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Abstract —To determine changes in bioavailability of selected polycyclic aromatic hydrocarbons (PAHs) with sediment aging,
Lumbricufus variegatus were exposed for 4 weeks 10 sediment core sections taken from a contaminated lake. Core depths in-
cluded surficial (0 to 4 cm), 4- to 8-, 12- to 16-, 28- to 32-, and 44- to 48-cm sections deposited from approximately 1899 to 1993,
and were known to be historically contaminated with PAHs. Bioaccumulation was maximal at the 12- to 16-cm depth (circa
1967) where sediment PAH concentrations were greatest. Accumulation was generally below detection limits in the 0- to 4-cm
depths, even though sediment concentrations of some compounds were comparable to those at the 12- to 16-cm depth where
accumuiation was great enough to generate accurate kinetics curves. Accumulation peaked at about 96 h, then declined over
the remainder of the study for the lower-molecular-weight PAHs. For most higher-molecular-weight PAHs, accumulation peaked
at about 2 weeks, then declined only slightly after 4 weeks. The differential bioavailability observed between surficial and at-
depth core sections raises questions concerning the adequacy of results generated from toxicity and bioaccumulation tests rou-

tinely conducted with surficial sediments.
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INTRODUCTION

Differential bioavailability of neutral organic contami-
nants from sediment has been shown to arise from relation-
ships among the contaminant, sediment particles, and the
duration that these substances are in contact with each other
[1-3]. Enhanced uptake of some polycyclic aromatic hydro-
carbons (PAHs) by bioassay organisms was observed when
animals were exposed to recently dosed sediments versus his-
torically contaminated or dosed and aged sediments in the
laboratory [3,4]. Bioavailability of some PAH compounds
was shown either to change or stay the same when organisms
were exposed to dosed sediments left to “age”™ for certain
lengths of time. For example, PAH compounds such as flu-
oreng, phenanthrene, and pyrene were more available to test
species, as determined by uptake clearances, in dosed sedi-
ment aged less than 1 week than in that dosed and aged 60
to 150 d [3,4]. However, in the same studies, no differential
bioavailability was observed for compounds such as fluoran-
thene and benzo[a]pyrene (BAP) in aged versus nonaged
sediments. Although differential bioavailability has only been
well documented for PAH compounds, this phenomenon
may exist for other classes of contaminants as well.

The bioavailability of some PAH compounds has been
examined in cores taken from field-collected sediments. Con-
trary to the lack of change in bioavailability of BAP seen in
the laboratory-dosed sediments, a significant increase in cal-
culated accumulation factors {(AFs) as a measure of bicavail-
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ability was observed in snrficial sediments (0- to 2-cm depth;
i.e., recently contaminated sediment) versus material taken
at 4- to 8-cm depth (i.e., “aged” sediment) [5]. Little change
in AF was seen for compounds such as pyrenc and chry-
sene, indicating a minimal change in bioavailability of these
compounds,

To investigate further the effect of sediment aging on bio-
availability of PAHs, the oligochaete worm Lumbriculus va-
riegarus was exposed to sediment core sections taken from
Lake George (part of the St. Mary’s River) in northern Mich-
igan, Previons surveys have shown this area to be historically
contaminated with PAHSs, with peak contaminant concen-
trations occnrring in the 1970s [6,7]. Although contaminant
concentrations in surficial sediments of Lake George are es-
timated to be below effects levels, popnlations of benthic in-
vertebrates continue to be depressed [8}. Our objectives were
to determing uptake of selected PAHs in bioaccumulation as-
says over a period of 4 weeks and to compare uptake kinet-
ics of selected PAH compounds in surficial sediments with
those found at depth.

We expected PAH accumulation in animal tissue to de-
crease with core depth, assuming a loss of bioavailability with
increased sediment-contaminant contact time. To determine
bioavailability differences, kinetic modeling of ¢ontaminant
uptake and accumulation factors were calculated for com-
pounds in a variety of core depths reflecting contaminant
contact time and sediment diagenesis. Differences in bicavail-
ability of PAHs to bivassay organisms that may occur with
sediment depth would be important in estimating hazard as-
soctated with sediment contamination in areas where mixing
occurs, as due to dredging or storm events.
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METHODS
Animals

Lumbriculus variegatus were used for the study because
of their continuous feeding behavior and inability to bio-
transform PAH compounds [4). Animals were reared in the
laboratory at room temperature in 37-L glass aquaria, ac-
cording to Phipps et al. [9]. Shredded and presoaked un-
bleached paper towels were used as a substrate, and the
animals were fed a diet of trout chow three timcs per week.
A flow of 8 to 10 L of fresh well water per day was passed
through the aquaria.

Sediment

Bottom sediments were collected at a 16-m depth in Oc-

tober 1993 from Lake George (46°29.437" N, 84°07.479" W),
A 25- % 25-¢mu box corer was used that allowed collection of
an undisturbed core that iuciuded the uppermost flocculent
layer. Cores were inspecied for their integrity immedialely
upon recovery. Four replicate subcores from each of two box
corers {designated cores C and F) were collected and extruded
from the core sampler into 10-cm-diameter polybutyrate
tubes. Vacuum was applied to the top of the tubes as they
were inserted into the sediment to minimize compaction.
Cores were cut into 4-cm sections. All four replicate subcore
4-cm sections from the same depth were composited into
1-quart solvent-rinsed glass jars with foil-lined caps. In addi-
tion, another subcore from a separate box core was sectioned
into 1-cm sections for 2'°Pb radiometric dating studies. All
sample jars were kept cool (approx. 4°C) in the dark until
used in laboratory exposures. To obtain homogeneous ali-
quots in replicate exposure beakers, composited sections were
manually mixed prior to use iu bicaccumulation assays. As
few indigenous organisms were observed in the cores, sedi-
meut was not sieved prior to use.

Reference sediment used in the bicaccumulation and de-
puration assays was collected from Lake Michigan., The
scdiment was collecied at a 45-m depth by Ponar grab ap-
proximately 8 km off the coast of Grand Haven, Michigan.
The sediment was passed through a I-mm screen sieve to re-
move debris and iudigenous organisms before use in the as-
says. This sedimeut has previously been used as a negative
control [10], and minimal uptake of PAHs by L. variegatus
was expected.

Bioaccumulation assay

Sediment core sections (0- to 4-cm, 4- to 8-cm, 12- to
16-cm, and 28- to 32-cm depths) approximating 100 g dry
weight were placed into 300-ml glass beakers. Peak concen-
trations of PAHs were estimated to be present in the 12- to
l6-cm core sections, according to sedimentation rates and
2P radiometric dating studies [6]. Single or duplicate ex-
posure beakers were prepared for each of the sampling in-
tervals, 6h, 24 h, 48 h, 96 h, 1 week, 2 weeks, and 4 weeks.
Single exposure beakers were used for two ot the sampling
mntervals (96 h and 2 weeks) because of the limited amount
of sediment available. Beakers that contained sediment from
the 44- to 48-¢cm depth of core C (preindustrial-era depth) and
beakers containing the Lake Michigan scdimeut were pre-
pared as conirol and reference sediment exposures, respec-

tively, The Lake Michigan reference sediment was used as a
control for mortality, as a previous study used this sediment
[10]. Therefore, results of organism lipid and weight analy-
sis Mrom this work could be compared to the previous study,
Five groups of 40 L. variegatus werc taken from the culture
aquaria, blotted dry, and weighed to determine mean wet
weight at the beginning of the study.

Beakers were filled with fresh well water, then allowed to
scttle overnight before animals were added. Forty L, varie-
gatus {(approximating a4 1:30 dry worm weight to sediment
organic carbon ratio} were placed into each beaker the uext
day, Each beaker was placed into an aquarium with aerated
well water extending 5 cm over the top of the beakers. Half
of the aquarium water was discarded and replaced with fresh
water every other day during the 28-d exposure period. Ox-
ygen concentration and pH were monitored weekly. Oxygen
conceotration remained over 90% of saturation, and pH
ranged from 8.3 to 8.5 over the course of the experiment.
At the end of each exposure intcrval, the number of animals
on the sediment surface and any dead animals were noted.
Animals were removed from the sediment and allowed to
purge gut contents by standing 24 h in fresh, clean well wa-
ter belore wet-weight analysis and subsequent contaminant
couceutration or lipid determination. Wet weights were de-
termined by blotting excess water from groups of worms re-
covered from individual exposure beakers and then weighing
on tared foil. After weighing and counting, animals for
chemical analysis were placed onto acetone-rinsed aluminum
foil and frozeu unti} extraction. In addition, a sample of sed-
iment from exposure beakers was taken after cach sampling
interval, placed into a solvent-rinsed vial, and refrigerated
for later dry:wet weight, contaminant, and organic carbon
analyses. The accumulation assay and all analytical work
were performed under gold fluorescent light (A > 500 nm)
to minimize photodegradation of the PAHs. All exposures
were conducted at ambient temperature (17 + 2°C).

Depuration study

Readily availabie radiolabeled PAHs were used to deter-
mine depuratiou rates in L. variegatus: [12-'*C]benz[«]an-
thracene (BAA, 49 mCi/mmol, Amersham Ltd., Amersham,
UK): [9-'*C]phenanthrene (PHE, 13.1 mCi/mmol, Sigma
Chemical Co., St. Louis, MO); [3-"*C]fluoranthene (FLA,
55 mCi/mmol, Sigma Chemical}; [7-'*Cibenzolae]pyrene
(BAP, 16.2 mCi/mmol, Sigma Chemical); and [*H]chrysene
{CHR, 340 mCi/mmol, Sigma Chemical). All compounds
were dissolved in an acetone carrier. Compound radiopurity
was greater than 95% for all compounds prior to use, as de-
termined by thin-layer chromatography, using hexane:ben-
zene (8:2, v/v) and liquid scintillation counting (LSC).

Individual depuration experiments were couducted for
each radiolabeled PAH, Well water was dosed with nanomo-
lar concentrations of the contaminant, mixed, and allowed
to stand for 2 h prior to adding L. veriegaius. Animals were
exposed for 6 to 20 h (exposure intervals were termiuated
when sufficient activities, e.g., >5,000 dpm per organism,
of the radioisotopes in animal tissues were reached). After
exposure, groups of 12 animals were placed into individual
beakers containing 50 g wet-weight Lake Michigan sediment
with overlying well water for depuration. Animals were sam-
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pled from depuration media at 6, 24, 48, 72, 96, and 120 h.
Additional samples were taken at 140 h and 256 h for BAA
and BAP depuration studies. Animals were gently sieved
from the sediment, weighed, and ¢ounted for radioisotope
activity via LSC.

Analyses

Sediment and animal tissue were anaiyzed for 13 individ-
ual PAH comnpounds and 2 compound groups: fuorene
(FLE), phenanthrene, anthracene (ANT), [lucranthene, py-
rene (PYR), benz[alanthracene, benzo[b]fluoranthene
(BBI'), benzo[e]pyrene (BEP), benzo{«] pyrene, perylene
(PER}, indenol/, 2, 3-¢cd}pyrenc (IP), dibenz[ @, #] anthracene
(DBA)}, benzo|[ghi]perylene (BGP), chrysene/triphenylene,
and benzolk]fluoranthene/benzof /] Muoranthene (BKEF/
BJF). Individual compounds could not be differentiated for
the chrysene/triphenylene (CHR) and benze[ j] luoranthene
{BJF) groups according Lo chromatogram retention times,
and data for these groups are reported as mixtures of the two
compeunds. Sediment samples of 3 to 8§ g wet weight were
weighed into 250-ml amber glass bottles (it with Teflon-lined
screw caps and spiked with four deuterated surrogate stan-
dards (dy-naphthalene, ¢, ,-anthracene, d;>-benz[a]anthra-
cene, and d,,-benzo|¢] pyrene) added directly to the sediment
surface, Precombusted sodium sulfate was added to desiccate
the sediment. Samples were mixed with 100-ml extraction sol-
vent (1:1 methylene chloride:acetone, v/v), then pulse-
sonicated for 4 min using 1 Tekmar high-intensity ultrasonic
processor (375 W at 20% power). After an 18- 10 24-h settling
period, extraction solvents were decanted onto glass wool-
plugged champagne columns. Three additional 10-mi volumes
of extraction solvent were added, one at a ime, and decanted,
for atotalextraction soivent volume of 130 ml. Samples were
evaporated under nitrogen to 5 ml using a Turbo-Vap® pro-
cessor. Cyclohexane {20 ml) was added and the samples evap-
orated to 1 m! prior to cleanup.

Auimal tissue samples (50 to 120 mg wet weight) were
placed in a Ten Brock tissue homogenizer and spiked with
surrogate standards. Samples were extracted with 2 x é m!l
ethyl acetate;acetone {5:1, v/v), followed by extraction with
2 % 5 ml cyclohexane. The extracts were combined and evap-
orated to 1 ml, exchanged into hexane, and evaporatedto a
final volume of 1.0 ml.

Sediment cleanup was performed by constructing silica gel
columns, Slurries of precombusted silica gel and hexane were
poured into 9-mm-i.d. glass champagne columns topped with
2- to 3-mm sodium sulfate, The columns were pre-eluted with
15 m] hexane at a flow rate of 2 ml/min. Samples were added
to the columns and eluted with 12 ml hexane. Next, 25 ml
t5% methylene chloride in hexane was eluted and saved for
PAH analysis. The eluates were transferred into evaporator
tubes and reduced to 1 ml, with exchange into hexane. The
eluates were spiked with an internal standard {d,,-acenaph-
thene, d\y-fluoranthene, d,,-chrysene, and d,,-perylene} prior
to gas chromatography (GC)/mass spectrometry-sclected ion
monitoring (MS-SIM).

Tissue sample cleanup was performed by passing the cx-
tracts through a pre-rinsed 0.2-mm nylon filter uuit con-
nected to a t-mi syringe. Samples were spiked with internal
standards and analyzed in the same way as scdimeut samples,

Analysis was conducted on a Hewlett-Packard model 5890
series 11 gas chromatograph equipped with a Hewlett-
Packard model 5971 mass specirometer detector. The GC
analysis employed a 30 m x 0.25 i.d, DBS column, helium
carrier gas at 60 ml/min, with an oven temperature profile
of: 50°C for 1 min, 50°C to 150°C at 25°C min~', 150°C to
230°C at 6°C min™'; 230°C to 300°C atr 3°C min~'; hold
for 3.33 min. Splitless injection was used. The MS-SIM anal-
ysis in electron impact mode included an ionization voitage
of 70 eV, 200 mA filament emission, and 1,588 t0 1,772 V
for the ¢lectron multiplier.

Recovery of surrogate standards averaged 90.75% =+
0.08 sp. In addition to isotopically labeled surrogate stan-
dards added to the samples, quality-control measures in-
cluded method blanks and analysis of National Institute of
Standards and Technology Organics in Marine Sediment
Standard Reference Material, where recoveries of 70 to 120%
were obtained. Confirmation of the identity of individual
PAHSs required the presence of appropriate qualifier ions in
the mass spectrum and retention times within 2% of calibra-
tion standards,

Lipid content of replicate groups of three to five individ-
ual L. variegatus were analyzed after exposures of 48 h,
1 week, and 4 weeks to each of the depth levels {except the
surficial sediment, 0- to 4-cm depth) and reference sediments
used in the bloaccumulation assay. To determine accurate
changes in lipid content during exposurcs, lipid analysis was
also performed on animals directly obtained from culture
aquaria. A microgravimetric procedure with a chloroform/
methanol extraction was used for all lipid determinations [11].

Total organic carbon {TOC) content of sediment samples
was determined by drying the sediment to constant weight,
treating with 1 N~ HCl to remove carbonates, redrying, and
assaying organic carbon on a Perkin-Elmer 2400 CHN ele-
mental analyzer. Samples were measured against an acetan-
ilide standard. Triplicate analyses yielded differences of ¢
to 3%.

Kinetics model

Because uptake curves reflected a decrease in bioavailabil-
ity of the contaminant over time despite constant or nearly
constant sediment concentrations, the following model was
used [2]:

C, = [k, Cle™ — e )] /Tky — A] (1)

where

C, = the concentration of contaminant in the animal
(ng-g wet weight )
k. = the uptake rate coefficient {g dry sediment-g
tissue™'-h™")
C? = the concentration of contaminant in the sediment
at time = 0 h (ng-g dry weight ')
k, = the depuration rate (h~')
* = the rate constant for the apparent reduction in the
bipavailable concentration with time (h™"), and
t = time {h).

To be vahid, the assumption was made that biotransforma-
tion of PAHs by L. varfegatus was sufficiently slow to avoid
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significant loss over the course of the assay. Previous stud-
ies have confirmed that L. veriegatus does not measurably
biotransform with pyrene or BAP [12]. Other assumptions
of this model included that all residues in the organisms were
in a common pool equally available for depuration and that
the rate of depuration was directly proportional to the con-
centration within the organisms. Depuration rates used in
Equation 1 were estimated by regressing log-transformed &y
derived from experimental data against first-order molecu-
lar connectivity indices [13] for BAP, FYR [10], FLA, PHE,
BAA, and CHR.

The data from the depuration experiments were fit to a
first-order decay:

Co(1) = CF et @

where
Cf = the PAH concentration in the animals at the begin-
ning of the depuration experiment (ng-g~! wet
weight).

Statistics

Analysis of variance {ANOVA) was used to test for over-
all significant differences in animal lipid content after 48 h,
1 week, and 4 weeks of exposure. Student’s ¢ tests were used
to test for significant differences in organic carbon concen-
trations, weight gain, and lipid percentages at the beginning
and end of the study for each of the sediment depths. Dif-
ferences were considered significant between the test catego-
ries at the 0.05 probability level.

RESULTS
Sediment

The sediment depths chosen for the exposures represented
material deposited from approximately 1899 to the present
{J. Robbins, personal communication). Concentrations of
the 15 PAH compounds flucinated among replicate sediment
samples for each of the depths over the course of the study,
but no obvious trends in PAH concentrations were appar-
ent from 6-h through 4-week exposure periods (Table 1). The
12- to 16-cm depth contained the highest concentrations of
ANT, BBF, BEPF, IP, DBA, BGP, PHE, FLA, PYR, BAA,
CHR, BKF/BJF, and BAP. The surficial depth (0 to 4 cm)
contained the highest mean concentration of FLE (100 + 38
spng-g ' dry weight, cores C and E). The lowest PAH con-
centrations were obtained in the control depth, 44 to 48 cm,
except for PER (455 ng-g ~' dry weight; Table 1). The PER
concentration at the 44- to 48-cm depth was comparable to
that at the 0- to 4-, 12- to 16-, and 28- to 32-cm depths, The
presence of PER in preindustrial-era depths was likely due
to indirect biosynthesis through chemical reduction of PAH
precursors and is not attributed to anthropogenic sources
{14]. Reference Lake Michigan sediment contained fairly low
PAH concentrations, where all individual PAH compounds
were below 70 ng. g~ dry weight.

Sediment TOC concentrations ranged from 1.56 t0 3.33%
and differed significantly among sediment depths, with the
highest concentration at the 12- to 16-cm depth (Table 1), The
lowest TOC concentration (1.56 to 1.67%) occurred at the

28- to 32-cm depth, Individual PAH compound concentra-
tions and TOC concentrations did not significantly differ in
any of the depth levels between 6-h and 4-week exposure in-
tervals (¢ test: p > 0.05}.

Bioassay resulis

No obvious toxicity of test sediments to L. variegatus was
apparent during the course of the exposures. Less than 1%
of the animals were on the sediment surface at the end of
the exposure intervals, suggesting no sediment avoidance by
L. variegatus. However, no significant reproduction was ob-
served during the 4-week bioaccumulation study. The per-
centage of animals recovered after each of the exposure
intervals ranged from 89.0% (after 24-h exposures) to
102.5% (after 2-week exposures). The number of animals re-
covered from reference sediment after 4 weeks increased
from 40 to 43 and 45 in the duplicate exposures. Significant
[osses in animal wet weights were observed in all sediment
depths, including the reference Lake Michigan sediment dur-
ing the exposures. Mean wet weight/individual animal was
2.44 % 0.25 mg at the start of the study and dropped to 1.56,
1.75, 1.19, 1.36, 1.39, and 1.37 mg/individual at the 0 to
dcm,d4to8cm, 1210 16 ¢cm, 28 to 32 ¢m, 44 to 48 cm, and
Lake Michigan sediment ievels, respectively. Previous stud-
ies with L. variegatus exposed to reference Lake Michigan
sediment also showed a 14% decrease in animal wet weight
over a l-week exposure period [10]. Despite the weight de-
crease, lipid content increased significantly in animals ex-
posed to the 4- to 8-cm depth (ANOVA: F=16.789; d.f. =
2, 10; p =0.001; Table 2). Animal lipid content did not sig-
nificantly change over the 4-week exposure intervals for the
other depths or Lake Michigan reference sediment exposures
{Table 2).

Bioaccumulation

Concentration of PAH compounds in animals was low
relative to sediment concentrations throughout the 4-week
bicaccumulation study (Table 3). Concentrations of ¢com-
pounds in animal tissue were not different from those obtained
from L. variegatus exposed to reference Lake Michigan sed-
iment for many of the sampling times. Therefore, uptake
curves could not be obtained for those depth levels {e.g., up-
take clearance values could not be determined for any 0- to
4-cm depths, only two compounds at the 28- to 32-cm depths,
and only one compound at the 44- to 48-cm depth, Table 4}.
The greatest accumulation of compounds cccurred at the 12-
to 16-cm depth were uptake clearances could be determined
for 11 of the 15 compounds analyzed. However, even at the
12- to 16-cm depth, compound concentrations were relatively
low; the highest compound concentration obtained at this
depth was FLA after 52 h of exposure (365 ng-g~ ' wet ani-
mal weight).

The shape of individual uptake curves varied according
to compound molecular weights. For example, the lower-
molecular-weight compounds PYR and FLA (mol. wt. 202.3;
Fig. 1) were taken up rather quickly, and accumulation of
these compounds in animal tissue peaked between 48 b and
96 h and then decreased to the end of the study. Both BAA
(Fig. 1) and CHR (mol. wt. 228.3} exhibited similar uptake
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Table 1. PAH and TOC concentrations in sediment cores taken from Lake George, Michigan

Concentrations at increasing core depths

0-4 cm 4-8 cm 12-16 cm 28-32 cm 44-48 cm
Congener Core C Core E Core C Core E Core C Care E Core C Core E Core C
Fluorene 801 120.5 42.5 46.3 68.7 71 20.6 16.8 2.8
(12.0y* {42.3) 4.0) {1.5) (6.9) {2.2) 4.2) (8.6) (1.3}
Phenanthrene 743.6 1,005.7 351.2 388.7 911.5 894.2 281.8 214.5 20.6
(10.7) {369.2) (38.9) 44.1) (105.8) (143.9) (26.7) (86.7) (12.3)
Anthracene 219.4 278.5 150.9 137.0 3221 4M.9 101.8 58.0 4.5
(28.2) {121.3} (15.8) {25.4) (16.0% {B0.8) (9.8} (18.7) (2.6)
Fluoranthene 1,069.5 1,550.7 481.8 535.8 1,876.3 1,818.7 533.0 e 11.6
{29.7) (492.7) (11.6) (1.7 (197.7) (218.9)  {116.4)  (146.1) (1.2)
Pyrene 803.0 1,154.9 374.0 420.0 1,522.3 1,445.2 370.0 202.1 4.5
(98.3) (369.2) (6.9 (22.3) 159.9} (139.0) (89.5) {76.0) {0.2)
Benz{elanthracene 520.0 711.0 23%.9 278.9 1,113.1 1,085.2 3036 167.6 4.7
{15.1) {232.9) (25.1} (197 {41.2) (52.00 {48.5) (70.00 0.7y
Chrysene + triphenylene 611.1 928.1 293.0 327.3 1,214.5 1,215.2 376.4 205.5 8.0
(16.6} {361.1) (8.0} (26.6) {52.9 (91.5) {46.8) (83.3) (1.3}
Benzo[A](luoranthene 6231.9 780.8 286.0 315.4 1,507.3 1,376.2 385.0 231.4 7.6
{71.2) {100.1) (60.6} (76.9) (127.7) (116.4) {45.3) (120.7) (0.5}
Benzofk](luoranthene +
Benzo[ j |fluoranthene 566.9 845.2 2.3 3037 1,103.3 1,152.2 359.2 190.6 6.6
(73.0) {1438.8) (41.0% {25.2) {182.0% (176.1) (72.4) (114.9) (1.3}
Benzole]pyrene 512.8 o97.9 260.8 282.0 1,095.6 1,032.1 2777 158.6 4.8
(12.0% {155.2) (19.6) (22.5) (24.8) (104.3) 28.1) (71.0) (0.6}
Benzola]pyrenc 598.3 1,007.0 3141 349.3 1,355.1 1,256.2 335.5 183.4 7.9
(19.6) (324.00 2.1y (1.6) {123.4) (146.7) (38.9) (80.7) (3.1}
Perviene 3384 535.2 196.0 217.0 482.6 482.9 612.0 620.7 454.8
(12.6} {171.2) (4.2} {2.3) {21.3) &72.3) (150.8) (255.1) (3.6}
[ndeno[?,2, 3-cd]pyrene 549.0 857.5 3214 355.5 1,404 .4 1,193.7 393.3 221.5 7.2
(4.8} {196.0) (9.4} (22.0) (215.5) (163.6) {54.6) (103.09 (0.4)
Dibenz(a, #lanthracene 122.2 200.0 67.5 75.2 308.7 265.7 92.7 45.4 B
(8.4} 62.4) (2.2} {2.1) (53.7) {6.6) {13.1) (20.9)
Benzo[ghilperylene 559.3 932.2 073 M9 1,198.0 1,088.6 3324 188.2 19
(58.5}) {329.8) (3.00 {9.1) {168.5) (69.7) {51.4) (84.0) (1.0)
T Organic carbon 2.85 2.82 2.76 2.76 3.22 2.98 1.90 .62 1.89
(0.04) (0.06) (0.0 {0.04) (0.13) {0.09) (0.03) {0.05) (0.04)

Concentrations are in ng-g~"' dry weight and represent the mean of duplicate samples from day | and day 28 of bioaccumulation assays.
41 sD.
bConcentration below detection limil.

Table 2. Lipid content of Lumbricuius variegatus (mean % t 1 sp, n = 5) after exposure to
sediments from different depths for various exposure durations

Lipid content with increasing exposure

Core-depths tested 0 Hours 48 Hours 1 Wesk 4 Weeks

Amnimals from culture aguaria 7.5+ 3.6 - — —

4-8 em — 44 +0.8 i0.1 + 2.0 129 + 3.1

12-16 cn — 85107 - 14.9 = 1.7
28-32 cm — 59+ 3.1 8.2+44 7.8 £ 6.0

44-48 cm - 10,0 +2.3 8.6+ 3.3 9.4 +£135

Lake Michigan reference sediment — - - 9.2+34
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Table 3. PAH accumulation (ng-g
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! wet weight) and accumulation ratios (ARs) in Lumbricufus variegatus after 28-d exposure in

sediment core sections taken from Lake George, Michigan

Accumulation and ARs at increasing core depths

-4 cm 4-8 cm 12 16 cm 28-32¢m 4448 ¢m

Compound Core C Core E Core C Core E Core C Core E Core C Core E Core C
Fluorene

Accumulation bd? 3 bd bd 38 bd bd bd bd

AR net ne nc ne ne o ne ne ne
Phenanthrene

Accumulation bd 31 5 8 286 12, 13¢ bd 7 6

AR ne nc n nc nc ne nc ne ne
Anthracene

Accumulation 6 6 4 4 18 19, 21 bd bd bd

AR ne ng nc ne nc nc e nc ne
Fluoranthene

Accumulation bd 15 12 6 126 31, 89 bl 8 bd

AR nc nc ne nc 0.018 0.007 nc nc nc
Pyrene

Accumulation bd bd bd bd 105 60, 91 bd bd bd

AR nc ne nc ne 0.019 0.011 ne nc ne
Benzlelanthracene

Accumulation 9 8 12 11 70 38, 68 13 ) bd

AR nc nc ne 011 017 014 ne nc ne
Chrysene + triphenylene

Accumulation 11 14 14 17 122 G4, 109 4 10 bd

AR nc ne nc 014 028 020 ne nc be
Benzo[#]fluoranthene

Accumulation 11 19 16 19 199 209, 214 9 21 bd

AR ne nc 015 nc 036 039 nc ne nc
Benzo[k]1luoranthene +

benzol j)fluroanthene

Accumulation 85 29 49 35 162 208, 217 66 29 9

AR nc nc .49 032 (W0 nc J0B0 nc ne
Benzofelpyrene

Accumulation 22 22 31 34 249 246, 227 41 20 bd

AR ne ne 032 033 63 061 nc ne nc
Benzo[a]pyrene

Accumulation 8 11 11 11 150 159, 142 23 i2 bd

AR nc ne 010 009 031 .032 nc ne nc
Perylene

Accumulation K 10 11 12 60 54, 59 212 227 119

AR ne nc 016 015 ne 0.028 0.114 0.082 0.064
Indeno[{, 2,3-cd]pyrene

Accumulation bd bd bd bd 91 91,93 hd bd bd

AR nc nc nc nc 0.018 0.020 nc ne nc
Dibenz[a, Alanthracenc

Accumulation 3 bd bd bd bd 28 4 7 bd

AR nc ne nc ne nc ne nc ne nc
Benzo{ ghi |perylene

Accumulation bd hd bd bd 80 74, 63 bd bd bd

AR ne nc e nc {0.018 n nc ne ng

2Concentration below detection limit.
®Not caleulated.
“Results from duplicate analyses.

curves, but peak accumulation occurred after 96 to 170 h of
exposure. Uptake curves for higher-molecular-weight com-
pounds (mol. wt. 252,3 to 276.3) did not show the dramatic
increase then decrease in accumulation over time, but rather
reached an accumulation plateau {apparent steady state) af-
ter 100 to 336 h of exposure (Fig. 2), although accumulation
decreased slightly at the last sampling time (672 h) in most
data segts,

For most compoeunds, &, did not consistently increase or
decrease with sediment depth (Table 4), although acenmula-
tion was too low to calculate k, values from many of the
core depths. The &, values were greatest for the lower-
molecular-weight compounds {PYR and FLA} and lowest for
the higher-molecular-weight compounds {BGP and IP) and
ranged from 0.0005 to 0.0067 g dry sediment - ¢ tissue ™' -h ™"
{Table 3), The &, values for PER could be compared across
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Table 4. Uptake rate coefficients (k.) and depuration rate coefficients (&) for PAH congeners
from bivassay sedimeni core sections

k, (g dry sediment g tissue ~'-h ™'} at increasing core depths

4-8 cm 12-16 cm 28-32 ¢m 44-48 cm . .

PAH k3P kSt

congener Core C Core b Core C Core E Core C Core B Core C (h™" th™
FLA nd*® nd 0.0062 0.0067 nd nd nd 00208  0.0197
PYR nd nd 0.0039 .0064 nd nd nd 0.0256 0.0198
BAaA nd 0.0013 0.0019 0.0034 nd nd nd 0.005%0  0.0089
CHR + TRI od 0.0016 0.0024 0.0038 nd nd nd 0.0090 0.0089
BBF 0.0014 nd 0.0014 0.0024 nd nd nd nd 0.0036
BKFE + BJF 0.0021 0.0021 0.0019 00025 0.0015 0.0015 nd nd 0.0036
REP 0.0017 G.0017 0.0018 0.0026 nd nd nd nd 0.0036
BAP 0.0009 0.000% 0.0012 0.0015 nd nd nd 00032 0.0036
PER 00014 0.0016 0.0012 0.0050 0.0031 0.0033 0.0027 nd 0.0036
[P nd nd 0.0005 0.0007 nd nd nd nd 0.0015
BGP nd nd 0.0005 nd nd nd nd nd 0.0015

Standard errors of the model values ranged from 0.00009 to 0.00171,

k4 (h™') was calculated from experimental data.

hkd (h ') was estimated from the regression model (Equation ).

“Not determined.

four core depths and fluctuated with sediment depth as well
as core replicate samples (Table 4}.

Accumulation ratios (ARs) for PAH compounds calcu-
lated as (C,ggry wiy/fraction lipid) (C,/fraction organic car-
bon)~! ranged from 0.018 to 0.114 at peak accumulation and
from 0.007 to 0.114 after 4-week exposure intervals. Mean
ARs from all data sets in the study were 0.042 + 0.02 sD at
peak accumulation and 0.032 + 0.02 sp after 4-week expo-
sures. The ARs did not follow a consistently increasing or
decreasing paitern with individual compound molecular
weights or sediment depth.

Depuration results

Elimination of radiolabeled PAHs wus most rapid for the
lowest-molecular-weight compound, PHE {mol. wt. 178.2,
ky = 0.0399 h '), The natural-log transformations of the

first-order elimination mode! (Equation 2) yielded linear
regressions with r? = 0.726 (BAP), 0.909 (CHR), 0.906
{BAA), 0.901 {FLA), and 0.917 (PHE). Elimination was
slowest for BAP and was not as consistent at early sampling
times of the depuration study as with other compounds that
showed more rapid elimination {Table 4), thus the lower co-
efficient of determination for BAP. The regression of exper-
imental k4 with first-order molecular connectivity indices
yielded the following equation {Fig. 3):

In(ky) = —1.2807 (£0.105)" 3 ¥ + 2.807 (+£0.622)
r? = 0.988 (3)

where 'y ¥ is the first-order valence index of the PAH. Esti-
mated &, values from this regression ranged from 0.0015 to

Al I A0
a O FL& o &
LI:TEY + F
=] — . "
300 ¢ B 200~
- [ - a
Z . S
3 ]
E £ .
3 B
i3 o » 20 =4
§Iw . § o
- -
= o o
LI . H
o & 1mw- 5 »
o E . .
-
k» " )
. 5%
&
o -
uﬂ 200 acd EqQ0 1] 200 400 600

Hours of Exposura

Fig. }. Typical uptake curves for fluoranthene (FLA) and
benz[a]anthracene (BAA). Data points were generated from the E
12- to 16-cm core depth bioaccumulation assay. Curves represent
maodel predicted values.

Fours of Expasure

Fig. 2. Typical uptake curves for benzo[djfluoranthene (BBF) and
indeno(/, 2, 3,-cdpyrene {IP). Data points were generated from the
E 12- 1o 16-cm core depth bioaccumulation assay. Curves represent
model predicted values.
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-4

In kd

=54

A
BAP

-5 T T T y r T
4.8154 5.5594 5.5654 6.2201 6.2261 6.9701

First-order Molecuiar Connectivity Index

Fig. 3. Relationship of log-transformed k4 (h™') to first-order
molecular connectivity indices of PAH congeners used in depura-
tion study.

¢.0198 h™! and were used in Equation | to determine X,
{Table 4}.
MSCUSSION

We expected the bioavailability of PAH compounds to de-
crease with increasing sediment/contaminant contact time
(i.¢., deeper scdiments}. Bioavailability of lower-molecular-
weight PAHSs (fluorene, phenanthrene) to Diporeia spp., de-
scribed by uplake clearances from sediment, has been found
to decrease significantly with sediment/contaminant aging
[3]. Similarly, a preliminary study that used L. variegusus ex-
posed to a mixture of PAHs showed reduced 4, values for
lower-molecular-weight compounds after aging the sediment
for 1.5 months (P. Yan Hool, personal communication). In
contrast, data from the present study show that accurate up-
take curves for the 15 compounds studied could not be gen-
erated from surficial sediment (0- to 4-cm depth) because of
the lack of tissue accumulation, even though sediment ¢on-
centrations of some compounds at 0- to 4-cm depths were
comparable to those at 12- to 16-cm depths.

For example, FLA concentration at the 0- to 4-cm core C
depth was 1,070 ng-g ! compared to 1,876 ng-g~' at the
12- to 16-cin core C depth. Calculation of C, using an up-
tuke clearance of 0,006 g dry sediment-g '-h ' (mean k,
from cores Cand E at 12- to 16-cm depth) would yield a tis-
sue concentration of 299 ng-g~' dry weight, 30 times greater
than what was actually obtained after 168 h of exposure.
Likewise, the BAP concentration in animal tissue should
have been 111 ng-g ' after 2 weeks of exposure in 0- to
d4-cm sediment if bioavailability were comparable across sed-
iment depths. This calculated value is approximately i3 times
greater than what was actually obtained in tissue at the 0- to
4-cm depth.

A portion of the lower-molecular-weight compounds may
have been eliminated from animal tissues during the 24-h gut-
purging period {g.g., elimination via passive diffusion
through animal integument). Previous studies reported an av-
crage 2% decrease in total pyrene tissue concentration when
L. variggatus were placed in water for 24 h after exposure in
whole sediment [10}. However, any small decrease in tissue

concentration should have occurred uniformly among all ex-
posure depths.

To estimate depuration rates for modeling bioavailabil-
ity more accurately, experimental data was obtained for PAH
compounds representing a range of solubilities {log K, val-
ues ranged from 4.5 to 6.1). To best estimate depuration rate
coefficients from the experimental data for all PAH com-
pounds studied, we chose 1o regress experimental &, against
[irsi-order molecular connectivity indices of the correspond-
ing compounds, Similar studies have used other physical
chemical relationships (e.g., log K,,..) to estimate raie coef-
licients for classes of compounds from experimentally de-
rived data [15-17]). However, parameters such as log X,
often cover a large range of values for a specific compound.
For example, log K,,,, values reported for BAP have ranged
from 5,98 to 6.50 [18,19] and will contribute a rather wide
range of error to the estimated &y, depending on which
value of K, is chosen. Molecular connectivity indices, al-
though identical for some PAH compounds, are molecular
descriptors that minimize estimation error.

Where uptake curves could be accurately obtained to
compare k, values across depths, little difference was ob-
served. Uptake coefficients were similar from 4- to 8-cm to
28- to 32-cm depths for BKF/BJIF, and varied by less than
a factor of five with no apparent trends for PER from 4- to
8-cm o 44- to 48-cm depths. Previous studies have similarly
shown the bioavailability of higher-molecular-weight PAH
compounds to change minimally with increased sediment/
contaminant contact time. For example, Diporeia spp. and
Chironomus riparius exposed to CHR, BEP, and BAP ex-
hibited no significant changes in &, from sediments aged
from 3 to 180 d [3,4]. This evidence, however, contrasts the
lack of contaminant uptake from the 0- to 4-cm surficial sed-
iment when concentrations of compounds were comparable
to sediment concentrations of depths where measurable up-
take occurred.

The uptake rate coefficients calculated by the model used
in Equation 1 may be slightly inflated, as L. variegafus sig-
nificantly lost weight during the 28-d study, viclating one of
the mode! assumptions. However, uptake rate is primarily
driven by the first few sampling points during a bicaccumu-
lation assay. Worm weight loss during the first 96 h of the
assays was less than 20% and would minimally affect the es-
timated k, values. Uptake rate coefficients of selected PAHs
obtained in the present study are comparable to &, values
previousty published for Diporeia spp.; uptake coefficients
in laboratory-dosed sediments generated for BAP, BAA, and
PYR were within the range of values we obtained in Lake
George sediment using L. variegerus [2,15}. Uptake rate co-
efficients also compared favorably with those obtained for
BAP and PYR in a pilot study that used both spiked sedi-
ment and historically contaminated sediment with L. varie-
gatus. However, our uptake coefficients are approximately
an order of magnitude lower than the range of 0.039 to
0.132 g-2~ ' -h ™! calculated for PYR in another study that
used L. variegatus [10]. The PYR uptake rate coefficients in
that study were found to decrease with increasing PYR con-
centration ranging from 0.4 ng-g ™' to 269 ug-g ' dry sedi-
ment, an observation not substantiated by our data.
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One reason for the variability in uptake coefficients ob-
tained with PYR when using L. variegarus as an indicator
species may be the selection of the model used to estimate the
rate of contaminant uptake. The mode! used in this study in-
cluded a rate constant, A, to describe the decline in bioavail-
ability of the contaminant to the auimals. The model used
in a previous study did not include this rate constant, for the
shape of the uptake curve for PYR did not indicate a signif-
icant reduction in uptake during the exposure period [10].
However, if the accumulation data from the previous study
is fitted to Equation 1, &, values for PYR decrease from
0.130 to 0.067 (using a 1:10 animal dry-weight to sediment
organic-carbon ratio} and 0.156 to 0.058 g sediment-g ' or-
ganism-h ! (using a 1:50 animal dry-weight to sediment
organic-carbon ratio) [10].

Use of a particular model will depend on the general shape
of uptake curves produced over the exposure intervals. Rate
constants that account for losses in bioavailability are gen-
erally not included in models when kinetics curves show an
asymptotic approach to a plateau. If the exposure period is
not carried out long enough, the gradual decrease in bio-
availability may uot be seen, as may be the case with the
higher-molecular-weight PAHSs (Fig. 2). Substantially differ-
cnt uptake rate coefficients can be obtained when various
maodels are used to evaluate kinetics for the same contami-
nant and species.

The initial rise and then decline in accumulation that we
observed with the lower-molecular-weight compounds has
been reported [2]. The reason for the peak in accumulation
was originally postulated to result from changes in bioavail-
ability over the course of the bioassay as the contaminant
comes to equilibrium with the sediment particles and inter-
stitial water, Our latest speculation is that the initial rise in
accumulation may be due to the dissolved concentration of
contaminant in interstitial water. As this concentration is
depleted, the initial uptake rate is slowed. If the rate of de-
sorption from sediment particles is not able to maintain a
concentration comparable to that at the beginning of the ex-
periment, the decline in accumulation after this initial rise
would occur because the accumulation rate from feeding is
not as fast as from that obtained from the dissolved phase
in interstitial water. Because concentrations of higher-
molecular-weight compounds are not as soluble in intersti-
tial water as are the lower-molecular-weight compounds, this
initial peak in the uptake curve is not as apparent, or is not
observed at all in a 28-d bivaccumulation assay (Fig. 2).

Accumulation factors (AFs) are used to describe maxi-
mum bioaccumulation on a lipid/organic carbon-normalized
basis when conditions are at steady state. Because the ARs
that we obtained were an average 10 to 150 times lower than
AFs obtained from two other 4-week bioaccumulation stud-
ies using Muocoma nasuta and Diporeia spp. exposed to var-
ious PAH compounds [5,15], steady state was apparently not
attained in this study. The initial pulse of PAH uptake and
then decline in accumulation, as shown in Figures 1 and 2,
indicates that the major source of contaminant, sediment,
may not be representative of overall accumulation in a 28-d
study such as this. Guidelines for bioaccumulation tests sug-
gest that assays be run for 28 d; in general, this is the time

taken to achieve tissue residues within 80% of steady state
[201. Aside from the fact that accumulation was below de-
tection limits for many compounds, we only achieved about
30% of the steady-state tissue residue in depths where accu-
mulation could be accurately determined. Peak accurmula-
tion was usually observed before the end of the 28-d exposure
periods, and accumulation would likely have continued io
drop had the assays been extended beyond 4 weeks.

Reasons for not achieving steady-state conditions are open
to speculation. One explanation may be that physiological
stress was placed on the test species during the assays. Or-
ganisms did not reproduce during the 28-d tests and gener-
ally lost weight, an indication of iess than optimal growth
conditions, However, lipid levels either stayed constant or
significantly rose during the assays, and they were compa-
rable to lipid levels reported for L. variegatus elsewhere [12].
Furthermore, a general decline in organism health with a sub-
sequent decline of contaminant uptake should have been in-
dicated equally in all depth levels tested. Instead, a large
decrease in contaminant bioavailability was seen in 0- to 4-cm
depths, compared to 12- to 16-cm depths.

This substantial decrease in contaminant bioavailability
in the surficial layer is more likely due to compositional dif-
ferences among the sediment depths, Although particle-size
aualysis was not performed on the sediment studied, micro-
scopic observation of sediment particles did not appear to
differ among depths. Furthermore, sediment TOC did not
vary by more than 0.4% between 0- to 4-cm and 12- to 16-cm
depths. However, relative amounts of oxygen-containing
functional groups that comprise the organic carbon mol-
ecules change with burial and weathering. Such changes in
the oxygen:carbon and hydrogen:carbon ratios of organic
carbon molecular structure can affect nonpolar contaminant
binding [21]. Differential binding of PAH comypounds to ¢ol-
loids, micro-particles, or different forms of humic or fulvic
acids might explain the differences in bioavailability ob-
served. Certainly, more experimental data that involve anal-
ysis of these factors must be considered before an accurate
explanation can be made concerning the differential bioavail-
ability among sediment depths.

The differential bioavailability observed in this study
raises questions concerning the suitability of conventional
10-d toxicity studies, as well as the accuracy of accumulation
results obtained from surficial sediments. Do conventional
10-d toxicity tests adequately determine the steady-state tis-
sue ¢oncentrations in indicator species such as L, variegarus?
Although the use of this species has been recommended for
use in bioaccumulation tests of 28-d duration [9], exposure
to sediments low in nutrients may limit its use, short of pro-
viding additional food over the duration of the exposure,
which would alter bioavailability. In addition, toxicity or
accumulation assays that use surficial sediments to assess
contamination may not be accurate in estimating the bio-
availability of contaminants found at depth.

Finally, our data raise questions about the general qual-
ity of Lake George sediments. Although contaminant con-
centrations in surficial depths of the sediment core may
contribute minimally to the bicaccumulation of PAHs by
benthic organisms, the reason why benthic populations have
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not returned to preindustrial levels remains unknown. Fur-
ther research on conditions resulting in atypical accumula-
tion from Lake George sediments is likely to yield insights
into other factors influencing the benthos of this system.
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