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Abstract: Risk assessment of contaminated sediments often involves
quantification of compounds in tissues via laboratory bioaccumulation
exposures of benthic invertebrates. However, the standard 28-day expo-
sure duration may not be adequately long for some compounds to reach
steady state, defined as a stable concentration in exposed organisms.
Steady-state tissue residues can be estimated using uptake and elimination
rate constants. Experiments were conducted using two marine sediments
from New York Harbor to assess bioaccumulation of PAHs, PCBs, chlor-
inated pesticides, dioxins, and Hg by sampling tissue during seven suc-
cessive time points over an exposure of 56 days for the polychaete worm
Nereis virens and 119 days for the clam Macoma nasuta. Exposure time
required to attain steady state was organism and compound specific.
Generally, N. virens tissues reached steady state more rapidly and accum-
ulated higher contaminant residues. Nereis virens attained apparent
steady state within roughly 28 days for PAHs, Hg, and most PCBs, but
longer exposure was needed for some dioxins and pesticides. Steady state
in M. nasuta was generally attained after 28 days of exposure for most
compounds (some times after 100 days). Thus, some 28-day tissue resi-
dues may underestimate bioaccumulation and subsequently risk to
benthos and higher trophic level organisms. The results of this study allow
development of site-specific correction factors for estimating steady-state
residues from 28-day exposures.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.
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Executive Summary

The dredging of federal project canals throughout the United States is
critical to meet shipping needs. Federal regulations require assessments of
contamination and estimation of potential risk to aquatic life during the
dredging, transport, and disposal of sediment. In addition to chemical
analysis of the dredged material, biological testing of water column
toxicity, sediment toxicity, and sediment bioaccumulation potential are
employed to assist in estimating this risk. The following study was con-
ducted to assess the adequacy of the standard bioaccumulation testing
duration of 28 days (d) to approximate steady-state equilibrium in model
test species for several classes of contaminants of concern in dredging
projects. The steady-state tissue residue is the stable (usually maximal)
concentration of contaminant in tissues achieved after adequately long
exposure duration to allow full partitioning of contaminants from sedi-
ment. It is important for steady-state tissue residues to be properly
determined to avoid underestimating risk. In this study, long-term bio-
accumulation exposures were conducted using two commonly employed
test organisms. The polychaete worm Nereis virens and the clam Macoma
nasuta were exposed to two distinct sediments collected from the New
York / New Jersey Harbor. Tissues were sampled at various time points to
determine the uptake and elimination kinetics of multiple contaminant
classes of concern (dichloro-diphenyl-trichloroethane (DDTs), polychlori-
nated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs),
mercury, methyl mercury, dioxins, and furans). The uptake rates of chemi-
cals into test organisms were directly measured and a kinetic model was
used to indirectly determine elimination rates. This kinetics information
was then used to derive useable information, such as the time (in days)
required for analytes to reach steady state, the fraction of steady state
acquired after the standard 28-d exposure duration and biota-to-sediment
accumulation factors. Each of these parameters was specific to the chem-
ical and test organism.

The Macoma nasuta clams generally took longer than the Nereis virens
worms to reach stable tissue residues (i.e., the steady-state tissue residue).
After 28-d exposure to the sediments, the N. virens achieved steady-state
tissue residue (functionally defined as at least 80% of the actual equi-
librium concentration) for most analytes, with the exceptions of DDTs and
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a few dioxins and furans. The M. nasuta, however, achieved steady state
only for PAHs and methyl mercury after 28 days of sediment exposure
(and certain PCB, dioxin and furan congeners). While differences were
observed in the clam uptake/elimination kinetics between the two test
sediments, the authors concluded that the clam generally requires longer
than 28 d (sometimes exceeding 100 d) to acquire steady-state tissue
residues for mercury, DDTs, and most PCBs, dioxins, and furans. How-
ever, the contaminant levels in N. virens were greater than that of the
clam, potentially making the worm the controlling factor for compliance
comparisons to tissue residue benchmarks.

The data generated in this report support the hypothesis that 28-d expo-
sure duration is adequate to estimate steady-state tissue residues for PCBs
and many dioxins and furans in N. virens. This worm is not a good model
species to determine the bioaccumulation potential of PAHs due to an
efficient metabolism; M. nasuta or another inefficient metabolizer should
be used instead. For M. nasuta, the 28-d exposure duration was not ade-
quately long to allow this organism to reach stable concentrations for
many of the analytes tested, although there were some discrepancies
between the data acquired for the two sediments. The 28-d test duration
was not adequately long for either organism to reach steady-state concen-
trations for DDTs. For analytes that reached steady state by 28 days of
exposure, no further action or correction is necessary. However, for the
analytes that do not reach at least 80% of steady state after 28 days of
exposure, risk managers should consider application of organism and
chemical-specific correction factors to estimate the steady-state tissue
residues from values determined from the standard 28-d bioaccumulation
tests. Such correction factors can be derived by taking the inverse of the
fraction of steady-state values provided in this report, with the caveat that
only two sediments were tested, and the cited literature (correction is
acquired by the product of the 28-d tissue residue value and the correction
factor). Recommended correction factors should be consolidated into a
database to provide a toolbox for risk managers.
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1 Introduction

The Clean Water Act (CWA) and Marine Protection, Research and Sanc-
tuaries Act require assessment of potential adverse environmental impacts
associated with open water placement of dredged material. The evaluation
of dredged material proposed for disposal may require an assessment of
bioaccumulation potential for benthic organisms using standard 28-day
laboratory bioaccumulation procedures (e.g., U.S. Environmental Pro-
tection Agency (USEPA)/U.S. Army Corps of Engineers (USACE) 1991,
1998; American Society for Testing and Materials (ASTM) 2000). In these
bioassays, model test organisms are exposed to sediments and the tissue
residues of contaminants of concern are determined. This information is
then used in predictive models. It is important that the duration of the
bioaccumulation test is adequate to allow contaminants of concern in the
sediment to reach stable concentrations in the test organisms, referred to
as the steady-state concentration. Thus, the steady-state concentration is
the tissue concentration of the test organism after adequately long expo-
sure to test material to reach stable levels. It is an equilibrium that occurs
when the flux of the chemical into the organism equals the flux of the
chemical out of the organism. A hypothetical uptake curve is provided in
Figure 1, illustrating the gradual increase in tissue residues over time. The
plateau of this curve represents the steady-state condition.

Steady State

(Uptake = Elimination)

Tissue
Concentration

Duration Of Exposure

Figure 1. Hypothetical curve illustrating the uptake and subsequent
stabilization of the concentration of a chemical in an organism exposed
to contaminated sediment.



ERDC/EL TR-10-2

According to current guidance (USEPA/USACE 1991, 1998; ASTM 2000),
at least 80% of the steady-state tissue residue of most compounds is
expected at termination of a 28-d laboratory bioaccumulation test. How-
ever, the tissue residue of highly hydrophobic compounds (Kow > 5) may
not approach steady-state concentrations in some benthic invertebrates
after the standard laboratory exposure duration of 28 d. When the tissue
residues in bioaccumulation tests are not at steady state, test results are
expected to underestimate tissue residues of invertebrates exposed to
dredged material in the field. Bioaccumulation kinetics, and hence the
time to steady state, in laboratory sediment bioassays are influenced
chiefly by (1) size and physiology of the test species, (2) exposure condi-
tions (e.g., temperature), (3) contaminant bioavailability and water/
sediment conditions, and (4) chemical characteristics of the
contaminant(s) of concern.

Various methods are available to determine steady-state tissue residues.
The two used in this study were a kinetic-based approach and an opera-
tional approach. The kinetic-based method used direct measurements of
chemical uptake and estimates of elimination rates that can be used in
calculations to derive the time required to reach steady state and the
steady-state tissue residue. The operational method simply applied
statistical comparisons of tissue residues over time.

Currently, adjustments for chemicals in tissue residues that fall short of
steady state after 28 d of exposure are applied in practice. Steady-state
correction factors (SSCFs) are multipliers to approximate the steady-state
condition from tissue residues obtained from a 28-d laboratory bio-
accumulation test. When an adequate proportion of steady state is
obtained (i.e., within 80% of actual equilibrium), no correction factor is
needed. However, in cases where the steady-state concentration of an
analyte is not reached after a 28-d bioassay, a correction factor is recom-
mended to avoid underestimating risk. For instance, if 50% of steady state
is obtained, tissue residues are multiplied by a correction factor of two to
approximate the steady-state condition (i.e., a tissue residue of 100 pg/kg
would be adjusted to 200 pg/kg). A factor of two is commonly applied to
PCB tissues residues in the polychaete N. virens due to slow uptake rates
reported in the literature (Pruell et al. 1990). For 2,3,7,8-TCDD, a factor of
four has been suggested to adjust 28-d N. virens tissue residues to the
steady-state concentration used in risk estimations while a factor of one
(i.e., no correction) is used for the clam M. nasuta based on data from
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Pruell et al. (1990). More recent work (e.g., Boese et al. 1995, 1996, 1997)
reports a longer time period required for M. nasuta to reach steady state,
implying that a correction factor greater than 1 is warranted. This report
presents evidence that these correction factors are not necessarily
applicable.

The objective of this study was to generate toxicokinetic information for a
variety of contaminants of concern (i.e., PAHs, PCBs, chlorinated pesti-
cides, mercury, methyl mercury, dioxins and furans) to be considered by
the New York District dredging program. To derive these factors, two test
organisms (Nereis virens and Macoma nasuta) were exposed to two
distinct sediments collected from the New York/New Jersey Harbor in
long-term bioaccumulation bioassays that involved analysis of tissue
residues at various times over the course of the exposure. These data were
used to derive toxicokinetic parameters (e.g., uptake and elimination rates,
time required to reach steady state, steady-state concentrations, BSAFs)
and compound- and species-specific factors for adjusting 28-d tissue
residues to the steady-state residues.
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2 Methods

Study sites

Approximately 110 gal of sediment was collected from each of two distinct
sampling locations in the New York/New Jersey Harbor. Sediments were
collected using a 2.5-gal Van Veen grab sampler and stored in 55-gal
drums. The collection and sample storage methods followed USEPA
(2001) guidance. Sediment from the first sample site was collected from
Arthur Kill (40° 33.89’ N, 74° 12.84’ W) under supervision of the New
York District and the U.S. Army Engineer Research and Development
Center (ERDC) on 8 July 2004. The second sample site was Newark Bay
(40° 39.74’, 74° 9.36’), collected by Aqua Survey (Flemington, NJ) on

19 January 2005 (Figure 2).

§
$

Newark Bay <®
40° 39.740° N ()

74° 9.357" W

7
e, Slany

1)

O Arthiir Kill
40° 33.89' N
74°12.86" W

Study organisms

Figure 2. Sampling stations in New York Harbor.

The two benthic invertebrate test species selected for laboratory bio-
accumulation tests are recommended in the Inland Testing Manual
(USEPA/USACE 1998) and the Ocean Testing Manual (USEPA/USACE
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1991) and used routinely in the North Atlantic Region. The polychaete
worm Nereis virens is an active burrower (8—10 cm deep) and deposit
feeder in sediment that efficiently metabolizes some hydrophobic organic
contaminants such as PAHs (Ernst et al. 1977; Driscoll and McElroy 1996;
Goerke and Weber 2001). The bent-nose clam Macoma nasuta is a facul-
tative filter feeder that switches to deposit feeding in bioaccumulation tests
due to low food concentration in the overlying water. Macoma nasuta
metabolizes hydrophobic organic contaminants much less efficiently than
N. virens (Rust et al. 2004). Both species, shown in Figure 3, were
acquired from Aquatic Research Organisms (Hampton, NH). Nereis virens
were collected from the Damariscotta River (Boothbay Harbor, ME, USA)
and M. nasuta were collected from Tomales Bay (Dillon Beach, CA, USA).

Figure 3. Benthic invertebrates used in sediment bioaccumulation tests. New York Harbor evaluations
currently apply 28-d exposures using the polychaete worm Nereis virens (a) and the bent-nose clam
Macoma nasuta (b).

Exposure design

The test methods generally followed those described in Appendix G of the
Inland Testing Manual (USEPA/USACE 1998), with several modifications
necessitated by (1) the study objective of assessing bioaccumulation dura-
tion exceeding 28 days, and (2) meeting the analytical tissue requirement
of 23 g per exposure period (Table 1). Seven time points for sampling
exposed tissue were selected based upon existing temporal patterns of
bioaccumulation of hydrophobic compounds in the test species.
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Table 1. Test conditions for the standard 28-d bioaccumulation tests (USEPA/USACE 1998)
and the steady-state tests conducted in this study, modified from Lee et al. (1993).
Standard This study Standard This study
Test method Nereis virens Nereis virens Macoma nasuta Macoma nasuta
Test type Flow-through or Static Static Renewal Flow-through or Static Static Renewal
Renewal Renewal
Test duration 28 days 56 days 28 days 119 days
Temperature 10-20°C 20+1°C 12-16°C 15+1.0°C
Salinity > 20 %o 30 £ 2 %o > 25 %o 30+2 %o
pH 7.8+0.5 7.8+0.5 7.8+0.5 7.8+0.5
Light quality Ambient Laboratory Ambient Laboratory Ambient Laboratory Ambient Laboratory
Light intensity 500 - 1000 ftc 500 - 1000 ftc 500 - 1000 ftc 500 - 1000 ftc
Photoperiod 16L:8D 16L:8D 16L:8D 16L:8D
14L:10D 14L:10D
12L:12D 12L:12D
Test chamber 1L beaker or large 5-gal aquarium 250-mL beaker B-gal aquarium
size aquarium
Loading > 200 g sediment/ g > 200 g sediment/ g > 200 g sediment/ g > 200 g sediment/g wet
wet tissue wet tissue wet tissue tissue
Sediment depth >4 cm >4 cm >50 g sediment/ g > 200 g sediment/g

(3 Lin 5 gal tank)

tissue (w/w wet)

(5 Lin 5-gal tank)

Renewal of test

Flow through (5-10

Static renewal (1x/day)

Flow through (5-10

Static renewal (1x/day)

solution v/d) v/d)

Static renewal (3x/wk) Static renewal (3x/wk)
Size/Age of test 3-15¢ 3-7¢ 2-4 yrold (shell: 28- 2-4 yrold (shell: 28-
organisms 45 mm) 45 mm)
No. of test 1 per beaker 10 per 5-gal aquarium 1/ beaker 15-20 / aquarium
organisms 20 per 20-gal aquarium
Replicates/ 5-8 7 time points 5-8 7 time points
sediment 3 replicates 3 replicates
Feeding None None None None
Aeration Moderate Moderate Moderate Moderate

Dilution water

Natural or reconstituted
seawater

Instant Ocean®
seawater

Natural or reconstituted
seawater

Instant Ocean®
seawater

Treatments

Control, reference, site
sediment

3,7,14,21, 28,42,56
days exposure

Control, reference, site
sediment

5, 10, 28, 42, 60, 90,
119 days exposure

Dilution series

NA

NA

NA

NA

Endpoint Bioaccumulation Bioaccumulation Bioaccumulation Bioaccumulation
Sampling/holding | < 8 weeks < 8 weeks < 8 weeks < 8 weeks

time

Test acceptability | Adequate tissue mass 23 g tissue Adequate tissue mass 23 g tissue

for analysis

for analysis
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For N. virens, tissue residues were assessed after 3, 7, 14, 21, 28, 42, and
56 days while M. nasuta residues were assessed after 5, 10, 28, 42, 60, 90,
and 119 days of exposure. Each time point consisted of three replicate
5-gal aquaria containing site sediment (3 L for N. virens and 5 L for

M. nasuta) at a wet sediment-to-tissue ratio exceeding 250 g of sediment
per g of tissue as recommend by Lee et al. (1993). Aquaria were filled with
30 %o Instant Ocean Seawater (Aquarium Systems, Inc., Mentor, OH) and
sediment was allowed to settle overnight.

Test temperature and photoperiod were regulated using water baths
equipped with timer-controlled lights and water re-circulating REMCOR
heating/cooling units (REMCOR Products Company, Glendale Heights,
IL). The N. virens and M. nasuta exposures were initiated concurrently for
the Arthur Kill sediment (August 3, 2004) and the Newark Bay sediment
(February 10, 2005). The exposures were conducted under static-renewal
conditions with 60% of the overlying water replaced daily for the duration
of the experiments. To reduce the depletion of target analytes over the
extended exposure duration, test sediment was completely renewed every
30 days by transferring live organisms to new tanks containing fresh sedi-
ment. Water quality parameters were monitored each weekday in at least
one aquarium per species per time point.

Temperature was maintained at 20 + 1 °C for Nereis virens and 15 + 1 °C
for M. nasuta. Exposure chambers received aeration via air stones. The
quality of the overlying water was monitored using a model ABMTC hand-
held refractometer (Aquafauna Bio-Marine, Hawthorne, California) for
salinity, a model 3151 meter (WTW; Weilheim, Germany) for pH, and a
model Oxi 330 meter (WTW; Weilheim, Germany) for D.O. Porewater
ammonia samples were taken by centrifuging 45 mL of sediment at
2,700 g for 15 minutes using VWR Brand 50 mL centrifuge tubes (Cat.
No. 21008-177). The porewater, or supernatant, was then decanted and
analyzed for total ammonia concentrations using an 720A ion selective
electrode (ISE) meter (Thermo Orion Electron Corp., Beverly, MA)
equipped with a 95-12 ammonia sensitive electrode (Thermo Orion
Electron Corp., Beverly, MA).

Test organisms with a combined mass of approximately 25 g wet weight
were added to each replicate aquarium. The mean wet mass of the N.
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virens worms tested was 4.55 (2.50 — 6.59)! g while the mean wet mass of
whole M. nasuta clams was 10.96 (77.65 — 14.28)! g. To estimate the num-
ber of M. nasuta specimens required to equal 25 g, 10 clams were selected
for sacrifice and their whole weights (tissue and shell) and dissected wet
tissue weights were used to derive a whole clam to wet tissue conversion
factor of 0.18. Thus, whole live organisms were weighed prior to their
addition into aquaria and this conversion factor was applied to the whole
clam weight. Therefore the mean wet tissue mass of M. nasuta used in
experimentation was 1.97 (1.34 — 2.57) g. Test organisms failing to burrow
after 30 min (N. virens) or 4 hr (M. nasuta) were promptly replaced.

At the termination of each time point, test organisms in the three repli-
cated exposure aquaria were removed from the sediment and rinsed.
Undigested sediment was removed from the gut of test organisms prior to
analysis of tissue residues. Nereis virens was anesthetized in an isotonic
MgCl, solution and undigested sediment was pushed from the gut by
gentle compression using a clean stainless steel spatula from anterior to
posterior. Clam tissue was removed from the shells, the gut was dissected
with a scalpel, and contents were rinsed away using DI water. Organisms
were then thoroughly rinsed with DI water, blotted dry, weighed, and
frozen at -80 °C. Organism tissue from each replicate was composited and
homogenized by pulverization using a mortar and pestle over liquid nitro-
gen until ground into a powder (Boese et al. 1995). Pulverized tissue from
each replicate was then weighed into separate scintillation vials for each
chemical class and submitted for chemical analysis.

Analytical chemistry

Each of the homogenized sediments / tissues was sampled for chemical
analysis and submitted to the U.S. Army ERDC-EL Environmental
Chemistry Branch (Vicksburg, MS) for analysis of pesticides, polychlori-
nated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs), total
metals, simultaneously extracted metals (SEM), and acid volatile sulfides
(AVS). Samples were submitted to Severn Trent Laboratories (Knoxville,
TN) for dioxins and furans. All chemical analyses followed U.S. EPA 846
methodology. Organic compounds were extracted by method 3545 using
accelerated solvent extraction. Cleanup of organic extracts was accom-
plished for PAHs using a modification of method 3630 (silica gel), for
pesticides using a modification of method 3630 (florisil), and for PCBs

1 99% confidence intervals.



ERDC/EL TR-10-2

using a modification of method 3665 (sulfuric acid). PAH analysis was
according to method 8270 by gas chromatograph using selective ion mon-
itoring mode. Pesticides and PCBs were analyzed using an Agilent 5890
gas chromatograph with electron capture detection. Metals were analyzed
following methods 6010B and 6020 using a Perkin Elmer Optima 3000DV
Inductively Coupled Plasma Atomic Emission Spectrometer and Elan
6000 Inductively Coupled Plasma Mass Spectrometer, respectively. Total
mercury analysis was performed using a P.S. Analytical Atomic Fluores-
cence Detector following method 7471A. Methylmercury was determined
using ethylation followed by carbon-trapping and analysis by gas chroma-
tography with fluorescence detection. Dioxins and furans were measured
using method 8290 by high-resolution gas chromatograph — mass spec-
trophotometry. Grain size distribution of sediments was determined using
ASTM method D422.

The target analytical tissue requirement for dioxins/furans, PCBs, PAHs,
and chlorinated pesticides was 5 g while for mercury and methyl mercury
the requirement was 1 g. In some cases the target weight was not achieved
(always > 3.5 g) with the exception of dioxins and furans where 5 g was
always achieved. Lipid analysis was conducted using a method modified
from Van Handel (1985). Tissue samples (whole individual worms) were
homogenized in 1.5 ml of chloroform/methanol (1:1 v/v). Homogenates
were transferred to 13- x 100-mm tubes and centrifuged for 10 min at
1000 g. After recording the total volume, 0.25 ml of the supernatant was
transferred to a new 13- x 100-mm tube and placed in a heating block at
100 °C until all the solvent had evaporated. Concentrated sulfuric acid
(0.2 mL) was then added and the tubes were reheated at 100°C for 10 min.
After cooling, 4.8 ml of vanillin reagent was added. Vanillin reagent was
prepared by dissolving 600 mg of vanillin (Sigma, St. Louis, MO, USA) in
100 mL of hot water and adding 400 mL of 85% phosphoric acid. After

5 min, samples were read in a spectrophotometer at 490 nm against a
reagent blank. Lipid content was derived from a calibration line obtained
using standards of 0, 100, 250, 500, 1000, and 1500 ug of soybean oil
(Sigma, St. Louis, MO, USA) and the procedure described above. The
supernatant volume was multiplied by the mass of lipid determined from
the standard curve (yielding mg lipid), and then divided by the sample
weight (in mg) and multiplied by 100 to obtain the percent lipid value.
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Data analysis

Tissue residues for all three replicates within each time point were plotted
using SigmaPlot® software (SPSS, Chicago, IL) applying the user-defined
option and the following non-linear one-component-uptake equation from
ASTM (2000):

Ctissue = [ksk* & J(l - eike*t) (1)

e
where:

ks (aka k; or ky) = uptake rate constant from sediment to the organism
(expressed in g/g/d)
ke (aka ko) = elimination rate constant from the organism
(expressed as 1/t)
cs = contaminant concentration in sediment
t = time in days.

This equation was used to directly measure the uptake rate (ks) while the
elimination rate (ke) was estimated using the same uptake curve. Some
individual replicates were discarded (> 2 S.D. from the mean) as obvious
outliers.

The time required to reach 95% of steady state (TSS¢5%), in days, was
determined using the following equation from ASTM (2000):

Ln #
[1—0.95]:3
Kk Ke

e

TSS,, = (2)

Both 95% and 80% steady state will be referenced later in this report. The
equation above determines the time the exposed test subject requires to
approximate steady-state tissue residues. However, according to guidance
(USEPA/USACE 1991, 1998; ASTM 2000), 28-d sediment bioaccumula-
tion tests that obtain at least 80% of steady state are acceptable for use in
risk calculations. Therefore, although the amount of time needed to
approximate steady state (95%) is reported, the data set to 80% of steady
state is used in determining whether the 28-d exposure duration is ade-
quate for each analyte of concern.
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In addition, the fraction of steady state (fss) acquired after 28 days was
obtained from an equation supplied by McFarland (1995):

fo=1-e%? (3)

The steady-state correction factors (SSCF) can be determined by taking
the inverse of fss.

sscpzfi (4)

SS

The biota-to-sediment-accumulation factor (BSAF) for each analyte was
determined as follows:

c/
BSAF = £L (5)
c/
ocC
where:
Ct = concentration in the tissue
L = lipid fraction
Cs = concentration in the sediment
OC = organic carbon fraction of the sediment.

BSAFs were determined from both 28-d tissue residues (BSAF.gq) and
steady-state tissue residues (BSAFss).

The steady-state concentration for each analyte was determined using two
methods. A kinetic calculation was employed by inputting the TSS into
Equation 1 as “t.” In addition, an operational approach for estimating
steady state was used; this method defines steady state as the mean tissue
concentration between three consecutive and statistically indistinguish-
able time points (Boese et al. 1995; ASTM 2000); this method can be used
to estimate steady-state tissue residues in the absence of kinetic informa-
tion. All statistical comparisons used the SigmaStat® software package
(SPSS, Chicago, IL). The Holm-Sidak Test was used as recommended for
an initial screen, as it is more powerful than the Tukey and Bonferroni
tests. Uncertainty (including error bars) for these measures (Equations 2
and 3) was determined by inserting k. + the standard error obtained from
the model (Equation 1) into the equations above.
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3 Results and Discussion

Sediment chemistry

Sediment chemistry results were summed for each chemical class and are
provided in Table 2 to roughly compare the relative contamination of the
two test sediments. Full data reporting is provided in Appendix A. In
general, the contamination levels and organic carbon content were similar
between sediments, although chlorinated pesticides were below detection

limits in the Newark Bay sediment.

Table 2. Summary of concentrations of general chemical classes in the Arthur Kill and Newark
Bay sediments used in this study.

Black Methyl
TOC | Carbon | Adjusted | = PAH XPCBs | ZDDT Y Dioxins | Mercury | Mercury
Sediment | (%) | (%) TOC (%) | (ng/kg) | (ng/kg) | (ng/ke) | (ng/kg) | (ng/kg) | (ng/ke)
Arthur 29 | 0.15 2.7 11,938 | 153 439 3.9 4.68 43.1
Newark 2.2 |0.12 2.1 8,033 | 156 ND 21 2.55 2.75

Water quality parameters

Water quality ranges measured during the 28-d bioaccumulation bio-
assays met the specifications of protocols (USEPA/USACE 1998) for
temperature, dissolved oxygen, and pH (Table 3).

Table 3. Summary of mean water quality parameters (+ one standard deviation), with

minimum and maximum values in parentheses, for bioaccumulation exposures conducted in

this study.
Temperature Salinity pH D.O.
Test Organism Sediment | (°C) (%0) (SU) (mg/L)
Arthur 19.4+0.8 30+1 8.11+0.12 6.88 + 0.55
o (17.4 - 21.0) (29 - 34) (7.79 - 8.33) | (.51 - 8.06)
Nereis virens
Newark 19.2+0.4 32+1 8.16 £ 0.08 8.49 +0.88
(18.2 - 20.1) (30 - 33) (7.98 - 8.30) | (5.32 -9.50)
Arthur 15.8+ 0.3 30+1 8.10 £ 0.08 6.90 +£0.88
(14.9 - 16.6) (29 - 34) (7.89 - 8.27) (4.10 - 7.99)
Macoma nasuta
Newark 15.6+0.4 31+1 8.10 £ 0.08 9.16 + 0.64
(14.3 - 16.3) (30 - 33) (7.89 - 8.30) | (.78 - 10.10)
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Lipid content

No apparent trend was observed for mean lipid content of N. virens and
M. nasuta during the exposures (Figure 4). The mean lipid content for

N. virens on a wet weight basis was 1.8 + 0.3% (10.2 + 1.77% dry weight
basis) for the Arthur Kill exposure and 1.7 + 0.2% (10.0 + 1.2% dry weight
basis) during the Newark Bay exposure, which were higher relative to dry
weight based values of 7.6% to 8.3% obtained from the literature (Pruell et
al. 1990; Schrock et al. 1997). McLeese et al. (1980) reported wet weight
lipid contents for N. virens of 1.3 % (0.6—1.7%). The mean lipid content for
M. nasuta on a wet weight basis during the exposures to Arthur Kill and
Newark Bay sediments of 1.3 + 0.1% (7.3 + 0.6 dry weight basis) and

1.1+ 0.1% (6.2 £ 0.6% dry weight basis), respectively, were comparable to
range of 1.0—2.8 % reported in a previous study (McFarland et al. 1994).

Bioaccumulation kinetics

Toxicokinetic parameters were only derived for analytes with uptake
curves that fit the nonlinear model with a significance level of p < 0.10. For
analytes that were consistently detected in tissue but no temporal trend in
the uptake curve was apparent (e.g., PAHs in N. virens), steady state was
assumed during or prior to early time points. While the uptake and
apparent elimination kinetics for N. virens were similar in both sediment
exposures (Appendix B), faster kinetics were observed in M. nasuta for
some analytes (PCBs, dioxins, furans) in the exposure to Newark Bay
sediment (Appendix C). Generally, uptake and elimination rates were
slower for M. nasuta than for N. virens. Thus, the clam typically required
more time than the polychaete to reach steady-state tissue residues. An
example of this is illustrated for TCDF (Figure 5). At day 28 of the sedi-
ment exposure, 41 of the 73 analytes modeled did not reach 80% the esti-
mated steady-state tissue residue for M. nasuta, while only 39 of the

63 analytes modeled were below that level for N. virens. Fewer analytes
were modeled for N. virens because of lack of detection in tissues. The
percent of steady state obtained after N. virens and M. nasuta were
exposed to the two test sediments for 28 days is summarized in Table 4.
While N. virens was generally faster to steady state than M. nasuta, its
tissue residues were as much as two-fold higher in the polychaete during
most time points. This may be partially explained by the lipid content of
the polychaete being 1.4 times greater than that of the clam, an explana-
tion also used by Pruell et al. (1990). While the data set suggests M. nasuta
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Figure 4. Percent lipid content for Nereis virens (a) and Macoma nasuta (b). No consistent
statistically significant trends were observed over time for N. virens, while no statistical
significance between time points was observed for M. nasuta.

is more likely to require steady-state correction factors following 28 days
of exposure, the higher tissue residues (at steady state) obtained for N.
virens suggest this species may frequently exceed tissue benchmarks in
dredging evaluations.
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Figure 5. 2,3,7,8 TCDF uptake curves for Nereis virens (a) and Macoma nasuta (b). The curves graphically
indicate that while 28 days was adequate for steady-state tissue residues in N. virens, more time was needed
for M. nasuta. The dashed line indicates the concentration after 28 days of exposure. Time points with the
same letter designation were not statistically different from one another according to the Holm-Sidak
(or Dunn’s) test. The circled data points indicate the first set of three consecutive time points
that are not statistically different, indicating steady state by the operational method.

Table 4. Percent of steady state obtained for analytes of concern after the standard
laboratory exposure of 28 days (80 percent of steady state is considered acceptable

by guidance).
Percent of Steady State at 28 days

Nereis virens Macoma nasuta
Compounds Arthur Newark Arthur Newark
Pesticides
2,4-DDD 70 NA 62 NA
2,4-DDE 77 NA 60 NA
2,4-DDT <DL <DL <DL <DL
4,4-DDD 61 NA 63 NA
4,4-DDE 87 NA 50 NA
4,4-DDT 56 NA 58 NA
Total DDT 63 NA 56 NA
PCBs
8 <DL <DL 85 <DL
18 100* 99 ND 100
28 99 96 76 99
44 98 89 39 98
49 100 90 45 99
52 98 89 75 98
66 <DL 85 <DL 97
77 <DL <DL <DL <DL
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Percent of Steady State at 28 days

Nereis virens

Macoma nasuta

Compounds Arthur Newark Arthur Newark
PCBs (cont)

81 <DL <DL <DL <DL
87 <DL <DL <DL <DL
101 93 82 51 97
105 83 88 74 96
114 <DL <DL <DL <DL
118 90 84 19 92
123 <DL <DL <DL <DL
126 <DL <DL <DL <DL
128 90 100* 74 100*
138 94 90 53 96
156 <DL <DL <DL <DL
157 <DL <DL <DL <DL
167 <DL <DL <DL <DL
169 <DL <DL <DL <DL
170 91 100 100* <DL
180 87 90 55 99
183 88 100 100 <DL
184 <DL <DL <DL <DL
187 <DL 92 ND 100
189 <DL <DL <DL <DL
195 <DL <DL <DL <DL
206 100* ND <DL <DL
209 <DL <DL <DL <DL
PAHS

Acenaphthene <DL <DL <DL <DL
Acenapthylene <DL <DL <DL <DL
Anthracene <DL <DL <DL <DL
Benzo[a]anthracene <DL <DL 100* 96
Benzo[a]pyrene <DL <DL <DL 98
Benzo[b]fluoranthene <DL <DL 59 99
Benzo[g,h,i]perylene <DL <DL <DL <DL
Benzo[k]fluoranthene <DL <DL <DL 100
Chrysene <DL <DL 47 92
Dibenzo[a,h]lanthracene | <DL <DL <DL <DL
Fluoranthene 100 100* 93 99
Fluorene <DL <DL <DL <DL
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Percent of Steady State at 28 days

Nereis virens

Macoma nasuta

Compounds Arthur Newark Arthur Newark
PAHS (cont)

Indeno [1,2,3- <DL <DL <DL <DL
c,d]pyrene

Naphthalene <DL <DL <DL <DL
Phenanthrene <DL <DL <DL 100*
Pyrene 100 100 69 99
DIOXINS/FURANS

2,3,7,8,-TCDD 72 82 44 78
Total TCDD 94 77 33 88
1,2,3,7,8-PeCDD <DL <DL 100* <DL
Total PeCDD ND ND ND ND
1,2,3,4,7,8-HxCDD <DL <DL <DL <DL
1,2,3,6,7,8-HxCDD 88 75 72 66
1,2,3,7,8,9-HxCDD <DL <DL 100* <DL
Total HxCDD 91 89 ND 75
1,2,3,4,6,7,8-HpCDD 99 100 61 57
Total HpCDD 98 ND 39 38
OCDD 99 100* 51 62
2,3,7,8TCDF 98 100 54 ND
Total TCDF 100 96 34 89
1,2,3,7,8-PeCDF 69 92 60 <DL
2,3,4,7,8-PeCDF 75 96 76 94
Total PeCDF 94 98 ND 87
1,2,3,4,7,8-HxCDF 100 100 88 85
1,2,3,6,7,8-HxCDF 97 100* ND <DL
1,2,3,7,8,9-HxCDF <DL <DL <DL <DL
2,3,4,6,7,8-HxCDF ND 100* 82 <DL
Total HxCDF ND 100* 59 85
1,2,3,4,6,7,8-HpCDF 100 97 ND 54
1,2,3,4,7,8,9-HpCDF <DL 100* ND <DL
Total HpCDF 100 100* 76 59
OCDF 98 100* 45 41
METALS

Mercury 100 100* 63 72
Methyl mercury 100 100* 100* 95

ND = could not be determined

<DL = not detected in tissues (latter time points)

* = Steady state obtained based on visual determination (curve fit not significant)
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Steady-state determination: Kinetic vs. operational methods

The operational method for determining steady state was inconsistent for
all chemical classes and subject to (1) how the definition was interpreted
(i.e., mean of first three or last three consecutive statistically similar time
points), and (2) testing artifacts such as inter- and intra-time point vari-
ability, spread of the time points (e.g., 3, 7, 14 days vs. 5, 10, 28 days),
selection of statistical analysis method and analytical detection limits. To
illustrate potential uncertainties associated with the operational method,
the results derived using the kinetic and operational methods were com-
pared for N. virens exposed to DDTs (Appendix D1). In many cases, deter-
mining steady state by the operational method was altered if the first three
or last three consecutive statistically indistinguishable data points were
selected. If the first three points were selected, the operational method
provided an estimated steady-state concentration that was sometimes but
not always (e.g., p,p-DDT) lower than that of the kinetic method (Equa-
tions 1 and 2). In some cases, the 3-, 7-, and 14-day (e.g., p,p-DDE) or 21-,
28-, and 42-day (e.g., p,p-DDT) time points were statistically similar while
simple examination of the graph indicated that there was still an increas-
ing, albeit gradual, trend in uptake in later time points (i.e., 42 and

56 days). When the last three statistically similar data points were used,
the operational method provided steady-state concentrations similar to
those of the kinetic method (within 10—20% error). The use of the opera-
tional method, however, is problematic when the exposure duration of an
experiment is not long enough for tissue residues to reach stable concen-
tration. The operational method is greatly influenced by (1) variability
within and between time points, (2) gradually increasing trends (i.e.,
means are too close to elicit statistical differences), and (3) time points
that are sampled too closely together. In these cases, the steady-state con-
centration would be underestimated. Similar conclusions were inferred
from the M. nasuta exposure (Appendix E1). The subjectivity of applying
this method is exacerbated by the lack of clear guidance on which statisti-
cal method (e.g., t-tests, one way ANOVAs with Tukey’s method) to use.
Differences in the analysis outcome are reported in Appendix D1, where
more conservative (Tukey) and more powerful (Holm-Sidak) statistical
methods were applied to the same data sets.

Overall, it is clear from this analysis that the kinetic method for determin-
ing steady state is preferable and more versatile. It does not have the same
limitations as the operational method and can extrapolate beyond the
actual test duration to estimate steady state, including additional
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parameters such as time to steady state (TSS) and fraction of steady state
(fss). Additionally, the kinetic method provides a more robust measure of
variability (e.g., ku, ke with standard errors) that can be propagated
through uptake and food web models. The operational method could be
useful when the kinetic method cannot be applied due to insignificant
curve fitting after visual inspection of the curve to ensure the results of the
statistical comparison are logical. Because of the uncertainties associated
with the operational method, the steady-state parameters (e.g., time to
steady state, fraction of steady state) were determined by the kinetic
method in the results and discussion sections below.

Chlorinated pesticides

Pesticide sediment chemistry (Table A1), kinetics information (Tables B1
and C1), and uptake curves (Figures D1 and E1) are summarized in detail
in the appendices.

Data were obtained for DDTs! only in the exposures to the Arthur Kill
sediment, since the Theoretical Bioaccumulation Potential (TBP) model
(USEPA/USACE 1998) indicated that other chlorinated pesticides in the
Arthur Kill sediment and all pesticides in the Newark Bay sediment would
be below detection limits in tissues. Overall, data obtained from this study
and the available literature (e.g., Boese et al. 1997) indicate that the stan-
dard 28-d test duration was inadequate for DDTs to achieve the require-
ment of at least 80% of the steady state in both N. virens and M. nasuta.
Thus, use of SSCFs for 28-d tissue residues for DDTs is recommended.

The uptake rates for DDTs were much higher in N. virens (0.007 - 0.0111
g/g/d) than in M. nasuta (0.0009—0.0048 g/g/d), resulting in faster
acquisition of steady state. Except for p,p'-DDT, the rates for M. nasuta
were much lower in exposures to Arthur Kill sediment than rates deter-
mined for clams (0.012—0.038 g/g/d) exposed to DDT-spiked sediments
from the Lauritzen Channel (Richmond, CA) (Boese et al. 1997) (Figure 6).
The higher uptake rates from the Boese et al. (1997) study are likely an
artifact of sediment spiking resulting in increased bioavailability. The
uptake rates for p,p'-DDT were substantially lower than for other DDTs in
both this study and in the study by Boese et al. (1997). Studies reporting
uptake rates for DDTs in N. virens from sediment were not found in the
peer-reviewed literature.

1 Represents dichlorodiphenyltrichloroethane (DDT), dichlorodiphenyldichloroethylene (DDE), and
dichlorodiphenyldichloroethane (DDD).
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Figure 6. Uptake (a) and elimination rates (b) for DDT analytes and sum of all DDTs derived
in this study for Macoma nasuta and Nereis virens exposed to Arthur Kill sediment.

DDT elimination rates between species were similar, although relatively
higher for N. virens (0.0293—0.728 d-!) than in M. nasuta (0.0247—
0.0351 d?) (Figure 6b). The elimination rates modeled from the uptake
curve for M. nasuta were comparable to those determined for clams
exposed to sediments from the Lauritzen Channel (Boese et al. 1997) using
the same method (Figure 7). Studies of the elimination of DDTs in N.
virens after sediment exposure were not found in the available literature.
Haya and Burridge (1988) conducted a study examining the uptake and
elimination kinetics of N. virens from water exposures under both normal
and suboptimal oxygen conditions and reported comparable elimination
values ranging from 0.001 to 0.002 h! (or 0.024 — 0.048 d-?) for worms
exposed to normal oxygen conditions.
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Figure 7. Uptake and elimination rates for Macoma nasuta exposed to DDT analytes and sum of all DDTs for
this study (Arthur Kill sediment) and the Lauritzen Channel (Boese et al. 1997). Boese measured elimination
rates by two methods: (1) by estimates derived from curve fitting (Spiked - C), as in this study, and (2) by direct
measurement of linear uptake and elimination (Spiked - L).

For N. virens, steady state (as determined from Equation 2) for the DDTs
was approached between 41 and 102 days, depending on the analyte.
When tissue residues for all DDTs were summed (total or ¥DDTs), steady
state occurred after 85 days of exposure. The only analyte to reach the
guidance requirement (i.e., at least 80% of steady state after 28-d expo-
sure) was p,p-DDE. Tissue residues were only 56 to 77% of steady state for
the other analytes after 28 days of exposure. The time periods required for
DDTs to approach steady-state tissue residues in Macoma nasuta (86—
122 days) were longer overall than those determined for N. virens. For
¥DDTs, steady state was reached after 102 days. For M. nasuta, Boese et
al. (1997) approximated steady state for DDT in the range of 86—217 days
while Lee et al. (1994) reported a range of 60 to >90 days. The fraction of
steady state for M. nasuta after 28 days fell well short of 80% for all DDTs,
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ranging from 50 to 63%. This finding was corroborated by values of
10—-60% summarized in ASTM (2000). Time to steady state for both
organisms is summarized in Figure 8.
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Figure 8. Time to 95% steady state (TSS) (a) and fraction of steady state (fss-2g4) (b) derived for DDTs in
Macoma nasuta and Nereis virens in this study. The solid line in panel (b) indicates 80% of steady state.

Since most DDTs, DDEs, and DDDs did not reach steady state within

28 days and do not offer a wide range in log Ko values (6.22—6.95), the
fraction of steady state (fss) was below 0.8 for both organisms and no clear
relationship was observable between log Kow and fss.

Steady-state BSAFs were consistently higher than 28-d BSAFs, and were
similar among analytes with the exception of the substantially lower BSAF
for o,p-DDE for N. virens and p,p'-DDT for M. nasuta (Figure 9). The
steady-state BSAFs determined in this study fell within the range of 0.118
to 0.479 for p,p-DDTs reported for N. virens (Metcalf and Eddy, Inc. 1995).
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Figure 9. Mean instantaneous 28-d biota to sediment accumulation factors (BSAF) (a) and kinetically modeled
at steady state BSAF at steady state (BSAF SS) (b) biota to sediment accumulation factors for Nereis virens
and Macoma nasuta exposed to the Arthur Kill sediment.

BASF values for M. nasuta exposed to field-contaminated sediment
reported by Ferraro et al. (1990) and Boese et al. (1997) were typically
higher than values determined for the Arthur Kill sediment. Boese et al.
(1997) reported that the M. nasuta BSAF for p,p-DDT (0.09) was lower
than DDDs and DDEs (0.72 - 1.67), a finding corroborated by this study.

Polychlorinated biphenyls (PCBs)

PCB sediment chemistry (Table A2), kinetics information (Tables B2 and
C2), and uptake curves (Figures D2 and E2) are summarized in detail in

the appendices.
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The uptake kinetics of PCB congeners were similar in both sediments for
N. virens but were substantially different between sediments for M.
nasuta (Figure 10). Tissue residue in N. virens in both sediment exposures
and M. nasuta in the Newark Bay exposure reached at least 80% of steady
state for all congeners within 28 days. However, M. nasuta exposed to
Arthur Kill sediment required longer than 28 days to reach 80% of steady
state for 10 of the 12 congeners for which significant uptake curves were
obtained.
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Figure 10. Uptake (a) and elimination rates (b) for select PCB congeners derived in this study for Macoma nasuta
and Nereis virens. Missing congeners were no detected in tissues at levels sufficient for modeling.

For N. virens, the uptake rates for PCBs were higher in the Arthur Kill
sediment for all congeners except 183, suggesting lower bioavailability of
PCBs in the Newark Bay sediment. This is the opposite of the expected
bioavailability based on the TOC for Arthur Kill (2.9%) and Newark Bay
sediments (2.2%). For M. nasuta, however, the uptake rates for PCBs were
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consistently higher in the Newark Bay sediment, suggesting lower PCB
bioavailability in the Arthur Kill sediment, as would be predicted by TOC
and black carbon content (Table 2).

Uptake rates for M. nasuta determined in this study are compared to rates
reported by Boese et al. (1997) for spiked compounds (Figure 11). Uptake
rates for all compounds were a magnitude higher in spiked sediment com-
pared to field-contaminated sediment. It has been documented by others
that chemicals spiked into sediments are more bioavailable (Kukkonen
and Landrum 1998). A similar magnitude of difference was reported by
Boese et al. (1997) for PCB 153. Studies specifically reporting uptake rates
for PCBs in N. virens in sediment exposures were not found in the
available literature.
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Figure 11. Uptake rates for PCB analytes in Macoma nasuta for this study and from spiked sediments in Boese
et al. (1997). Boese et al. (1997) measured rates by two methods: (1) by estimates derived from curve fitting
(Spiked C), as in this study, and (2) by direct measurement of linear uptake and elimination (Spiked L).

The rates of elimination (Figure 10b) estimated by modeling the uptake
curve were similar in both sediments for N. virens. For M. nasuta, how-
ever, elimination was apparently more efficient in the Newark Bay sedi-
ment exposure. Boese et al. (1997) determined elimination rates by two
methods; (1) modeling the uptake curve and indirectly calculating the rate
of elimination (as in the current study); and (2) directly measuring depur-
ation rates by transferring exposed organisms to uncontaminated sedi-
ment. Both of these methods determined similar elimination rates to those
determined in the Arthur Kill sediment exposure from the current study.
Since elimination of bioaccumulated compounds is expected to occur at a
constant rate irrespective of uptake source, the actual elimination rates in
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the Newark Bay sediment were likely similar to those determined in the
Arthur Kill sediment in this study and in spiked sediments in the study by
Boese et al. (1997) (Figure 12). The exceptionally high apparent rates of
elimination from the Newark Bay exposure may have resulted from a
gradual decrease in uptake rate over time (resulting from a change in the
bioavailable chemical fraction) causing faster apparent approach to steady
state than in the Arthur Kill sediment. The model used in this study
(Equation 1) assumes a constant uptake rate and depends on this to
accurately extrapolate elimination. Goerke and Ernst (1977) determined
elimination rates of PCB congeners 4, 31, and 100 in water only following
dosing animals via feeding with contaminated food. The elimination rates
were 0.03, 0.057, and 0.011 d-t for PCBs 4, 31, and 100, respectively. Those
rates were substantially lower than those determined in the uptake experi-
ment in this study for PCBs 28 (0.118 and 0.164 d*) and 101 (0.061 and
0.097 d). The higher rates of elimination observed in this study are likely
due to faster elimination of hydrophobic compounds in sediment than in
water only for benthic invertebrates, as demonstrated for PAHs (Lotufo
and Landrum 2002) and chlorinated compounds (Lydy et al. 1992). Pre-
vious reports of the elimination rates of PCBs in N. virens in the presence
of sediment were not found in the available literature. Studies directly
measuring the elimination rate of PCBs in N. virens following exposure to
PCBs are needed.
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Figure 12. Elimination rates for PCB analytes in Macoma nasuta for this study and from spiked sediments

in Boese et al. (1997). Boese measured rates by two methods: (1) by estimates derived from curve fitting

(Spiked- C), as in this study, and (2) by direct measurement of linear uptake and elimination (Spiked - L).
The Boese data corroborates the Arthur Kill data set from this study.
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For N. virens, there was reasonable agreement between congeners for
kinetics parameters and thus TSS (5 to 49 days) and in both sediments,
with the exceptions of congeners 170 and 183, for which steady state was
achieved considerably faster in the Newark Bay exposure (Figure 13) due
to high estimated elimination rates (Figure 10). Rubinstein et al. (1983)
noted that time to approach steady state for PCBs in N. virens varied
between 20 and 40 days in four different New York Harbor sediments. In
the study by Rubinstein et al. (1983), apparent elimination rates and time
to steady state varied considerably among sediments.

As a result of differences in elimination rate estimates, considerable differ-
ences in the model estimations of TSS between the Arthur Kill (range 40 to
140 days, median TSS = 62 days) and Newark Bay (range 11 to 33 days,
median TSS = 22 days) were determined for M. nasuta (Figure 13). The
median 28-d fraction of steady state was considerably lower for the Arthur
Kill exposure (fss = 0.65) relative to the Newark Bay exposure (fss = 0.98).
Thus, based on model projections from the data, the adequacy of the stan-
dard 28-d exposure period for steady-state bioaccumulation of PCBs in

M. nasuta appear to be sediment-dependent, as suggested by Rubinstein
et al. (1983). However, the range (63 to 267 days) of TSS reported by
Boese et al. (1997) for M. nasuta exposed to spiked PCBs corresponds
more closely to the values obtained in the Arthur Kill exposure. Thus, it is
reasonable to conclude that the kinetics information obtained from the
Arthur Kill exposure could be used as a more conservative estimation of
steady state for a wide range of sediments from the New York Harbor area.
The high TSS reported for PCB 118 (390 days) in the Arthur Kill exposure
should be interpreted with caution provided the 119-d tissue residue was
almost twofold greater than the apparently stable 28- through 9o-d time
tissue residue (Appendix D2).

Pruell et al. (1990, 1993) reported relatively slow acquisition of steady
state for N. virens but fast uptake for M. nasuta exposed to PCBs based on
statistical comparison between time points (Figure 14). The average mass
of the N. virens (3.97 + 1.35 g) and M. nasuta (1.87 + 0.37 g), reported in
Pruell et al. (1993), was similar to the current study (see methods section),
suggesting similar kinetics. These findings contrast with the Arthur Kill
data set in this study, where uptake and elimination rates were much
slower in M. nasuta relative to N. virens. Four important differences in
methodology existed in the Pruell et al. study:
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this study. The solid line in panel b indicates 80% of steady state. PCB 118 (TSS

390 days) was excluded for Macoma Arthur Kill due to a

large jump in the last timepoint. Asterisks highlight the congeners that did not reach at least 80% of steady state after 28 days.
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Figure 14. Uptake curves for Nereis virens (a) and Macoma nasuta (b) as reported by Pruell et al. (1990).

1.

Pruell conducted the exposures at 18—22 <. While this temperature range
is comparable to the N. virens exposure in the current study (20 °C), it is
higher than the M. nasuta exposure conducted in this study (15 °C) and
higher than guidance in the Inland Testing Manual (USEPA/USACE 1998)
of 12—16 °C. Conducting bioassays at higher temperatures may increase
organism activity, metabolism, and thus uptake and elimination kinetics
leading to faster acquisition of steady state. Consequently, the M. nasuta
kinetics obtained in the current study are likely to better represent the
rates of bioaccumulation used in dredged material evaluations.

No renewal of test sediment was reported throughout the 120- to 180-day
exposure periods. Sediment additions and renewals during long-term bio-
accumulation exposures are strongly recommended, as test organisms
may locally deplete sediments of contaminants (Lee et al. 1993 and refer-
ences within, Boese et al. 1995). Local depletion of PCBs in the sediment is
a situation that may be especially problematic for the more sedentary

M. nasuta (ASTM 2000). Theoretically, any change in chemical concen-
tration or bioavailability may result in a premature plateau or even dip in
the uptake.

A 24-hr water-only purging period was conducted to address removal of
digested sediment remaining in the guts of test organisms following
exposure. This method may lead to incomplete gut purging relative to
other methods (gut dissection, transfer into clean sediments). This may be
problematic for M. nasuta since the clams may not be able to fully clear
their guts without assistance from incoming sediment.

Steady state was not kinetically determined (by curve fitting). Examina-
tion of the curves without the kinetic approach may present subjectivity.
While Lee et al. (1993) reported slow chemical depuration from M. nasuta
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(4 and 12% after 24 and 48 hr, respectively), the depuration by M. nasuta
was reported (Pruell et al. 1990) to be rapid and replication may have been
limited due to unexpected mortality. Additionally, the TOC of the Passaic
River sediment used was considerably higher (5.7%) than either of the
sediments examined in this study (Table 2), which may have reduced
bioavailability.

Rubinstein et al. (1983) found N. virens to reach steady state much more
rapidly (30—40 days) and corroborates the data set in the current study.
An additional study by Drouillard et al. (2008) has confirmed that

N. virens achieves steady state within 28 days for a wide range of PCB con-
geners accumulated from sediment from the Hudson River. The current
results suggest that 28-d exposure is adequate for all congeners (Figure 15)
to reach steady-state tissue residues in N. virens and thus a correction fac-
tor is not necessary. For M. nasuta, it is recommended that the estimates
from the Arthur Kill exposure (corroborated by Boese et al. 1997 and
ASTM 2000) be given precedence for more conservative risk calculations;
therefore, PCBs in M. nasuta may require greater than 28 days to reach
steady-state tissue residues and correction factors are necessary (Table 4).

All PCB congeners, regardless of Kow (range: 5.24—7.36), reached at least
80% of steady state for N. virens in both test sediments (Figure 15). While
all congeners also reached at least 80% steady state in M. nasuta in the
Newark Bay exposure, congeners with Kow values greater than 5.5 gener-
ally did not reach 80% steady state in exposure to the Arthur Kill
sediment.
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For N. virens, the 28-d and steady-state BSAFs were similar among con-
geners and between the Arthur Kill and Newark Bay sediment exposures
(Figure 16). The BSAFs obtained in this study were lower overall compared
to previously reported values (0.19—1.41) (Pruell et al. 1993).

For M. nasuta, the 28-d and steady-state BSAFs were similar among con-
geners. However, 28-d BSAFs were consistently higher for the Arthur Kill
sediment and steady-state BSAFs were higher in the Arthur Kill sediment
for all congeners except PCB 128. Literature values for M. nasuta BSAFs in
the ERDC BSAF database varied greatly, generally ranging from 0.06 to
4.79, with outliers as high as 19.2 (Ferraro et al. 1990, 1991; Brannon et al.
1993; Pruell et al. 1993; Boese et al. 1995, 1996). Overall, the BSAFs
obtained in this study for M. nasuta were lower compared to previously
reported values.

Based on kinetics data from this study and previous reports, the 28-d bio-
accumulation test duration is adequate for PCB concentrations to reach
80% of steady state in N. virens tissue (Figure 15) but too short for

M. nasuta tissues to approximate steady state based on the more conserv-
ative estimate derived from the Arthur Kill sediment and Boese et al.

(1997).
Dioxins and furans

Dioxins/furans sediment chemistry (Table A3), kinetics information
(Tables B3 and C3), and uptake curves (Figures D3 and E3) are sum-
marized in the appendices.

The majority of dioxin and furan compounds (14 out of 18 compounds)
reached at least 80% of steady state in N. virens but a much smaller
percentage of compounds reached at least 80% of steady state in M.
nasuta (77 out of 18 compounds) after 28 days of exposure in both test
sediments. Thus, standard 28-d bioaccumulation test duration appeared
adequate for N. virens (i.e., no correction factors needed with the excep-
tion of TCDD) but longer exposure duration is required for M. nasuta for
steady-state bioaccumulation determination of dioxins and furans (i.e.,
correction factors are needed).
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Bioaccumulation was evaluated for 18 dioxin and furan compounds and
the sum concentration of classes of compounds detected in the sediment
samples (Table A3).

For N. virens, uptake and elimination rate constants were determined for
17 and 12 dioxins and furans for the Arthur Kill and Newark Bay sediment
exposures, respectively (Table B3). Bioaccumulation patterns that did not
fit the model (Equation 1) prevented determination of uptake kinetics
rates for six dioxins and furans in the Arthur Kill sediment and 11 dioxins
and furans in the Newark Bay sediment (Table B3). The uptake rates were
higher in the Newark Bay sediment exposure for most dioxins and furans.
This finding contrasts with the PCB trends in N. virens but is consistent
with sediment TOC levels. Relatively high uptake rates were determined
for 2,3,7,8-TCDF, Total TCDF, and Total PeCDF in the Newark Bay
sediment.

For M. nasuta, the temporal pattern of bioaccumulation was determined
for 25 and 17 dioxins and furans for the Arthur Kill and Newark Bay sedi-
ments (Tables C3 and C7). Bioaccumulation patterns that did not fit the
model (Equation 1) prevented determination of uptake kinetics rates for
two dioxins and furans in the Arthur Kill sediment and one compound in
the Newark Bay sediment. The uptake rates were higher in the Newark Bay
sediment for most dioxins and furans that yielded kinetic curves for both
sediments (Figure 17, Table E3) indicating lower bioavailability in the
Arthur Kill sediment. This finding is consistent with the lower bioavail-
ability of PCBs in the Arthur Kill sediment. Relatively high uptake rates
were determined for Total TCDD and Total TCDF in the Newark Bay sedi-
ment. Reporting of uptake of dioxins rates from sediments by M. nasuta
were not found in the available literature.

The rates of elimination estimated by modeling the uptake curve were rel-
atively similar in both sediments for most compounds or sum of com-
pounds for N. virens and M. nasuta (Figure 17). Reports of rates of uptake
and elimination of dioxins and furans by N. virens and M. nasuta were not
found in the available literature.

For N. virens, most (80%) dioxins and furans reached 80% of steady-state
residue tissue after 28-d (Table 4, Figure 18). However, some analytes
(e.g., 2,3,7,8-TCDD, 1,2,3,6,7,8-HxCDD, 2,3,4,7,8-PeCDF) required longer
periods of time (Figure 18). The analyte that had the lowest fraction of
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steady state at day 28 was 2,3,7,8-TCDD (64 — 67%), for which ASTM
(2000) reported 22% of steady state obtained after 28 days of exposure.
Overall, the TSS ranged from 6 to 82 days, with a median value of 23 days.
Good agreement in kinetics parameters for specific dioxins and furans
between the Arthur Kill and Newark Bay exposures was obtained, with the
exception of 1,2,3,7,8-PeCDF and 2,3,4,7,8-PeCDF where the time to
steady state and 28-day fraction of steady state for the Arthur Kill expo-
sure were notably higher and lower, respectively. The temporal pattern of
bioaccumulation of 2,3,7,8-TCDD from Passaic River (NJ) by N. virens
reported in Pruell et al. (1990) (Figure 19) suggested a longer time for
steady state than those determined in this study for the Newark Bay and
Arthur Kill sediments (Tables B3 and C3). For 2,3,7,8-TCDF, however, the
temporal pattern reported in Pruell et al. (1990) suggests a fast time to
steady state as determined in this study.
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Figure 19. Uptake and elimination kinetics for Nereis virens exposed to TCDD and TCDF in (a) Passaic River
sediment (Pruell et al. 1990), (b) Arthur Kill sediment (this study), and (c) Newark Bay sediment (this study).
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Similar to the results from the M. nasuta exposure to PCBs, the modeled
time to steady state for dioxins and furans was longer than 28 days. The
median TSS in the Arthur Kill sediment was 93 days and fraction of steady
state at day 28 was 0.59 while for the Newark Bay sediment the median
TSSy5% was 53 days and the fraction of steady state at day 28 was 0.75.
There was a smaller difference between kinetic parameters for dioxins and
furans for the two sediments tested as compared to the wide differences
observed for PCBs using the same sediments. Using a visual inspection of
M. nasuta time-dependent tissue residue curves, ASTM (2000) reported
fractions of steady state at day 28 of 80 and 100% for TCDD and TCDF,
respectively. These values correspond more closely with the Newark Bay
sediment exposure of this study. The temporal pattern of bioaccumulation
of 2,3,7,8-TCDD from Passaic River (NJ) by M. nasuta reported in Pruell
et al. (1990) (Figure 20) suggest a shorter time for steady state than those
determined in this study for the Newark Bay and Arthur Kill sediments
(Tables B3 and C3). For 2,3,7,8-TCDF, the temporal pattern reported in
Pruell et al. (1990) suggest a much shorter time to steady state than deter-
mined in this study for the Arthur Kill sediment, whereas no increase in
tissue residue was apparent for that compound in the Newark Bay sedi-
ment in this study (Appendix E). See the PCB discussion for description of
the differences that existed between these two studies.

Log Kow values (6.46 — 8.75) are on the high end for dioxins and furans. No
obvious pattern was observed for N. virens, although there were com-
pounds (Kow > 7) in both sediment exposures that did not reach steady-
state tissue residues after 28 days (Figure 21). For M. nasuta, however, all
compounds with log K, values that exceeded 8.0 did not reach 80% of
steady state after 28 days.

For N. virens, the 28-d measured BSAF were typically lower than steady-
state BSAFs, which ranged widely from 0.02 to 1.65 (Figure 22). BSAF
values were generally comparable for the same analytes between the two
sediment exposures, with discrepancies for total 2,3,7,8-TCDD, 2,3,7,8-
TCDF, total TCDF, and total PeCDF. BSAF values previously reported for
TCDD and TCDF ranged from 0.11 to 0.50 (Pruell et al. 1993; Schrock et
al. 1997) and were overall similar to the steady state BSAFs obtained in
this study.



ERDC/EL TR-10-2

38

(a)
Macoma
250
*—eTCDD
a—sTCOF
Pg:aaic
l ediment
\
\
\ Depuration
\
/I\"'—'-—\.,_‘______t
N t
\ ~
N ~
0+~ — — 4 4+ L
010 28 42 70 84 112 120 180 190
(b) (c)
6 12
o
5 4
10 1 °
B 4 _ o
g g .
9 = °
(7] a 6 4
Du:) 24 &
8 [}
g 3 4
i 14 2
04 2]
® 2378-TCDD A
O 2378-TCDF 8 ® 2378-TCDD
‘ ‘ ‘ ‘ ‘ ‘ b O 23,7,8-TCDF
20 40 60 80 100 120 140 0 T T T T T T T
0 20 40 60 80 100 120 140
Days of Exposure
Days of Exposure
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For M. nasuta, the 28-d measured BSAF values were typically lower than
steady-state BSAFs, which ranged widely from 0.05 to 3.36 (Figure 22).
BSAF values were generally comparable for the same analytes between the
two sediment exposures, with most notable discrepancies found for
2,3,7,8-TCDD and 1,2,3,4,6,7,8-HpCDD. The BSAF values found in the
literature for 2,3,7,8-TCDD and 2,3,7,8-TCDF were 0.90 and 0.70,
respectively (Pruell et al. 1993) and were comparable to the steady-state
values of 0.26 to 1.03 determined in his study.

Polycyclic Aromatic Hydrocarbons (PAHs)

PAH sediment chemistry (Table A4), kinetics information (Tables B4 and
C4), and uptake curves (Figures D4 and E4) are summarized in the
appendices.

Bioaccumulation of PAHs was detectable for only three compounds in

N. virens and seven compounds in M. nasuta. Based on the limited infor-
mation derived in this study and information obtained from the available
literature, the standard 28-d test duration is adequate to obtain steady-
state tissue residues in N. virens. The same is true for M. nasuta based on
results from Newark Bay sediment exposures. The higher time to steady
state determined for Arthur Kill sediments may suggest that changes in
bioavailability over time lead to increased body residues after the 28-d
standard exposure period.

Among the PAHs with measurable sediment concentrations (Table 2), only
fluoranthene, pyrene, and chrysene were detected in N. virens tissues.
Because steady state was reached before the first sampling time point

(t = 3 days), uptake rates could not be determined for chrysene and fluo-
ranthene in the Newark Bay sediment and chrysene in the Arthur Kill
sediment. Rapid acquisition of steady state in N. virens is supported by
Ciarelli et al. (2000) for flouranthene (< 5 days). The uptake rates deter-
mined for fluoranthene and pyrene were very similar (Table B4; Fig-

ure 23). Lack of detectable bioaccumulation of most PAHs in N. virens
present in the sediment may be due to the highly efficient metabolism of
PAHs by this polychaete worm (McElroy 1990; Driscoll and McElroy 1996;
Rust et al. 2004; Jorgensen et al. 2005). Unless the project goal is to
assess uptake in organisms that are efficient metabolizers of PAHs, this
invertebrate species may be inappropriate to assess the bioaccumulation
potential of PAHs in dredged material (Driscoll and McElroy 1996).
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Figure 23. Uptake (a) and elimination rates (b) for PAH analytes derived in this study for Macoma nasuta
and Nereis virens.

Uptake rates of PAHs in M. nasuta were determined for the seven PAHs
detected in the tissue of exposed clams (Table C4; Figure 23). Those rates
were similar, ranging from 0.0056 to 0.0182 g/g/d. For the Arthur Kill
sediment, however, lack of increases in tissue residue from days 7 to 120
precluded determination of uptake rates for benzo[a]anthracene,
benzo[a]pyrene, and benzo[k]fluoranthene (Figure 23). The uptake rates
of fluoranthene, pyrene, chrysene, and BBF ranged widely from 0.0006 to
0.0306 g/g/d. Except for fluoranthene, uptake rates were substantially
slower in the Arthur Kill sediment compared to the Newark Bay sediment,
similar to rates determined for PCBs. Information on the uptake kinetics

of PAHs from sediment by M. nasuta was not found in the available
literature.
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For N. virens , the rates of elimination estimated by modeling the uptake
curve (Table D4) were very high for fluoranthene and pyrene (Table B4;
Figure 23). The elimination rate for fluoranthene determined for the
Arthur Kill sediment exposure (0.54 d*) was very similar to the rate

(0.60 d) determined for that compound in the overlying water of spiked
sediment (Ciarelli et al. 2000). Rapid elimination of PAHs has been
reported for other species of polychaetes (e.g., Christensen et al. 2002).
The limited kinetics information derived in this study indicates that PAHs
approached steady state rapidly (TSS in 6 to 15 days) in N. virens exposed
to the two sediments. Such rapid acquisition of steady state is consistent
with previous reports for different species of polychaetes (Augenfeld et al.
1982; Ciarelli et al. 2000; Christensen et al. 2002).

The elimination rates estimated for the Newark Bay sediment exposures
were relatively similar, ranging from 0.089 to 0.2143 d-! (Table C4; Fig-
ure 23). Rates estimated for the Arthur Kill sediment were consistently
lower, suggesting that temporal changes in the uptake kinetics determined
for the Arthur Kill sediment (e.g., increased uptake rate during the later
exposure period) may have been responsible for the unexpectedly low
elimination rates. PAHs approached steady state much more slowly in

M. nasuta (TSSgs% in 14 to 131 days) compared to N. virens (Figure 24).
Due to the different temporal patterns of bioaccumulation, the TSS was
unexpectedly high for pyrene (72 days), chrysene (131 days), and
benzo[b]fluoranthene (94 days) compared to values derived from the
Newark Bay exposure (18, 34, and 18 days, respectively). The ASTM
(2000) reports that M. nasuta reached 100% of steady state for benzo(b,k)
fluoranthene and fluoranthene after 28 days of exposure. That determina-
tion is much more comparable to results for TSSqs% for PAHs in exposure
to Newark Bay sediment (92—100%) than the exposure to Arthur Kill
sediment (47—93%) (Table 4). Results derived from the Newark Bay sedi-
ment exposure are expected to be more representative of the temporal
pattern of PAH accumulation in M. nasuta. Laboratory exposures to a
wider variety of sediments would be necessary to determine the adequacy
of the 28-d exposure duration for determined steady-state concentrations
of PAHs in M. nasuta.
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The PAH compounds have relatively low log Ko values from 3.34—6.04
and the data set allowed only three data points to be plotted for N. virens,
both of which reached more than 80% steady-state tissue residues (Fig-
ure 25). Compounds with log Ko values greater than 5.5 did not reach
80% of steady state in M. nasuta tissue only in the Arthur Kill exposure.

For N. virens, the 28-d and steady-state BSAFs were similar among con-
geners and between the Arthur Kill and Newark Bay sediment exposures
(Table B4; Figure 26). The BSAFs obtained in this study were substantially
lower compared to mean values (0.80—3.31) reported by Brannon et al.
(1993) using total radioactivity rather than measured parent compound
concentration.
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modeled at steady state BSAF at steady state (BSAF SS) (b) biota-to-sediment accumulation factors

for Nereis virens and Macoma nasuta exposed to the Arthur Kill sediment. FLA = fluoranthene;

PYR = pyrene; CHR = chrysene; BAA = benzo[a]anthracene; BBF = benzo[b]fluoranthene,
benzo[k]fluoranthene, BAP = benzo[a]pyrene.
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For M. nasuta, the 28-d and steady-state BSAFs were similar among con-
geners for the Newark Bay sediment. The BSAF values were substantially
lower for the Arthur Kill sediment except for fluoranthene (Table C4;
Figure 26), consistent with similar data determined for PCBs. The BSAF
values determined for the Newark Bay site were similar to values reported
by Ferraro et al. (1990).

A limitation of this study was that it was only possible to assess a small
number of PAHs since many of the uptake curves did not fit the steady-
state model (Equation 1). Curves for other PAHs were not obtained due to
insufficient or unstable concentrations in the tested sediments or due to
the metabolism of the test organisms, particularly N. virens (Ernst et al.
1977; Driscoll and McElroy 1996; Goerke and Weber 2001; Rust et al.
2004). Additionally, alkylated PAHs and PAH metabolites were not
considered in the analysis.

Mercury and methyl mercury

Mercury sediment chemistry (Table A5), kinetics information (Tables B5
and Cs5), and uptake curves (Figures D5 and E5) are summarized in the
appendices.

Methyl mercury approached steady state in N. virens and M. nasuta in

28 days or less of exposure in both test sediments. Mercury approached
steady state in N. virens before 28 days of exposure in both experiments
while steady state occurred after 28 days in M. nasuta in both experi-
ments. Thus, standard 28-d bioaccumulation test duration appears ade-
quate for N. virens and M. nasuta for steady-state bioaccumulation deter-
mination of methyl mercury, but longer exposure duration is required for
M. nasuta for steady-state bioaccumulation determination of mercury
from New York Harbor sediments.

Non-model-conforming patterns of bioaccumulation prevented deter-
mination of uptake kinetics rates for mercury and methyl mercury in

N. virens exposed to the Newark Bay and for methyl mercury in M. nasuta
exposed to the Arthur Kill sediment (Tables B5 and C5, Appendices D and
E). For M. nasuta, uptake and elimination parameters for mercury were
similar in both the Arthur Kill and Newark Bay sediments. The rates of
uptake were similar for methyl mercury and mercury while elimination
was faster for methyl mercury in the Newark Bay sediment. For N. virens,
the uptake rate was substantially higher for mercury while the rates of
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elimination were similar for both compounds in the Arthur Kill sediment.
The temporal pattern of mercury bioaccumulation was investigated in

M. nasuta and N. virens exposed to sediment collected from the Hamilton
Airfield tidal wetland (San Francisco Bay) Bay Edge location (Best et al.
2005, 2007). Although all the M. nasuta and most of the N. virens expo-
sures to HAAF sediment resulted in non-model conforming patterns of
bioaccumulation, overall temporal trends in bioaccumulation clearly
indicated that apparent steady-state body burden was not reached follow-
ing a 56-d exposure. An elimination rate of 0.0189 d-'reported for

N. virens from uptake curve fitting is associated with an estimated time to
95% steady state of 159 days. Furthermore, the final body burdens

(56 days) of the experimentally exposed clams and worms were less than
50% of those recorded in benthic invertebrates collected from the source
site for sediment, further suggesting that long exposure periods are needed
for total mercury and methyl mercury to approach apparent steady state in
N. virens and M. nasuta. Consequently, the elimination rates obtained in
this study for M. nasuta and N. virens are likely artificially fast due to lack
of temporal bioaccumulation trends resulting from variability between
samples (Figure D9). The slow elimination rates reported above are addi-
tionally problematic since methyl mercury integrates readily into cyto-
plasm, making it a strong candidate for biomagnification up the food chain
(Mason et al. 1996; Wiener et al. 2003).

The BSAF approach is not applicable to MeHg (Bridges et al. 1996) and
therefore, BSAF values are not reported in this study.

Relationship to Kow

Theoretically, the time needed to reach steady state should increase for
compounds with log Ko values between 5 and 7 and decrease for com-
pounds with log K values between 7 and 10. This is illustrated in Fig-
ure 27 from McFarland (1995). Since the compound with the highest Kow
value tested in this study was 8.75 (OCDD), the entire increasing trend
shown on the right-hand side of Figure 277 was not addressed. This
relationship does not account for differences in bioavailability or
metabolism.
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Figure 27. Theoretical relationship between log Kow and steady-state concentration from
USEPA/USACE (1998).

Plots of log Kow vs. the 28-day fss for both organisms did not closely repre-
sent this theoretical pattern (Figure 28). However, a loose resemblance

is observed for the Arthur Kill Points (solid plots), most notably for

M. nasuta (solid circles). For N. virens, since most compounds reached
steady state within 28 days, no trend was observed. It is clear that fewer
compounds reached 80% steady state in tissues in the Arthur Kill exposure
(filled points) for both organisms (Kow 6—8.75), while only some dioxins
and furans in the Newark Bay exposure with Kow values >8.0 did not reach
steady state (mostly in M. nasuta tissue). No compound with a Kow >8.0
reached 80% steady state in M. nasuta tissue in either test sediment.
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4 Conclusions and Recommendations

The approach used in this study to derive steady-state concentrations is
recommended in guidance documents (ASTM 2000; USEPA/USACE
1998). The authors recommend the kinetic method over the operational/
statistical method for assessing steady-state bioaccumulation in sediment
bioaccumulation exposures. Results from this study and the other studies
published in the available literature indicate that the time to steady-state
tissue residues in laboratory exposure to contaminated sediments is both
compound- and organism-specific. While tissue residues were generally
greater for N. virens, time to steady state was generally greater for the
clam M. nasuta for most compounds. Overall, the 28-d sediment exposure
duration appears adequate for many chemicals to reach at least 80%
steady-state tissue residue in N. virens but not M. nasuta, with the caveat
that only two sediments were tested in this study.

For N. virens, the results suggest the standard 28-d bioaccumulation test
duration is adequate to obtain 80% of steady state for PCBs, and most
dioxins and furans. However, greater than 28 days may be required for
DDTs and some dioxins and furans (e.g., TCDD, TCDF, and PeCDF;
Appendix B3). While the N. virens uptake curves (Appendix D) for PAHs
in this study did suggest steady state was rapid (within days; Appendix B),
the polychaete worm is probably not an appropriate model species to
acquire a conservative estimate of PAH bioaccumulation due to rapid
biotransformation of the parent compound (Rust et al. 2004).

For M. nasuta, results of this study (Table 4) and information available in
the peer-reviewed literature suggest that sediment exposures longer than
28 days are probably required for DDTs, most PCBs, and most dioxins/
furans. The data suggested 28-d duration, however, was adequate for
PAHs due to greater elimination rates. Macoma nasuta is a better candi-
date than N. virens to conservatively estimate the potential for PAH bio-
accumulation from sediments.

Although data from this study indicate that the 28-d exposures would be
adequate for deriving methyl mercury and total mercury steady-state
tissue residues for New York Harbor sediments, previous investigations
indicated that only a fraction of 0.42 of the predicted steady-state residues
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of those compounds may accumulate in the tissues of M. nasuta and

N. virens after 28 days. Therefore, the conservative use of a multiplier of 2
is recommended based on previous investigations (Best et al. 2005, 2007)
until an improved understanding of the toxicokinetics of mercury and
methyl mercury in N. nasuta and N. virens is obtained.

The temporal pattern of bioaccumulation and consequently the time to
approach steady state for several PCBs and dioxin congeners were sub-
stantially different between sediments. The nonlinear model was used to
estimate the elimination rate with the assumption that the uptake rate is
constant throughout the entire duration of the experiment; a decrease of
uptake rate with time would result in a slower increase in tissue residues
towards the end of the experiment, which forces the uptake curve toward
an asymptote, resulting in inaccurately high estimates of the elimination
rate. It is possible that the M. nasuta uptake rate for PCBs in the Newark
Harbor sediment decreased over time leading to a lower than expected
temporal increase in tissue residue and consequently higher estimated
elimination rates. This, in turn, projected a lower time to steady state. The
rates of elimination and time to steady state of PCBs in M. nasuta derived
for the Arthur Kill sediment exposure more closely agree with those pre-
viously reported by Boese et al. (1995, 1997).

For compounds that require more than 28 days to reach at least 80% of
steady state (Table 4), the most accurate method for determining steady-
state tissue residues on a case-by-case basis would be to extend the
duration of bioaccumulation tests. However, the elevated cost, increased
time, labor and sediment requirements of such tests will likely make this
impossible for many projects. Another option is to apply steady-state
correction factors (i.e., the reciprocal of the 28-d fraction of steady state;
1/28-d fss) to estimate steady-state bioaccumulation from standard 28-d
bioaccumulation test results (see Figure 6-1 in USEPA/USACE 1998).
Results obtained from this study may be used to derive such organism-
and compound-specific correction values by taking the reciprocal of the
fraction of steady state at 28 days (fss) reported in Table 4 and Appen-
dices B and C. This factor could be used as a multiplier to estimate steady
state from actual 28-d bioaccumulation test residues.
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Appendix A: Sediment Chemistry

Table Al. Sediment chemistry data
for dichloro-diphenyl-trichloroethane

Table A2. Sediment chemistry data for
polycarbonated biphenyl (PCB) congeners

(DDTS) (pg/Kg). (ng/kg). NR = not reported.
Analyte Arthur Congener Arthur Newark
pp-DDD 119.2 8 4.59 4.59
pp-DDE 122.2 18 <0.79 0.395
pp-DDT 107.5 28 14.3 14.3
op-DDE 57.6 44 12.6 12.6
op-DDD 32.9 49 12.5 12.5
52 22.886 22.886
66 15.648 15.648
77 <0.79 <0.79
81 <0.79 <0.79
87 <0.79 <0.79
101 15.178 15.178
105 4,232 4,232
114 0.471 0.471
118 13.445 13.445
123 <0.79 <0.79
126 <0.79 <0.79
128 2.559 2.559
138 13.637 13.637
153 NR NR
156 <0.79 <0.79
157 <0.79 <0.79
167 0.934 0.934
169 <0.79 <0.79
170 2.933 2.933
180 6.5 6.5
183 2.694 2.694
184 <0.79 <0.79
187 5.035 5.035
189 <0.79 <0.79
195 0.639 0.639
206 1.882 1.882
209 2.82 2.82
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Table A3. Sediment chemistry
data for dioxins and furans (pg/g).

Table A4. Sediment chemistry
data for polycyclic aromatic
hydrocarbons (PAHs) (ug/kg).

Analyte Arthur Newark
(290) NAPHTH 255 168
(294) ACENAY 28.0 19.6
(296) ACENAP 63.2 175
(297) FLUORE 103 153
(303) PHENAN 775 581
(304) ANTRAC 282 327
(306) FLANTHE 2210 1640
(307) PYRENE 2190 1230
(309) CHRYSE 902 775
(310) BAANTHR 706 646
(313) BBFLANT 1360 435
(314) BKFLANT 434 413
(315) BAPYRE 866 550
(316) 1123PYR 800 336
(317) DBAHANT 147 84.5
(318) B-GHI-PY 676 398
(322) 2MeNAPH 141 102
(327) 2FIBP-S 66.4% 64.0%
(328) PTERP-S 85.4% 84.0%

Analyte Arthur Newark
2,3,7,8TCDD 7.6 14
TOTAL TCDD 48 19
1,2,3,7,8-PeCDD 2.3 1.8
TOTAL PeCDD 48 130
1,2,3,4,7,9-HxCDD 3 1.2
1,2,3,6,7,8-HxCDD 14 6
1,2,3,7,8,9-HxCDD 11 4
TOTAL HxCDD 140 69
1,2,3,4,6,7,8-HpCDD 170 110
TOTAL HpCDD 390 380
OocDD 2300 1000
2,3,7,8TCDF 38 3.9
TOTAL TCDF 230 44
1,2,3,7,8,-PeCDF 9.4 2.8
2,3,4,7,8-PeCDF 12 3.9
TOTAL PeCDF 180 65
1,2,3,4,7,8-HxCDF 41 18
1,2,3,6,7,8-HxCDF 12 3.9
2,3,4,6,7,8-HxCDF 10 2.3
1,2,3,7,8,9-HxCDF 1.8 0.65
TOTAL HxCDF 180 79
1,2,3,4,6,7,8-HpCDF 120 89
1,2,3,4,7,8,9-HpCDF 14 4.3
TOTAL HpCDF 210 130
OCDF 200 210
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Appendix B: Summary of Kinetic Parameters
Derived for Nereis virens



Table B1. Modeled output for Nereis virens exposed to 1,1,1-tricrichloro-2,2-bis(p-chlorophenyl)ethane (DDT), 1,1-dichloro-2,2-bis(p-chlorophenyl)
ethylene (DDE) and 1,1-dichloro-2,2-bis(p-chlorophenyl)ethane (DDD). The steady-state concentration by the operation method is shown for both the first
and last sets of three consecutive time points.

Statistical |Statistical
Kinetic  |Css Css
Log TSSos5% Csed Cas Css (ug/ke) (ng/ke) Measured |Modeled |Modeled
Chemical |Sediment |Kow ks ke (Days) 28dfss  |(ng/kg) (ng/ke) (ug/kg) |First3pts |Last3 pts |BSAF2sq BSAF2s4  |[BSAFss
p,p-DDD Arthur 6.22 0.0110 + 0.0333 + 90 0.61 119.2 23.9 374 48+28 30.8+2.7 [0.42 0.33 0.51
0.0028* 0.0161#
o,p-DDD Arthur 6.22 0.0111 + 0.0427 + 70 0.70 32.9 6.0 8.1 73+0.7 7.3+0.7 0.34 0.30 0.40
0.0024* 0.0154*
p,p-DDT Arthur 6.91 0.0040 + 0.0293 + 102 0.56 107.5 8.2 13.9 105+1.2 |105+1.2 |0.14 0.12 0.21
0.0009* 0.0141#
p,p-DDE Arthur 6.95 0.0101 + 0.0728 + 41 0.87 122.2 14.7 16.1 56+24 16.6 +3.0 |0.25 0.20 0.21
0.0031* 0.0298*
o,p-DDE Arthur 6.95 0.0031 + 0.0521 + 58 0.77 57.6 2.6 3.3 0.9+0.3 3.0+0.3 0.09 0.07 0.09
0.0007* 0.0177*
Total DDT  |Arthur NA 0.0070 £ 0.0353 + 85 0.63 439.4 54.7 82.8 124 +6.1 |69.0+4.8 |0.25 0.20 0.31
0.0015* 0.0142*

* Significance (p < 0.05)
# Significance (p < 0.10)
ks = chemical uptake rate constant (g sediment / g tissue * day)

ke = chemical elimination rate constant (1/day)

TSSoes% = time to steady state

fss = fraction of steady state at 28 days

Csed = concentration in the sediment

Cog = concentration in tissue after 28 days of exposure

Css = concentration in tissue at steady state
BSAF = biota to sediment accumulation factor

NC = Not calculated due to p > 0.10
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Table B2. Modeled output for Nereis virens exposed to polychlorinated biphenyls (PCBs).

Kinetic
Log TSSos% Csed Ca2s Css Measured | Modeled Modeled
Chemical Sediment | Kow ks ke (Days) 28dfss | (ug/kg) (ng/kg) (ng/kg) BSAF2sq BSAF2sq BSAFss
PCB 18 Newark 524 |0.4771+0.1086* |0.1823 +0.0467* |17 0.99 0.4t 1.0 1.0 NA NAT 4.71
PCB 28 Arthur 5.67 |0.0187 £ 0.0067* | 0.1642 + 0.0669* |18 0.99 16.1 1.8 17 0.24 0.18 0.18
PCB 28 Newark 5.67 |0.0092 +0.0020* | 0.1181 £ 0.0313* |25 0.96 14.3 11 11 NA 0.10 0.10
PCB 44 Arthur 5.75 |[0.0155 + 0.0053* | 0.1450 + 0.0574# |21 0.98 17.3 1.8 1.8 0.21 0.17 0.17
PCB 44 Newark 5.75 |0.0040 +0.0012* | 0.0778 £ 0.0283* | 39 0.89 12.6 0.6 0.6 0.04 0.06 0.06
PCB 49 Arthur 5.85 |0.0214 +0.0063* | 0.2032 £ 0.0658* | 15 1.00 16.1 1.7 1.6 0.20 0.17 0.16
PCB 49 Newark 5.85 |[0.0074 +0.0018* |0.0823 + 0.0254* |37 0.90 12.5 1.0 11 0.08 0.11 0.11
PCB 52 Arthur 5.84 |0.0304 +0.0073* |0.1482 +0.0410* |20 0.98 20.6 4.2 4.0 0.37 0.33 0.32
PCB 52 Newark 5.84 |0.0079 +0.0014* | 0.0779 £ 0.0179* |39 0.89 229 2.1 2.2 0.13 0.12 0.13
PCB 66 Newark 6.20 |0.0080 + 0.0025* | 0.0675 + 0.0282* |44 0.85 15.6 1.6 1.8 0.06 0.13 0.15
PCB 101 Arthur 6.38 |0.0273 +0.0050* |0.0972 +0.0218* |31 0.93 17.3 45 46 0.36 0.43 0.43
PCB 101 Newark 6.38 |0.0108 + 0.0020* | 0.0612 + 0.0159* | 49 0.82 15.2 2.2 25 0.15 0.19 0.22
PCB 105 Arthur 6.65 |0.0155 +0.0026* | 0.0639 £ 0.0150* | 47 0.83 3.5 0.7 0.8 0.34 0.33 0.38
PCB 105 Newark 6.65 |0.0092 +0.0023* | 0.0757 +0.0251* |40 0.88 4.2 0.5 0.5 0.10 0.14 0.15
PCB 118 Arthur 6.74 | 0.0117 £ 0.0024* | 0.0839 + 0.0225* | 36 0.90 12.3 1.6 1.6 0.25 0.21 0.22
PCB 118 Newark 6.74 | 0.0049 + 0.0014* | 0.0653 + 0.0266* |46 0.84 13.4 0.8 1.0 0.07 0.08 0.09
PCB 128 Arthur 6.74 | 0.0132 £ 0.0021* | 0.0830 £ 0.0171* |36 0.90 2.8 0.4 0.4 0.24 0.23 0.25
PCB 138 Arthur 6.83 |0.0230 £ 0.0038* | 0.0988 + 0.0204* | 30 0.94 14.1 3.1 3.1 0.36 0.36 0.36
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Kinetic
Log TSSos% Csed Cos Css Measured | Modeled Modeled
Chemical Sediment | Kow ks Ke (Days) 28dfss | (ug/kg) (ng/ke) (ng/kg) BSAF2sq BSAF2sq BSAFss
PCB 138 Newark 6.83 |[0.128 £0.0040* |0.0819 +0.0332* |37 0.90 13.6 1.9 2.0 0.21 0.18 0.19
PCB 170 Arthur 127 0.0137 £ 0.0025* | 0.0870 + 0.0199* |35 0.91 31 0.4 0.5 0.23 0.23 0.24
PCB 170 Newark 727 0.0680 + 0.0256* | 0.6374 £0.2477* |5 1.00 29 0.3 0.3 0.14 0.14 0.13
PCB 180 Arthur 736 |0.0118 £ 0.0017* | 0.0736 £ 0.0142* |41 0.87 8.2 11 12 0.23 0.23 0.25
PCB 180 Newark 7.36 | 0.0099 £ 0.0018* | 0.0812 + 0.0192* | 37 0.90 0.7 0.1 0.1 NA 0.14 0.15
PCB 183 Arthur 720 | 0.0180 + 0.0028* | 0.0759 + 0.0158* |40 0.88 2.3 0.5 0.5 0.35 0.34 0.37
PCB 183 Newark 720 |0.0424 +0.0109* | 0.3340 +0.0911* |9 1.00 2.7 0.3 0.3 0.17 0.17 0.16
PCB 187 Newark 747 0.0139 £ 0.0035* | 0.0909 + 0.0286* |33 0.92 5.0 0.7 0.7 0.16 0.18 0.19

* Significance (p < 0.05)

ks = chemical uptake rate constant (g sediment / g tissue * day)

ke = chemical elimination rate constant (1/day)

TSS = time to 95% steady state

28-d fss = fraction of steady state at 28 days

Csed = concentration in the sediment

C2g = concentration in tissue after 28 days of exposure

Css = concentration in tissue at steady state

BSAF = biota to sediment accumulation factor

t Sediment concentration less than detection limit (<0.79), therefore half the detection limit was used.
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Table B3. Modeled output for Nereis virens exposed dioxins and furans.
Kinetic
Log TSSos5% Csed Cas Css Measured | Modeled | Modeled
Chemical Sediment | Kow ks ke (Days) 28dfss | (pg/g) (pg/8) (pg/8) BSAF2s4 BSAF2sd BSAFss
2,3,7,8TCDD Arthur 6.96 0.0136 £ 0.0023* | 0.0415 + 0.0126* 72 0.69 7.6 1.7 2.4 0.40 0.37 0.51
2,3,7,8TCDD Newark 6.96 0.0099 + 0.0016* | 0.0364 + 0.0109* 82 0.64 14.0 2.4 3.6 0.22 0.23 0.34
Total TCDD Arthur NA 0.0086 + 0.0025* | 0.0999 + 0.0367* 30 0.94 48.0 3.9 3.9 0.13 0.13 0.13
Total TCDD Newark NA 0.0226 + 0.0033* | 0.0523 +0.0117* 57 0.77 19.0 6.3 7.8 0.36 0.43 0.53
Total PeCDD Newark NA 0.0006 + 0.0002* | NC NC NC 130 NC NC 0.02 NC NC
123678 HXCDD | Arthur 7.98 0.0042 + 0.0010* | 0.0772 £ 0.0251* 39 0.88 14.0 0.7 0.7 0.08 0.08 0.08
123678 HXCDD | Newark 7.98 0.0044 + 0.0014* | 0.0492 + 0.0251# 61 0.75 6.0 0.4 0.5 0.07 0.09 0.11
Total HxCDD Arthur NA 0.0045 + 0.0012* | 0.0880 + 0.0293* 34 0.91 140.0 6.5 6.8 0.12 0.08 0.08
Total HXCDD Newark NA 0.0070 £ 0.0023* | 0.0777 £0.0337* 39 0.89 69.0 5.5 5.9 0.07 0.10 0.11
1,2,3,4,6,7,8 Arthur 8.4 0.0036 + 0.0010* | 0.1821 + 0.0580* 17 0.99 170.0 3.3 3.2 0.04 0.03 0.03
HpCDD
1,2,3,4,6,7,8 Newark 8.4 0.0094 + 0.0048* | 0.3414 + 0.1866* 9 1.00 110.0 3.0 2.9 0.03 0.04 0.03
HpCDD
TOTAL HpCDD Arthur NA 0.0047 + 0.0017* | 0.1419 + 0.0588* 21 0.98 390.0 12.7 12.3 0.04 0.05 0.05
0OCDD Arthur NA 0.0023 + 0.0009* | 0.1883 + 0.0765* 16 0.99 2300.0 |279 26.7 0.02 0.02 0.02
2,3,7,8TCDF Arthur 6.46 0.0179 + 0.0029* | 0.1417 + 0.0263* 21 0.98 38.0 4.7 4.6 0.21 0.20 0.20
2,3,7,8TCDF Newark 6.46 0.1225 £ 0.0394* | 0.2474 + 0.0873* 12 1.00 3.9 1.9 1.8 0.87 0.64 0.61
Total TCDF Arthur NA 0.0340 + 0.0156* | 0.3081 £ 0.1515# 10 1.00 230.0 254 24.1 0.19 0.18 0.17
Total TCDF Newark NA 0.1582 £ 0.0354* | 0.1189 + 0.0318* 25 0.96 44.0 56.4 55.6 1.48 1.67 1.65
1,2,3,7,8,-PeCDF | Arthur 6.99 0.0094 + 0.0014* | 0.0423 +0.0106* 71 0.69 9.4 1.4 2.0 0.24 0.25 0.34
1,2,3,7,8,-PeCDF | Newark 6.99 0.0190 £ 0.0058* | 0.0886 + 0.0346* 34 0.92 2.8 0.6 0.6 0.25 0.26 0.27
2,3,4,7,8-PeCDF | Arthur 711 0.0087 £ 0.0014* | 0.0489 + 0.0126* 61 0.75 12.0 1.6 2.0 0.22 0.22 0.28
2,3,4,7,8-PeCDF | Newark 711 0.0195 £ 0.0052* | 0.1195 + 0.0377* 25 0.96 3.9 0.6 0.6 0.21 0.20 0.20
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Kinetic
Log TSSos5% Csed Cas Css Measured | Modeled | Modeled

Chemical Sediment | Kow ks ke (Days) 28dfss | (pg/g) (rg/8) | (pg/B) BSAFasg BSAF2sq BSAFss
TOTAL PeCDF Arthur NA 0.0120 + 0.0022* | 0.0998 + 0.0223* 30 0.94 180.0 20.3 20.6 0.19 0.18 0.19
TOTAL PeCDF Newark | NA 0.0644 + 0.0142* | 0.1457 + 0.0373* 21 0.98 65.0 28.2 27.3 0.49 0.57 0.55
1,2,34,7,8 Arthur 753 0.0102 + 0.0041* | 0.3042 + 0.1300* 10 1.00 41.0 1.4 13 0.04 0.05 0.05
HXCDF

1,2,3,4,7,8 Newark |7.53 0.0138 + 0.0042 * | 0.1959 + 0.0663* 15 1.00 18.0 13 12 0.08 0.09 0.09
HXCDF

1,2,3,6,7,8 Arthur 7.57 0.0060 + 0.0015* | 0.1284 + 0.0376* 23 0.97 12.0 0.5 0.5 0.08 0.07 0.07
HXCDF

1,2,3,4,6,7,8- Arthur 8.01 0.0024 + 0.0008* | 0.1717 + 0.0627* 18 1.00 120.0 1.7 16 0.02 0.02 0.02
HpCDF

1,2,3,4,6,7,8- Newark | NA 0.0019 + 0.0004* | 0.1291 + 0.0320* 23 0.97 89.0 13 12 0.02 0.02 0.02
HpCDF

TOTAL HpCDF Arthur NA 0.0066 + 0.0033# | 0.4665 + 0.2482# 6 1.00 210.0 3.0 2.8 0.01 0.02 0.02
OCDF Arthur 8.60 0.0018 + 0.0006* | 0.1431 + 0.0529* 21 0.98 200.0 25 2.4 0.02 0.02 0.02

* Significance (p < 0.05)
# Significance (p < 0.10)
ks = chemical uptake rate constant (g sediment / g tissue * day)

ke = chemical elimination rate constant (1/day)

TSSoes% = time to steady state
fss = fraction of steady state at 28 days
Csed = concentration in the sediment

C2g = concentration in tissue after 28 days of exposure

Css = concentration in tissue at steady state

BSAF = biota to sediment accumulation factor

NC = Not calculated due to p > 0.10

Kow values from Govers and Krop (1998)
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Table B4. Modeled output for Nereis virens exposed to polycyclic aromatic hydrocarbons (PAHs).

Kinetic
Log TSSas% Csed C2s Css Measured | Modeled | Modeled
Chemical Sediment | Kow ks ke (Days) 28dfss | (ng/kg) (ng/kg) (ng/kg) BSAF2sq BSAF2sq BSAFss
FLAY Arthur 4,22 |0.0063 £0.0021* | 0.5426 +0.1936* |6 1.00 2210 25.7 24.4 0.02 0.02 0.02
PYRT Arthur 5.07 |0.0052+0.0014* |0.2782 +0.086* 11 1.00 2190 40.9 389 0.02 0.03 0.03
PYR Newark 5.07 | 0.0066 £ 0.0022* | 0.2060 £ 0.0776* |15 1.00 1230 39.3 34.7 0.03 0.04 0.04

* Significance (p < 0.05)

ks = chemical uptake rate constant (g sediment / g tissue * day)
ke = chemical elimination rate constant (1/day)

TSSoes% = time to steady state

fss = fraction of steady state at 28 days

Csed = concentration in the sediment

C2g = concentration in tissue after 28 days of exposure
Css = concentration in tissue at steady state

BSAF = biota to sediment accumulation factor

NC = Not calculated due to p > 0.10

t 56-d time point excluded due to bad analytical data
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Table B5. Modeled output for Nereis virens exposed to mercury (Hg) and methyl mercury (Me-Hg). Results were unavailable in the Newark Bay treatment
due to failure of temporal data to fit the steady-state model (Equation 1).

Log TSSoes5% Kinetic
Chemical Sediment Kow ks Ke (Days) 28 fss Csed Cas Css
Hg Arthur NA 0.4082 + 0.1706* 0.4432 + 0.1959* 7 1.00 0.0468 0.0043 0.0041
Me-Hg Arthur NA 0.0678 + 0.0381# 0.8179 + 0.4727+# 4 1.00 43.1 pg/kg 3.6 pg/kg 3.4 pg/kg

* Significance (p < 0.05)

# Significance (p < 0.10)

ks = chemical uptake rate constant (g sediment / g tissue * day)
ke = chemical elimination rate constant (1/day)
TSSoes% = time to steady state

fss = fraction of steady state at 28 days

Csea = concentration in the sediment

Cos = concentration in tissue after 28 days of exposure
Css = concentration in tissue at steady state

BSAF = biota to sediment accumulation factor

NC = Not calculated due to p > 0.10
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Table C1. Modeled output for Macoma nasuta exposed to 1,1,1-tricrichloro-2,2-bis(p-chlorophenyl)ethane (DDT), 1,1-dichloro-2,2-bis(p-

chlorophenyl)ethylene (DDE) and 1,1-dichloro-2,2-bis(p-chlorophenyl)ethane (DDD).

Kinetic  |Statistical
Log TSSes% Csed Cas Css Css Measured |Modeled |Modeled
Chemical [Sediment |Kow |ks ke (Days)  [28dfss |(ug/kg) |(ug/kg) |(ug/kg)  |(ng/kg) BSAF2sa  |BSAFasa  |BSAFss
p,p-DDD  |Arthur 6.22 |0.0048 +0.0007 * [0.0351 +0.0067 * |86 0.63 119.2 10.2 15.5 158+ 15 0.16 0.19 0.29
0,p-DDDT  |Arthur 6.22 |0.0040 +0.0008 * |0.0341 +0.0093 * |88 0.62 329 2.4 3.7 3.7+0.2 0.16 0.16 0.25
p,p-DDT Arthur 6.91 |0.0009 +0.0002 * 10.0312 + 0.0094 * |96 0.58 1075 1.8 29 3.1+0.2 0.03 0.04 0.06
p,p-DDE  |Arthur 6.95 |0.0035 +0.0004 * [0.0247 +0.0038 * (122 0.50 122.2 8.6 16.5 153+15 0.15 0.16 0.30
o,p-DDE  |Arthur 6.95 |0.0033 +0.0005 * |0.0330+0.0072* (91 0.60 57.6 35 5.5 5.4+0.5 0.13 0.13 0.21
Total DDT  |Arthur NA 0.0031 £ 0.0004 * [0.0293 £ 0.0046 * |102 0.56 439.4 26.0 44.2 43.2+1.0 0.12 0.13 0.22

* Significance (p < 0.05)
# Significance (p < 0.10)
ks = chemical uptake rate constant (g sediment / g tissue * day)

ke = chemical elimination rate constant (1/day)

TSS95% = time to steady state
fss = fraction of steady state at 28 days

Csed = concentration in the sediment

C2s = concentration in tissue after 28 days of exposure

Css = concentration in tissue at steady state

BSAF = biota to sediment accumulation factor

NC = Not calculated due to p > 0.10
T 10-d time point excluded (very high outlier)
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Table C2. Modeled output for Macoma nasuta exposed to polychlorinated biphenols (PCBs).

Kinetic
Log TSSes% Csed Cas Css Measured | Modeled Modeled
Chemical Sediment Kow ks ke (Days) 28-dfss | (ug/kg) (ng/ke) (ug/kg) BSAF2gq BSAF2gq BSAFss
PCB 8 Arthur 5.24 | 0.0076 + 0.0021* 0.0673 +0.0214* |44 0.85 3.9 0.4 0.4 0.27 0.21 0.24
PCB 18 Newark 5.24 | 0.5956 + 0.2523* 0.2468 £+ 0.1119* 12 1.00 0.4t 1.0 0.9 7.35 4.78 4.54
PCB 28 Arthur 5.67 |0.0063 £ 0.0012* 0.0515 + 0.0112* 58 0.76 16.1 15 1.9 0.25 0.21 0.26
PCB 28 Newark 5.67 |0.0236 + 0.0070* 0.1809 + 0.0583* | 17 0.99 14.3 1.9 18 0.17 0.26 0.25
PCB 44 Arthur 5.75 |0.0021 + 0.0003* 0.0175 + 0.0045* 40 0.39 17.3 0.8 2.0 0.13 0.10 0.25
PCB 44 Newark 5.75 |0.0123 + 0.0028* 0.1339 £ 0.0332* |22 0.98 12.6 11 11 0.17 0.18 0.17
PCB 49 Arthur 5.85 |0.0035+0.0006* |0.0214 +0.0057* | 140 0.45 135 1.0 21 0.20 0.16 0.35
PCB 49 Newark 5.85 |0.0252 + 0.0062* 0.1504 £ 0.0403* 20 0.99 125 21 2.0 0.25 0.33 0.32
PCB 52 Arthur 5.84 |0.0076 + 0.0015* 0.0489 + 0.0115* 61 0.75 20.6 24 3.0 0.31 0.26 0.33
PCB 52 Newark 584 |0.0162 + 0.0043* 0.1433 £ 0.0414* 21 0.98 229 25 2.5 0.32 0.22 0.21
PCB 66 Newark 6.20 | 0.0244 +0.0066* 0.1316 + 0.0388* 23 0.97 15.6 2.8 2.8 0.21 0.36 0.35
PCB 101 Arthur 6.38 |0.0072 +0.0012* 0.0258 + 0.0063* | 116 0.51 13.0 19 34 0.40 0.32 0.59
PCB 101 Newark 6.38 | 0.0246 + 0.0062* 0.1315 + 0.0358* | 23 0.97 15.2 2.8 2.7 0.33 0.36 0.35
PCB 105 Arthur 6.65 |0.0057 +0.0013* 0.0487 £ 0.0135* 62 0.74 35 0.3 0.4 0.21 0.19 0.25
PCB 105 Newark 6.65 |0.0137 £0.0027* 0.1166 + 0.0254* 26 0.96 4.2 0.5 0.5 0.19 0.22 0.22
PCB 118 Arthur 6.74 0.0022 + 0.0004* 0.0077 £ 0.0041# 390 0.19 12.3 0.7 33 0.17 0.12 0.62
PCB 118 Newark 6.74 0.0117 + 0.0024* 0.0915 + 0.0209* |33 0.92 13.4 1.6 1.6 0.19 0.23 0.24
PCB 128 Arthur 6.74 0.0039 + 0.0011* 0.0482 + 0.0175* 62 0.74 2.8 0.2 0.2 0.12 0.13 0.17
PCB 138 Arthur 6.83 | 0.0032 + 0.0006* 0.0271 + 0.0076* 111 0.53 141 0.9 16 0.18 0.14 0.25
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Kinetic
Log TSSo5% Csed Cos Css Measured | Modeled Modeled
Chemical Sediment | Kow ks ke (Days) 28dfss | (ug/kg) (ug/kg) (ug/ke) BSAF2sq BSAF2sq BSAFss
PCB 138 Newark 6.83 |0.0113 +0.0026* 0.1135+0.0287* |26 0.96 13.6 1.3 1.3 0.16 0.19 0.19
PCB 180 Arthur 7.36 | 0.0012 + 0.0003* 0.0283 + 0.0092* | 106 0.55 8.2 0.2 0.3 0.06 0.05 0.09
PCB 180 Newark 7.36 | 0.0084 + 0.0020* 0.1674 + 0.0431* 18 0.99 6.5 0.3 0.3 0.10 0.10 0.09
PCB 183 Arthur 720 |0.0143 +0.0053* 0.2108 + 0.0838* |14 1.00 2.3 0.2 0.1 0.15 0.15 0.14
PCB 187 Newark 7.20 0.0203 + 0.0081* 0.2657 £0.1131* 11 1.00 5.0 0.4 0.4 0.12 0.15 0.14

* Significance (p < 0.05)
# Significance (p < 0.10)

ks = chemical uptake rate constant (g sediment / g tissue * day)

ke = chemical elimination rate constant (1/day)

TSSes% = time to steady state

28-d fss = fraction of steady state at 28 days

Csed = concentration in the sediment

C2s = concentration in tissue after 28 days of exposure

Css = concentration in tissue at steady state

BSAF = biota to sediment accumulation factor

t Sediment concentration less than detection limit (<0.79), therefore half the detection limit was used.
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Table C3. Modeled output for Macoma nasuta exposed dioxins and furans.

Kinetic
TSSes% Csed Cas Css Measured |Modeled |Modeled
Chemical Sediment |Log Kow |Ks ke (Days) [28-dfss (pg/8) (pg/g) (pg/g) |BSAF2sa  |BSAF2sa  |BSAFss
2,3,7,8TCDD Arthur 6.96 0.0072 + 0.0014* 0.0207 + 0.0126* 145 0.44 7.6 12 25 0.38 0.34 0.74
2,3,7,8TCDD Newark 6.96 0.0204 + 0.0029* 0.0540 + 0.0090* 56 0.78 14.0 4.1 5.0 0.56 0.58 0.71
Total TCDD Arthur NA 0.0020 + 0.0004* 0.0144 £ 0.0367* 208 0.33 48.0 2.2 6.3 0.11 0.10 0.29
Total TCDD Newark NA 0.0566 + 0.0098* 0.0746 + 0.0149* 40 0.88 19.0 12.4 135 1.29 1.29 1.40
123678 HXxCDD Arthur 7.98 0.0026 + 0.0010* 0.0459 + 0.0251* 65 0.72 14.0 0.6 0.8 0.13 0.09 0.12
123678 HxCDD Newark 7.98 0.0058 + 0.0031# 0.0384 + 0.0261 78 0.66 6.0 0.6 0.9 0.20 0.20 0.28
P=0.16

Total HxCDD Newark NA 0.0061 + 0.0020* 0.0493 + 0.0201* 61 0.75 69.0 6.4 8.1 0.14 0.18 0.23
1,2,3,4,6,7,8- Arthur 8.40 0.0010 £ 0.0003* 0.0336 + 0.0121* 89 0.61 170.0 3.1 4.8 0.05 0.04 0.06
HpCDD

1,2,3,4,6,7,8 Newark 8.40 0.0036 + 0.0008* 0.0298 + 0.0101 101 0.57 110 7.5 12.6 0.12 0.14 0.23
HpCDD

TOTAL HpCDD Arthur NA 0.0007 £ 0.0002* 0.0178 + 0.0085# 169 0.39 390.0 6.0 14.6 0.04 0.03 0.08
TOTAL HpCDD Newark NA 0.0028 + 0.0007* 0.0171 + 0.0079* 175 0.38 380.0 23.7 59.1 0.12 0.12 0.31
OCDD Arthur 0.0006 + 0.0002* 0.0253 + 0.0111* 119 0.51 2300.0 27.7 51.8 0.03 0.03 0.05
OCDD Newark 0.0036 + 0.0008* 0.0343 + 0.0103* 88 0.62 1000.0 64.8 99.7 0.12 0.13 0.20
2,3,7,8-TCDF Arthur 6.46  |0.0034 + 0.0005* 0.0277 + 0.0263* 108 0.54 38.0 25 44 0.14 0.15 0.26
Total TCDF Arthur NA 0.0013 £ 0.0003* 0.0147 + 0.0053# 204 0.34 230.0 6.9 19.3 0.05 0.07 0.19
Total TCDF Newark NA 0.1404 £ 0.0318* 0.0788 £ 0.0200* 38 0.89 44.0 69.8 74.5 2.94 3.14 3.36
1,2,3,7,8,-PeCDF  |Arthur 6.99 0.0044 + 0.0008* 0.0329 + 0.0079* 91 0.60 9.4 0.8 12 0.20 0.18 0.28
2,3,4,7,8-PeCDF Arthur 711 0.0042 + 0.0010* 0.0514 + 0.0151* 58 0.76 12.0 0.7 0.9 0.17 0.14 0.17
2,3,4,7,8-PeCDF Newark 711 0.0177 + 0.0091# 0.1009 + 0.0567# 30 0.94 3.9 0.6 0.7 0.29 0.33 0.33
TOTAL PeCDF Newark NA 0.0307 + 0.0084* 0.0742 + 0.0228* 40 0.87 65.0 235 25.6 0.60 0.72 0.78
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Kinetic
TSSes% Csed C2s Css Measured [Modeled |Modeled

Chemical Sediment |Log Kow |ks Ke (Days) |28-dfss (pg/g) (pg/8) (pg/g) |BSAF2sq BSAF2s¢  |[BSAFss
1,2,3,4,7,8-HxCDF  |Arthur 7.53 0.0028 + 0.0014# 0.0759 + 0.0435* 40 0.88 41.0 1.3 1.4 0.11 0.07 0.08
1,2,3,4,7,8-HXCDF |Newark 7.53 0.0069 + 0.0024* 0.0675 + 0.0269* 44 0.85 18.0 1.6 1.7 0.14 0.17 0.19
2,3,4,6,7,8-HXCDF  |Arthur 7.65 0.0026 + 0.0008* 0.0615 + 0.0238 49 0.82 10.0 0.3 0.4 0.11 0.08 0.09

p=0.1021
Total HXCDF Arthur NA 0.0011 + 0.0004* 0.0320 + 0.0146* 94 0.59 180.0 3.7 5.9 0.06 0.05 0.07
Total HXCDF Newark NA 0.0107 + 0.0034* 0.0685 + 0.0246* 44 0.85 79.0 10.5 11.7 0.20 0.26 0.29
1,2,3,4,6,7,8- Newark 8.01 0.0020 + 0.0005* 0.0279 + 0.0093* 108 0.54 89.0 3.5 6.1 0.09 0.08 0.14
HpCDF
TOTAL HpCDF Arthur NA 0.0017 + 0.0007 * 0.0510 + 0.0273# 59 0.76 210.0 5.3 6.7 0.06 0.06 0.07
Total HpCDF Newark NA 0.0028 + 0.0007* 0.0322 + 0.0113* 93 0.59 130.0 6.7 10.7 0.11 0.10 0.16
OCDF Arthur 8.60 0.0008 + 0.0003 0.0215 +0.0131 140 0.45 200.0 3.4 71 0.08 0.04 0.08

P=0.1173
OCDF Newark 8.60 0.0011 + 0.0003* 0.0190 + 0.0078* 158 0.41 210.0 5.0 11.6 0.05 0.05 0.11

* Significance (p < 0.05)
# Significance (p < 0.10)
ks = chemical uptake rate constant (g sediment / g tissue * day)

ke = chemical elimination rate constant (1/day)

TSSoes% = time to steady state
fss = fraction of steady state at 28 days

Csed = concentration in the sediment

C2s = concentration in tissue after 28 days of exposure

Css = concentration in tissue at steady state

BSAF = biota to sediment accumulation factor
NC = Not calculated due to p > 0.10
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Table C4. Modeled output for Macoma nasuta exposed to polycyclic aromatic hydrocarbons (PAHs).

Kinetic

Log TSSos5% Csed C2s Css Measured | Modeled Modeled
Chemical Sediment | Kow ks ke (Days) 28dfss |(ug/kg) |(ug/kg) | (ug/kg) | BSAFasq BSAF2sq BSAFss
FLA Arthur 4,22 |0.0306 +0.0068* | 0.0938 +0.0235* |32 0.93 103.0 31.2 31.9 0.61 0.68 0.69
FLA Newark 4,22 |10.0101 £0.0027* | 0.1657 +0.0469* |18 0.99 1640.0 99.0 95.0 0.16 0.12 0.11
Pyrene Arthur 5.07 | 0.0020 + 0.0003* | 0.0418 + 0.0085* |72 0.69 2190.0 72.3 99.6 0.08 0.07 0.10
Pyrene Newark 5.07 |0.0182 +0.0039* | 0.1655 +0.0378* |18 0.99 1230.0 133.9 128.5 0.24 0.22 0.21
Chrysene Arthur 5.77 | 0.0009 + 0.0002* |0.0229 +0.0084* | 131 0.47 902.0 16.8 33.7 0.05 0.04 0.08
Chrysene Newark 5.77 |0.0056 + 0.0019* | 0.0890 + 0.0323* |34 0.92 775.0 447 46.3 0.14 0.11 0.12
Benzo[a] Newark 5.91 |0.0059 +0.0017* |0.1144 +0.0354* |26 0.96 646.0 32.0 31.7 0.11 0.10 0.10
anthracene
Benzo[b] Arthur 5.80 |0.0006 +0.0002* |0.0319 +0.0145* |94 0.59 1360.0 15.1 24.3 0.03 0.02 0.04
fluranthene
Benzo[b] Newark 5.80 |0.0094 +0.0045# |0.1643 +£0.0841# |18 0.99 435.0 24.6 23.6 0.09 0.11 0.11
fluranthene
Benzo[k] Newark 6.00 0.0077 +£0.0019* |0.2143 +0.0543* |14 1.00 413.0 14.87 14.1 0.07 0.07 0.07
fluoranthene
Benzo[a] Newark 6.04 |0.0044 +£0.0012* |0.1410+0.0417* |21 0.98 550.0 16.8 16.3 0.06 0.06 0.06
pyrene

* Significance (p < 0.05)
# Significance (p < 0.10)

& Significance (p < 0.20): the elimination rate was fast and could not be more accurately documented without time points < 3 days

ks = chemical uptake rate constant (g sediment / g tissue * day)

ke = chemical elimination rate constant (1/day)

TSSes% = time to steady state

fss = fraction of steady state at 28 days

Csea = concentration in the sediment

C2s = concentration in tissue after 28 days of exposure
Css = concentration in tissue at steady state

BSAF = biota to sediment accumulation factor

NC = Not calculated due to p > 0.10
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Table C5. Modeled output for Macoma nasuta exposed to mercury (Hg) and methyl mercury
(Me-Hg). Results were unavailable in the Newark Bay treatment.
TSSes% Kinetic
Chemical | Sediment | ks ke (Days) 28-dfss | Csed Cas Css
Hg Arthur 0.0590 + 0.0154* | 0.0353 +0.0123* |85 0.63 0.0468 |0.0491 |0.0743
Hg Newark 0.1058 £ 0.0363* | 0.0451 + 0.0190# 67 0.72 0.0255 0.0429 0.0570
Me-Hg Newark 0.0810 £ 0.0412# | 0.1065 + 0.0593# 28 0.95 2.8 2.0 2.0

* Significance (p < 0.05)
# Significance (p < 0.10)

ks = chemical uptake rate constant (g sediment / g tissue * day)

ke = chemical elimination rate constant (1/day)
TSS95% = time to steady state
fss = fraction of steady state at 28 days

Csed = concentration in the sediment

C28 = concentration in tissue after 28 days of exposure

CSS = concentration in tissue at steady state

BSAF = biota to sediment accumulation factor
NC = Not calculated due to p > 0.10
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Appendix D: Nereis virens Uptake Curves
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Appendix D: Macoma nasuta Uptake Curves
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Figure D1. Uptake curves for Macoma nasuta exposed to DDTs in the Arthur Kill sediment.
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Figure D2. (Concluded).
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sediment (Sheet 1 of 3).
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Figure D4. Uptake curves for Macoma nasuta exposed to PAHs in the Arthur Kill sediment.
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Figure D8. Uptake curves for Macoma nasuta exposed to PAHs in the Newark Bay sediment.
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