acains

RETURN TO 1998 ROD AR INDEX

SITE: Ney Bedford

Superfund Fecords Center

BREAK: |30+
OTHER: 2008

Keywords—Modeling PCBs Contaminant transport

INTRODUCTION

New Bedford Harbor is an estuary in southern Massachusetts
bounded va the north by the Acushnet River and on the south
:. . by a hurricane barrier leading to Buzzards Bay. The cities of

. Fairhaven, New Bedford, and Acushnet border the harbor to the
- . east and west (Fig. 1). It has long been a prosperous fishing
- port of the Atlantic. More recently, it served as an industrial
center for electronics manufacturers, such as Aerovox and Cor-
.. nell Dubilier. This industrial expansion resulted in contamina-
"‘tion of New Bedford Harbor through point (e.g., effluent dis-
charges) and nonpoint (c.g., landfills) sources of contamination.
 The water column, sediment, and biota are contaminated with
. polychlorinated biphenyls (PCBs) and heavy metals. Total sed-
.“iment PCB concentrations detected were as high as 30,000 pg/
g in the upper estuary, 5-50 pg/g in the harbor, and up to 5
pg/g in Buzzards Bay and other downstream areas [1]). This
may indicate that the point of highest concentration, the hot
. spot (Fig. 1), in the upper estuary has begun to spread and move
“out of the harbor. The U.S. Environmental Protection Agency
(EPA) water quality criteria for PCBs are 0.014 ng/ml in fresh-
water and 0.030 ng/ml in saltwater [2]. Total water column PCB
concentrations in New Bedford Harbor are in the 0.2-pg/ml
range {3). These high PCB concentrations in both the water
*column and sediment possibly pose a risk to human populations
in the New Bedford area, as well as marine life within the harbor,
Buzzards Bay, and the Atlantic Ocean.

‘In 1982, New Bedford Harbor was added to the Superfund
Priority List for cleanup due to PCB contamination. Polychlor-
inated biphenyls are chemically stable, nonflammable, noncon-
ictive compounds with hlgh boiling pomts and low solublll-
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Abstract—A unique, holistic modeling approach, combining theoretical, empirical, and deterministic elements, was developed to
define the ambient background transport of polychlorinated biphenyl (PCB) from New Bedford Harbor, to provide a baseline for
remediation assessment of this Superfund site. Both empirical and deterministic elements characterized sediment processes. The
deterministic section employed experimental data to describe flocculation through fiuid shear, differential settling, and Brownian motion
mechanisms, yielding a sediment settling velocity. The empirical portion of the model used this settling velocity, along with suspended
solids, and flow ficld data to characterize sediment action. The remaining PCB transport mechanisms (volatilization and sorption) are
theoretically considered to give a complete contaminant transport assessment. The PCBs in New Bedford Harbor tend to volatilize at
the rate of 5.9 g/d; or sorb, with sorption coefficients increasing with percent chlorination from 10-22 to 10-°¢ m%/g for Aroclors 1016
and 1260, respectively, rather than stay in solution. The dewrministic model showed that fluid shear was the most significant flocculation
mass removal mechanism contributing to the settling velocity calculation. From the empirical model, the dominant sediment action
mechanisms, resuspension and deposition, were driven by the change in suspended solids concentration and tides. The cycling of
PCB-laden sediment, indicated by the PCB sorption tendency and the presence and dominance of resuspension, and subsequent transport
from the site, can lead to PCB contamination of the water column, atmosphere, or downstream (marine) areas.
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[4). Considering New Bedford Harbor manufacturers use of
PCBs, and that environmental persistence increases with chlo- -
rine content, it follows that the congeners detected most resem
bled a mixture of Aroclors 1242 and 1254 [5). These Aroclors’
each contain some of the most toxic PCB coplanar congeners’
[6,7). Suggested dredging will resuspend contaminated sedi- :
ments, either at the sediment surface or as a result of dredge
overflow water entering the system [8]. Reduced suspension of
dredge solids has been achieved at some operations, such as th
Sheboygan River, Wisconsin [9]. However, Palermo and Pan--
kow [10] cite resuspended contaminated sediments from dredg-
ing activities as a major source of increased New Bedford Har-
bor water column contamination. In one way, the success of a_
dredging operation depends on the extent of environmental re-
exposure and toxicity of effects. Consequently, our work defines -
steady-state PCB controlling phases and quantifies potential
baseline PCB fate and transport. We assumed a steady-state
completely mixed condition for the preremediation New Bed-:
ford Harbor site because the hurricane barrier severely restricts
tidal perturbations, average freshwater inflows are very low, .
suspended solids concentrations are constant throughout the re-
gion of consideration (upper estuary), and contaminants have
been present for a sufficient length of time to eliminate unpre
dictable changes in concentration due to contammant addition -
or relocation. ‘ :

We combined theoretical, empirical, and dewrministic'a'p-
proaches to predict the fate and transport of PCBs in New Bed
ford Harbor under worst case (high contaminant concentration
scenarios. Volatilization and sorption were characterized theo-
retically, sediment processes empirically, and sediment settling
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Fig. 1. Map of New Bedford Harbor, Massachusetts (adapted from
Ikalainen and Hall [1}).

were found to be 10-2°~10-°4 m*/g for Aroclors 1242 and 1260,

respectively. These values correspond to compounds tending to

sorb to solids rather than remain in solution.
. ~. Emphasis was placed on sediment processes through an em-
" 'pirical model using solids sources and sinks, flow, and sus-
pended solids concentration data. Experimental settling column
" studies and a deterministic mode) were used to calculate settling
velocity values for the empirical model. The deterministic model
" was also used to characterize flocculation mechanisms affecting
settling, indicating fluid shear as the dominant flocculation pro-
cess. Empirical model results yielded notable sediment recycle,
‘with deposition dominant over resuspension. Combining the
deterministic and empirical approaches produced a fate and
transport assessment for New Bedford Harbor. The PCBs are
not very soluble, volatilizing or sorbing to sediment rather than
" staying in solution. This allows PCB transport from the harbor,
. . as either sorbed to sediments or transferred to mobile sediments
" during resuspension activity. As well as assessing PCB fate and
. transport, this appioach shows the feasibility of coalescing var-
. -ious analysis techniques. This takes advantage of as much ex-
‘perimental and field data as possible and uses theoretical prin-
ciples where data are lacking.

E APPROACH

‘Overall model framework

o " This modeling effort consists of three main elements: em-
‘pirical,-deterministic, and theoretical. Both empirical and de-

tenmmsuc ‘elements characterize sediment processes. The de-

termlmsnc section employs experimental data to describe floc-
cnlauon through ﬂuxd shcar. dxffcrenual scttlmg. and Brownian
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motion mechanisms, yielding a sediment settling velocity, The -
empirical portion of the model uses this settling velocity, along
with suspended solids, and flow field data to characterize sed- |
iment action. The remaining PCB transport mechanisms (vof-
atilization and sorption) are theoretically considered to give a
complete contaminant transport assessment. Each of the model
parts will be considered individually in the following sections. -
The empirical and detenninistic modeis assume steady-state and
completely mixed conditions. These simplifications were
deemed reasonable because of hurricane tidal damping, low
freshwater inflows, and suspended solids concentrations the
same at the hot spot (Fig. 1) and at Coggeshall St. Bridge (the
limits of the modeling region). The overall modeling scheme -
was developed to make the best use of all available data. The
simple empirical suspended solids mass balance model em- -
ployed is not ultimately complete nor absolutely accurate.
Steady state and completely mixed are assumed, food chain .
accumulation, bioturbation, and runoff are not considered, but
a more complex model would require more data, in this case,
unavailable data. Introduction of numerous unknown parameters
to such a modeling effort would increase the degrees of freedom
and thus the uncertainty of the model results.

Gas/liquid

Atmospheric transport of PCBs in the vapor-phase or on
particulate matter can be a major source of PCBs to some areas
(11). Therefore, minimizing potential losses via these processes
is important. The amount of PCBs available for vaporization
depends on the water column concentration of the dissolved -
species, as well as hydrodynamic mixing phenomena. For a
long-term time frame and an unremediated quiescent harbor
such as New Bedford Harbor [12), the PCB water column con-’
centration and subsequent vaporization will be assumed to reach
a dynamic equilibrium.

The evaporative transfer process defined by Whitman’s two-
film theory, describes both liquid and gas-phase boundaries at
the gas/liquid interface as the resistant mechanisms of transfer
(13]. The basis of this theory relies on the supposition of Henry's
Law, describing an equilibrium between gas and liquid phases as

p, = He, ‘ (l)

where p, is the partial pressure of the gas constituent at the -
interface, A is the contaminant specific distribution coefficient,
and ¢, is the constituent liquid concentration at the interface. .
For any particular contaminant, H can be approximated as the
ratio of vapor or partial pressure, P, to aqueous solubility, S,

H=§ 2)

A useful representation of PCB transfer between gas and
liquid phases is flux, as defined by Fick’s first law,

J =k, — ¢c) 3

. :
= L - p -
7 (Ps = P) @

where J is flux; &, k, are the mass transfer coefficients in the

gas (g) or liquid () phases; ¢, c, are the liquid cpncentmtl’ons:_,'
at the interface (i) or in the bulk fluid (1); R is the gas constant;
T, is the absolute temperature; and p,, p, are the pamal pressures
of the gaseous phasc (g) and at the mtcrfacc (n)




ﬁux. J, is calculated by combining Henry's Law and Fick's
first law [14], to yield

J= K.(’,’, - c.) 0
or
K,
J = E-T':(p.— He) (6)
- where
1 RT, 1
-t 7
X %, Tk 9
and
1 H 1
X R—T.k.+ k. )

where 1/K, is the total resistance of contaminant removal from
liquid as the sum of resistance in the gas layer (RT/Hk,) and
resistance in the liquid layer (1/k,), and 1/K, is the total resistance
of contaminant removal from gas as the sum of resistance in

- the gas layer (1/k,) and resistance in the liquid layer (H/RT.k).
The above formulations are more meaningful when a resistance
factor for the liquid phase is determined [15], as

liquid resistance _ 1/k, _ 1/k,

= total resistance = TI-IZ - RT,/Hk, + Yk
- H

" H + RT,(k/k)

9

3 - This quantity, a percentage value, specifies whether the gas or
- liquid concentration of contaminant in the system controls trans-
.+ fer to the gas phase. Low R, values indicate gas-phase concen-
_ tration controls transfer; high R, values indicate liquid-phase
.. concentration controls transfer; and intermediate R, values in-
" dicate control by both gas and liquid concentrations.
.. Actual mass transfer coefficients, k, and k,, for New Bedford
. Harbor depend on the amount of turbulence in the gaseous and
liquid phases on either side of the interface and also on the
chemical reactivity of the gas [16,17]. The effects of these phys-
. ical factors on k, and k,, in m/d, are empirically defined by
" Chapra and Reckhow [14] from summarized data in Mackay
“~[18), accounting for wind and compound specificity, as

0.5W

- SR/ ao
200W

L= o

L.S. Garton et al,
mL. These studies used sorbents from clay through sand with

a fraction organic carbon up to 0.035. Empirically determined,
this particle distribution coefficient (m3/g) is

K = 6.3 X 10-/.(K..) (12)

where f,_ is the fraction particulate organic carbon (g-org C/g)
and K, is the octanol: water distribution coefficient ({mg oc-
tanol/m*}/[mg water/m’}]). K, represents the ratio of the con-
taminant concentration sorbed onto sediment (mg/g) to the con-
taminant concentration in solution (mg/m?®). K,y, for all organic
chemicals ranges in magnitude from 10~ to 10%, with higher
values indicating a greater affinity for contaminant sorption {20].
This indicates more contaminant will sorb to sediment as the
organic content of the sediment increases.

Sediment processes

Sediment processes considered included physical mecha- .
nisms such as settling, flocculation, resuspension, advection, and
dispersion. These processes are important because they control
the transport of sediment-bound contaminants from or buried
within the sediment environment. Settling is the deposition or
falling out of particles from the water column. Flocculation
mechanisms affect settling, in that the aggregation and break-
up of particles can occur as settling occurs. Aggregation will .
increase settling rates due to greater particle size, as represented
in Stokes’ equation:

v, = g(pgl;up.)d; a3

where V, is the settling velocity, g is the gravitational accel-
eration, p,, p; are the particle (p) and liquid (1) densities, d, is
the particle diameter, and . is the fluid viscosity. Resuspension
resembles reverse settling at the sediment-water interface, in
that particles are transferred from the sediment layer to the water.
Advection transports particles in water flow and dispersion is
the spreading out of particles toward a spatial concentration
equilibrium. Tidal influences can affect a system through all
these mechanisms, but most measurably by advection as tidal
flows change from flood to ebb. The PCBs present in aqueous’
systems are predominantly particle bound because of their hy-
drophobicity. The solid-bound phase dominates the transport
and fate of PCBs in aqueous systems. For this study, we focused
special attention on particle processes (particle transport and
potential interactions), reflecting both empirical and mechanistic
approaches.

An empirical model for the upper New Bedford Harbor es-
tuary, north of Coggeshall St. Bridge, was developed to relate *
the change in suspended solids over time to the flow in and out -
of the system, as well as within the system, through the fol-
lowing dynamic mass balance relationship :

mass loss
accumulation

= solids sources — solid«< sinks

+ flow loading

dss
V=== Vr - Vd + Qss

where SS is suspended solids concentration in the water column;’
t is time, r is the rate of solids influx by sources, d is the rat
of solids removal by sinks, Q is the net discharge, where positive:
flow indicates flood tide (in) and negative flow indicates fb
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.ndc (out) and V is the volumc of the estuary above Coggeshall
“St. Bridge. The upper estuary system was assumed to be com-
- pletely mixed. This was deemed a valid assumption because
. concentrations of suspended solids at the hot spot (Fig. 1) and
" at the bridge were approximately equal, an indication of com-

plete mixing [22). With this assumption, Equation 15 becomes

dss oss

dt |, —d+ A

(16)

b

- where HS indicates calculation at the hot spot and b indicates
" - calculation at the bridge.

Considering each term in Equation 16, dSS/dt is the change

" in suspended solids over the change in time and was approxi-

mated according to a centra! difference scheme

~£5| _ S, =
Bt | Loy —

dss
dt |

(SSus? -1

4
-1

an

where SS,,; is suspended solids at the hot spot and i indicates
the time step. The base mass loading, QSS/V, represents the net

V . horizontal particle movement caused by flow in and out. Flow

< was calculated according to

Q1) = V(A 4 h(nw] (18)

where () is the current velocity as a function of time, A is the
constant minimum cross-sectional area at the bridge, k(f) is the

: _.change in depth above a minimum level as a function of time
" (approximated as a sine curve, h[f] =
‘is the average width of the harbor at Coggeshall St. Bridge,

1 + 0.75sin{#]), and w

each determined from preliminary studies at New Bedford Har-
bor [22). This determination assumes-constant harbor bathym-

'+ etry. Integration of Equation 18 yields the incremental volume,
_ represented as

V=V_+J- Qadr 19)
-~

where V_ is the constant minimum volume of water upstream

;" from the bridge (determined from bathymetry of upper harbor
"-[23]), and the integration of Qdt is approximated numerically
-using a trapezoidal method [24].

.. The particle sinks, d, assumed to be settling dominant [25],

"~ can be quantified as

d'-—--SS

h(p) 20

‘where V, is the cxperimcnfally verified deterministic settling

velocity. Determination of V,, involved the synthesis of settling

"column experiment results [25,26] by a vertical transport model
"{27]. The model specifically defined and accounted for the floc-

culation processes according to fluid shear, differential, and

' Brownian motion collision frequency functions. These can cause

hanges in V. The values within these equations can reflect
‘changing conditions within the system caused by weather or

other external sources and thus lead to a V, value that accurately

" describes the system being considered. Solution of the differ-

ntial equation that considered sink terms for the dispersive
ommant. completely mixed column [25], as was the case for
e expenmentnl column

@n
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In SS., m+0
where SS, is the initial suspended solids concentration at the
beginning of the tidal cycle being considered. From Equation
22 the slope of the regression of In SS/SS, vs. ¢ from deter-
ministic model results enables calculation of V,, the average
flocculated particle settling velocity. The average value for m
was 2.78 X 10-% s™!, which produced V,, = 5.6 X 10~ m/s at
2 m depth. Particle sources for the harbor were determined by
solving equation 15 for r, resulting in

(22)

BS_2
r=—;-358S+d (23)

All components for r are as determined above (Eqns. 17-20).
Resuspension and deposition can be further described by
another term, C,, often called a recycle ratio, defined as,

k,
ko + ky

where k, is the mass-transfer coefficient of solids due to sources
or “scour” [L/T] and k, is the burial velocity or “accumulation”
[L/T). This term serves to describe the sediment action char-
acteristics of a system. C, can range from no recycle at C, =
0, when k, > k, to total recycle at C, = 1, when k, 3> k,.

Relating Equation 24 and a net contaminant loss rate [20],
L., to previous empirical sediment determinations allowed for
calculation of k, and k,. The water column was used as the
frame of reference for the steady-state net contaminant loss rate,
L, as

C= (24)

Lw = chd + (] + C’)Vﬂcl (25)

where K, is the mass transfer coefficient of solids due to vol-
atilization; V,, is the experimentally verified deterministic set-
tling velocity; ¢, is the fraction of contaminant dissolved in
water, as 1/(1 + K,,SS); and c, is the fraction of contaminant
sorbed to suspended particulates in water, as 1 —~ ¢,. To calculate
the transfer of solids to the water column, k, was determined
from the resuspension term (Eqn. 23) to be, i

=20

SS 26)

To account for the sinks within the system and determine how =

quickly particles are actually leaving the water column and be-
ing buried, &, was determined from the deposition term (Eq.
20) to be

dv
SSA,

where V is the volume of the upper estuary and A, is the surface
area of the upper estuary. k, encompasses all sedimentation,
both resuspendable sediment and deeply buried sediment.

k= 27

FIELD DATA

Flow considerations for Acushnet River inflows to the es-
tuary are negligible, with river flow being less than 2% of tidal -
flow [5]. The model used suspended solids, velocity, and harbor
depth data as a function of time to extract the necessary pa-
rameters from a pilot study performed on July 8 and 9 and
September 24 and 28, 1987 by the EPA for the U.S. 'Anﬁy
Corps of Engineers [28-30]. In these studies, samplcs wm
taken cach hour at the Coggeshall St. Bridge, with_
um&s begmmng 1 h after both slack (lugh) tide ‘and low, tic
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_Table 1. Suspended solids data and standard deviations for data for 100 g
= . July 8, July 9, September 24, and September 28, 1987 ]
 — i Suspended Standard 80
= S _ “solids reading deviation é 4
< ‘Date ' (mg/L) (SD) [ 1
: Yaly 8 (ebd) 79 *19 3 %
7o+ July 8 (flood) 10.2 *1.7 € I 1
" “July 9 (ebb) 78 +0.8 2 o |
. July 9 (flood) 9.4 =1.1 %
... September 24 (ebb) 1.5 =11 1 4
. . September 24 (flood) 6.8 *1.1 ©
"7 September 28 (ebb) €4 +0.4 ® 2 1
: September 28 (flood) 7.0 *1.1
] 1 1 1 1 1

" - Suspended sclids data were collected at three depths and com-

- posited for hourly samples. For each composite, the samples

~ were filtered, rinsed, dried, and weighed to the nearest 0.01 mg.

' 7+ InterOceans S-4 and Niel Brown direct reading (DRCM) current

Y “meters were used to determine current speed and direction for

.. _4-min periods and 2-min intervals, with measurements taken

" .every 2 s. Results were then averaged over each hour for the

- reported values. Standard deviations (SD) of suspended solids

-/ data are reported in Table 1 as mean * SD. Current meter error

.” .. data were reported graphically, with no sample average varying
‘ by more than 8 cm/s. -

RESULTS AND DISCUSSION

Gds/!iquid
- ' ’I'he’gaslliquid concepts and formulas presented were applied
, * to'New Bedford Harbor, using literature and EPA field study
V ' values, with results summarized in Table 2. The air and water

PCB concentrations used were maximum reported values to
“allow determination of worst possible exposure via these path-

“ - "ways. The PCB air concentrations used were 1.27 X 10-** and
770,10 X 10~ atm for Aroclors 1242 and 1254, respectively [31).
__ The PCB water concentrations used were 1.48 X 10-¢ and 3.3
« . %1077 mol/m* for Aroclors 1242 and 1254, respectively [22].
. An’annual sea surface temperature range of 0-30°C was deter-
‘mined from data in Signell [32). A temperature range is con-
“sidered because Burkhard et al. {33] show that flux rates can
.vary with variations in temperature. Flux is defined as a mass
quantity per area and time. A minus sign on the flux values in
“Table 2 indicates a loss of contaminant from the aqueous phase
-to the air phase. The J; value in Table 2 accounts for the mo-
“lecular weight of the PCB and the surface area of the upper
* . estuary to give more applicable units of mass per time. Tem-
perature varying flux was only slight, but increased with in-
»-~_ creasing temperature. At present concentrations, 5.85-5.93 g of

Table 2. Summary of calculated values for vaporization of PCBs from New Bedford Harbor

0
167 te6 1e5 led 1e3 1e2 el 1e+0 1e+1
Distribution Coefficient, H (atm-m%gmole)

Fig. 2. Percent resistance (R;) versus distribution coefficient. New
Bedford Harbor lies between the oceanic and lake conditions [14-
16).

total PCBs/d escape to the atmosphere from the upper estuary,
for 30°C and 0°C, respectively. Envoking required significant
figures, these values become the same and translate into almost
2.2 kg/year of PCBs leaving the harbor water column to the
atmosphere. This release directly exposes either New Bedford
or Fairhaven, with the average wind speed in this area being 3
m/s [32]. These winds are predominantly northwesterly (toward
New Bedford) in the winter and southwesterly (toward Fair-
haven) in the summer. During dredge operations in the harbor,
resuspended sediments potentially release PCBs to the water
column. The PCB water concentrations up to four orders of -
magnitude less than solubility limits (9.86 X 10~ mol/L for |
Aroclor 1242, 2.95 X 10-¢ for Aroclor 1254 (34,35]) support.
this transfer of PCBs to the water column upon sediment mixing.
These calculations indicate that additional atmospheric releases -
of PCBs may subsequently occur. .
The high values for R, indicate that the vaporization of PCBs
at the given liquid/gas concentrations will be liquid controlled,
implying that the liquid phase concentration controls whether
transfer will occur. Figure 2 shows the relationship between R,
H, and k/k,. Because New Bedford Hasbor is an estuary, i; has
its own characteristic R, versus H curve that lies between oceanic
and lake conditions. Thus it appears New Bedford Harbor ex-
periences enough ocean current turbulences to keep the gas
transfer rate at the surface from stagnating, as would occur in
very calm surface water environments. This figure also indicates "
that compounds with low aqueous solubility (high R,) and high .
H are quickly removed from water, while those with high aque-
ous solubility (fow R,) and low H stay in solution. The PCBs

0°C . 30°C
Aroclor Aroclor Aroclor Aroclor
1242 1254 1242 1254

_ 0.1619 0.1438 0.1619 0.1438

2243 199.2 224.3 199.2
7217 7.217 7.217
0.122 0.142 0.120
297 27.0 325
-0.390 -2.00 -0.390
-118 . . . -469 - -LI6
0851 - 0,837

‘\',,,‘ y' 0.879< .
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Table 3. Particle distribution coefficients for selected PCBs in

New Bedford Harbor
" Aroclor Keo Source
T =016 10-22 (38)
Lo 1242 10-» (39]
] : 10~ (391
; 10-0¢ (38)

fall within the range of compounds that are nearly insoluble,
and thus if water column cor~entrations increase (i.c., as a result
" of dredge activity), PCB volatilization will also increase. For
Aroclors 1242 and 1254, solubilities are 9.86 X 10-* and 2.95
©. X 107¢ mol/L, respectively [36,37).
R Another indicator of liquid/gas control is comparison of K,
-+ and K, to corresponding k, and k, as defined by Equations 7, 8,
10, and 11, respectively. Mackay [18] shows that if the liquid-
“phase controls, k, = K, and if gas-phase controls, k, = K|, each
' indicating that the resistance across the liquid or gas layer. re-
1 7 spectively, equals the total resistance. From Table 2, k, ~ K,
- and k2> K, so PCB gas-liquid transfer depends on the liquid
concentration.

. kSorplion/de:dmtion

: 'Ky, values for all toxicants generally range from 10-'° to
102, with higher values indicating a greater affinity of the con-
“"._ taminant for the solid phase [20]. Ky, values for PCBs range
from 10-2 to 10°. Table 3 shows K, values determined for PCBs
in New Bedford Harbor using Equation 12 and data from Wood
. ‘et al. {38] when actual values were not available from Myers
g’ ' and Brannon [39]. Values range from 10-2* to 10-°4, A value
"~ of 2.6% was determined for f,. from New Bedford Harbor TOC
" “data [19). The K, values indicate compounds that will sorb to
panu:ulates with the sorption tendency increasing as K, in-
~ creases. As sediment particles become available, free contam-
. inant will sorb to the particles. The contaminant will have a
" ‘greater area oh which to sorb if more particles are present. As
" will be discussed, particle concentrations are high enough in
- New Bedford Harbor to promote sorption of contaminants to
sedlment particles. This is a potential concern when these con-
ninated sediment particles are transported to previously un-

IR g I Ror By e

sonal &
R asésettlmg and’ resuspensxon. Our empmcal ‘model uses a com-
ch bi o‘n of the lattet two processes to descnbe suspended sohds
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a5 —QSS + a,5§ - a,8S (28)

The sink/source terms here include growth and death rates as, -
aSS and —a,SS, respectively. a, and a, arc expressed in units
of one over time, in this case, 1/d. Representing growth in this
way assumes that SS represents all biological materials, as a .
worst case test. We conservatively assumed that a,, as well as
other sink terms, were negligible in determining a,, which can
be determined by rearranging Equation 26 as
a5 + QSS
- v 29)
% SS @
Using the empirical model to solve for @, components during
extreme shifts in suspended solids, yielded an a, of approxi-
mately 7.7 per d. This calculated g, is still too large to represent -
a reasonable growth rate for estuarine phytoplankton [40]. Even
if all suspended solids activity at points of extreme shifts in-.
suspended solids were caused by biological activity, the turn-
over rate is still too large to represent biological growth, Also .
a DOC of 4.6 mg/L [30] cannot support heterotrophic bacteria
at the observed suspended solids concentrations. Therefore we -
assumed biological activity was negligible. ;
Next, seasonal effects on suspended solids and flow i into and
out of the harbor (i.e., measurements taken at Coggeshall St."
Bridge (Fig. 1]) were considered. The average flow for each
season (50 m¥/s for suramer, 75 m?Ys for fall) was not constant, -
cither as a reflection of wet and dry seasons or as a result of a
different portion of the spring-neap cycle being considered. -
QSS/Y versus time is included in Figure 3 and shows the'same”
cyclic pattern of tidal response as flow alone, but variation :
between seasons was not present. This means that the base mass
loading, QSS/V, had a constant cycle and did not vary with
seasons, verifying that seasonal effects are negligible for in-
crease of suspended solids considerations. But it does seem like
particles were less stable in summer with a wider range in total
suspended solids values between tidal cycles. ’
Horizontal processes alone were considered by ellmmauon
of the sink/source terms from Equation 26 to yield, ‘
dss Q

7‘- = ——SS o (30)

This equation assumes dS5/d: depends only on the base mass
loading, which accounts for horizontal transfer of sediments. If
this were correct, a positive correlation would exist between
dSS/de and QSS/V over all cycles. There is no significant cor-
relation between dSS/dr and QSS/V with an »2 of only 0.06. The .
lack of correlation indicates that some other sink/source terms
must be present to account for the change m suspended sohds
concentration.

Aquatic organisms did not appear to account for i mcreases‘
and decreases of suspended solids on a'tidal or seasonal basi
nor did horizontal processes alone. Neither have winds been
shown to cause apprecléble"resdspenslori" The 'upper ‘estu
averages 3-S5 m deep and the lower estuary depths closer to th
hurricane barrier are up‘to 20 m. This supports the ‘notion that
phys:cal processes such as settling and resuspensson of pnmcles
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loading (A) versus time from the empitical model. The resuspension
_ and deposition track on one another, indicating & correlation and de-
* . -pendence on one another.

o

.- "and d as sink/source terms in addition to QSS/V. For the model,
" . rrepresented sediment resuspension and d represented sediment
.‘deposition. Figure 3 presents r, d, dSS/dt, and QSS/V versus
time, for comparison of suspended solids contributors. All of
the terms are of the same magnitude. The 7, d, and dSS/dt values
tracked on one anorhcr. indicating positive correlation. For dSS/
“:dt versus r, * was 0.30 and for dSS/dt versus d, r* was 0.40.
This means that resuspension and deposition were more driven
by the change in suspended solids concentration than other fac-
“tors considered. The fact that the values of r and d were no-
uceably greater than OSS/V further reinforces this conclusion.
Resuspensron and deposmon were the dommam processes con-
sidered in this system. © . :

The recycle rauo. C deﬁned in Equatron 22 further ex-

& i

curred in rhe New Bedford Harbor upper estuary The settling

- Fig. 3. Resuspensron (A), dep‘os.mon (C')), dsSid: (@), and base massl

“cords (30]. The trends can be partly explained by considering

dommlnce as reporrcd by Sanders 125] further supports th|s‘

* fluid shear; and di
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Fig. 4. Net resuspension and deposition versus time. Negative values
correspond to deposition and positive values to resuspension, with
deposition greater during flood tide and resuspension greater during
ebb tide.

The result is presented in Figare 4. In this figure, positive values

of RD are for resuspension and negative values are for depo-
sition. The first half of each tidal cycle is flood tide and the last
half is ebb tide, showing on the average, that deposition was
greater during flood while resuspension was greater during ebb
Parts of the cycle (20 h) for September 28, 1987 varied from

this trend. This could be caused by an unrecorded wéather
tidal event. It is also possible this is an ‘experimental “artifa

from smaller sample volumes taken for the 16-h and 20-h re-

that flood tide brings in water and sediments to the system; with
the additional sediment, deposition must occur to maintain equi-
librium. A similar, inverse phenomenon occurred during ebb-
tide when the water and suspended solids were removed. R
suspension adjusts the suspended solids concentratibn' to" ac-
count for the transport loss of scdrmenrs

rhat the dominan
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: Fig 5 Deterministic model pemele column fraction versus time. The
- inclusion of differential settling and fluid shear as flocculation mech-
k. anlsms gives the result closest to the observed value.

remalmng decreased most rapidly when only fluid shear was
considered. Brownian motion cffects were negligible, as the
curve ‘with only Brownian motion considerations coincided with
the response without flocculation occurring. By visual obser-
vation, differential settling alone accounted for approximately
30% of the mass removal. Fluid shear alone accounted for ap-
pminmately 90% of the mass removal. When considering these
mechanisms together, they account for 100% mass removal.
Strict addition of these mechanisms was not possible because

ential settling mechanism. With both mechanisms at work, par-
' uele removal \fxavﬂund shear occurs before differential settling.

'Gas and liquid- mterface procecses are represented by air
tmnspon.'l'henetresultofthxs was up to 5.9 g/d PCB release
from the harbor. Having average K)y, values near 10~ m’/g,
sotpuonldesorpuon processes showed that in the high particle
eoncenu'auon areéas PCBs will sorb to the sediment, thus in-
creasmg ooncentrauon in the sediment. In Table 3, K,,, values
mcrease witk, increase in percent chlorine, thus indicating great-
o sednment affinity with i increase in percent chlorine. Physical
ies of PCBs dnve them toward sorption or volatilization.
prefen'ed pbases a.re sedxment and air due to their hydro-

. the fluid shear mechanism works more quickly than the differ-

. cause particles ‘to”fall out in
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Fig. 6. Release of PCB as soluble (A), particulate (O), and total (+)
water concentration and its relationship to flow into and out of New :
Bedford Harbor at Coggeshall St. Bridge.

in that section of this document, with standard deviations of
suspended solids data presented in Table 1. The experimentally
verified deterministic settling velocity is incorporated into the
deposition term of the empirical model. As such, when this value
changes, both the resuspension and deposition results are af-
fected. An order of magnitude increase in settling velocity will.
cause the deposition value to approach the resuspension value,
while an equal decrease will cause the deposition value to ap--
proach zero. Sorption/desorption formulations are presented in
Karickhoff et al. [19]. The K,, calculation using this formulation
resulted in values comparable to actual values for New Bedford
Harbor (Table 3). The K, formulation is much less sensitive
to f,. changes than to K, changes. Even with a 100% organic:
carbon input value, the K, result is wnhm an m:icpfable value
range for K,

Experimental tests reveal that the sedlmems of New Bedfo:
Harbor will flocculate rapidly in the water column [25], settle’
out, and thus be exposed to PCBs present in the existing sed-
iment. Data from the EPA support this PCB transfer process’
[22). These data are presented in a diagram of flow versus JPCB/ 3
dr measured at Coggeshall St. Bridge (Fig. 6). Negative flow
values represent flood tide and positive flow values ebb tide.
Negative dPCB/dt values indicate PCB removal from the sys- -
tem. Removal of PCB from the system increases as flow out;
(during cbb tide) i increases. Ebb tide was prewously shown al
to be the time of greatest solids input to ‘the’ hot’ 8 -
column and when resuspension’ "and deposluon were

bonzontally tmnsported fmm X



CONCLUSIONS

: Remova! of PCBs from the upper estuary of New Bedford
Harbor occurs by volatilization, sorption to sediment, and sub-
sequent transport from the system by resuspension and tidal
flows. From theoretical considerations PCBs volatilized at the
rate of up to 5.9 g/d or 2.2 kg/year from New Bedford Harbor,
this being immediately available in the atmosphere. Other the-

retical properties of PCBs (K, range 10-2°-10-°¢ m%/g for
Aroclor 1242 to Aroclor 1260; sediment affinity increases with

- increasing percent chlorine) and New Bedford Harbor condi-
ions (high concentration of suspended sediments) showed that
- sorption to sediments is a preferred state for PCBs in water
“environments. An c{ppirical model showed that sediments in
the harbor are undergoing contintous resuspension to the water
“column and corresponding deposition, with deposition being
.dominant. Further study throughh a deterministic model with
experimentally verified settling velocity revealed that the dom-
nant mass removal mechanism involved in this sediment move-
- ment was fluid shear-driven flocculation. This was verified by
field data demonstrating total particulate and soluble PCB re-
“moval at up to 873.6 kg/d during ebb flow, the greatest removal
period. Combining these empirical and deterministic modeling
fforts to take advantage of available experimental and field
"data is a unique approach that can be applied to other situations
-of limited field and experimental data. Under present conditions,
'PCBs are leaving the harbor, either by transport on the sediments
“or by volatilization to the atmosphere.
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