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Abstract -The accumulation kinetics of the amphipod Diporeia sp. for sediment-sorbed polycyclic 
aromatic hydrocarbon (PAH) congeners were measured where the contact time between the PAH 
congeners and the sediments varied between 3 and 150 d. Diporeia were exposed to a reference sed- 
iment dosed with two radiolabeled PAHs (phenanthrene and pyrene) and to sediments dosed with 
the two radiotracers and a mixture of PAHs at 272.3 + 10.9 nmol g-' dry sediment, as the sum of 
the nine nonlabeled PAHs. The sediments were prepared by dosing aliquots of a single collection 
of sediment with PAHs at different times, producing a series of contact times. The exposures were 
all performed at the same time from a single collection of organisms. Diporeia were sampled for 
mortality and toxicokinetics for up to 28 d. Some sediment avoidance was observed during the first 
12 d of exposure. The partitioning between sediment particles and interstitial water increased sig- 
nificantly for both phenanthrene and pyrene as contact time increased. The uptake rate coefficient 
decreased for both phenanthrene and pyrene when the contact with the sediment was increased from 
3 to 60 d. When thi contaminant-sediment contact was increased from 60 to 150 d, the phenanthrene 
uptake rate coefficient remained constant whereas that for pyrene increased somewhat. Similar up- 
take results were observed with the nonradiolabeled compounds. 
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INTRODUCTION 

Bioavailability of sediment-associated contam- 
inants has been observed t o  decline with increased 
contact time between the sediment and the contam- 
inant [1,2]. This reduced bioavailability has been 
observed for laboratory-dosed sediments held for 
differing lengths of time [l] and for benzo[a]pyrene 
(BaP) accumulation from field-collected sediments 
compared with BaP laboratory-dosed to a separate 
aliquot of the field-collected material [2]. Even 
though reductions in accumulation have been ob- 
served, the potential impact of this process has not 
generally been recognized. 

Alteration of chemical behavior parallels that 
observed for bioavailability. When the contact time 
between the sediment and contaminant is in- 
creased, the ability to  chemically extract organic 
contaminants declines [3-61. When the bioavail- 
ability and chemical extractability are compared, 
decreases in chemical extractability occur more 
slowly than d o  decreases in bioavailability [I]. 

*To whom correspondence may be addressed. 
GLERL Contribution No. 750. 

Compounds with moderately large log octanol/wa- 
ter partition coefficients (log KO,) such as BaP, 
log KO, 5.98, d o  not exhibit a decline in bioavail- 
ability for laboratory-dosed sediments, whereas 
compounds with smaller log KO, values such as 
pyrene (PY), log KO, 5.2, show significant alter- 
ation [I]. Over the longer contact time that sedi- 
ments reside in the field, bioavailability apparently 
declines even for compounds such as BaP [2]. This 
suggests that the rate processes for this reduction 
are inversely proportional to log KO,. A similar in- 
verse proportionality has been observed for de- 
creases in chemical extractability [4]. 

The environmental significance of this bioavail- 
ability reduction may be large when comparing lab- 
oratory and field exposures. However, the kinetics 
are sufficiently fast for compounds such as PY and 
phenanthrene (PHE) that even comparisons be- 
tween laboratory studies can be affected by varia- 
tion in the contact time between the sediment and 
contaminant. 

To better describe how bioavailability changes 
with contact duration between the sediment and 
contaminant (sediment aging), the amphipod 
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Diporeia (spp.), a dominant Great Lakes macroin- 
vertebrate that accounts for most of the benthic 
biomass [7], was exposed to laboratory-dosed sed- 
iments containing a mixture of polycyclic aromatic 
hydrocarbons (PAHs) that had different contact 
times between sediment particles and contami- 
nants. The differences in bioavailability were as- 
sessed as differences in the accumulation kinetics 
for PAH congeners. Organism health was deter- 
mined by examining mortality and lipid content of 
the organisms relative to organisms exposed in a 
reference sediment to help ensure that any differ- 
ential accumulation was not a result of differen- 
tially stressed organisms. The partition coefficient 
between sediment and interstitial water was mea- 
sured to examine the hypothesis that observed re- 
ductions in bioavailability were due to increased 
sorption to the sediment. 

MATERIALS AND METHODS 

Collection of environmental samples 
Diporeia (spp.) were collected from Lake Mich- 

igan off Grand Haven, Michigan, at a depth of 24 
to 29 m with a Ponar grab sampler. (Note: The ge- 
nus Diporeia (spp.) is a new name given to the or- 
ganisms previously called Pontoporeia hoyi [8].) 
The Diporeia were gently removed from the sedi- 
ment with a screen, placed in clean lake water, and 
kept cold with ice during transport to the labora- 
tory. Diporeia were kept in aquaria containing 2 to 
3 cm of sediment and 7 to 10 cm of lake water at 
4OC [9]. Water used throughout the work was Lake 
Michigan surface water (collected about 1 m below 
the surface) and stored at 4°C. Lake Michigan sed- 
iment was obtained by PONAR grab approxi- 
mately five miles off Grand Haven, Michigan, at 
45 m depth. The sediment was sieved at 1 mm to 
remove animals and large pieces of debris. The 
sieved sediment was stored at 4°C before use. 

Preparation of sediment 
Aliquots of sediment were dosed 150, 60, and 

3 d before beginning exposure of Diporeia. Each 
sediment aliquot was dosed with two radioactive 
tracers, [14C]PHE (universally labeled, specific ac- 
tivity 14 mCi mmol-I) and [3H]PY (specific activ- 
ity 34 Ci mmol-I). Additionally, nine nonlabeled 
PAHs - anthracene (Anth), fluorene (n), fluoran- 
thene (FlA), chrysene (Chr), BaP, benzo[e]pyrene 
(BeP), perylene (Per), benzo[b]fluoranthene (BbF), 
and benzo[ghi]perylene (BghiP) - were dosed to all 
of the sediments except a fourth aliquot, which 
served as a reference sediment that contained only 

the two radiolabeled compounds dosed 3 d before 
exposing organisms. 

To dose the sediments, a solution of PAH was 
prepared by dissolving 30 mg of each nonlabeled 
compound in 50 ml acetone. The appropriate 
amount of this mixture (8.33 ml) was diluted to 
make a dosing solution of 25 ml in an acetone car- 
rier. The dosing solution was then added to ap- 
proximately 3 L of a 1:4 sediment to water slurry 
(w/v), as described below. 

The 1-mm sieved sediment was mixed until it 
appeared to be homogeneous. An amount of wet 
sediment corresponding to 680 g dry weight was 
placed in a 4-L beaker, and 2,500 ml lake water was 
added. The following two solutions were added 
drop by drop while the mixture was stirred vigor- 
ously at room temperature: 1.4 ml methanol con- 
taining [ I 4 C ] P ~ ~  (2.76 pCi/680 g dry sediment) 
and [3H]PY (13.5 pCi/680 g dry sediment), fol- 
lowed by 25 ml acetone containing the PAH solu- 
tion. The amount of acetone and methanol carriers 
added to each sediment mixture was held constant. 
The mixture was stirred at room temperature for 
4 h and kept at 4OC thereafter. The small amount 
of water-soluble carrier should have a minimal im- 
pact on the partitioning to the sediments [lo]. After 
2 d of settling, the overlying water was decanted, 
and fresh lake water was added. During the stor- 
age, the sediments were kept covered with 2 to 3 cm 
of lake water, and fresh lake water was added as 
necessary. 

Sediment dry weight for all samples was deter- 
mined by determining the wet:dry weight ratio of 
subsamples. The dry weight was obtained by dry- 
ing sediments to a constant weight at 60°C. The 
percentage of volatile solids was determined from 
the difference in weight between the 60°C dried 
sediment and the same sample after ashing at 
500°C for 4 h as a percentage of dry weight. 

Preexposure procedures 
Two days after dosing the last aliquot of sedi- 

ment, the overlying water was decanted from each 
aged sediment, the sediment was stirred for homo- 
geneity, and 45 g wet sediment was transferred to 
each of 15 beakers (400 ml); 250 ml lake water was 
added to each beaker [ll]. The estimated amounts 
of acetone (< 1.2 pl ml-I) and methanol (<0.07 p1 
ml-') remaining were not expected to affect the 
toxicokinetics [12]. The estimate of the amount of 
carrier assumes that (a) 80% of the water was de- 
canted (2,500 ml of the 2,840 to 3,180 ml total), (b) 
there was no loss of acetone or methanol due to 
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volatilization, and (c) the carriers dispersed into the 
fresh overlying water. 

Samoles for PAH concentration and sediment 
charactiristics were taken during the distribution of 
sediment to the exposure beakers. Triplicate sam- 
ples were taken from each set of aged sediments at 
the start, middle, and end of the distribution. These 
samples included 2 g sediment for analysis of non- 
labeled PAHs by GC, 2 g sediment for wet and dry 
weight determination, and 5 g sediment desiccated 
with sodium sulfate and extracted with ethyl ace- 
tate for determination of radioisotope activity. 
Lake water (250 ml) was then carefully added to 
each beaker, minimizing the disturbance of the sed- 
iment. The following day, three water samples (25 
ml) were randomly taken from beakers represent- 
ing each aging level, to determine the distribution 
of the radiotracers between bound and freely dis- 
solved concentrations in the overlying water. 

Distribution of the radiolabeled compounds in 
the overlying water, collected above, was deter- 
mined from the initial 25-ml water samples from 
each aged set. Total activity was determined on a 
2-ml subsample; 20 ml was filtered for particle- 
bound contaminant, with a backup filter which was 
counted to correct for sorption to the filter and 
2 ml of filtrate counted; 15 ml of the filtrate was 
passed through a CIS Sep-Pako (Waters, Missis- 
sauga, Ontario, Canada); and a 2-ml subsample of 
the eluate was counted for dissolved organic mat- 
ter- (DOM-) bound PHE and PY. The amount of 
freely dissolved compound in the water column was 
determined by the difference between the total ac- 
tivity and the sum of the DOM- and particle-bound 
activities on a per-milliliter basis [13,14]. 

Experimental design 

Diporeia were exposed in groups of 20 organ- 
isms to each aged sediment in triplicate per expo- 
sure duration-2, 6, 12, 19, and 28 d. Thus, the 
total number of groups of exposed organisms was 
15 per duration of aging (3,60, or 150 d). The or- 
ganisms were kept at 4OC under constant illumina- 
tion from a 7.5-W red darkroom light. The 
sediments containing only the two radiotracers 
served as the reference for the accumulation stud- 
ies and as a control for mortality and sediment 
avoidance. In previous studies [11,15; P.F. Lan- 
drum, unpublished data], water oxygen concentra- 
tion and water quality, hardness, alkalinity, and 
pH were not found to change under similar expo- 
sure conditions and were not measured in this 
study. 

At each sample time (2, 6, 12, 19, and 28 d), 
three beakers from each aged sediment were sam- 
pled at random. To quantify the avoidance behav- 
ior, the number of test organisms found on the 
sediment surface or swimming in the overlying wa- 
ter was recorded for each of the triplicate beakers. 
Diporeia were removed from the sediment by pass- 
ing the sediment through a 1-mm screen. The ex- 
tent of mortality was determined by recording the 
number of organisms surviving for one of the trip- 
licate samples. Organisms were sampled for both 
nonlabeled PAHs and radioisotope analyses. Or- 
ganisms were also recovered for subsequent analysis 
from the remaining two samples as the sediment 
was transferred for interstitial water recovery. 
However, the organisms could not be recovered 
quantitatively from the two samples used for recov- 
ery of interstitial water while minimizing the distur- 
bance of the sediment for the interstitial water 
isolation; thus, a mortality assessment could not be 
determined for these samples. For each replicate 
sample, (a) the radioisotope concentration was 
measured for two individual Diporeia (wet weight 
basis); (b) the individual lipid content of two or- 
ganisms was determined by microgravimetric anal- 
ysis [16]; and (c) the remaining live organisms were 
combined, weighed, and extracted by homogeniz- 
ing in a tissue grinder with methylene chloride for 
GC determination of their PAH content. 

Three subsamples of sediment from each bea- 
ker were used to determine the wet:dry weight ra- 
tio, the PAH content determined by GC analysis, 
and the radioisotope activity after desiccation and 
extraction with ethyl acetate. Radiopurities of the 
radiotracers were examined for sediment extracts 
taken at the beginning and end of the exposures. 

The interstitial water was isolated from two of 
the beakers by transferring the excess sediment that 
was not needed for chemical analysis to a centri- 
fuge tube and centrifuging at 1,000 g for 10 min. 
Total, bound, and free PHE and PY were deter- 
mined in the same manner as that for the overly- 
ing water described above. 

The partition coefficient between the sediment 
and the interstitial water was calculated from the 
freely dissolved concentration of the PY or PHE 
determined for the interstitial water and the con- 
centration in the sediment on a dry weight basis 
[17]. Thus, 

where K, is the partition coefficient, C, is the con- 
centration in the sediment on a dry weight basis, 
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and Ci, is the freely dissolved concentration in the 
interstitial water. 

Analyses 
To prepare the sediments for PAH analysis by 

GC, wet sediments (approximately 5 g [2 g dry 
weight]) were Soxhlet extracted for 4 h in 100 ml 
methanol; 200 ml methylene chloride was then 
added, and the extraction continued overnight. The 
extracted samples - sediments and Diporeia - were 
washed twice with hexane-extracted distilled water 
in equal amount with the sample. The washed ex- 
tract was rotary evaporated to a few milliliters, and 
50 ml pentane was added; the sample was further 
concentrated to approximately 1 ml on the rotary 
evaporator. Each extract, now in pentane, was in- 
troduced to an activated silica gel column (12 x 1 
cm), and the hydrocarbons were eluted with 12 ml 
of pentane. The PAHs were eluted with 12 ml of 
pentane:methylene chloride (5: 1). The PAH por- 
tion of each sample was rotary evaporated to ap- 
proximately 1 ml, and approximately 2 ml of 
hexane was added. The resultant mixture was then 
evaporated to 1 ml under a gentle stream of nitro- 
gen for GC analysis. Extraction yields were calcu- 
lated by using the 14C- and 3H-labeled PAHs. 
Extraction recoveries of spiked sediments ranged 
from 92 to 116% [l  11. 

Capillary GC analysis was performed on a 
Hewlett-Packard 5880 (Avondale, PA) equipped 
with automated dual injection ports (280°C) and 
two model PI-52 photoionization detectors (10.2- 
eV lamps at 280°C) (HNU Systems Inc., Newton, 
MA) using 25-m BP-1 and BP-5 columns. The 
analysis was run from 120 to 270°C at 4"C/min 
with a carrier (H,) flow of approximately 1 ml/min. 
Compound identification required that retention 
times on both columns be within 0.5% of standard 
runs for the same day. (Average sediment analyti- 
cal method yields for the various PAHs were FL 
83070, Anth 64'70, FIA 62%, Chr SO%, BbF 54070, 
BeP 66%, BaP 46%, Per 138% and BghiP 48070, 
based on a series of spiked samples.) Individual 
Diporeia analytical method yields ranged from 49 
to 89070, estimated from the recoveries of the radio- 
labeled compounds. NBS Standard 1647 (National 
Bureau of Standards, Washington, DC) was run as 
a calibration check for quantitation approximately 
every 10th sample. 

The radiopurities of the dosed compounds and 
compounds extracted from the sediments were de- 
termined by TLC and liquid scintillation counting. 
The extracts were chromatographed in hexane:ben- 
zene (8:2 v/v). The regions corresponding to the 

parent compound and all potential metabolites (in- 
cluding the origin) were scraped from the plate and 
placed in vials containing scintillation cocktail, for 
determination of the radioactivity. The percentage 
of radiopurity is the ratio of the amount of activ- 
ity found at the retention position of the parent 
compound divided by the total activity measured 
for the sample. 

Radioactivity was determined by liquid scintil- 
lation counting on an LKB 1217, using scintillation 
cocktail 3a70B (Research Products International, 
Mt. Prospect, IL). The data were corrected for 
quench, using the external standards ratio method, 
after correcting for background. 

Kinetics model 
The uptake coefficient was calculated from the 

data in Tables 1 and 2, using the following general 
model [I]: 

where k, is the uptake coefficient (g dry sediment 
g-' organism h-'), C, is the concentration in the 
sediment (nmol g-' dry sediment), h is the rate 
constant (h-') for reduction in the bioavailable 
concentration of the specific PAH congener, kd is 
the elimination rate constant (h-'), and C, is the 
concentration in the animal (nmol g-'). For some 
of the congeners, the kd value had not previously 
been determined and was estimated from a regres- 
sion between kd and log KO, [18]. The data for 
compounds with a log KO, < 5 were fit to the in- 
tegrated form of Equation 1 by using the nonlin- 
ear regression program, NLIN, in SAS@ [19], with 
the average elimination rate constant [I81 supplied. 
For compounds with a log KO, > 5, the model 
could be simplified to a one- or two-compartment 
donor-dependent model, with h equal to zero [I]. 

Statistics 
Differences between two means or slopes from 

regression lines were compared by using Student's 
t test. Differences were considered statistically sig- 
nificant whenp c 0.05. Linear regression and cor- 
relation coefficients were determined by using the 
linear regression program in SAS@ [19]. 

RESULTS 

Sediments 
Sediments collected from the same site had previ- 

ously been characterized for organic carbon content 
(1.0 k 0.2%) and volatile solids content (1.9 k 
0.2%) [l 11. The sediment volatile solids content for 
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Table 1. Initial concentration of radiolabeled PAHs and mean concentration of nonlabeled PAHs 
(nanomoles per gram) in exposure sediment 

Dose level 

Referencea Experimentb 

P AH log KowC Aged 3 d Aged 3 d Aged 60 d Aged 150 d % ~ e c o v e r ~ ~  

Fluorene 
I4C Phenanthrene 
Anthracene 
Fluoranthene 
3H Pyrene 
Chrysene 
Benzo [ b ]  fluoranthene 
Benzo [el pyrene 
Benzo [ a ]  pyrene 
Perylene 

"Reference sediment-only radiotracers added to sediment. This sediment was not analyzed for nonlabeled 
contaminants. 

b~xperimental sediments were dosed with both radiotracers and the nine nonlabeled PAHs and were aged differently. 
'From [33]. 
dMean recoveries of PAHs based on expected nominal concentrations dosed to the sediments. 
'The recovery for phenanthrene was unusually high because the amount of label added to the 3-d aged sediment was 
much greater than anticipated. 

f~oncentration in picomoles per gram. 
8Log KO, estimated from a regression of molecular weight vs. log KO,, 

this study was 2.3 + 0.2%. Thus, even though or- the sediment distribution to the exposure beakers. 
ganic carbon was not measured directly, it should The C.V.s were low, 9.3 + 3.4% (mean C.V. * SD), 
not have been significantly different from the pre- for the PHE and 6.9 + 4.5% for the PY for all the 
viously characterized material. The contaminant aged sediments. Due to the low C.V.s, the sedi- 
homogeneity in the sediments was examined by an- ments were assumed to be homogeneously dosed 
alyzing the radiotracers from samples taken during on a bulk sediment basis. 

Table 2. The mean concentrationa of PAH congeners in Diporeia (nanomoles per gram) 

Age Sample 
(days) time (days) FL Anth FlA Chr BbF BeP BaP Per BghiP 

Fluorene (FL), anthracene (Anth), fluoranthene (FIA), chrysene (Chr), benzo [ b ]  fluoranthene (BbF), benzo [el pyrene 
(BeP), benzo [ a ]  pyrene (BaP), perylene (Per), and benzo [ghi] perylene (BghiP). 
an = 3 for each sample time for each sediment. 



1202 P.F. LANDRUM ET AL. 

The amount of the radiolabeled compounds 
measured in the sediment (Table l), compared to 
the nominally dosed concentrations, averaged 
102% for both the 60- and the 150-d contact and 
370% for the 3-d contact for PHE, and 81% for 
PY. These mass balances between amount dosed 
and amount measured are similar to those found 
for other studies [I, 1 1,201. The relative amounts of 
the nonlabeled PAHs measured in the sediments 
were similar to that of the PY, based on the nom- 
inal amount dosed to the sediments (Table 1). The 
large amount of PHE found in the 3-d aged sedi- 
ments was probably due to an error in the total 
dosed amount. The extractable radiotracer concen- 
trations in the sediments declined somewhat be- 
tween the initial measurement before exposure and 
at the end of the exposures for both PY and PHE. 
The PY concentration declined 15.5 + 2.3%, 
whereas the PHE declined 51.5 + 9.7%. No de- 
clines in PAH concentrations were detectable for 
the nonlabeled compounds. The declines in concen- 
tration were accounted for during the determina- 
tion of the kinetic coefficients. 

The radiopurities of the labeled compounds 
were determined to ensure that no degradation had 
taken place during storage or over the course of the 
exposures. Both compounds had high radiopuri- 
ties, even after storage for 150 d. At the start of the 
experiment, the radiopurities were 98 + 0.7% for 
PHE and 95 + 1.1  Yo for PY. There was little or no 
degradation by the end of the exposure period (ra- 
diopurity = 96 + 1.8% for PHE and 92 + 1.4% for 
PY). Thus, the amount of the labeled contaminants 
could be determined from the radioactivity and the 
concentration calculated from the specific activity 
of the respective compound. 

Partition coefficients 
The partition coefficients between the interstitial 

water and the sediment particles were determined 
at each sample time from two of the triplicate bea- 
kers containing exposed organisms for the two ra- 
diolabeled compounds. Additionally, on the last 
day of the experiment, partitioning was determined 
for duplicate controls - samples that contained no 
organisms. In the samples with the nonlabeled 
PAHs, the partition coefficients increased signifi- 
cantly for PY and PHE with longer durations of 
aging (Fig. 1). The rates of increase in the partition 
coefficients were not different for the two com- 
pounds, based on the slopes of the regression lines. 
The partition coefficients for the samples taken on 
day 19 of the organism exposures were approxi- 

0 ,  , , , , , , , , , 
0 40 80 120 160 

Duration of Aging (days) 

Fig. 1. Increasing partition coefficients between intersti- 
tial water and sediment particles for pyrene and phenan- 
threne as the contact time between the compounds and the 
sediment increased [pyrene K, = 227.7 + 25.5 + (1.19 k 
0.23) .time, r2 = 0.678, p < 0.01, n = 13; phenanthrene 
K, = 143.8 + 34.1 + (0.956 + 0.33).time, r2 = 0 . 4 1 , ~  = 
0.016, n = 121. 

for all durations of aging and were excluded from 
further consideration. 

In the absence of the nonlabeled PAHs in the 
reference sediment, a similar trend toward larger 
partition coefficients with longer aging was ob- 
served for both PY and PHE. However, the vari- 
ability was large and no significant increase was 
found due to the small number of samples and the 
short duration of aging from 3 to 31 d, that is, 
from the beginning of the Diporeia exposure to the 
end of the exposures. 

The partition coefficients for PY and PHE were 
similar to those determined previously with the 
same length of aging [l 11. The partition coefficients 
were not significantly different between sediments 
with organisms and controls (no organisms) for 
samples taken at the end of the experiment for all 
aging times with both compounds (Table 3). The 
partition coefficients in the absence of organisms 
also increased with increased aging. The slopes of 
the regression lines for the partition coefficients vs. 
contact time, in the absence of organisms, were not 
significantly different from those containing organ- 
isms. However, the intercepts were somewhat lower 
compared to the overall regressions for PHE and 
PY (Table 3 and Fig. 1). 

Toxicity and bioaccumulation 

The sediment PAH concentration employed for 
mately three times larger than any other measures this study was similar to the highest dose that ex- 
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Table 3. Partitioning between the interstitial water 
and the sediment particles for phenanthrene and 
pyrene in the presence and absence of Diporeia 

Kp (PHE) Kp (PY) 
Aging 
time No No 
(days) Diporeia Diporeia Diporeia Diporeia 

Regression lines for PHE, no Diporeia, Kp = 119.8 rt 
21.5 + (0.769 + 0.21).time, r2 = 0.93; PHE, with Di- 
poreia, Kg = 60.8 + 1.9 + (1.06 + 0.002).time, rZ =0.99; 
PY, no Diporeia, K, = 159.1 + 36.4 + (1.86 + 0.35) time, 
rZ = 0.97; PY with Diporeia, Kp = 222.8 + 16 -; (1.23 + 
0.15).time, ri = 0.98. 
aThese samples contained no added nonlabeled PAHs. 

hibited a minimal mortality in a previous Diporeia 
study [l 11. This dose was chosen to avoid overt re- 
sponses in the organisms while making the analy- 
sis of the nonlabeled PAHs as easy as possible. 
Although some sediment avoidance was observed 

was not reflected by the other samples. The condi- 
tion of the Diporeia, as determined by the lipid 
content, exhibited a significant decline for the 3- 
and 60-d aged sediments, but there was no signifi- 
cant decline for the reference and the 150-day aged 
sediments, based on linear regression of lipid con- 
tent vs. exposure duration (Table 4). 

The k, values for the radiotracers (PHE and 
PY) in the reference sediment (Table 5) were simi- 
lar to values previously determined [I]. Further, 
the k, values for the PAH congeners, both radio- 
labeled and nonlabeled, with a log KO, of 55.2 
and aged 3 d were similar to those of previous 
studies in which the total sediment PAH concentra- 
tion was similar [ll]. However, for PAHs with log- 
KO, > 5.2, the k, values were larger than those 
previously observed [ll].  As a result, the slope of 
the regression line between log KO, and log k, is 
approximately half that previously observed [1,11] 
(Fig. 2). 

After 60 d contact, the regression line between 
log KO, and log k, had the same slope as the re- 
gression from the 3-d contact, but the intercept de- 
clined by 0.69 log units (a factor of approximately 
five) (Fig. 3). By the time the contact time had 

early in the experiment, 25 & 13%, there were no been extended to 150 d, the slope of the regression 
significant differences among the reference, the sed- line between log KO, and log k, was about half 
iment containing only the radiotracers, and the that of both the 3- and the 60-d contact times, and 
other sediments containing the nonlabeled PAHs. the intercept was 0.24 log units less than the inter- 
Most of the avoidance was observed during the cept for the 60-d contact time relationship (Fig. 3). 
first 6 d of exposure and had dropped to 15 f 10% The lower slope results primarily from an increase 
by day 12. Little mortality (0-10%) was found, ex- in the measured k, values for the compounds with 
cept in one sample from the reference sediment at the larger log KO, values, log KO, > 5.2, whereas 
the last sample time (80%) and the 150-d aged sed- the k, values remained similar to those after 60 d 
iment at the last sample time (40%). The mortal- contact for compounds with smaller log KO, val- 
ity in these samples is extremely unusual [ l l ]  and ues, log KO, < 5.2 (Table 5). 

Table 4. Percentages of lipid for Diporeia over the course of the 28-d exposure 

070 lipida (mean + SD) 
Sediment 
aging 6 d 12 d 19 d 28 d 
(days) Exposure Exposure Exposure Exposure P 

Ref.' 18.9 + 5.0 16.8 + 3.4 11.4 -+ 4.3 17.5 + 7.8 0.21 
(n = 5) (n = 6) (n = 5) (n = 4) 

3 15.0 + 4.8 14.6 + 6.2 13.3 + 5.6 7.6 rt 3.4 <0.01 
(n = 6) (n = 6) (n = 6) (n  = 5) 

60 14.5 + 3.2 16.2 + 5.8 8.5 + 2.8 9.0 + 3.7 <0.01 
(n = 6) (n = 5) (n = 6) (n = 6) 

150 14.0 + 5.1 12.2 * 8.5 16.8 + 3.6 11.8 + 8.7 0.11 
(n = 6) (n = 6) (n = 6) (n = 6) 

'Percentages of lipid on a dry weight basis. Initial lipid content 17.2 + 5.6% (n = 17). 
b~chieved significance level. 
'This row represents 3 d of contact, with only the labeled PAHs added to the sediment. 
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Table 5. Uptake clearance (k,) values for PAH congeners with various durations of sediment aging 

k, (g dry sediment g-' h-') 

PAH congener Aged 3 da Aged 3 d Aged 60 d Aged 150 d 

Fluorene 

Phenanthrene 

Anthracene 

Fluoranthene 

Pyrene 

Chrysene 

Benzo [ b] fluoranthene 

Benzo [el pyrene 

Benzo [a] pyrene 

ND = not determined. 
'Reference concentration-only radiotracers added to the sediment. 
b~umbers  in parentheses represent the standard error of the regression fit for the data to the appropriate kinetic model. 

DISCUSSION 

The sediments were generally homogeneously 
dosed on  a bulk sediment basis, as represented by 

the low coefficients of variation for the radiola- 
beled compounds. These coefficients of variation 
were not different among sediments with different 
aging. Further, the radiolabeled compounds did 
not degrade during the preexposure storage. Thus, 
the radiolabel could be used as a tracer of the re- 
spective parent compounds. 

Fig. 2. Relationship between the uptake clearance (k,) 
and the octanol-water partition coefficient (KO,) for 
PAHs sorbed to sediments for 3 d. The solid line is for 
this study with sediments that had been stored for 150 d 
[log k, = 1.102 rt 0.198 - (0.38 rt 0.098) .log KO,, r2 = 
0.68, n = 9, p c 0.011 ; the two dashed lines are for fresh 
sediments from previous studies [ l l ]  at total PAH con- 
centrations slightly less than those used for this study (L3) 
[log ks = 2.12 rt 0.71 - (0.64 rt 0.13.log KO,) and 
slightly greater than those used for this study (L4) [log 
k, = 2.38 rt 0.78 - (0.68 rt 0.15)alog KO,]. 

Fig. 3. Relationship between the uptake clearance (k,) 
and the octanol-water partition coefficient (KO,) for 
PAHs sorbed to sediments for 60 d (closed circles and 
solid line) and 150 d (open circles and dashed line) [60 d: 
log k, = 0.408 rt 0.22 - (0.317 f O.ll).log Kow, r2  = 
0.54, n = 9, p c 0.05; 150 d: log ks = -0.17 rt 0.19 - 
(0.173 rt 0.094) slog KO,, r2 = 0.33, n = 9, p < 0.101. 
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The PAH concentrations measured in the sedi- 
ments were approximately 20% lower than nomi- 
nally dosed. This is similar to the relative amount 
of PAHs found in other experiments where sedi- 
ments were dosed in the laboratory [l ,  11,201. The 
one exception in this work was the PHE added to 
the 3-d aged sediments. For these sediments, the 
added amount of PHE was apparently much larger 
than the planned amount. For all the compounds, 
the kinetics and partitioning were based on mea- 
sured sediment concentrations, not the nominal 
doses. Because the sediments contained radiolabeled 
compounds, losses that occur through the analyt- 
ical methodology can be corrected by comparing 
the amount of radiotracer in the extract prepared 
for GC with extracts prepared for radiotracer anal- 
ysis that are analyzed directly and do not pass 
through the cleanup and volume reduction steps. 

The sediment-associated PAHs behaved differ- 
ently from those of previous studies. The concen- 
trations of both PHE and PY declined significantly 
over the course of the exposures for all aging du- 
rations. Previously, the decline in the PHE and PY 
concentrations have been small and generally ob- 
served only for PHE [l ,1 I]. The reasons for the en- 
hanced losses in these stored sediments are not 
known. However, the influence of the declines in 
contaminant concentration was minimized for the 
toxicokinetics by using the model in Equation 1, 
which allows for loss of bioavailable contaminant 
concentration over time. 

Both radiolabeled compounds exhibited in- 
creased partitioning between interstitial water and 
sediment particles as aging increased (Fig. 1). How- 
ever, even after 150 d of aging, the partition coef- 
ficients for PY and PHE were lower by a factor of 
approximately four than those measured for field- 
collected sediments [21]. These increases in parti- 
tion coefficients apparently did not result from 
some organism action as the partition coefficients 
also increased in the absence of Diporeia. The in- 
creasing partitioning suggests that the compounds 
are becoming more tightly bound with increased 
contact time. Such increased binding has been de- 
scribed as movement from a reversible to a resis- 
tant pool of bound compound in other partitioning 
experiments [4,5]. This increased partitioning is 
likely reflected, at least in part, in the bioavailabil- 
ity decreases of the PAHs as aging increases. 

The Diporeia exhibited some early avoidance of 
the sediment, but the avoidance was not different 
for the differently aged sediments. Thus, decreases 
in the uptake coefficients from the different aged 
sediments could not be attributed to selective 
avoidance. The decline in lipid content was signif- 

icant but similar for organisms exposed to the 3- 
and 60-d aged sediments containing the nonlabeled 
PAHs. Because the largest change in bioavailabil- 
ity occurred between the 3- and 60-d aged sedi- 
ments and the organisms for these two exposures 
exhibited similar changes in lipid content, organ- 
ism health did not seem to account for the de- 
creased bioavailability of the sediment-sorbed 
PAHs. 

Two changes in the uptake clearance coeffi- 
cients (k,) were observed with the stored sedi- 
ments. First, with only 3 d of aging (the same 
duration as that of previous experiments), the k, 
values were similar to previous values for the ref- 
erence sediment containing only the radiotracers. 
However, for the same length of aging with the ad- 
dition of the nonlabeled PAHs, PAH congeners 
with log KO, values >5.2 had larger than expected 
k, values, compared to those of a previous study 
containing a similar total PAH concentration [ll]. 
This increase in the k, values for the larger log KO, 
components represents increased bioavailability. 

The differences in bioavailability between the 
previous k, values from fresh sediments and this 
study with stored sediments were not likely due to 
differences in the composition of the originally col- 
lected material, because k, values measured for 
freshly collected sediment were similar among var- 
ious collections made over the course of five years 
[I]. Nor was the PAH concentration likely respon- 
sible for the change in bioavailability, as the slope 
of the regression lines between the log k, and the 
log KO, remained the same regardless of the con- 
centration of added PAH in a previous study [ll]. 

Two hypotheses may account for the differen- 
tial bioavailability of compounds with the larger 
log KO, values: (a) changes in the sediment com- 
position with storage result in changes in partition- 
ing and bioavailability, and/or (b) changes in 
behavior, specifically ingestion rate, may differen- 
tially result in increased accumulation of the more 
strongly sorbed compounds. 

Storage of field-collected sediments can affect 
the toxicity of some contaminants [22], presumably 
reflecting changes in contaminant bioavailability, 
but storage does not always result in altered toxic- 
ity [23,24]. Additionally, the composition of the in- 
terstitial water recovered from field-collected 
sediments can change with sediment storage [25,26], 
which will potentially alter bioavailability and tox- 
icity. Whereas alteration of toxicity has been ob- 
served with sediment storage, alteration of 
sediment composition as a potential contributor to 
the changed toxicity has not been well examined. 
Further, the compounds with the larger log KO, 
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values were present in nonlabeled form, thus it was 
not possible to examine their partitioning in the 
150-d stored sediment compared to previously mea- 
sured partitioning in fresh sediment [15] to evalu- 
ate changes in chemical behavior of these PAHs. 
Although changes in sediment composition would 
likely have the greatest effect on the compound- 
sediment interactions and therefore the bioavail- 
ability of compounds with the larger log KO, val- 
ues, whether sediment storage results in differences 
in sediment composition that are manifest in dif- 
ferences in the bioavailability remains to be proven. 

Alternatively, the differences between the rates 
of accumulation from the stored sediment and 
fresh sediment may be due to an alteration in the 
dominant route of accumulation. Values of k, as 
measures of bioavailability are integrated measures 
of exposure and do not distinguish between the var- 
ious routes of accumulation such as from intersti- 
tial water or particle ingestion. However, factors 
that influence ingestion or respiration may differ- 
entially affect the measured bioavailability. Be- 
cause ingestion is apparently the dominant route 
for accumulation of compounds with large log KO, 
values (approximately 1 6  [1,27]), the observed in- 
creases in bioavailability for these compounds may 
reflect changes in ingestion. The organisms in the 
stored sediment, aged for 3 d, exhibited a decline 
in lipid content over the course of the experiment. 
Such stress during early stages of toxicity has re- 
sulted in increased feeding for aquatic oligochaetes 
[28,29] and might have accounted for the overall 
change in k, at different sediment-PAH doses 
[ll]. If the stress, as reflected by the lipid decline, 
results in an increased ingestion rate, then the com- 
pounds with the larger log KO, values may differ- 
entially exhibit larger k, values. Such increases in 
k, for the compounds with the larger log KO, val- 
ues might also be augmented by compositional 
changes, as suggested above. Although both pro- 
cesses may account for all or part of the observed 
difference between the bioavailability in fresh vs. 
stored sediment, both are speculative and remain 
to be verified. 

The second observed effect on k, with the 
stored sediments was a decline in the bioavailabil- 
ity of the FAH congeners with increased aging be- 
tween 3 and 60 d. This decline between the two 
lengths of aging is reflected approximately equally 
across all log KO, values (Table 5) and results in a 
smaller intercept for the 60-d regression line be- 
tween log k, and log KO,, compared to the 3-d re- 
gression line, whereas the slopes for the regression 
lines are similar. The organism health for these two 

aged sediments was similar, exhibiting minimal 
mortality and similar declines in lipid content. 
Thus, the decline in the bioavailability cannot be 
attributed to differences in organism health. This 
decline occurs as the partition coefficients between 
the sediment and the interstitial water for PY and 
PHE are increasing. 

When the aging was increased from 60 to 150 d, 
the k, values did not decline further for most com- 
pounds, although the partition coefficients contin- 
ued to increase for PHE and PY. For the 150-d 
aged sediment, the bioavailability did not continue 
to track the observed increases in the partitioning 
between interstitial water and sediment particles. 
The regression line for log k, vs. log KO, for 150 d 
of aging had a shallower slope than that for the 
3- and 60-d regression lines, indicating that the 
compounds that have larger log KO, values had in- 
creased their bioavailability relative to the com- 
pounds with smaller log KO, values. Thus, 
compositional changes that were suggested for sed- 
iments stored 150 d but dosed 3 d before exposure 
may be enhanced with 150 d of contact. 

The cause of the bioavailability changes with in- 
creased contact time between the PAHs and the 
sediment particles is not known, although diffusion 
into particles rather than surface sorption has been 
suggested to account for changes in chemical ex- 
tractability with time [4,5]. This mechanism also 
has been suggested to affect the bioavailability of 
PAHs [I]. As above, changes in the sediment com- 
position, particularly the organic fraction of the 
sediment, may alter the chemical extractability and 
bioavailability of organic contaminants. The vol- 
atile solids concentration at the beginning of the ex- 
periment was similar to that of sediments collected 
previously from the same site. Unfortunately, the 
concentration of the organic carbon was not mea- 
sured at the end of the experiment. Yet these data, 
along with those discussed above, suggest that 
changes in bioavailability for stored sediment could 
be due in part to sediment-compositional changes 
that occur during storage. 

Differential rates of ingestion as an explanation 
for the enhanced bioavailability between the 60- 
and 150-d aged k, values for the larger molecular 
weight compounds might also apply. However, the 
organisms in the longer aged sediment were not ap- 
parently as stressed as those in the 60-d aged sedi- 
ment, as they did not exhibit a significant change 
in lipid content over the course of the exposure. 
Thus, the hypothesis formulated above suggesting 
stimulation of feeding with increased stress may 
not be appropriate for this case. Because ingestion 
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was not measured in any of the cases, it is impos- 
sible to determine if there was differential feeding 
under any of the conditions. 

In the environment, the aging of contaminants 
on sediment particles is generally long, compared 
to most of the laboratory procedures employed for 
introducing contaminants to sediments [1,30,31]. 
The longer aging results in reduced bioavailability 
of the contaminants relative to laboratory-dosed 
sediments [2]. Additionally, such reductions may 
depend on sediment composition, as suggested 
above. Overall, the effect of aging is an important 
variable, in conjunction with organic matter con- 
centration and composition, for consideration 
when developing standardized protocols for bioas- 
says with laboratory-dosed sediments. 

One approach for establishing sediment quality 
criteria is to use laboratory-spiked sediments for es- 
tablishing toxicity [32]. Different researchers pre- 
pare sediments for testing with procedures that 
result in varying sediment aging from the initiation 
of sediment dosing to organism exposure. These 
aging differences may result in different toxic re- 
sponses between laboratories due to alteration of 
bioavailability and could confound the setting of 
criteria. A standardized contact time between sed- 
iments and contaminants should be established to 
ensure that data collected between different inves- 
tigators will be reasonably comparable for this vari- 
able. However, establishing standard contact times 
will not address the effects of different sediment 
compositions nor the differences between labora- 
tory and field exposures on bioavailability. 

CONCLUSION 

Increases in the length of contact between the 
sediment and the contaminant generally reduced 
bioavailability compared to 3 d of aging, but after 
60 d, the bioavailability appeared to stabilize. Ad- 
ditionally, the apparent increased bioavailability of 
compounds with large log KO, values aged for 3 d 
on 150-d stored vs. fresh sediments suggests com- 
positional changes of laboratory-dosed sediment 
during storage. Proof of such an effect of compo- 
sition on bioavailability remains to be confirmed. 
However, for laboratory bioassay experiments, the 
length of contact time between the sediment and 
the contaminant affects bioavailability both for dif- 
ferent laboratory-dosed systems and for compari- 
sons with field samples. Thus, the length of aging 
should be standardized to permit comparison be- 
tween laboratories, although the optimal duration 
for this contact has yet to be established. 

Acknowledgement- We wish to thank James Carbone for 
technical assistance and Sharon Thoms for comments and 
suggestions on a previous draft of the manuscript. 

REFERENCES 
I. Landrum, P.F. 1989. Bioavailability and toxicokinet- 

ics of polycyclic aromatic hydrocarbons sorbed to 
sediments for the amphipod, Pontoporeia hoyi. En- 
viron. Sci. Technol. 23588-595. 

2. Varanasi, U., W.L. Rekhert, J.E. Stein, D.W. Brown 
and H.R. Sanborn. 1985. Bioavailability and bio- 
transformation of aromatic hydrocarbons in benthic 
organisms exposed to sediment from an urban estu- 
ary. Environ. Sci. Technol. 19:836-841. 

3. Karickhoff, S.W. 1980. Sorption kinetics of hydro- 
phobic pollutants in natural sediments. In R.A. 
Baker, ed., Contaminants and Sediments, Vol. 2. 
Ann Arbor Science, Ann Arbor, MI, pp. 193-206. 

4. Karickhoff, S.W. and K.R. Morris. 1985. Sorption 
dynamics of hydrophobic pollutants in sediment sus- 
pensions. Environ. Toxicol. Chem. 4469-479. 

5. DiToro, D.M., L.M. Honema, M.M. Casey and W. 
Richardson. 1982. Reversible and resistant compo- 
nents of PCB adsorption-desorption: Adsorption 
concentration effects. J. Gt. Lakes Res. 8:336-349. 

6. Haddock, J.D., P.F. Landrum and J.P. Giesy. 1983. 
Factors affecting the extraction efficiency of anthra- 
cene from sediments. Anal. Chem. 55:1197-1200. 

7. Manolf, G.R. 1965. Substrate relations of the bur- 
rowing amphipod, Pontoporeia affinis, in Lake 
Michigan. Ecology 46579-592. 

8. Bousfield, E.L. 1989. Revised morphological rela- 
tionships within the amphipod genera Pontoporeia 
and Gamaracanthus and the "glacial relict" signifi- 
cance of their post glacial distributions. Can. J.  Fish. 
Aquat. Sci. 46: 1714-1725. 

9. Landrum, P.F. 1982. Uptake, depuration and bio- 
transformation of anthracene by the scud, Pon- 
toporeia hoyi. Chemosphere 11: 1049- 1057. 

10. Nkedi-Kizza, P., P.S.C. Rao and A.G. Hornsby. 
1985. Influence of organic cosolvents on sorption of 
hydrophobic organic chemicals by soils. Environ. Sci. 
Technol. 19:975-979. 

11. Landrum, P.F., B.J. Eadie and W.R. Faust. 1991. 
Toxicity and toxicokinetics of a mixture of sediment- 
associated polycyclic aromatic hydrocarbons to the 
amphipod, Diporeia (sp). Environ. Toxicol. Chem. . . . - .  
10:35-46. 

12. Landrum, P.F. 1983. The effect of co-contaminants 
on the bioavailability of polycyclic aromatic hydro- 
carbons to Pontoporeia hoyi. In M.W. Cooke and 
A.J. Dennis, eds., Polynuclear Aromatic Hydrocar- 
bons: Seventh International Symposium on Forma- 
tion, Metabolism, and Measurement. Battelle Press, 
Columbus, OH, pp. 731-743. 

13. Landrum, P.F., S.R. Nihart, B.J. Eadie and W.S. 
Gardner. 1984. Reverse-phase separation for deter- 
mining pollutant binding to Aldrich humic acid and 
dissolved organic carbon of natural waters. Environ. 
Sci. Technol. 18: 187-192. 

14. Landrum, P.F., S.R. Nihart, B.J. Eadie and L.R. 
Herche. 1987. Reduction in bioavailability of organic 
contaminants to the amphipod, Pontoporeia hoyi, by 
dissolved organic matter of sediment interstitial wa- 
ters. Environ. Toxicol. Chem. 6: 1 1-20. 



1208 P.F. LANDRUM ET AL. 

15. Landrnm, P.F., W.R. Faust and B.J. Eadie. 1989. 
Bioavailability and toxicity of a mixture of sediment 
associated chlorinated hydrocarbons to the amphi- 
pod, Pontoporeia hoyi. In U.M. Cowgill and L.R. 
Williams, eds., Aquatic Toxicology and Hazard AS- 
sessment: Twelfh Volume. STP 1027. American So- 
ciety for Testing and Materials, Philadelphia, PA, pp. 
315-329. 

16. Gardner, W.S., W.A. Frez, E.A. Chichocki and C.C. 
Parish. 1985. Micromethod for lipid analysis in 
aquatic invertebrates. Limnol. Oceanogr. 30:1099- 
1105. 

17. Eadie, B.J., N.R. Morehead and P.F. Landrum. 
1990. Three-phase partitioning of hydrophobic or- 
ganic compounds in Great Lakes waters. Chemo- 
sphere 20:161-178. 

18. Landrum, P.F. 1988. Toxicokinetics of organic xeno- 
biotics in the amphipod, Pontoporeia hoyi: Role of 
physiological and environmental variables. Aquat. 
Toxicol. 12:245-27 1 .  

19. SAS Institute. 1985. SAS@ Users Guide: Statistics, 
Version 5 Edition. Cary, NC. 

20. Swartz, R.C., D.W. Schults, T.H. DeWitt, G.R. Dits- 
worth and J.O. Lambenon. 1990. Toxicity of fluo- 
ranthene in sediment to marine amphipods: A test of 
the equilibrium partitioning approach to sediment 
quality criteria. Environ. Toxicol. Chem. 9:1071- 
1079. 

21. Eadie, B.J., J.A. Robbii, W.R. Faust and P.F. Lan- 
drum. 1991. PAH in sediments and pore waters of the 
lower Great Lakes: Reconstruction of a regional BaP 
source function. In R.A. Baker, ed., Organic Sub- 
stances and Sediments in Water, Vol. 2. Lewis Pub- 
lishers, Chelsea, MI, pp. 171-189. 

22. Stemmer, B.L., G.A. Burton and S. Leibfritz-Fred- 
erick. 1990. Effect of sediment test variables on se- 
lenium toxicity to Daphnia magna. Environ. Toxicol. 
Chem. 9:381-390. 

23. Cam, R.S., J.W. W i m s  and C.T.B. Fragata. 1989. 
Development and evaluation of a novel marine sed- 
iment pore water toxicity test with the polychaete, 
Dinophilius gyrociliatus. Environ. Toxicol. Chem. 
8:533-543. 

24. Otboudt, R.A., J.P. Giesy, K.R. Grzyb, D.A. Ver- 
brugge, R.A. Hike, J.B. Drake and D. Anderson. 
1991. Evaluation of the effects of storage time on the 
toxicity of sediments. Chemosphere 22:801-807. 

25. Watson, P.G., P. Frickers and C. Goodchid. 1985. 
Spatial and seasonal variations in the chemistry of 
sediment interstitial waters in the Tamar Estuary. Es- 
tuarine Coastal Shelf Sci. 21: 105-1 19. 

26. Hurlbert, M.H. and M.P. Brindle. 1975. Effects of 
sample handling on the composition of marine sedi- 
mentarypore water. Geol. Soc. Am. Bull. 86:109-110. 

27. Landnun, P.F. and J.A. Robbins. 1990. Bioavailabil- 
ity of sediment-associated contaminants to benthic in- 
vertebrates. In R. Baudo, J. Giesy and H. Muntau, 
eds., Sediments: Chemistry and Toxicity of In-Place 
Pollutants. Lewis Publishers, Ann Arbor. MI. vv. . . -. 
237-263. 

28. Keilty, T.J., D.S. White and P.F. Landrnm. 1988. 
Sublethal responses to endrin in sediment by Stylo- 
drilus heringianus (Lumbriculidae) as measured by a 
137-cesium marker techniaue. Aauat. Toxicol. 
13:251-270. 

29. Keiltv. T.J.. D.S. White and P.E Landrum. 1988. 
~ublithal responses to endrin in sediment by Lim- 
nodrilus hoffmeisteri (Tubificidae) alone and with 
Stvlodrilus herinpianus (Lumbriculidae). Aauat. Tox- - 
icol. 13:227-256 

30. Swartz, R.C., W.A. DeBen, J.K.P. Jones, J.O. Lam- 
benon and F.A. Cole. 1985. Phoxocephalid amphi- 
pod bioassay for marine sediment toxicity. In R.D. 
Cardwell, R. Purdy and R.C. Bahner, eds., Aquatic 
Toxicology and Hazard Assessment: Seventh Sympo- 
sium. STP 854. American Society for Testing and 
Materials, Philadelphia, PA, pp. 284-307. 

3 1. Adams, W.J., R.A. Kimerle and R.G. Mosher. 1985. 
Aquatic safety assessment of chemicals sorbed to sed- 
iments. In R.D. Cardwell, R. Purdy and R.C. Bahner, 
eds., Aquatic Toxicology and Hazard Assessment: 
Seventh Symposium. STP 854. American Society for 
Testing and Materials, Philadelphia, PA, pp. 
429-453. 

32. Lamberson, J.O. and R.C. Swartz. 1988. Use of 
bioassays in determining the toxicity of sediment to 
benthic organisms. In M.S. Evans, ed., Toxic Con- 
taminants and Ecosystem Health: A Great Lakes Per- 
spective. John Wiley & Sons, New York. NY, pv. - - 
257-280. 

33. Miler, M.M., S.P. Wasik, G. Huang, W. Sbiu and 
D. Mackay. 1985. Relationships between octanol- 
water partition coefficient and aqueous solubility. 
Environ. Sci. Technol. 19522-529. 


