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Abstract

A sample of Lake Michigan sediment was dosed with ['*C]benzo(a)pyrene (['*C]BaP) and
stored in the dark at 4°C. Sets of experiments exposed Diporeia spp. for 28 days to this dosed
sediment after 1 week, 6 and 13 months storage. Just prior to the exposures, the sediment
was dosed again with [*H]benzo(a)pyrene ([*H]BaP). The accumulation of ['*C]BaP with and
without [*H]BaP was also examined after 13 months contact time to see whether the dosing
with [PH]BaP affected the bioavailability. After | week contact time, the uptake clearance
(K,, g sed. g=!' h™ ") for ["*C]BaP was about 38% lower than the K, for [*H]BaP. After 6
months and 13 contact time the K, for ["*C]BaP was 46% and 42% lower, respectively, than
the K, for [PH]BaP suggesting that contact time between the compound and sediment
particles may affect the bioavailability of BaP. The K, for ["*C]BaP with and without
[FH]BaP was the same. The log K. of BaP varied from 5.25 to 6.18 at different time points
but there was no large difference between [*H]BaP and ["*C]BaP. The particle size distribu-
tion of ["*C]BaP did not change during the 13 months storage and it was similar to the
distribution of [*H]BaP. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Neutral hydrophobic compounds, such as polycyclic aromatic hydrocarbons
(PAHs), sorb to the organic matrix of particles and tend to accumulate in
sediments. Sorptive partitioning of such compounds between aqueous and sediment
phases is often incompletely reversible on time scales relative to exposure times used
in biological assays. It has been assumed that sorption occurred rapidly and
therefore that chemical equilibrium was attained in a very short time (Di Toro et
al., 1991; Pignatello and Xing, 1996). However, slow adsorption and desorption
processes leading to non-equilibrium behaviour has been observed for several types
of compounds, including PAHs, polychlorinated biphenyls (PCBs), halogenated
benzenes, and halogenated aliphatic hydrocarbons (Haddock et al., 1983; Coates
and Elzerman, 1986; Wu and Gschwend, 1986; Steinberg et al., 1987; Pignatello,
1990; Jepsen et al., 1995; Borglin et al., 1996; Tye et al., 1996). This means that the
chemical equilibrium may not be a good approximation in many experimental or
environmental situations.

Laboratory dosed sediment samples have been widely used to determine and to
estimate the environmental fate, bioavailability and possible biological effects of
sediment-associated pollutants (Dewitt et al., 1990; Heim et al., 1994; Kukkonen
and Landrum, 1994). The time gap between dosing sediment and performing the
bioassay varies normally from hours to a few months maximum. However, the
bioavailability of some sediment-associated compounds has been observed to
decrease with increased contact time between the sediment and the xenobiotic
(Varanasi et al., 1985; Landrum, 1989; Landrum et al., 1992a). For example, PAH
compounds such as fluorene, phenanthrene, and pyrene were more available to
organisms (as determined by uptake clearance) in dosed sediments aged less than 1
week than in that dosed and aged 60—150 days (Landrum et al., 1992a; Harkey et
al., 1994). Even though reductions in accumulation have been observed, the
potential impact of this process has not generally been recognized and taken
account in testing procedures. .

The bioavailability of some PAH compounds has been studied also in sediment
cores taken from field. These results are somewhat confusing. Ferraro et al., 1990
reported a significant increase in calculated accumulation factors (AFs) for ben-
zo(a)pyrene as a measure of bioavailability in surficial sediments (02 cm layer; i.e.
recently contaminated sediment) versus material taken at 4-8 cm depth from the
same sediment core and little change in AF was seen for pyrene, and chrysene. On
the other hand, Harkey et al. (1995) reported that the highest bioavailability of
PAHs was measured either at 4-8 cm or at 12—16 cm depths but not at the surface
layer (0—4 cm depth). These results could be explained by compositional differences
of natural organic matter associated with particles among the sediment depths but,
certainly, more experimental data is needed to accurately explain the effect of
contact time on the bioavailability of contaminants in the sediments.

To investigate further the effect of sediment aging on bioavailability of ben-
zo(a)pyrene (BaP) under laboratory conditions, the benthic amphipod Diporeia spp.
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were to determine the uptake kinetics of aged ['*C]BaP in bioaccumulation as-
say over a period of 4 weeks and to compare it to uptake kinetics of freshly
dosed [*H]BaP added to the same sediment just 2 days before the start of the
bioassay.

2. Materials and methods
2.1. Collection of organisms, sediment, and water

Diporeia spp. were collected from Lake Michigan off Grand Haven, Michigan
(43°01.2'N, 86°17.6'W) at a depth of 24-28 m with a Ponar grab sampler.
Diporeia collected from this site have low background concentrations of PAH;
individual PAH congeners ranged from 0.2 to 2 mg g ! (Eadie et al., 1982).
Diporeia were screened from the sediment, placed in clean lake water, and kept
cold with ice during transport to the laboratory. The Diporeia were held in
aquaria containing 3—4 cm of sediment, collected from the same site as the
organisms, and 7 to 10 cm of lake water at 4°C. The lake water used through-
out the study was Lake Michigan surface water, collected about 1 m below the
surface and stored at 4°C.

Lake Michigan sediment for the assay was obtained by Ponar grab approxi-
mately 8 km off Grand Haven, MI (43°02.0'N, 86°21.9'W) at 45-m depth. This
sediment has somewhat higher background concentrations of PAH than the site
from which the Diporeia were collected. Individual components ranged from 40
to 200 ng g—' (Eadie et al, 1982). The sediment organic carbon content
(0.45 £ 0.04%, n=12) is higher than that from the site of Diporeia collection;
thus, the sediment would have a more consistent food supply for longer expo-
sures. The sediment was sieved at 1 mm to remove animals and large debris
and held at 4°C until use.

2.2. Sediment dosing and storage

The radiolabelled benzo(a)pyrene stocks were obtained as follows:
[FH]benzo(a)pyrene  (FH]BaP, 69 Ci mmol~',  Amersham) and
['*C]benzo(a)pyrene (['*C]BaP, 16.2 mCi mmol ', Sigma, St. Louis, MO). The
radiopurity of both stocks was determined using thinlayer chromatography with
hexane:benzene (4:1, v:v) as the solvent and liquid scintillation spectrometry
(Landrum, 1982) and were greater than 98% pure prior to use.

Wet sediment (3300 g) and lake water in a 1:1 ratio was dosed with ['*C]BaP
in acetone. The suspensions were stirred for 4 h at room temperature. The
suspensions were allowed to settle overnight at 4°C; the overlying water was
then decanted, and fresh lake water added and mixed with the sediment. The
sediment was allowed to settle for 24 h and the overlying water was again
decanted. Lake water (2 cm) was then placed over the sediment and allowed to
stand at 4°C.
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2.3. Sediment exposures

At the beginning of each exposure (1 week, 6 and 13 months after the ['*C]BaP
dosing), the overlying water was removed, the sediment was stirred to visual
homogeneity, and a subsample (about 800 g) was removed Lake water (2 cm) was
placed over the remaining sediment and it was placed back at 4°C. The subsample
was dosed with [PH]BaP using the same procedure as described above for dosing
with ['“C]BaP. After the [*H]BaP dosing, sediment was allowed to stand only for
one day and after that the overlying water was decanted, the sediment was stirred,
and 40 g were added to each of 400-ml beakers. Lake water (300 ml) was added
carefully to each beaker to minimize sediment disturbance, and the sediment was
allowed to settle at 4°C overnight. After settling, Diporeia (12 juveniles, 4-8 mg wet
weight) were added to each beaker. Triplicate beakers were sampled at 1(2), 3(4), 7,
14, and 28 days. The total number of beakers was 15.

At each sampling period, the overlying water was sampled (two times 2 ml) for
the radioactivity and decanted, organisms were removed and sediment samples for
contaminant concentration and dry-to-wet weight measurements were taken, from
each beaker. Six organisms per beaker were blotted dry, weighed as pairs, and
[PHJand ["*Clactivity was measured. An additional three organisms per beaker were
taken for lipid analysis and remaining three organisms were taken for dry-to-wet
weight and other analysis (data not presented in this paper). The remaining
sediments were centrifuged (5000 rpm, 25 min.) and freely dissolved concentration
of BaP was analysed after Landrum et al., 1984; Eadie et al., 1990.

2.4. Analyses

Radioactivity determination for *H and '*C was performed on a Wallac LKB
1217 liquid scintillation counter. After subtracting background, samples were
corrected for quench and counting efficiency using the external standards ratio
method. Wet sediment samples (approximately 100 mg) were added directly to
scintillation cocktail (12 ml, Research Products International 3a70B) and sonicated
with a Tekmar Sonic Disrupter for 2 min each. Additional samples were taken at
the same time for wet-to-dry weight determination. The samples were allowed to
stand for 24 h and *H- and '“C-activity was determined. Organisms were added
directly to scintillation cocktail, sonicated for 1 min, allowed to stand for 24 h, and
analysed for *H- and '*C-activity. The lipid contents of five organisms (out of nine
reserved for this analysis) were measured at the beginning and end of each exposure
by a microgravimetric method (Gardner et al., 1985).

Sediment dry weight was determined by drying aliquots at 90°C to constant
weight. The sediment organic carbon content was measured, after removing carbon-
ates with HCIl, on a Perkin Elmer 2400 CHN analyser. The carbonate was removed
by adding 2 ml, I N HCI per 100 mg dry sediment. The mixture was shaken for 24
h and dried at 90°C.

Particle size distribution of sediment mass and BaP were determined by a
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Landrum, 1996). Approximately 40 g wet sediment was wet sieved using filtered
(Gelman Sciences, glass fibre, type A/E)) lake water through 420-, 105-, and 63-mm
standard sieves. Materials remaining on each sieve were collected. Triplicate
samples were taken for liquid scintillation counting; the remainder were dried to
constant weight at 90°C for dry-weight analyses. Material passing through the
63-mm sieve was mixed at room temperature with filtered lake water (total volume
1 1) in a I-1 graduated cylinder. Samples (25 ml) from sediment suspension were
taken at specific depths and times after mixing based on calculations using Stoke’s
law with 2.6 g ml ~ ' as the specific gravity of the particles (Royse, 1970). Three 2-ml
aliquots from each sample were analysed by liquid scintillation counting. The
remaining portion of the sample (19 ml) was dried to constant weight at 90°C for
dry weight. This procedure is more closely described and discussed by Kukkonen
and Landrum, 1996.

Three sediment samples (5—-8 g wet weight) for the ['"*C]BaP purity check were
taken after 6 and 13 months storage and extracted twice with ethylacetate acetone
(4:1, viv) and twice with benzene. The extracts were combined, dried over Na,SO,,
and rotary-evaporated to a few millilitres. The rest of the solvent was transferred
into a test tube and further evaporated to about 100 ml under a gentle stream of
nitrogen for thin-layer chromatography (TLC) analysis. Remaining solvent was
introduced onto silica TLC plate (E. Merck, 250 mm coating), some cold BaP was
added over the sample, and the plate was developed with hexane:benzene (4:1, v:v)
solvent. After the run, the pure BaP spot was marked under UV-light and the plate
was analysed for radioactivity by scraping 2 x | cm segments of the silica gel and
counting them in 12 ml of LSC cocktail.

The kinetics of BaP accumulation were determined by fitting the data to a
first-order rate-constant model:

“ _K-Ca.(l _e_kef)
. =

€

(1)

where K| is the uptake clearance coefficient (g dry sediment g~ ' wet organism h — '),
C, is the concentration in the sediment (mmol g-1), ¢ is time (h), K, is the
elimination rate constant (h —'), and Ca is the concentration in the organism (mmol
g ') (Landrum, 1989). Uptake clearance is defined as the amount of the source
compartment scavenged of contaminant per mass of organism per time (Landrum
et al., 1992b).

3. Results

Lake Michigan sediment (45 m station) is dominated by the particles in size
range from 420 mm down to 43 mm. These particles make up 65—70% of the total
sediment dry weight and the distribution remained the same during the 13 months
storage period (Fig. 1A). This particle size distribution is similar to earlier reported
particle size distributions for sediment from the same location (Kukkonen and
Landrum, 1994, 1996). BaP is mostly (50—60%) bound by the 63—20 mm particles
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(Fig. 1B,C). Within our measurement capability, the distribution of ['*C]BaP in the
sediment does not change during the 13 months storage period (Fig. 1B) and it is
also similar to the distribution of [*'H]BaP after different spikings (Fig. 1C). Similar
BaP distributions were obtained earlier in the other spiking experiments with the
sediment from the same location (Kukkonen and Landrum, 1995).

The radioactive purity of ['*C]BaP remained high throughout the storage period.
Both after 6 and 13 months storage, 94.0 + 1.2% (n = 6) of the extracted activity
was found in the same spot on TLC plate as cold BaP. Thus, no large degradation
occurred during the storage period. However, the measured ['*C]BaP content of the
sediment decreased during the storage. After 1 week storage, the activity was 24690
(+ 1817) DPM/g dry sediment (98.8% of the nominal concentration, n = 45), after
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Fig. 1. Particle size distribution (A) ['*C]benzo(a)pyrene (B) and [*H]benzo(a)pyrene (C) distribution in
Lake Michigan sediment | week and 13 months after the dosing the sediment with ['*C]BaP. [*H]BaP
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Table 1
Sediment organic carbon (OC,% of dry weight) content and total lipids (%o of dry weight) in Diporeia
during exposures

Storage Sampling (days) OC (%) Lipid (%4)
1 week 0 0.45 + 0.03 248 +12.3
28 0.45 +0.03 1%a + 3.9
6 months 0 0.46 + 0.05 314+ 5.1
28 0.47 +0.05 333497
13 months 0 0.39 £+ 0.05 1620121
28 041 +0.02 11.7+ 6.8

mean + S.D., n=4 for OC and n=>5 for lipid.

6 months the measured activity was 20869 ( 4 1677) DPM g ' dry sediment (83.4%
of the nominal, n=45) and after 13 months 19940 ( +1051) DPM g~ ! dry
sediment (79.7% of the nominal, n = 45). Recoveries for [*H]BaP were 103, 95 and
102% of the nominal concentration for the 1 week, 6 and 13 months experiments,
respectively.

The sediment organic carbon content did not show any significant change during
the storage period (Table 1). The measured logarithmic value of organic carbon
normalized partition coefficients (K,.) ranged from 5.5 to 6.2 and 5.3 to 5.8 for
[**C]BaP and [*H]BaP, respectively. The K. of ['"*C]|BaP was always slightly higher
than the value of [?’H]BaP (Table 2). The slight increase in the value during every
exposure period (from day 1 to 28) might be due to the effect of the organisms. The
organisms readily accumulate BaP from the freely dissolved pool in pore water and
when this concentration becomes lower the K. value is increased.

Table 2

The measured sorption coefficients (log K,.) of ['*C]BaP and [*H]BaP during the different exposures
and storage times. The K. values were calculated using the measured organic carbon normalized BaP
concentrations in the sediment and the measured freely dissolved BaP concentration in the pore water.

Storage Sampling time (days) ["*C]BaP log K. [*H]BaP log K.
1 week 1 503 5.47
3 5.64 5.48
7 5.68 5.59
28 6.18 99
6 months 2 5.60 525
4 5.59 5.26
7 oy | S50
14 5.89 5.61
28 5.67 5.67
13 months 4 5.66 5.44
15 5.65 5.45

]
o0

5.70 5.50
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Fig. 2. [*C]benzo(a)pyrene activity in Diporeia during the 28 days exposure to sediment stored 1 week
and 13 months after the dosing.

After 13 months storage the accumulation of ['"*C]BaP by Diporeia was lower
than in the beginning, if just comparing the accumulated body residues (Fig. 2).
The calculated uptake clearance (K,) of ['"*C]|BaP show a slight time dependent
decrease compared to the K, of ['H|BaP (Table 3). After 1 week contact time the K,
of ["*C]BaP is 38% lower than the K, of [*H]|BaP. After 6 months contact time the
difference is 46% and remains over 40% after 13 months contact time. It is
noteworthy that the uptake clearance of ["*C]BaP is the same with and without
[’H]BaP. This indicates that the spiking the ['"*C]BaP spiked sediment sample a
second time did not change the bioavailability of ['*C]BaP (Table 3).

The calculated elimination rate constants (K_) varied from one exposure to
another (Table 3). One reason for this variation was changes in the lipid content of
the organisms and a strong inverse relationship between lipid content and K, was
noticed (Fig. 3). For [’H]BaP the regression is K.,= —2.5(+0.1) x 10 % x

Table 3
Calculated sediment clearance coefficients (K, +S.E., g dry sed g=' h™') and elimination rate
constants (K, + S.E., h—") for ["*C]BaP and [*H]BaP after the different lengths of storage

Storage [“C]BaP [*H]BaP [“CIK/PHIK,
1 week K, 0.0037 (0.0006) 0.0060 (0.0007) 0.62
K. 0.0032 (0.0008) 0.0050 (0.0007)
6 months K, 0.0021 (0.0002) 0.0039 (0.0003) 0.54
0.0011 (0.0003) 0.0020 (0.0004)
13 months E 0.0023 (0.0002) 0.0040 (0.0004) 0.58
K, 0.0052 (0.0007) 0.0066 (0.0009)
13 months K2 0.0025 (0.0003)
Ke 0.0060 (0.0009)
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Fig. 3. Elimination rate of benzo(a)pyrene was inversely related to the percent lipids on a dry weight
basis. See text for the regression equations.

%Lipid + 0.0102( £ 0.0002) (r>=10.998, P <0.05, n=3) and for ["*C]BaP the re-
gression is K, = —2.5(+0.4) x 10 ~* x %Lipid + 0.0089( + 0.0008) (> = 0.954,
P <0.05, n=4). Combining the data we get regression K., = —2.4(+0.4) x 10~
4 x %Lipid + 0.0091( 4 0.0009) (r>=0.883, P <0.01, n=17).

The calculated bioaccumulation factors (BAFs; the lipid normalized body burden
divided by organic carbon normalized sediment concentration) after 28 days
exposure are presented in Table 4. BAFs varied from 0.171 to 0.123 and from 0.130
to 0.084 for [*H]BaP and ['*C]BaP, respectively.

4. Discussion

We expected the bioavailability of BaP to Diporeia to decrease with increasing
sediment-BaP contact time as shown for lower molecular weight PAHs (fluorene,
phenanthrene) (Landrum et al., 1992a). To a certain extent this happened, but the

Table 4
The organism lipid and sediment organic carbon normalized bioaccumulation factors (BAF, g OC g
lipid—') for [*H]BaP and [“C]BaP

Storage ["*C]BaP [*H]BaP ["“C]BAF/[*H]BAF
1 week 0.130 0.171 0.76
6 months 0.093 0.123 0.76
13 months 0.085 0.134 0.63
13 months 0.084*

#[14C]BaP alone after 13 months storage without a new spiking with [*H]BaP.
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decrease in bioavailability was about 38% during the first weeks and did not change
much after that. On the other hand, we did not notice an increase in bioavailability
of BaP back to ‘day 0’ level during a long storage period as previously reported
(Landrum et al., 1992a). They speculated that the cause for this increase would be
the compositional changes of laboratory dosed sediment during the storage. In this
study, we did not notice any compositional changes in particle size fractions or
distribution of BaP in the sediments. However, the length of contact time between
the sediment and xenobiotics in laboratory dosed sediments is an important factor
when trying to determine and model the behaviour and effects of xenobiotics
particularly as they occur in the field.

The use of two different radiolabels on BaP made it possible to compare the
uptake of aged compound (['*C]BaP) and freshly dosed ([*H]BaP) in the bioassay.
This minimized speculations on the effect of condition of the organisms or effect of
slight differences in exposure conditions from assay to assay on the calculated
results. Here we can simply compare the accumulation of two different labels with
different contact times on sediment particles. However, the second spiking of the
sediment after a given contact time might affect the distribution of the compound
already present in the sediment. To examine possibility, we performed the
bioavailability assay after 13 months contact time with and without the second
spiking. The uptake clearance values show that the new mixing of the sediment and
adding of [*H|BaP does not affect the bioavailability of ['*C]BaP. Thus, when
contaminated sediments are taken from the field, mixing the samples, in prepara-
tion for bioassay and possibly spiking them with some model compounds should
not affect the distribution of the highly lipophilic non-polar compounds.

We did not notice any compositional changes in the sediment during the storage
period, but we did not look closely at the organic matrix and possible changes may
have occurred. One phenomenon we could not explain was the 20% decrease in
['*C]BaP activity (= concentration) in the sediment during the storage. This is
similar to results found in other experiments where laboratory dosed sediments
were used (Landrum, 1989; Swartz et al., 1990; Landrum et al., 1991, 1992a). If this
loss was due to degradation, we should see some degradation products on TLC
plates but the radiopurity remained high. One possible explanation for the declining
concentration is that the desorption of certain fraction of BaP from the organic
matrix of sediment particles is so slow that the extraction methods used do not
extract this fraction (Pignatello, 1990, 1991) and this fraction increases over time.
This is supported by findings that contact time affects the desorption rate; the
longer the contact time the slower the desorption rate (Borglin et al., 1996). This
decreasing desorption rate may well represent decreasing extractability of the
contaminant from sediment. If this is the case, the actual decrease in bioavailability
of total BaP is likely higher than shown, because the uptake rate calculations of
["*C]BaP were based on the measured (extractable) sediment concentrations not the
total concentration represented by the beginning nominal concentration.

The measured K. values were similar for both *C- and *H-labelled BaP (Table
2) and these values are close to the estimated value (K. = 5.57) obtained by using

Karickhoff’s (Karickhoff, 1981) empirical equation 16, if a log K., of 5.98 is used
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for BaP (Miller et al., 1985). No effect of contact time was observed for the K.
values of ["*C]BaP as previously reported for some hydrophobic non-polar com-
pounds (Landrum et al., 1992a; Brannon et al., 1995). On the other hand, this
experimental set-up was not specifically designed to address this question, but
merely to show the partitioning of different radiolabelled forms of BaP during the
Diporeia exposures. However, the data for the first day of exposure shows the same
trend as bioavailability data: the most of binding and decrease in bioavailability
takes place during the first week. An increase in the K. values during every
exposure (from day 1 to 28) was noticed. This might be due to the effect of the
organisms. The organisms readily accumulate BaP from the freely dissolved pool in
pore water and when BaP concentration in pore water becomes lower the K. value
increases. This would occur only if the desorption rate off particles is slow
compared to the uptake by organisms. This has been suggested previously (Lan-
drum and Robbins, 1990).

Lipids are important in the storage of organic xenobiotics in organisms. As
shown here, the elimination rate constant of BaP is inversely proportional to
organisms lipid content (Fig. 3). This relationship is similar to that reported by
Landrum, 1988 for Diporeia. On the other hand, lipid content of Diporeia does not
directly affect the uptake rate of BaP. But, affecting the elimination rate it
influences the overall tissue concentration that organisms accumulate. Organisms
were close to the steady-state after 28 days exposure period (Fig. 2). The magnitude
of the K, values and the observed decrease with increasing lipid content are both
about double that previously reported (Landrum, 1988). There are significant
differences in the method of exposure and the models used for determination of the
two data sets. The data in this work were estimated from a non-linear two
compartment model. On the other hand, Landrum, 1988 measured the elimination
rate and fit it to a first order decay model. The greater magnitude and greater
variation with lipid content observed in this data set suggest that factors other than
elimination are affecting the determination of the apparent elimination constant.
Since Diporeia has not been found to biotransform PAH, the difference between the
data sets suggests some feature such as reductions in bioavailability during the
course of the experiment is modifying the uptake thus increasing the apparent
elimination. This has been previously suggested for sediment accumulations (Lan-
drum, 1989; Landrum and Robbins, 1990) as a kinetic limitation to desorption. In
addition to the differences in elimination, this study also shows increases in the K,
values over the course of the exposures. This change in K. values helps confirm the
hypothesis of changing bioavailability and kinetic limitation to bioavailability in
these experiments.

We can also compare the accumulated lipid normalized body burden after 28
days to the measured organic carbon normalized sediment concentration and
calculate the bioaccumulation factors, BAFs (Table 4). These BAFs are referred as
a bioaccumulation ratio (BSF) by Di Toro et al., 1991. According to the theory, the
BAF should be a constant value close to one and independent of both particle and
organism properties. In this study, BAFs varied from 0.171 to 0.123 and from 0.130
to 0.084 for ['H]BaP and [*C]BaP, respectively. Further, the BAFs for ['*C]BaP
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decreased with increasing contact time. The equilibrium partition approach would
predict an order of magnitude higher body residues for BaP in this experimental
set-up. This discrepancy suggests that an equilibrium partitioning approach for
evaluating bioavailability would be unsuccessful for strongly sorbed contaminants.
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