, species and congeners were used to deter- 209 AF 1.74(6) 71.8
 

acon- mine limitations on the applicability of the model. BAF 0.809 (6) 89.9
 
:arbon A-1254 AF 1.60(30) 83.8 Plots of AFs for A-1254 for data from all sta-

BAF 3.39(30) 39.4 ib- tions and species showed two groups of points cor­
>n* responding to differences in sediment A-1254 and •BAF is on a wet weight basis. 
minant TOC concentrations (Fig. 1). Division into low and b/i, number of samples used for calculation of mean. 
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high groups on the basis of sediment A-1254 and 
TOC concentration resulted in AFs that did not 
significantly differ within each group. This sug­
gests AFs may vary according to the degree of sed­
iment contamination and TOC concentration. 
These differences in AFs from the high and low 
group sediments may have resulted from the 
greater affinity of organic contaminants for or­
ganic carbon of primarily anthropogenic origin (as 
found in high group sediments) than for natural 
organic carbon (as found in low group sediments) 
(S. Karickhoff, personal communication). In addi­
tion, the lowest concentration factors for oligo­
chaete worms \CmJC^imeK\ (dry weight basis) 
for a variety of chlorinated organic* (including 
PCBs) in Lake Ontario sediments were associated 
with sediments with the highest organic content 
[12]. Similarly, higher AFs were found in sediments 
with low organic carbon content and lower AFs 
were found in sediments with higher organic car­
bon content for unsubstituted polycyclic aromatic 
hydrocarbons in the benthic organisms Macoma 
balthkv and Nereis succinea [13]. Higher AFs also 
have been measured in sediments with lower sedi­
ment contaminant and organic carbon concentra­
tions in laboratory studies [14,15]. 

In sediments of greater regulatory interest (high 
group) no functional relationship between AFs for 
A-1254 and sediment A-1254 or TOC concentrations 
were found, although the A-1254 concentration in­
creased by a factor of 28 and TOC concentration 
increased by a factor of 1.5. The constancy in AFs 
with varying sediment contaminant concentration 
shows the utility of the AF approach for estimating 
the maximum PCB concentration in infaunal or­
ganisms exposed to sediments of regulatory concern. 

Mean AFs for N. incisa (a deposit feeder), 
Glycera sp. (predatory species), and M. mercenaria 
(a filter feeder) which occurred at the same high 
group stations ranged from 0.79 to 4.14 (Table 4). 
For A-1254 and most congeners AF values did not 
differ between A'. Incisa and Glycera sp., but AFs 
for M. mercenaria were significantly lower. This 
lack of difference between N. incisa and Glycera 
sp. suggests that biomagniflcation on a lipid nor­
malized basis had not occurred for most conge­
ners. Limited food chain transfer is suggested by 
the higher AFs for the more highly chlorinated 
PCB congeners in Glycera sp. relative to N. incisa, 
The selection of a higher molecular weight range of 
PCB congeners by predators also has been ob­
served elsewhere (16). The generally lower AFs for 
M. mercenaria may reflect accumulation of con­
taminants from suspended paniculate matter and 

water in its feeding, the lack of a direct pathway of 
uptake from bedded sediment, or a difference in 
the fugacity capacity of its lipids. 

Our AF results for N. incisa and Y. limatula 
from the field agree with some laboratory results, 
but disagree with others. The present study found 
no significant differences in mean AFs for A-1254 
and 8 of nine congeners between Y. limatula and 
N. incisa at three common stations in the high 
group, and no significant differences in mean AFs 
for A-1254 and eight of eleven congeners between 
these organisms at the three common low group 
stations (Table 5). A lack of difference would be 
expected because of the common deposit feeding 
mode. 

To compare AFs between studies, data regard­
ing congener No. 153 are used (Table 8), because 
it is highly bioaccumulated and resistant to metab­
olism. Further it was the only congener used in one 
of two laboratory studies [14]. 

Rubinstein et al. [15] found no significant dif­
ferences in mean AFs between K limatula and N. 
incisa for congener No. 153 in a 60-d laboratory 
exposure (Table 8). In contrast, McElroy and 
Means [14] found significantly different AFs for 
congener No. 153 between Y. limatula and N. in­
cisa from 30-d laboratory exposures to spiked 
sediments from Nairagansett Bay. In the present 
study mean AFs for PCB No. 153, except for Y. 
limatula in the high group, were significantly lower 
(by about a factor of 2) than those of Rubinstein 
et al. [15]. Mean AFs for congener No. 153 of 
McElroy and Means [14] are a factor of 5 to 18 
below ours and were lower than the lower 95ft 
confidence bound constructed from the means of 
the present study (Table 8). The disparate results 
found between the laboratory and field studies 
may have resulted from: (a) lack of attainment 
of equilibrium with respect to contaminant in the 
laboratory and field studies, (b) differences in 
methodologies for measuring PCBs and lipids be­
tween the studies, or (c) differences in dosing-the 
30-d laboratory study used spiked sediments, but 
the other studies used environmentally contami­
nated sediments. 

For the congeners examined in this study, the 
average AF for all stations and species ranged from 
1.74 for congener No. 209 to 4.58 for congener 
No. 153. The means of the AFs for the PCBs sep­
arated into four overlapping groups (Table 6). The 
PCBs in the group with the highest AFs were those 
congeners containing five and six chlorine atoms 
with structures which make them resistant to me­
tabolism and which are known to accumulate in 
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Ttbte 8. Imerstudy comparison of accumulation factors (AFs) for PCB Congener IS) in N. incisa 

Study (reference no.) 

Rubinstein et al. 1987 [15) 
Present Study
McElroy and Means 1988 [14] 
Rubinstein et al. 1987 [15] 
Present Study
McElroy and Means 1988 [14] 

Exposure 

Group1 Site Duration (d) Mean 

Low 
Low 

Lab 
Field 

60 16.6' 
7.05d 

Low Lab 30 0.42* 
High
High
High 

Lab 
Field 
Lab 

60 

30 

7.12' 
3.75» 
0.21€ 

AF 

C.V. (%) n> 

40 3 
20 3 

4 
34 6 
25 6 

4 

'Low group defined as sediment A-1254 concentrations from 15 to 48.3 ng/g (dry wt) and TOO from 0.673 to 2.39% 
(dry wt). High group defined as sediment A-1254 concentrations from 328 to 9,200 ng/g (dry wt) and TOC from 
3.57 to 5.24% (dry wt).

^Number of samples used in calculation of mean. 
'•'Denote significant difference in mean AF in low group. 
'•'Denote significant difference in mean AF in high group. 

Tablc 9. Imerstudy comparison of accumulation factors (AFs) for A-1254 in N. incisa and Y. limatula 

Exposure AF 

Study (reference no.) Group* Site Duration (d) Organism Mean C.V. (%) a" 
es in
 
Is be­
-the
 
, but
 
:ami­

.the 
from 
,ener 
sep-
The 

e in 

'Variance term could not be computed from data. 

tissues of infaunal organisms [17,18]. The conge­
ners in the groups with the lower AFs were those 
with greater numbers of chlorine atoms which may 
cause structural barriers to bioaccumulation [19]. 
These findings indicate that all congeners do not 
partition similarly and that differences in AFs for 
congeners may result from differences in physical-
chemical properties of the congener. This suggests 
that, depending on the accuracy required from 
model predictions, a range of applicability of the 
model may have to be specified based on the prop­
erties of the congeners. 

For the All Station and Species Data Set the co­
efficients of variation were lower for AFs, for all 

congeners except No. 194, than for bioaccumulation 
factors based on a wet organism weight and wet sed­
iment weight (Table 7). Therefore, normalization 
for the lipid content of organisms and the organic 
carbon of sediments improves predictability of tis­
sue concentrations from sediment concentrations. 

Mean AFs for A-1254 for the deposit feeders N. 
incisa and Y. limatula from a laboratory study were 
generally significantly higher than those reported 
in this work and in other field studies (Table 9). 
With the exception of AFs for Y. limatula in the 
high group, the results of the laboratory exposures 
are approximately a factor of 2 higher than the 
AFs reported here. These results may reflect dif-

Rubinstein et al. 
Present Study
Lake et al. 1987 
Lake et al. 1987 
Rubinstein et al. 
Present Study
Rubinstein et al. 
Present Study
Lakeetal. 1987 
Rubinstein et al. 
Present Study 

1987 U5] Low Lab 60 N. incisa lO^ 29 3 
Low Field N. incisa 5.07" 26 5 

W Low Field N. incisa 4.55" 60 9 
W Low Field N. incisa 4.01" 5.6 2 
1987 1151 High Lab 60 N. incisa 6.67C 45 6 

High Field N. incisa 3.12" 17 6 
1987 [15] Low Lab 60 Y. limatula 13.1* 2.7 2 

Low Field Y. limatula 4.79« 18 3 
(41 Low Field Y. limatula 3.39" 2.5 3 
1987 (151 High Lab 60 Y. limatula 4.92« 29 3 

High Field Y. limatula 3.61* 32 4 

•Low group defined as sediments with A-1254 concentrations from 15 to 48.3 ng/g (dry wt) and TOC from 0.673 
to 2.39% (dry wt). High group defined as sediments with A-1254 concentrations from 328 to 9,200 ng/g (dry wt) 
and TOC from 0.673 to 2.39% (dry wt). 

'Number of samples used in calculation of mean. 
'•'Represent Duncan groupings within each combination of group and organism. 
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Terences in exposure (i.e., impact of laboratory 
exposure on organisms), lack of attainment of 
equilibrium or methodological differences for 
quantifying PCBs and lipids between the labora­
tory study [15] and the field studies. 

Our results agree with results of a laboratory 
exposure study by Rubinstein et al. [15] in the fol­
lowing ways: (a) the highest AFs were found in ex­
posures with sediments containing the lowest 
concentrations of A-1254 and TOC, (b) significant 
differences in AFs were found for some congeners, 
(c) AFs for congener No. 153 were highest, lower 
AFs were found for some congeners containing 
seven or more chlorine atoms and (d) normaliza­
tion for lipids (organisms) and organic carbon 
(sediments) reduced the variability in bioaccumu­
lation data. 

The mean AF for A-1254 for high group sedi­
ments (x ~ 2.62) was higher than the AFs of 1.92 
[2] or 1.72 [3], which were calculated from the dif­
ferences in regression lines relating KK, for sedi­
ment, and BCFs (lipid), for fish, to Kow. Our AF 
values were similar to a mean AF of 2.98 which 
was measured in fish (eight species) and crayfish 
(one species) exposed in a combined disposal facil­
ity to Lake Michigan sediments with PCB and 
TOC concentrations similar to the high group sedi­
ments [20]. 
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Fig. 2. (A) Cumulative frequency distribution plot of ac­
cumulation factor (AF) for 12 PCB congeners from six 
in faunal species and stations in New Bedford Harbor, 

Cumulative frequency distribution plots of AFs 
for congeners using data from all stations and spe­
cies show that about 954% of the AFs are at or be­
low 6.5 (Fig. 2A); for N. incisa and Y. limatula in 
high group sediments about 95ft of the AFs are at 
or below 4.5 (Fig. 2B). These plots can be used to 
select a level of protection for infaunal organisms. 
For example, use of an AF of 4.5 in the model will 
result in predictions of tissue concentration (lipid 
weight basis) being exceeded 57o of the time for N. 
incisa and y. llmatuta in high group sediments. A 
higher level of protection (less probability of a pre­
dicted tissue concentration being exceeded) can be 
obtained by increasing the AF used in the predic­
tive model. 

The concept of equilibrium partitioning of con­
taminants has been applied in other bioaccumula­
tion studies. Equilibrium with respect to PCBs was 
found between water and zooplankton [21]. These 
authors also found equilibrium for PCBs in fish 
and in water, but they suggested equilibrium for 
PCBs may not be established in organisms which 
lacked appropriate exchange surfaces (gills). No 
difference in PCB concentrations in the lipids of 
crayfish and fish were found after long-term ex­
posure to constant levels of PCBs in a combined 
disposal facility in Lake Michigan [20]. These find­
ings suggest that the simple equilibrium partitioning 
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Fig. 2. (B) Cumulative frequency distribution plot of ac­
cumulation factor (AF) for 12 PCB congeners for N. in­
cisa and Y. limatula at high group stations (tedimenu 

approa 
cumul; 

Otr 
simple 
els are 
tionsb 
found 
tween 
cation 
predat 
proach 
bioacc 
crease 
in tror 
Using 
in wat 
relatio 
its tro 

. equilib 
nificat 
parti tic 
in the 
other i 
ter stu 
libriun 
predic 
organi 
or noi 
ate, b 
data ( 
sumpi 
depur 
rates) 
higher 

Tht 
equilib 
level s> 
PCBc 
posed t 
toincr 
tations 
specifi 
nants : 
chemit 

Acknoi 
Richarc 
on a dr 

1.	 U.S 
Cor 
rial 
eval 
rial 



1105 Equilibrium panitioning and bioaccumujation 

rfAFs 
idspe­
or be­
tula in 
, art at 
jsed to 
.nisms. 
lei will 
i (lipid 
for AT. 
:nts. A 
i" apre­
canbe 
predic­

of con­
umula-
Bswas 
.These 
in fish 
urn for 
; which 
Is). No 
pids of 
XTF "­

m 

s«>_^ 
itioning 

10.} 

approach may be applicable to contaminant bioac­
cumulation in aquatic organisms including fish. 

Other field studies, however, have found that 
simple closed system equilibrium panitioning mod­
els are not appropriate for predicting accumula­
tions by higher trophic level organisms. One study 
found differences in AFs between species and be­
tween congeners and evidence for the biomagnifi­
cation of higher chlorinated congeners in some 
predators [22]. Kinetic and thermodynamic ap­
proaches have been compared for evaluating the 
bioaccumulation and biomagnification (the in­
crease in contaminant concentration with increase 
in trophic level) of PCBs in aquatic systems [23]. 
Using Held data, they found the fugacity of PCBs 
in water was lower than in fish lipid, and a direct 
relationship between the fugacity in fish lipid and 
its trophic level. These findings suggest that dis­
equilibrium with respect to PCBs existed, biomag­
nification had occurred and the simple equilibrium 
partitioning approach was not applicable for PCBs 
in these fish. If biomagnification of PCBs and 
other contaminants occurs, as the results of the lat­
ter studies suggest, then simple closed system equi­
librium partitioning models are not appropriate for 
predicting accumulations by higher trophic level 
organisms. For these applications, kinetic models 
or nonequilibrium fugacity models are appropri­
ate, but these models require considerable input 
data (contaminant concentrations in prey, con­
sumption rates of prey, assimilation efficiencies, 
depuration rates for contaminants and growth 
rates) to predict contaminant concentrations in 
higher trophic level organisms. 

The findings of this study indicate the simple 
equilibrium partitioning model has use as a first 
level screening tool for estimating the maximum 
PCB concentration with infaunal organisms ex­
posed to sediments of regulatory concern. However, 
to increase the precision of model predictions, limi­
tations for the model's applicability may need to be 
specified based on the concentration of contami­
nants in sediments, organism type and physical-
chemical properties of the contaminant. 
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