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Chapter 1 Introduction

Soils of water bodies as estuaries, rivers and lakes, also cdled sediments, have been
paluted with hydrophobc organic contaminants worldwide (e.g. [1]). Hydrophobc organic
contaminants (HOC) are poll utants that are poorly soluble in water. As a result, HOC in water
sorb to sediment particles. Due to this behaviour and to their persistence HOC strongly
acamulate in sediments. ‘Hot spats’, or highly padluted locaions, are found in harbours and
sedimentation areas of (formerly) heavily pdluted rivers, such as the Keteddmea and the
Western Scheldt in the Netherlands.

In the past, sediments were regarded as waste depots in which pdlutants were safely
locked away. Nowadays, sediment pollution is recognized as a potentia risk to ecosystems.
Organisms living in o depending on the sediment, the so-cdled benthic organisms, may
acamulate the HOC and life-functions may be threaened. In addition, HOC may be passed
into food chains, for example the worms-flatfish ar midge (larvaé - bats food chain (e.g. [2]).

Of al organisms that are dependent on sediment as a habitat, deposit-feeders, such as
oligochade or pdychage worms and amphipods (see Figure 1), are probably at highest risk.
Depaosit-fealers are organisms that feed on settled, deposited sediment particles. In addition to
uptake from pore water, this type of organismsis exposed to pollution by ingestion d sediment
particles and sediment-bourd contaminants. Therefore, the life-style of depaosit-fealing
organisms represents a worst-case scenario in which arganisms are in very close contad with
their polluted surroundings. In addition, deposit-feeders are of interest as they form lower parts
of foodchains.

Fig. 1 Examples of deposit feeding organisms: Amphipod Corophium volutator (left) and oligochaete
Tubifex tubifex Muller (right) (photograph: Demidov, Yaroslavl State University).
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In order to assess the risk of HOC in sediment to deposit-feeders, we need to know how
much HOC are accumulated. Measurements of the accumulation of HOC in benthic organisms
have shown that the accumulation cannot be smply estimated from the concentration of HOC
in the sediment. The accumulation of HOC in a sediment may be up to 1000 times higher or
lower than the accumulation in another sediment with equal concentrations of HOC (e.g. [3]).
These differences in accumulation at a given concentration in the sediment, aso expressed at
the biota to sediment accumulation factor or BSAF, are caused by differences in the so-called
bioavailability (see Explanation of key words, page 2) of HOC to benthic organisms.

Asi it is very time-consuming and expensive to collect and anayze organisms from al
sediments for which a risk-assessment is required, models are developed to predict the
bioaccumulation. These modes should be based on fundamenta understanding of the
biological, chemica and ecological processes that are involved in bioaccumulation. One model
that is frequently used in risk-assessment is the equilibrium partitioning model (EqP) (see
Explanation of key words). The EqP assumes constant bioavailability of HOC in sediments and
predicts a constant BSAF-value. In practice however, BSAF-values are highly variable [3, 4].

One of the factors that initiadly seemed to cause these differences in BSAF, was the
contact-time between chemical and sediment. Some studies indicated a decline in
bioavailability in the period after addition of test-compounds to sediments or soils in the
laboratory (e.g. [5], [6]). Other studies demonstrated that the bioavailability in field sediments
or soils, with typical contact-times of years to decades, was lower than expected from
laboratory experiments in which chemicals were freshly added to sediment (e.g. [7],[8]). Both
results suggested that the risk of HOC in field sediments was lower than expected and would
even continuoudy decrease in time. Therefore, these results raised alot of attention from policy
makers, industries and other partiesinvolved.

In the research project that is presented in this thesis, we tried to gain deeper
understanding of the interaction of processes that determine bioavailability of HOC to deposit-
feeders. With these new insights, a refined modd for the edtimation of the BSAF was
developed. The chemical parameters in the modd should be experimentally accessible. Also,
we required that the model be based on understanding of fundamental processes to ensure broad
applicability. Literature suggested that the formation of slowly desorbing fractions, also
caled sequestration (see Explanation of key words), reduced the bioavailability and
biodegradation of HOC in sediments (e.g. [9-12]). Some authors reported an increase of
slowly desorbing fractionsin time (e.g. [13]). We started with the hypothesis that a reduction
of biocavailability in time is related to a decrease in rapidly desorbing fractions and that
contact-time is a main determinant of bioavailability. In the first part of the project we
investigated the effect of contact-time on the bioavailability of HOC to deposit-feeders
(Chapter 2 and 3). Simultaneously, we studied the distribution of chemicals over rapidly,
slowly and very slowly desorbing fractions in the sediment.
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The results prompted us to abandonthis hypathesis. It seamed that contad time was nat
amajor determinant of bioavail ability. Therefore, we focused onchemicd desorption processes
instead. We investigated if rapidly desorbing fradions were related to the bioavailability for
depaosit-fealers (Chapter 2, 3) and studied the causdity between the two (Chapter 4). By doing
so, we got closer to ou originad goad of understanding basic proceses lealing to
bioacawmulation. In addition, we tried to unrave the relationship between rapidly desorbing
fradions and bio-acamulation by investigating the distribution d HOC between rapidly
desorbing sediment compartment, pae water and aganism. A recently developed technique
was applied to measure fredy dislved concentrations of HOC in the pore water (Chapter 5).

The results led us to modify the EqP concept. Finaly, we propaose pradica approaces
of assessing the bioacaimulation of HOC to benthic deposit-feeders.

Explanation of the key words sequestration, bioavailability and EqP

Sequestration

Reseach onthe desorption of hydrophobc organic contaminants from soil or sediment
has demonstrated that the kinetics of this process are cmplex. When soil or sediment is
suspended in clean water, an initid stage of rapid desorption (haf-time ~ hous) is usualy
followed by a stage of dower desorption (half-time ~ hours/days or longer) (e.g. [13, 14]). The
formation d a dowly desorbing fradion, kesides a rapidly desorbing fradion, hes been caled
sequestration [15]. Various research groups tried to eucidate the nature of sequestration. The
medanigtic explanations of sequedtration that were developed were mainly derived from
indirect experimental observations: Becaise of the small molealar scde of the interadions
involved and the ‘hidden’ charader in the sediment/soil particles, the phenomenon d
sequestration is ‘invisible’' . Two mecdhanisms have been put forward to explain slow desorption
[14]: adivation energy at spedfic interadion sites and diffusional limitations. The first
explanationis based onhigh adivation energy of desorption at spedfic loci where contaminant
moleaules can intensively interad with the surrounding organic matter or pores. Some atthors
suggested anomalous orption to smal amounts of high-surface aea cabornaceus materia
(HSACM) ([16]) or soot ([17, 18]). The second explanation, diffusiona limitations, is also
locaed in pores and/or in the organic matrix [14]. In paes, diffusion might be limited by
chromatographic-like interadions with the pore-wall s. In the matrix, desorption might be slow
from regions where the organic matter has condensed and rigid properties with low diff usivity
(‘glassy phase). Diffusion might also be limited as a consequence of long pathways at remote
sites of the bulk organic matter.
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In the present thesis, the distribution over complementary rapidly, slowly and very
dowly desorbing fradions, following the gproadch of Corndissen and co-authors [13], is used
as ameasure for sequestration.

Bioavailability

In the past, risk assesanent of HOC was based ontotal concentrations of HOC in the
soil or sediment, i.e. concentrations obtained after a rigorous extradion. These
concentrations were found to be poa predictors of bioacawmulation and toxicity. This
prompted researchers to widen the focus of risk-assesgment to the interadion hbetween
chemicds, soil or sediment and bota. The term bioavail ability was introduced to address
these interactions. A review on fadors that influencebioavail ability has been given by Belfroid
et a. [19]. Genedly, bioavailability has been defined in the literature a the total
concentration d chemicals in soil or sediment that is or will potentially be taken up by an
organism. The gparent clarity of this general definition is obscured by different definitions
of uptake. Some aithors define uptake @ 'uptake in the target-tisaue, others as uptake in the
whale organism, whil e others explicitly exclude gut-contents. A more daborate overview of
the definitions of bioavail abili ty can be foundin Belfroid et al. [19].

The present thesis focuses on differences in bioavailability, eg. differences in
bioavailability between sediments, treaments and compourds. Differences in bioavailability
can be measured by differences in bioacaimulation. Bioacaimulation is expressed in thisthesi's
asthe steady state acamulationinto the organism divided by the mncentration in the sediment,
normalised to lipid and aganic cabon content, or the ‘biota to sediment acamulation fador’
(BSAF). The BSAF can be described with the foll owing equation:

BSAF = Cy/Ceyq 1.

with BSAF is the biota to sediment accumulation fador (kg organic carbon’kg lipid
organism), Cy isthe cncentration in the organism lipid at steady-state (ug/kg lipid) and Ceq
is the mncentration in the soil or sediment organic carbon (ug/kg organic cabon). In
conclusion, the present thesis addresses differences in bioavail ability, which will be
measured by differencesin BSAF.

The equilibrium partitioning theory (EqP)

The EQP has been put forward by Shea[20] and Di Toro et a [21] as a method to
estimate bioacamulation of nonionic organic chemicds in sediments. The EgP describes the
distribution d these chemicas between sediment and biota with three @mpartments. biota,
sediment organic cabon and pore water (Figure 1). The modd assumes that the pore water and
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the organic cabon are in equilibrium, and that the distribution over organic cabonand pae
water can be described by a cmnstant partition coefficient K (L/kg organic cabon):

Koc = C$d/Cpore water )

With Cporewater IS the @ncentration in the pore water (Ug/L).

sediment (organic carbon)

porewater

BCF

deposit-feeder (lipid)

Fig. 1 Model of distribution of hydrophobic organic chemicals in sediments according to the
equilibrium partitioning model (EqP). K, = partition coefficient between sediment and pore water (I/kg
organic carbon); BCF = bioconcentration factor (L/kg lipid).

In addition, it is asaumed that the fugadties in the pore water and the biota ae egual.
Thismeansthat at steady state, acawmulation from the sediment in the organism would be equa
to acawmulation from pore water exposure only. If it is assumed that the partition coefficient
between biota and pae water is constant, this assumption can be written as:

BCF = Cb/Cporewa[er (3)
with BCF isthe @nstant bioconcentration factor (L/kg li pid).

Combination of equation (1), (2) and (3) results into:

BSAF = BCF/K ().
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In conclusion, the EQP is amethod to describe the bioaccumulation of non-ionic organic
chemicals from sediments. The model assumes that partitioning between sediment organic
carbon and pore water is at equilibrium, with constant partition coefficient Ko, and that the
BSAF can be calculated as the bioconcentration factor (BCF) divided by the K.
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Chapter 2. Bioavail ability of lab-contaminated and retive Polycyclic
aromatic hydrocarbors to the amphipod Corophium volutator relates
to chemicd desorption.

Co-authors: Silvana Ciardlli ¥, Johannes Tolls®, Belinda J. Kater!, Angelique Belfroid®

"National Institute for Coastal and Marine Management, Jacobaweg 2, 4493 MX Kamperland, The

Netherlands.

*Present address Centre for Sunstances and Risk Assessment, National Institute of Public Hedth and the

Environment, PO Box 1, 3720 BA Bilthoven
S|nstitute for Risk Assesament Sciences, University of Utrecht, Yalelaan 1, PB 80176, 3508 TD Utredht, The

Netherlands

°Ingtitute for Environmental Studies, Vrije Universiteit, De Boelelaan 1115, 1081 HV Amsterdam, The
Netherlands.

ABSTRACT - In the present study, the relationship between hioavailability of Polycyclic
aromatic hydrocarbors (PAHS) to benthic amphipods and the PAH desorption kinetics was
examined. To that end, field contaminated sediment was treated in three diff erent ways. One
subsample had no addition d PAHs and contained retive PAHs only. To a second
subsample, 6 PAHs (phenanthrene, fluoranthene, anthracene, pyrene, benzo[b]fluoranthene
and benzo[K]fluoranthene) were alded in the laboratory. Two of the PAHs were alded at
higher concentrations to a third subsample, serving as a @ntrol for concentration dependent
uptake. Marine anphipods (Corophium volutator) were exposed to the three subsamples for
a maximum of 25 days and were subsequently analysed. Desorption kinetics were
determined for both the lab-contaminated and the native PAHs. The Biota to sediment
acamulation factor (BSAF) values of the individual native and lab-contaminated PAHS
corrdlated well with the rapidly desorbing fradion (R*> = 0.76). Biota to sediment
acamulation factors were 1.4 to 3.3 hgher for the lab-contaminated PAHs compared with
the native PAHSs, whil e the difference between the rapidly desorbing fractions was afador of
1.1to 1.8.Biota to sediment accumulation fadors of the lab-contaminated PAHS in the
second and third subsample were equal indicating concentration independent accumulation.
The results suggest that lab-contaminated PAHs are more avail able to amphipods than native
PAHs and that differences in hioavail abili ty of lab-contaminated and retive PAHS to marine
amphipods arerelated to dfferencesin desorption kehaviour.

INTRODUCTION
Measurements of total concentrations of hydrophobc organic compounds in soil or

sediments are often inadequate to assess bioavail ability and toxicity to arganisms. It has
been olserved that bioavail abili ty and toxicity are inversely related to contact time between

Sequestration and bioavailabili ty of 1ab-contaminated and native PAHS[7



compoundand soil or sediment even if total concentrations do nd change (e.g. [5, 6, 22,
23]). This phenomenon les been attributed to sequestration. Sequestration was first
postulated as an explaining medhanism for slow desorption and norequili brium partitioning
behaviour over prolonged periods of time (mornths to years) (e.g. [24-26]). According to the
propcsed mechanism, hydrophobc chemicals beaome sequestered by interading with high
affinity pores of subnanometer dimension in the glassy paymer phase of the organic matter
or with narrow pores [24]. The interadion is predominantly locaed in the organic matrix
[26]. As the spedfic interadions might take place at less accessble sites in the organic
matter matrix, the sequestration pocess might be far from instantaneous. For example,
Landrum et a. [5] observed a continuows dhift in the partition coefficient of two PAHS over
a period d 6 months after lab-contamination. More recently, severa authors related
chemicd sequestration to adecreasein bioavail abili ty ([5, 11, 25, 2729]).

The limited value of total concentration measurements for risk asessnent has
prompted researchers to develop efficient methods to assess $te spedfic bioavail ability.
Severa authors [5, 22, 30-32] showed a relationship between measured pae water
concentrations and the accumulation d hydrophobc organic chemicas in organisms.
Weston and Mayer [33] determined the extradion o PAHs by gut fluid that was coll ected
from a padychaete worm and correlated the extradion efficiency with the acamulation.
Kelsey et al. [34] showed that the extradability of freshly added phenanthrene and atrazine
with seledive mild solvents approximated the percentage uptake by earthworms or bacterial
degradation. Lamoureux and Brownawell [9] demonstrated a rrelation between the
desorption kinetics of PAHs and linear alkylbenzenes and accumulation in a deposit feeding
clam.

In this gudy, we investigated whether PAH accumulation is related to the rapidly
desorbing fraction. The rapidly desorbing fradion is the fraction that desorbed with a
relatively fast rate (0.33to 3.10 IY). The rapidly desorbing fradion was determined from
measurements of the desorption kinetics [13]. We mpared the acumulation o native
PAHs and PAHSs that were added in the laboratory (‘lab-contaminated PAHS') in marine
amphipods with experimentally determined rapidly desorbing fradions. By this approach,
the relationship between PAH accumulation and the rapidly desorbing fradion was tested on
1) seven dfferent PAHs and 2 lab-contaminated versus native PAHS.

EXPERIMENTAL APPROACH
Amphipods

Marine anphipods (Corophium volutator) were ollected from an intertida mudflat
(Oesterput) locaed in the Oosterschelde, arelatively unpdluted estuary in the southwestern
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part of The Netherlands, by sieving the upper layer of the sediment over a500um sieve. The
organisms were transported to the laboratory and transferred to 10L jars containing a 3 cm
layer of clean, sieved sediment (Oesterput) and sand filtered estuarine water. The organisms
were actimatised for two days to the same salinity (approx. 32 mg/L), temperature (15 °C)
and light condtions (24 hlight) as used in the experiments.

Chemicals

Fluoranthene (98 %), pyrene (99 %), benzo[b]fluoranthene (99 %),
benzo[K]fluoranthene (98 %), 7-methylbenzo[a]pyrene (98 %) were purchased from Aldrich
Chemicd (Steinheim, Germany). Phenanthrene, anthracene (99+%) and 2ethylanthracene
(98 %) were obtained from Sigma (St Louis, MO, USA). Octadecyl (C-18) was purchased
from JT Baker (Philli psburg, NJ, USA). Tenax TA (60-80 mesh; 177-250 um) was obtained
from Chrompad (Bergen op Zoom, The Netherlands). Florisil was obtained from Merck
(Darmstadt, Germany) and Alumina was purchased from ICN Biomedicas (Eschwege,
Germany).

Sediment sampling and lab-contamination

Sediment was colleded at an intertidal mudflat (Kappell ebank), located in the Wester-
schelde (51° 27N, 3°58' E), a pdluted estuary in the south-west of the Netherlands.
Sediment was homogenised on a rolling macdiine. The organic carbon content was deter-
mined to be 2.1 %, using an element analyzer (Carlo Erba NA 1500, Milan, Italy) after
removal of carboretes with phasphaic acid. Prior to lab-contamination, the batch of
sediment was lit i nto threeportions that were subsequently suspended with natural filtered
seavater (ratio 0.5L/kg wet sediment) in order to facilit ate homogenisation. Each pation
was lab-contaminated by dropwise aldition d the aetone solution. During the lab-
contamination procedure, the suspension was vigorously mixed by a @ncrete mixer. The
portion ramed field + additive was giked with a mixture of PAHs (phenanthrene,
anthracene, fluoranthene, pyrene, benzo[b]fluoranthene ad benzo[k]fluoranthene) in
acdgone (5 ml/ L dlurry, final ratio 1 ml/ 60 g dry weight). The same test compound were
added to a second subsample (field + extra alditive) but this subsample differed from the
field + additive treatment by nominal increments in the concentrations of two of the PAHs
(anthracene and bkenzo[k]fluoranthene). The subsample called field recaved a solvent
additive only and contained orly native PAHSs. The suspensions were dlowed to equili brate
a 4 °C for 6, 6 and 7 days for the field + additive, field + extra aldtive and field batch
respedively.
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Exposure

After the eguili bration time, 36 3L beakers were filled with 1 kg of the sediment
suspensions with a sediment:water ratio of 2:1 by weight and 2 L of natural filtered
seavater. Threedays later, 300amphipods were alded to each beaker and expaosed for 1, 4,
7, 12, 19and 25 ays (field and field + additive) or 1, 4, 7and 13 a@ys (field + extra
additive). The experiments were carried ou in dugicae, so there were two beakers for each
time point for eadt treatment. Before the start of the accumulation experiment, 2 groups of
300 urexposed amphipods were sampled for dugdicae analyses. Also, dupicae begers
withou amphipods (field and field + additive) were examined 25 diys after the start of the
exposure period. Overlying water in all beakers was aerated mildly to prevent the oxygen
content from droppng below the 70 % saturation level. Only bed&ers withou any observed
increase in mortality were analysed. All amphipods were sampled and courted to determine
mortality, washed with demineralized water, dried on a filter paper and frozen for further
anaysis. At eat sampling day, the dry weight was determined ontwo subsamples of 10
individuals ead. At the beginning of the experiment and after 19 days, subsamples of
amphipods were set aside for lipid determination acording to Folch et al. [35]. At eat
sampling day, Total Suspended Solids (TSS in owerlying water of field and field + additive
samples were determined gravimetrically after filtration d 100 ml. Preweighed and pre-
ashed (500 ) glassfibrefilters (Type GF/C Whatman, 1 um nominal pore size) were dried
at 50 °C and weighed after 24 h.Total Suspended Solids is a measure of bioturbation and is
as such indicative of the activity and stressof the anphipods[36)].

Desor ption experiment

At the beginning of the exposure period, desorption charaderistics were studied in lab-
contaminated and sediments that were not lab-contaminated according to [13]. An equivalent
of 4 g dry weight sediment was dhaken for 8 days with 100 mL milli-Q water and 0.8g
Tenax TA (60-80 mesh; 177-250 um). The tenax effectively removes slutes from the
aqueous phase. During the desorption experiment the Tenax beads were replaced at 10
predetermined time points. In order to exceed the analytical detedion limit for the desorption
study with the field sediment, three batches of sediment were desorbed and the extrads of
the Tenax beals were poded. All desorption experiments were caried ou in dupicae with
a sediment sample that was poded from two beakers. The influence of amphipods on the
desorption kinetics was investigated by desorption experiments performed with field +
additive sediments at the end d the exposure time. One poded sediment sample was
popuated with amhipods for 25 days, the other poded sample was not. The rapidly
desorbing fractions in these sediments were wmpared with the rapidly desorbing fradion at
the start of the exposure period to ched for changes during the exposure period.
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Analyses

Amphipods

Amphipods were etraded using Matrix Solid Phase Dispersion [37]. Samples of
amphipods were groundin a mortar. Internal standard, 2 g octadecyl (C-18) per 0.5 g wet
weight tissue and 1 ml methand were alded. The mixture was homogenised with a pestle. A
disposable 20 ml syringe (Bedon Dickinson, Drogheda, Ireland)) was fill ed with cleaned
glassvod and adivated florisil (2 g florisil per 0.5g wet weight tisaue). The anphipod-C18-
homogenate was carefully transferred to the syringe which was subsequently eluted with 18
ml aceonitrile per 0.5 g wet weight tisaue. In a separate experiment, recovery of the
individual PAHs in digochades was 101-113 %. The remvery was determined by adding a
known amourt of PAHs in acdonitrile to the sample prior to the extradion and clean-up
procedure and determination d the amount of PAHs recvered in the final extrad. The
eluate was concentrated to approximately 0.2 - 2 ml under a gentle flow of nitrogen.
Remvery of the internal standard was 99.9 and 89.7for 2-ethyl-anthracene and 7methyl-
benzo[a]pyrene respectively, with a ®efficient of variation d 3.0 and 4.8 respedively
(n=33). Concentrations of phenanthrene, anthracene, fluoranthene, pyrene ad
benz[a]anthracene were crrected with the recovery of 2-ethyl-anthracene and
concentrations of benzo[b]fluoranthene, benzo[K]fluoranthene and kenzo[a]pyrene were
corrected with the reavery of 7-methyl-benzo[a] pyrene.

Sediment and Tenax

The dry weight of the sediment was determined by drying for 24 hat 70°C to constant
weight. Sediment samples (field and field + additive) were Soxhlet extraded with hexane
and acetone (9/1 wv) for 6 hous. The extrad was concentrated to 10ml in a Kuderna Danish
set-up, eluted over an aumina @lumn (15 % deactivated) with petroleum ether and
transferred to aceonitrile by concentration to approximately 1 ml, addition d 9 ml
acdonitrile, and concentration. Results were wrreded for the remvery of the internal
standard PCB 103 (2,2 ,4,5 ,6-pentachlorobiphenyl) which exceeded 80 % in all analyses.
Field + extra alditive sediments were extraded for 4 haurs with hexane and methanad (1/1)
using a heaed reflux system. The etrad was saken with NaSOz; and 30 ml water to
remove sulphur and enhance phase separation d the hexane. After centrifugation (10 min,
1000 rpm) the hexane layer was removed, concentrated to 1 ml under a gentle flux of
nitrogen, transferred to a pre-rinsed 3 ml silicagel spe wlumn (J.T. Baker, Philli psburg, NJ,
USA) and eluted with 8 ml hexane. The first ml of eluate was discarded and the remainder of
the duate was colleded. Compounds were transferred to acetonitril e by concentration d the
eluate to approximately 1 ml, addition d 9 ml acetonitrile, and concentration to
approximately 1 ml. Each pation d Tenax was extraded by shaking with 20ml hexane, and
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compound were transferred to aceontrile prior to analysis with HPLC. All extrads were
analysed by reversed phase HPLC with fluorescence detedion [38]. The PAH mixture was
separated on a C18 column using an acetonitrile-water gradient. Chromatograms were
recorded on a personal computer using data acquisition software. Polycyclic aomatic
hydrocarbonidentificaion was performed using retention times.

Data analysis

The acumulation in the anphipods was described using the model proposed by
Landrum [39]:

dQ _ A
—=k,.C.e” -k
dt s™s dQ (1)

where Q = analyte mncentration in amphipod (ug/kg wet weight), t = time (d), ks = uptake
cleaance mefficient (kg * kg * d*), Cs = concentration in sediment (ug/kg dry sediment),
kq= dimination rate wnstant (d*) and A = rate of reduction in the bioavail able mncentration
(d™). This model describes first order kinetics of accumulation and incorporates a first order
dedine in the exposure @ndtions. It is assumed that the cefficients ks, kg and A remain
constant over the curse of the experiment. Althouwgh the meaning of A is unclea, it will be
included as a fit parameter in ou calculations. The differential equation was integrated,
acourting for anonnegligible mncentration d the analyte in the anphipods at time =0:

kCs

QW ==

(e—/\t _ e—kd'[) + Q(O) . e—kdt (2)

The experimental data were fitted to Eq. 2by non-linea regresson, wsing Graphped, version
2.01(GraphPad Software, San Diego, Ca, USA) using ks, kg and A as adjustable parameters.
Because of some scater in the data and the fact that threeparameters had to be estimated in a
fitting procedure with orly 10 degrees of freedom, some parameter estimations had a high
standard deviation. Therefore, we only used the parameter estimations to cdculate akinetic
BSAF: the ratio of ks and ky, namalized to the lipid content of the anphipods and aganic
carbon content of the sediment:

ke f
BSA\F == = 3
kg lc ®)
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where BSAF = Biota to sediment accumulation fador (kg organic carbon/kg lipid), foc =
organic carbon content of sediment (%) and Ic =lipid content amphipods (% wet weight). It
can be derived from Equation (2) that the kinetic BSAF in Equation 3is equal to the lipid
normalized concentration in the amphipods, divided by the organic carbon naomalized
concentration in the sediment at steady-state (t=c0) and at A = 0 (4). The kinetic BSAF
therefore refleds a maximum BSAF

Q) _ ks
Cs ki (4.

The data of the desorption experiment were analysed according to Cornelissen et al.
[13]. In short, amourts of PAHs in the sediment in time were calculated from initial amounts
and the desorbed amourts of PAHSs that were trapped by the tenax beads in the different time
intervals. The desorption from sediment was then described with

- kvery slowt

= ~Kiapt “Kyowt
St /So - Frape Pt I:slowe | + |:very slowe (5)

inwhich S and S (ug) are the sediment-sorbed amourts at time t (h) and at the start of the
experiment, respedively; Frap, Fyow and Fuey sow are the fradions of compoundpresent in the
rapidly, slowly and very slowly desorbing sediment compartment at time zero, respedively;
and Kap, Ksow and Kery siow (h™) are the rate @nstant of rapid, slow and very slow desorption,
respedively.

The amourts of PAHSs present in the ajueous phase were @nsidered negligible
compared with the amourt in the rapidly and slowly desorbing phases. Values of Fra, Fsow,
Fuey sow, Kraps Kgow and Kery sow Were determined by minimalizing the awmulative squared
residuals between experimental and calculated values of In (S/Sy) in Equation (5), using
Scientist (MicroMath Scientific Software, Salt Lake City, UT, USA). It is assumed that
sediment-asoociated chemicds reside in either the rapidly or the slowly and very slowly
desorbing compartment, so that Frap +Fgow +Fvery sow = 1.

RESULTS

General observations

In the design of the experiment we tried to avoid any toxic &fed on the test organisms
in the lab-contaminated sediment, as this might influence acumulation. The accumulated
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amounts of PAHs in thefield + additive and field + extra additive sediment were indeed well
below (about 30 to 150 times) the lethal body burden of 1-5 mmol/kg for narcosis. Average
survival of the amphipods varied between 91 and 58 % in the field sediment and between 89
and 66 % in the field + additive sediment, and was above 75 % except for the |ast time point
(t=25 days) (see Table 1). No differences among the treatments (t-test, p<0.05) were
observed in either survival, dry weight, lipid content or total suspended solids (TSS),
resulting from the bioturbation of the amphipods, among the treatments (field, field
+additive, field + extra additive) (t-test, p<0.05). Hence, it can be concluded that toxicity and
differences in toxicity between treatments are negligible. The absence of toxicity in our
experiments means that the accumulation kinetics were not influenced by toxic effects.

Table 1. Mean percentage survival, mean dry weight in mg and mean lipid content in % w/w of the
amphipod Corophium volutator in the field and field + additive sediments.

Days of Percentage survival' Dry weight? Lipid content
exposure (in mg/individual) (in % wiw)
Field Field Field Field Field Field
+additive +additive +additive

0 0.82 0.82
(0.89;0.75)  (0.89; 0.75)

1 91 89 ND ND

4 84 83 1.25 (+0.30) 1.42 (+0.10)

7 86 84 1.24 (+0.32) 1.19 (+0.07)

12 76 86 1.67 (+0.10) 1.52 (+0.44)

19 75 76 1.47 (x0.15) ND 0.79 0.92
(0.81;0.76)  (0.71; 1.12)

25 58° 66 1.59 (+0.42) 1.22 (+0.16)

“number of replicates = 2, (between brackets: first number is the result of the first, the second of the
second determination number of replicates = 4 (2 groups of 15 individuals per beaker, two beakers),
standard deviation is given in parentheses; *pased on one replicate; ND = not determined

Average measured concentrations of the PAHSs in the three subsamples are shown in
Table 2. The lab-contamination of the field + additive subsample resulted in concentrations
of the lab-contaminated test compounds that were, on average, 13 times higher than the
native background concentrations (see Table 2). Therefore, the native portion of the test
compounds is considered negligible compared to the portion that was added in the
laboratory. The field + extra additivebatch of sediment had a nominal concentration that was
equal to the field + additive sediment for four of the PAHs (phenanthrene fluoranthene,
pyrene and benzo[b]fluoranthene) and about three times higher for two PAHs (anthracene
and benzo[K]fluoranthene). The total concentration of testcompounds was only a factor of
1.35 higher in the field + extra spikebatch compared to the field +additive batch (see Table
2). The concentration did not significantly change during the course of the exposure period
in beakers with or without amphipods (data not shown, t-test, p<0.05).
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Table 2. Mean concentrations of PHE = phenanthrene, ANT = anthracene, FLU = fluoranthene, PYR
= pyrene, BaA = benz[a]anthracene, BbF = benzo[b]fluoranthene, BKF = benzo[k]fluoranthene, BaP =
benzo[a]pyrene in field sediment (sediment from the estuary Westerschelde, the Netherlands (51°
27'N, 3°58' E), field + additive and field + extra additive (ug/kg dry sediment).

PHE ANT FLU PYR BaA® BbF BkF BaP" Sum
Field? 67 24 132 115 54 93 44 67 596
(70;63) (25;22) (136;128) (119;111) (54;54) (97;89) (46:42) (69;65)

Field+ 773 306 2000 1996 100 1005 575 129 6884
additive® (114)  (51) (241) (318) ) (150)  (85) (11)

Field+ 1112 957 2365 2100 98 939 1623 138 9332
extra (1168; (976;  (2454; (2142, (101, (956,  (1662; (141;

additive® 1055) 937)  2277)  2277)  95) 922)  1585) 136)

*Not added to any of the sediments. “Mean of concentration at start of the exposure period (between
parentheses: first number is the result of the first determination, the second of the second
determination) *Mean of measured concentration at start and end of the exposure period in beakers
with and without amphipods. Standard deviation is given in parentheses.

Accumulation in amphipods

Figure 1 shows the typical uptake profiles of anthracene and benzo[k]fluoranthene as
representative test compound in Corophium volutator in field and field + additive sediment.
Two phases are observed. In the first phase, a maximum is being reached within a few days
of the exposure time. It is followed by a conspicuous decline in internal concentrations. The
rate of the declineis higher for the three ring PAHs phenanthrene and anthracene than for the
larger PAHs. The solid line in Figure 1 is the best fit of the data to Equation 2. The fit
resulted in parameter estimations of ks, kg and A In Figure 2 the estimates of kd, ks and A
with their standard errors are plotted against log Kqy. The values of A were determined with
high precision. High standard errors have been found for the individual estimates of kg and ks
of the less hydrophobic PAHs because these compounds reach the maximum vaue of
concentration in the amphipods so rapidly that ks and kg could not be estimated with high
precision. For our main goal of estimation of the kinetic BSAF this is of minor importance.
The kinetic BSAF, calculated from the ratio of ks and kg, is primarily determined by the
maximum concentration in the amphipods. Since the maximum level of accumulation in the
amphipods can be accurately described by the model fit (Figure 1), it can be concluded that
our approach isvalid for estimating the kinetic BSAF.
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Fig. 1 a, b, d and d. Typical uptake pattern of native PAHs (anthracene and benzo[k]fluoranthene) in
a field sediment (sediment from the estuary Westerschelde, the Netherlands) and lab-contaminated
PAHs (anthracene and benzo[Kk]fluoranthene) in the field + additive sediment in the amphipod
Corophium volutator. Experimental data (circles), fit of data according to Eq. (2) (line) and BSAF
according to Eq. (3) (dotted line).

Biota to sediment accumulation factors of the lab-contaminated PAHSs varied between
0.9 and 3.3, while BSAF values of the native PAHs were between 0.5 and 1.7 (Figure 3).
Biota to sediment accumulation factors of the lab-contaminated PAHs (phenanthrene,
anthracene, fluoranthene, pyrene, benzo[b]fluoranthene and benzo[k]fluoranthene) were a
factor 1.4 to 3.3 higher than the native compounds (Figure 3). Therefore, it can be concluded
that the lab-contaminated PAHs were more available to the amphipods than the native
PAHs. The BSAF values for the two PAHSs that were added at two different concentrations
(anthracene and benzo[K]fluoranthene) were similar (Figure 3). This observation implies that
the accumulation in the amphipods was independent of concentration at this level of total
concentration of test compounds.
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Fig. 2 Estimated values of the parameters ks, kq and A with standard errors for the PAHs in the field
sediment and in the field + additive sediment, against log K, of the PAHs. * = standard error higher
than estimated value.
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Fig. 3. Biota to sediment bioaccumulation factor (kg o.c./ kg lipid) of PAHs for the
amphipod Corophium volutator in field, field + additive and field + extra additive sediment
(sediment from the estuary Westerschelde, the Netherlands). For abbreviations of PAHS, see
footnote Table 2. ANT en BKF were added in field + extra additive at concentrations ca. 3
times higher than in field + additive. *BaA and BaP were not added in any of the three
treatments.

Desor ption experiments

The rapidly desorbing fraction desorbed with a rate of 0.33 to 3.10 hr*, whereas the
slowly and the very slowly desorbing fraction desorbed with a rate of 1.00E-7 to 0.07 hr™.
The average rapidly desorbing fractions (Fiy) of the individual PAHsS (phenanthrene,
anthracene, fluoranthene, pyrene, benzo[b]fluoranthene and benzo[k]fluoranthene) in the
field and field + additive sediments are shown in Figure 4. The F4, of the lab-contaminated
compounds did not change significantly during the exposure period (data not shown, t-test,
p< 0.05). Therefore, an average of the Fry, at the start and the end of the exposure period was
calculated. The F4, of the native compounds varied between 0.1 and 0.6. The F4, of the lab-
contaminated PAHs was consistently higher, varying between 0.1 and 0.7. The difference
was significant for phenanthrene and anthracene, but not for fluoranthene, pyrene
benzo[ b]fluoranthene and benzo[K]fluoranthene (t-test, p< 0.05). Table 3 shows the rapidly
desorbing fractions of lab-contaminated PAHs for sediments with and without amphipods
after 25 days of exposure. The rapidly desorbing fractions were not significantly altered in
the presence of amphipods (t-test, p< 0.05).
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Fig. 4. Average rapidly desorbing fraction (F.p) of PAHs in field and field + additive sediment
(sediment from the estuary Westerschelde, the Netherlands). For abbreviations of PAHs, see
footnote Table 2. *BaP was not added in any of the three treatments.

Table 3. Rapidly desorbing fractions (F.) of PAHs in field + additive sediment at the end of the
exposure period, with and without exposure of the amphipod Corophium volutator. For abbreviations
of PAHSs, see Table 2.

1
Frap

PHE ANT FLU PYR BbF BkF BaP’
+ amphipods
0.77 (0.01) 0.75(0.08) 0.68 (0.02) 0.69 (0.02) 0.13(0.02) 0.11(0.02) 0.04 (0.01)
0.78 (0.01) 0.75(0.01) 0.68 (0.03) 0.68 (0.02) 0.15(0.03) 0.12 (0.02) 0.04 (0.01)
- amphipods
0.79 (0.10) 0.78 (0.01) 0.60 (0.03) 0.65(0.03) 0.26 (0.04) 0.22 (0.04) 0.02 (0.02)
0.72 (0.10) 0.70(0.01) 0.67 (0.02) 0.67 (0.02) 0.14 (0.03) 0.12 (0.03) 0.04 (0.00)
"Measurements were carried out in duplicate on a pooled sample. First number is the result of the
first determination, the second of the second determination. Standard error is given in parentheses; 2
BaP was not added to the sediment.

DiscussioN
Accumulation in amphipods
In the present study a decline in accumulation levels in Corophium volutator was

observed following an initial phase of first order type uptake kinetics. The decline
corresponds with a positive value of fit parameter A (Figure 2). The decline was most
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pronounced for the lower PAHs. A similar shape of the uptake curve was found by other
authors, for example for phenanthrene in the freshwater amphipod Diporeia spp [40] and for
three-ringed PAHs and chlorinated compounds (chlorobenzenes, polychlorinated biphenyls
(PCBs), chloroanisoles and pesticides with a molecular weight < 292) in oligochaetes (Kraaij
et a., unpublished data). Some explanations can be put forward to explain the observed two-
phase accumulation pattern, including biotransformation and a decline in bioavailability
([39] and [23]. Biotransformation did probably not contribute to the observed loss of the
PAHs in Corophium volutator during the course of our experiment. Concentrations of
metabolites of pyrene in subsamples of amphipods that were exposed for two and four weeks
to the spiked sediment were below the detection limit of 1 % of the parent compound
(personal communication, G. Stroomberg). At the beginning and the end of the experiment,
equal amounts of PAHs were measured in the rapidly desorbing fraction. If this fraction
relates to bioavailability, no shift in bioavailability was observed during the course of our
experiment. We suggest that the pore water in the U-shaped tubes, which are constructed by
the amphipods, is diluted with overlying water. This, in combination with biodegradation,
might have resulted in reduced exposure of the animals and might have caused the observed
drop in internal concentrations of PAHSs.

BSAF

The kinetic BSAF values were calculated from the fitted parameters ks and ky of
Equation 2, derived from the accumulation model proposed by Landrum [39]. The model fit
the data well for the lab-contaminated PAHs (R? > 0.9) and acceptable for the native PAHs
(R? > 0.6, except for phenanthrene and fluoranthene). The calculated values of the kinetic
BSAF match graphically determined maximum values of the BSAF (see Fig 1). The BSAF
values of the native PAHs of 0,25-1,75 in this study are in the same range as literature
values. e.g. Tracey and Hansen [3] calculated an average vaue of 0,29 for six different
organisms. Also the BSAF values of the lab-contaminated PAHSs of 0,9-3,3 are within the
same order of magnitude of BSAF vaues found by other authors: e.g. Kukkonen and
Landrum [6] found a BSAF value of 0,123-0,171 for freshly added benzo[a]pyrene in
Diporeia sp.

We observed higher BSAFs for all lab-contaminated PAHs compared with the native
counterparts. The measured differences were within one order of magnitude. When BSAF is
defined as a measure of bioavailability, it can be concluded that the lab-contaminated PAHs
are more bioavailable than the native PAHs. Some factors can be put forward to explain the
unequal availability of lab-contaminated and native PAHS, including 1) concentration
dependent accumulation kinetics, 2) association with soot and 3) sequestration.
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Results of Landrum et a. [41] showed a concentration dependency for the uptake
clearance coefficient ks. These authors suggested that enhanced activity of the amphipods at
the higher concentrations is one of the most likely explanations for the higher ks values at
these concentrations. Amphipods with higher activity are exposed to larger volumes of pore
water. As a consequence, local depletion might be lowered and ks values increased. The
differencesin ks values at the different concentrations in the sediment were within the same
order of magnitude as the differences we found in BSAF values for lab-contaminated and
native compounds. Yet, the concentration independent uptake of anthracene and
benzo[k]fluoranthene in the amphipods might indicate that the concentration difference does
not account for the observed differences in uptake. It is also expected that the parameters K,
kq are constant during the exposure, because toxic effects on physiology or behaviour are not
expected.

The lab-contaminated and native PAHs did not enter the sediment in the same way. A
fraction of the native PAHs may have been soot associated while deposited. Gustafsson et a.
[18] calculated that the partition coefficients of PAHSs for soot are relatively high compared
to partition coefficients for sediment organic carbon. The strong association between soot
and PAHSs probably results in alow bioavailability of soot associated PAH. Lamoureux and
Brownawell [42] demonstrated a lower assimilation efficiency of BaP by the polychaete
Nereis succinea in soot amended sediment compared with unamended sediment. Therefore,
association to soot of the native PAHs cannot be excluded as an explanation of the relatively
low bioavailability of these PAHsin our study.

We intended to investigate the availability of PAHs that differed in contact time with
the sediment. The residence times of the native and |ab-contaminated PAHs were extremely
different (decades vs. days). Time dependent processes like sequestration may have led to a
lower availability for the native PAHs compared to the |ab-contaminated PAHs. Results of
Varanas et a. [7] strongly suggest that different BSAF values for native and lab-
contaminated BaP are related to differences in contact time. In their study, the uptake of
native BaP and lab-contaminated BaP was determined in one and the same estuarine
sediment. The accumulation factor of the lab-contaminated BaP was 6.1 and 4.3 times higher
than the accumulation factor of the native PAH for the marine amphipod Eohaustorius
washingtonianus and the clam Macoma nasuta respectively. Kukkonen and Landrum [6]
demonstrated that the uptake clearance coefficient ks of freshly added PAHs in Diporeia spp.
was higher than the uptake clearance of PAHs that were added 1 week to 13 months before
exposure of the amphipods.

In conclusion: Contact time is one of the factors that may determine bioavailability of
hydrophobic compounds to benthic organisms. One of the mechanisms that might be
responsible for this contact time dependent accumulation, i.e. sequestration, was indeed
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observed in our experiment. This mechanism will be discussed later. Differences in soot
association between native and lab-contaminated PAHs may also have induced the observed
differential bioavailability.

Desorption kinetics

The measurements of rapidly desorbing fractions of the lab-contaminated compounds
being less than unity at the beginning of the experiment indicates that sequestration is
already measurabl e after a very short incubation time. The rapidly desorbing fractions of two
out of six PAHs were significantly lower for the native compounds compared with the |ab-
contaminated compounds. This might be caused by increased sequestration at longer
residence times, as was discussed before. The same phenomenon was observed by
Cornelissen et a. [13] who found lower rapidly desorbing fractions of chlorobenzenes and
PCBs in lab-contaminated sediment that was incubated for 34 days, compared to 2 days
incubation. The finding was aso confirmed by White et a. [10] who observed lower
fractions of phenanthrene that desorbed within 21 days at longer aging periods. The data
measured in our study seem to be reliable. The slowly desorbing fractions of the lab-
contaminated anthracene, fluoranthene and pyrene (28, 33 and 36 %) are similar to the
slowly desorbing fractions of the same lab-contaminated PAHs found by Cornelissen et al.
[13] after 34 days of incubation time (24, 40 and 36%).

The amphipods did not change the distribution over rapidly and slowly desorbing
fractions, measured in the bulk-sediment. This means that neither ingestion of sediment
particles nor bioturbation with subsequent changes of redox conditions and biodegradation in
the sediment affected the sequestration on a macro-scale. Y, it is possible that amphipods
did change the sequestration of the PAHSs in their micro-environment. However, this change
is not measurable on a macro-scale.

Relationship between bioavailability and chemical desorption

The time dependent process of sequestration results in a shift in the distribution over
rapidly and slowly desorbing fractions. It has been hypothesised that this shift influences the
bioavailability. For microorganisms, uptake and metabolism is solely mediated by the
aqueous phase. Changes in desorption behaviour therefore affect biodegradation rates when
desorption is the rate limiting process [10, 28]. Sequestration might aso influence the
accumulation in macrobenthos. The shift to slowly desorbing fractions possibly lowers the
pore water concentration [43] and thereby reduces exposure via the agqueous phase. Also,
exposure via ingestion might be affected by sequestration as sequestered compounds might
become less available in the gut of the organisms.

22 [Chapter 2



In order to explore the relationship between desorption kinetics and bioavailability for
macrobenthos in historically contaminated and lab-contaminated sediments, we examined
the correlation of the rapidly desorbing fraction of PAHs with the BSAF of PAHSs in
amphipods. The present study shows that ratios of BSAF of |ab-contaminated versus native
PAHs correspond with ratios of the fraction residing in the rapidly desorbing sediment
compartment (Figure 5). The BSAFs of the individual PAHSs also showed a good correlation
(r*=0.76) with the rapidly desorbing fractions of the individual lab-contaminated and native
PAHs (Figure 6, lower pandl). This result, 76 % of the variance in the BSAF values being
explained by rapidly desorbing fractions, indicates a strong relationship between desorption
and accumulation into the amphipods. The relationship cannot be explained by a
coincidental existence of low or high values for both accumulation and rapidly desorbing
fractions. This might happen when an unknown process that is controlled by the physico
chemical properties of the individual PAHs affects accumulation into the organisms and
desorption from sediment in a similar way. The upper panel of Figure 6 confirms the causal
relationship between BSAF and rapidly desorbing fraction: The BSAF is related to the
rapidly desorbing fraction in a ssimilar manner for al individual PAHS. This result suggests
that the established relationship not only holds for individual compounds differing in
physico chemical properties, but also for different treatments of one compound. The results
in this study are well in line with the scarce literature data on the subject. Lamoureux and
Brownawell [9] studied the desorption and accumulation in the deposit feeding clam Yoldia
limatula of native PAHs, PCBs and linear akylbenzenes (LAB) from two core sections of a
harbour sediment. Biota to sediment accumulation factors of PAHs and LABs were
correlated with the fraction that desorbed within 48 hours (r* > 0.78).

4
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M ratio BSAF
o (field+additive/field)
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Fig. 5. Ratio of BSAF values in field + additive and field sediment (sediment from the
estuary Westerschelde, the Netherlands) of PAHs and the corresponding ratio of rapidly
desorbing fraction (Fy) in field + additive and field sediment. For abbreviations of PAHS,
see footnote Table 2.* BaP was not added in any of the three treatments.
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Fig. 6. Experimental BSAF (kg o.c./ kg lipid) of PAHs for the amphipod Corophium volutator in field
and field + additive sediment (sediment from the estuary Westerschelde, the Netherlands) versus
rapidly desorbing fraction F,,. For abbreviations of PAHS, see footnote Table 2. Closed circles are
native PAHSs in field sediment, open circles are lab-contaminated lab-contaminated PAHSs in field +
additive sediment. Upper panel: data points for identical PAHs (in field and field + additive sediment)
connected by a dotted line. Lower panel: regression line included. R” of correlation is 0.76.
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The present study demonstrates that desorption measurements might provide a good
approximation of differences in bioavailability between compounds, treatments and
sediments. We found that differential desorption behaviour can largely explain differencesin
bioavailability between individual PAHs and between native and |ab-contaminated PAHS.
Hence, desorption measurements seem to qualify as a promising predictive tool in
bioavailability research.

Asyet, it is still unclear whether the effect of slow desorption is mediated via the pore
water and/or the uptake in the gastro intestinal tract. This question needs to be addressed in
order to fully understand the mechanism of the relationship between slow desorption and
bioavailability.
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ABSTRACT - Differences in hbioavailability of hydrophobc organic compound (HOC) to
benthic deposit-feeders have been related to dfferences in sediment-HOC contad time and
sequestration status. As a @nsequence, it was postulated that contad time and/or
sequestration shoud be incorporated into risk-assessment. In the present study, we
investigated the dfed of contad time on the bioavailability and sequestration d different
classes of HOC. For this purpose, we simultaneously measured the steady-state
acamulation into benthic oligochades (Tubificidae) and the distribution ower rapidly and
slowly desorbing fractions in laboratory contaminated sediment at different contad times.
The decrease in rapidly desorbing fractions (F) of PCBs, PAHs and p,p-DDE after a
contad time of 959 duys did nd exceal a factor of 1.2. Similarly, the reduction in
bioavail ability was a factor of 2.3 at maximum, indicating that long contad times do nd
necessarily result in pronourced hioavailability reduction. For chlorobenzenes, the
bioavail ability was reduced with a fador of 5 to 18. This decrease rresponded with a
pronourced reduction in Fg,, which was attributed to losses of rapidly desorbing
compound. Over 75 % of the variation in BSAF-values of the PAHs and chlorobenzenes at
the three ontad times could be explained by differences in F4, irrespedive of the processes
at hand. The present study provides evidence of a relationship between sequestration status
and boavail abili ty of HOC to benthic depaosit-feeders.

INTRODUCTION

As aresult of unrestrained use and emisson d hydrophobc organic chemicds (HOC)
worldwide, high concentrations of pollutants are encourtered in environmenta ‘sink’
compartments sich as sdiments. Loss processes, such as anaaobic microbia degradation,
are usualy dlow for this type of chemicals in sediments. As a @nsequence, high
concentration levels persist even at reduced input of pall utants. Benthic organisms may be &
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risk when accumulation exceals toxic threshold levels.

The acumulation d HOC canna be acurately assessed from total concentration
measurements, as the bioavailability is largely variable among different sediments,
compound and aganisms [3]. Generally, bioavail abili ty has been defined in the literature &
the total concentration d chemicalsin soil or sediment that is or will patentially be taken up
by an organism [19]. Differences in hioavailability can be measured by differences in
bioacawmulation. Bioaccumulation is expressed in this paper as the stealy state
acawmulation into the organism divided by the cncentration in the sediment, narmalised to
lipid and aganic carboncontent, or the * biota to sediment accumulation factor’ (BSAF).

With increassing contad time between sediment and HOC, the bioavail ability of a
hydrophohic organic compound seems to decrease & a higher pace than the total
concentration. Numerous gudies were designed in order to elucidate and quantify this ageing
or weahering effed on kdoavail abili ty. Alexander recently summarized and dscussed these
studies [44] and concluded that organic compounds become progressvely lessavail able for
uptake by organisms, exerting effeds, biodegradation and koremediation by
microorganisms.

So far, littl e dtention has been given to the dfed of contad time on the bioavail abili ty
of different compound and dfferent compoundclasses. In most studies, oy PAHs are used
as test compounds. Different compound do show a wide range of bioavail ability, even at
similar residence times. For example, the bioavail ability of PAHSs is generaly lower than
those of PCBs and chlorobenzenes[3].

Bioavail ability might be related to the extent of sequestration, a chemicd processthat is
affeded by contad time & wel (e.g. [13]). Sequestration hes been defined as the formation of
relatively sowly desorbing fradions. The slow desorption might be induced by high adivation
energies at high surface aea caboraceous materid (HSACM) such as charcoal, specific ' sites
or ' hades in the organic matter matrix or diffusiona limitations in condensed regions of the
organic matter matrix and/or poresin the mineral or organic fradion (e.g. [14-17, 24, 45]). One
attempt to charaderize sequestration is the determination d rapidly, slowly and very slowly
desorbing fradions with dgtinctly differing desorption rates and sorption behaviour ([17, 46].
Sequestration a low desorption hes been related to biodegradation (e.g. [10, 11, 29], [12]) and
recantly to the bioavailability to maaobenthos[9, 47].

We investigated the dfed of contad time on the bioavailability and sequestration d
different chemicds and classes. For this purpose, we performed a controlled study on a broad
range of chemicds of different classes. PAHS, chlorobenzenes, PCBs and p,p- DDE. Rdatively
nonpoll uted sediment was contaminated in the laboratory with a mixture of these compounds
and stored at constant conditions. We smultaneously examined the dfed of contad time on
bioavailability to benthic deposit-feeders and the chemicd fador of sequestration by measuring
the stealy-state accmulation into benthic oligochades (Tubificidae) a three different
sediment-HOC contad times up to three yeas. Addtiondly, we quantified the extent of
sequestration of the test compounds at these mntad times by determining rapidly, slowly and
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very slowly desorbing fradions. These fradions were asessed from measurements on the
desorption kinetics ([13]). We investigated whether diff erences in the bioavailability to benthic
depasit-fealers, induced by different compound properties or contad time, were related to
sequestration.

EXPERIMENTAL APPROACH
Oligochaetes

Oligochaees were reared at the laboratory on uncontaminated paper pulp. More than
90 % of the alture cnsisted of the species Limnodrilus hoffmeisteri Claparéde and Tubifex
tubifex Miller (both family Tubificidae). Less than 10 % of the ailture cnsisted of
Lumbriculus variegatus (family Lumbriculidag individuas (<10 %). We will refer to the
oligochaetes as Tubificidae as more than 90% of the individuals belonged to this family of
oligochaetes. The oligochades were acclimatized for at least 24 housat 10 °C.

Chemicals

Phenanthrene, fluoranthene, benz[a]anthracene, chrysene, benzo[b]fluoranthene,
benzo[K]fluoranthene, benzo[a]pyrene, 2-ethylanthracene, 7-methylbenzo[a]pyrene, p,p-
DDE (2,2-bis(4-chlorophenyl)-1,1-dichloroethylene), 1,2,34-, penta-, and
hexadchlorobenzene, 2,2,5,5-tetrachlorobiphenyl (PCB 52), 2,3,5,6tetrachlorobiphenyl
(PCB 65), 2,2,4,5,5-pentachlorobiphenyl (PCB 101), 2,33’ ,5,6-pentachlorobiphenyl (PCB
112, 2,2,4,4 5,5 -hexachlorobiphenyl (PCB 153, 22',4,4,5,6 -hexachlorobiphenyl (PCB
154, 2,3,3,4,4-pentachliorobiphenyl (PCB 105, 2,3,44,5-pentachlorobiphenyl (PCB
118, 2,2,3,4,4,5 -hexachlorobiphenyl (PCB 138 and 2,3,3,44',5-hexachlorobiphenyl
(PCB 156) were obtained from various commercia sources (PCB numbering according to
IUPAC). Octadecyl (C-18) was purchased from JT Baker (Philli psburg, NJ, USA). Tenax
TA (60-80 mesh) was obtained from Chrompadk (Bergen op Zoom, The Netherlands).
Florisil and silica were obtained from Merck (Darmstadt, Germany) and Alumina was
purchased from ICN Biomedicds (Eschwege, Germany).

Sediment treatment and characterization

Sediment was colleded from a relatively unpdluted area (Oostvaardersplassen, The
Netherlands). Prior to lab-contamination, it was geved (500 um mesh size), suspended in
copper-free water (ratio 0.71L/L wet sediment) and hanogenized. The batch of sediment
was contaminated by dropwise aldition d an acetone solution containing the
chlorobenzenes, PCBs, PAHs and p,p-DDE (fina ratio 2.3 ml acdone per 100 g dry
sediment). During the contamination procedure, the suspension was vigorously stirred by a
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concrete mixer. The cmntaminated sediment was aged by storing the sediment in closed
bucketsof 10L at 10 °C.

We tried to avoid any toxic dfed on the oligochade worms by choasing nominal
concentrations well below expeded acute effect levels. Sediment characterization
measurements were performed on bank sediments withou oligochaees in arder to monitor
changes in the sediment quality during storage. Organic carbon, elemental nitrogen content
and elemental oxygen in the organic matter, total phosphate and particle size distribution
were determined with standard methods. A pdarity index was cdculated as the @aomic mass
ratio of elemental oxygen plus elemental nitrogen dvided by elementa carbon (O+N/C)

[48].
Desor ption experiments

At the beginning of each hioaccumulation experiment, desorption charaderistics were
studied in a subsample of the stored sediment, acwmording to the method described by
Cornelisen et a. [13]. An equivalent of 3 g dry weight sediment was saken for 10 days
with 100ml copper-freewater and 3g Tenax TA sorbent. This Sorbent effedively removes
solutes from the agueous phase. At the beginning of the first and second exposure
experiment at 5 and 91 diys of contad time respedively, dudicae experiments were caried
out. An extra dupicae measurement was caried ou during the first exposure experiment
after 14 days of contact time in order to study short-term changes in desorption behaviour.
At the beginning of the third exposure experiment at 959 days of contad time, a single
experiment was performed. The experiments resulted in estimations of rapidly, slowly and
very slowly desorbing fractions of compound in the sediment. It was not possible to
determine the rapidly, dowly and very slowly desorbing fradions of the PCBs and p,3-DDE
for some of the exposures becaise of the low concentrations in the Tenax extrads. Therefore,
we did na evaluate the desorption cata for these mompounds.

Bioaccumulation experiments

At 2, 91 and 959 dys after contamination d the sediment, bioaccumulation
experiments were started (exposure |, 11 and 111). For each experiment, 500ml be&ers were
filled with the contaminated sediment (137 g dry weight per beer; fina dry weight
percentage = circa 34 %) and daced in an aquarium at 10 °C. Copper-free tap water was
added to the aguarium such that the level of the overlying water was higher than the height
of the be&ers. The overlying water was aaated mildly to provide the worms with axygen
and to keep the worms in the sediment. Approximately 0.5 g of tubifex was transferred to
eat bedker. Bedkers were taken ou of the aguarium after 3 to 6 dfferent times of exposure.
Worms were sampled and kept in copper-freewater for 25 housin order to alow worms to
empty their guts. The losses of test compounds due to elimination in clean water during this
period were calculated from the dimination rate constant k,. This value was experimentally
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determined or estimated, using the model of Sijm and van der Linde [49]. Losss were below
5 %, except for 1,2,34tetrachlorobenzene, pentachlorobenzene, phenanthrene and
fluoranthene. Losses were 39.8, 12.4, 29.1and 7.0 % for 1,2,34-tetrachlorobenzene,
pentachlorobenzene, phenanthrene and fluoranthene respedively. The @ncentrations of all
compound were rreded for loses due to eimination in the dean water. In arder to
fadlit ate sampling of the worms, the sediment was gently suspended with 170ml of copper-
freewater. After emptying their gut, the worms were gently dried with a paper towel, kill ed
in liquid nitrogen and stored at —25 °C until analysis. Lipid contents of the worms at the
beginning and end d the expasure were determined according to Folch et al. [35]. Sediment
was sampled at the end o each bioaccumulation experiment.

Analyses

Oligochades

Oligochaees were extraded using Matrix Solid Phase Dispersion [37] and prepared
for HPLC analyses as described earlier [47]. A subsample of the extrad for GC-analyses was
transferred to a @lumn filled with two pations of 1.75 g of adivated silica to which
respedively 0.77 g concentrated sulphuic agd and 0.58g 1 M patassum hydroxide was
added respedively. Both pations were deaned with acetonitrile prior to use. The @lumn
was eluted with 18 ml of acetonitrile and the duate was concentrated to approximately 0.15
to 1 ml under a gentle flow of nitrogen. Reveries of the interna standards 2-ethyl-
anthracene, 7-methyl-benzo[a]pyrene, PCB 112 and PCB 154 were 85.1%, 76.7%, 67.2%
and 55.9% on average. Concentrations of phenanthrene, fluoranthene, benz[a]anthracene
and chrysene were orrected with the recovery of 2-ethyl-anthracene and concentrations of
benzo[b]fluoranthene, benzo[K]fluoranthene and kenzo[a]pyrene were rrected with the
recovery of 7-methyl-benzo[a] pyrene. Concentrations of all chlorinated compounds were
corrected with the recovery of PCB 112, except for PCB 138, PCB 153, PCB 156 and
PCB180,that were mrreded with the recvery of PCB 154.

Sediment and Tenax

Sediments were reflux extraded for 4 hous with hexane and methanal (1/1) according
to Smedes and ce Boer [50] and prepared for analyses of PAHs as described earlier [47]. A
subsample of the extrad for GC analysis was transferred to a glasscolumn fill ed with 1.5g
Al,SO;3 (7.5 % water content) and 1.5g SiO, (5 % water content) and eluted with 30 ml
hexane. The duate was concentrated to 0.2to1 ml

Eadh pation d Tenax was extraded by shaking with 20 ml hexane, and compounds
were transferred to aceonitril e prior to analysis with HPLC.

All extrads for PAH analyses were analysed by C18 reversed phase HPLC with
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fluorescence detection. Chlorinated compounds were analysed by GC-ECD. Recovery of the
internal standard for the PAHs was 79 % for 2-ethylanthracene and 74 % for 7-
methylbenzo[a] pyrene on average (n=59). Coefficient of variation (c.v.) for the recovery of
these two compounds was 10.6 and 8.9 %. Recovery of PCB 112 and PCB 154, the internal
standards for the chlorinated compounds, was 60.8 and 64.8 % (n = 34) respectively for the
first two experiments and 27.7 and 25.8 % (n=25) for the last experiment. Coefficient of
variation (c.v.) of the recovery of PCB 112 and PCB 154 was 23.5 and 23.6 % for the first
two experiments and 21.5 and 22.1 % for the last experiment. The relatively low recovery
for the PCBs in the last experiment was probably due to incomplete sulphur precipitation. As
the coefficient of variation of the recoveries of the PCBs was reasonably low for all
experiments, corrections for recoveries were allowed. Concentrations in the sediment were
corrected in the same way as for the tubifex samples.

Data analysis

The biocavailability of compounds at different contact times was compared by
comparing calculated biota to sediment accumulation factors (BSAF). The BSAF were
caculated as

B3AF =C b /Cs (1)

with Cyis the average of the lipid normalized concentration in the oligochaetes and Cs is the
average of the organic carbon normalized concentration in the sediment. The concentrations
in the oligochaetes were normalized for lipid content by dividing with the average of the lipid
content at the start and end of the experiment. For all compounds, an average of the
accumulation at approximately 3, 4 and 5 weeks was used for the calculation of the BSAF.
Based on results from the first exposure, we calculated that the average accumulation of all
compounds at that time was at more than 85 % of equilibrium.

The data of the desorption experiment were fitted to a triphasic desorption model as
described by Cornelissen et al. [51]. The fitting procedure resulted in estimations of rapidly,
slowly and very slowly desorbing fractions (Frap, Fsow 8Nd Fery sow) for each compound and
contact time.

RESULTS
General observations

The quality of the organic matter did not significantly change between 91 and 959 days of
contact time (Table 1). The inconsistent changes in the content of total phosphate between 2
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and 959 ays of contad time in the sediment are probably due to analytica variance or some
heterogeneity in the batch of sediment.

Table 1. Quality measurements on the contaminated sediment at different contact times. (Between
parentheses: individual measurements.)

Contact time (days)

2 91 959

C (organic) (% dw) 2.7 3.0 3.2
O (% dw) 1.48(1.45; 1.51) 2.46 (2.51; 2.41) 2.38(2.30; 2.46)
N (% dw) 0.27 0.30 0.30
Polarity index (O+N/C) 0.65 0.94 0.84
Total phosphate (g/kg dw) 3.0 1.8 4.3
Particle size (% dw)

<2um 24 23 23

<16 pm 43 44 43

The concentrations of the PAHS, chlorobenzenes, PCBs and pp’-DDE, narmalized for
organic carbon content, remained constant in the 91 days interval after addition d the test
compound to the sediment (two-sided t-test, p<0.05 (Table 2). The @ncentrations of
1,2,3,4tetrachlorobenzene, pentadhlorobenzene, PCB 65, PCB 101,PCB 118,PCB 105and
p,p-DDE deaeased significantly within a contad time of 959 days. The @ncentrations of
al PAHs, except phenanthrene, increased dightly but significantly in this period. The
deaease in the oncentrations of the dlorinated compound might be caised by loss
processes as evaporation and kodegradation.

The average lipid content of the oligochades at the start and the end d the exposure
was 3.59and 2.30% for the first experiment, 3.15and 3.18% for the second experiment and
2.44% and 1.75% for the third experiment. The dudi cate measurements at the start and the
end d the experiments were dl within 20 % of the average value. We used an average of
2.95, 3.17and 2.09% for the first, seaond and third exposure respedively. The maximum
acamulated sum of moles of all compounds per kg wet weight of oligochades met our
criterium, as this maximum concentration was approximately 10 to 40times below the |ethal
body burden of 2-8 mmol/kg for narcosis [52] for aquatic organisms. It also stayed below
(1.5to 3times) the body residue for effeds on growth and reproduction o 0.3-0.6 mmol/kg
that was determined for the oligochaete Lumbriculus variegatus ([53)]).

The precision in the measurements of the mncentrations in the biota was sufficiently
high: The average wefficient of variation (c.v.) in the measurements of the concentration in
the biota was below 14 % for the PAHs and kelow 40 % for the dlorinated compound.
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Table 2 Mean concentrations of test compounds in sediment (mg/kg organic carbon) at contact time 0,
91 and 959 days at the end of the exposure experiments.

Contact time (days)

2 91 959
PAHs

PHE 58.4 (50.7; 66.1)" 455 (46.6; 44.4)" 43.9 (1.29)
FLU 67.3 (64.8;69.7)" 57.0 (58.6;55.3)" 71.2 (2.53)
BaA 63.8 (55.4; 72.1)" 50.5 (51.5;49.5)" 68.7 (2.44)
CHR 62.4 (54.5;70.4)" 495 (50.6; 48.3)" 69.3 (3.89)
BbF 71.8 (61.7; 82.0)" 58.3 (58.7; 58.0)" 84.4 (9.92)
BkF 67.9 (58.4;77.5)" 55.5 (55.7;55.3)" 77.6 (3.82)
BaP 58.9 (50.9; 66.9)" 47.3 (47.1; 47.5) 64.5 (2.68)
chlorobenzenes

1,2,3,4 0.93 (0.70; 1.16)" 0.77 (0.72;0.82)" 0.23 (0.05)
penta 1.15 (0.95; 1.34)" 1.03 (0.81; 1.26)" 0.41 (0.02)
hexa 1.05 (0.89; 1.21)" 0.92 (0.76; 1.09)" 0.25 (0.06)
PCBs

PCB 52 1.33 (1.17; 1.48)" 1.39 (1.62;1.16)" 1.20 (0.44)
PCB 65 0.90 (0.77;1.03)" 0.87 (0.88;0.86)" 0.78 (0.03)
PCB 101 0.63 (0.54; 0.73)" 0.55 (0.56; 0.53)" 0.42 (0.05)
PCB 118 1.59 (1.36;1.83)" 1.29 (1.44;1.15)" 0.75 (0.09)
PCB 153 1.43 (1.26; 1.60)" 1.21 (1.41;1.01)" 0.77 (0.06)
PCB 105 1.72 (1.48;1.96)" 1.35 (1.46;1.23)" 0.85 (0.05)
PCB 138 1.29 (1.13;1.45)" 1.05 (1.24;0.86)" 0.63 (0.03)
PCB 156 1.30 (1.11;1.48)" 0.97 (1.13;0.81)" 0.68 (0.04)
PCB 180 1.08 (0.97; 1.20)" 0.83 (1.01;0.64)" 0.45 (0.03)
pesticides

p,p'-DDE 1.08 (0.94; 1.22)" 0.85 (0.86; 0.85)" 0.66 (0.02)

1Measurement in duplicate (others in triplicate), between parentheses: individual measurements
(others: SD); PHE = phenanthrene, FLU = fluoranthene, BaA = benz[a]anthracene, CHR = chrysene,
BbF = benzo[b]fluoranthene, BKF = benzo[k]fluoranthene, BaP = benzo[a]pyrene

Bioavailability

Typicd acamulation curves of PAHS, chlorobenzenes and PCBs at the diff erent contad
times are plotted in Figure 1. For some compound, a dedine in accumulation was observed
after approximately 3 weeks. We did na correct for this decline & the decline was generally
smaller than 15% of the absolute BSAF- values. Figure 1 demonstrates that acaumulation is
guite constant at the first two contad times of 2 and 91 days. Between 91 and 959 dhys of
contad time, the BSAF dedines for some mmpounds.

The BSAF values of al compounds at the different contad times are shown in Table 3.
The dfed of contad time on the BSAF was markedly different for the compounds of the
different classes. The average @ntad time reduction fador, expressed as the ratio of the BSAF
at a ontact time of 2 and 91 days (expaosure | and 11) and 959days (exposure I11) was 12.7 for
the chlorobenzenes, 1.5 for the PAHSs, 2.2 for p,p’- DDE and 1.2 for the PCBs (Table 3).
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Fig. 1 Typical accumulation curves of a) the PAHs benz[aJanthracene, b) the chlorobenzene
hexachlorobenzene and c) the PCB 2,2',3,4,4',5'-hexachlorobiphenyl in oligochaetes (Tubificidae) in

lab-contaminated sediment at different contact times of the contaminant

in the sediment.

Accumulation expressed as lipid normalized concentration in biota divided by organic carbon
normalized concentration in the sediment (ug organic carbon/ug lipid).
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Table 3 Average Biota to sediment accumulation factors (BSAF) for oligochaetes (Tubificidae) in
laboratory contaminated sediment, at different contact times. Contact time reduction factor for BSAF
calculated as the ratio of the average BSAF at contact time = 2 and 91 days divided by BSAF at contact
time = 959 days. First two columns: log K,,, and molecular weight (M).

BSAF at contact time
log Kow M 2d 91d 959d reduction
factor
PAHs
PHE 457" 178 5.98 6.63 2.70 2.33
FLU 5.23! 202 4.25 468 2.42 1.85
BaA 5.91! 228 2.72 311 2.01 1.45
CHR 5.81" 228 2.97 3.07 1.99 1.52
BbF 6.10" 252 1.06 135 1.05 1.15
BKF 6.11" 252 1.31 143 1.14 1.20
BaP 6.13" 252 1.41 1.28 1.03 1.31
chlorobenzenes
1,2,3,4 4.64° 216 3.00 447 0.21 18.2
penta 5.18° 250 4.22 6.25 0.35 15.0
hexa 5.73 285 3.78 509 0.92 4.85
PCBs
PCB 52 6.10° 292 3.90 765 1.78 2.19
PCB 65 5.94° 292 4.41 391 248 1.68
PCB 105 6.61° 326 1.95 3.60 2.64 1.05
PCB 118 6.61° 326 3.29 7.84 4.25 1.31
PCB 138 6.70* 361 1.48 226 3.59 0.52
PCB 153 6.90° 361 2.34 424 4.66 0.71
PCB 156 7.06° 361 2.09 256 2.61 0.89
pesticides
p,p'-DDE 6.96 318 7.59 12.7 4.68 2.16

“in [54], © in [55], ° selected, in [56], * in [57], ° estimated, in [55], “average of selected values for
tetrachlorobiphenyl congeners (n=12) in [56]. For abbreviations of PAHs: see Table 2.

Sequestration

Figure 2 displays the typical distribution of benz[a]anthracene between the rapidly,
slowly and very slowly desorbing fractions at different contact times. Sequestration seems to
take place fast as significant fractions of slowly and very slowly desorbing fraction are
measured within a few weeks after addition of the test compounds to the sediment. The
sequestration process then moves on at a much slower pace: With increasing contact time, a
small shift towards very slowly desorbing fractions is observed. The estimations of the
rapidly and very slowly desorbing fractions of all test compounds are shown in Table 4 and
5. The distribution over rapidly, slowly and very slowly desorbing fractions remained
virtually unaltered within a contact time of 91 days. The rapidly desorbing fraction had
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decreased with a factor of 1.2 to 2 for the 3-4 ringed PAHs and hexachlorobenzene after a
contact time of 959 days. The decrease in rapidly and increase in very slowly desorbing
fractions, expressed as reduction and enhancement factors, was higher for
hexachl orobenzene than for the PAHSs.

The relatively small rapidly desorbing fractions at 5 days, compared with 14 days of

contact time is ascribed to incomplete equilibration of the system after addition of the test
compounds.

benz[a]anthracene

0,8
0,6
0,4

0,2 é
_

g 959
Y /a1 .
0 14 contact time

5 (days)

Fslow

Fvery
slow

Fig. 2 Typical average rapidly (Fap), slowly (Fsow) and very slowly desorbing fractions (Fyery siow) Of
benz[a]anthracene in lab-contaminated sediment at different contact times of the contaminant in the
sediment.
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Table 4 Rapidly desorbing fractions (F.4p) in laboratory contaminated sediment, at different contact times.
Contact time reduction factor for F, calculated as the ratio of the average F, at contact time = 5, 14
and 91 days and the F,, at contact time = 959 days.

Frap at contact
time
5d 14d 91d 959 d reduction

factor

PAHs

PHE 0.68 (0.68; 0.69) 0.63 (0.54; 0.72) 0.74 (0.74; 0.74) 0.55 1.2

FLU 0.61 (0.59; 0.62) 0.76 (0.75; 0.77) 0.70 (0.69; 0.70) 0.56 1.2

BaA 0.36 (0.29; 0.42) 0.66 (0.66; 0.66) 0.50 (0.49; 0.51) 0.41 1.2

CHR 0.35 (0.29; 0.40) 0.69 (0.68; 0.69) 0.50 (0.50; 0.50) 0.43 1.2

BbF 0.20 (0.07; 0.33) 0.32 (0.37; 0.28) 0.22 (0.21; 0.22) 0.28 0.9

BkF 0.14 (0.06; 0.21) 0.30 (0.37; 0.24) 0.23 (0.15; 0.30) 0.32 0.7

BaP 0.07 (0.05; 0.08) 0.29 (0.33; 0.25) 0.19 (0.18; 0.20) 0.28 0.6

chlorobenzenes

penta 0.67 (0.71; 0.63) 0.72 (0.80; 0.63) 0.59 (0.58; 0.61)

hexa 0.56 (0.59; 0.54) 0.80 (0.84; 0.77) 0.67 (0.66; 0.68) 0.35 1.9

For abbreviations of PAHs: see footnote Table 2.

Table 5 Very slowly desorbing fractions (Fyey siow) in laboratory contaminated sediment, at different
contact times. Contact time enhancement factor for Fyey 50w Calculated as the ratio of Fyey siow at contact
time = 959 days divided by average F.ey siow at contact time = 5, 14 and 91 days. For log K,, and
molecular weight (M): see Table 3.

Frery slow at contact time
5d 14d 91d 959d enhancement
factor
PAHs
PHE 0.16 (0.16; 0.18) 0.12 (0.18; 0.07) 0.15 (0.14; 0.15) 0.32 2.2
FLU 0.17 (0.20; 0.14) 0.13(0.13; 0.12) 0.14 (0.14; 0.14) 0.26 1.8
BaA 0.16 (0.15; 0.17) 0.12 (0.12; 0.11) 0.14 (0.14; 0.14) 0.37 2.7
CHR 0.10 (0.10; 0.120) 0.09 (0.09; 0.08) 0.14 (0.14; 0.15) 0.36 3.3
BbF 0.25 (0.24; 0.26) 0.22 (0.22; 0.21) 0.22 (0.22; 0.22) 0.48 2.1
BkF 0.22 (0.22; 0.22) 0.19 (0.19; 0.19) 0.19 (0.18; 0.19) 0.46 2.3
BaP 0.31 (0.27; 0.35) 0.20 (0.19; 0.20) 0.26 (0.24; 0.28) 0.50 2.0
chlorobenzenes
penta 0.0 (0.0;0.0) 0.20 (0.10; 0.30) 0.23 (0.20; 0.26)
hexa 0.09 (0.01; 0.18) 0.10 (0.05; 0.16) 0.12 (0.12; 0.12) 0.50 4.7

For abbreviations of PAHs: see footnote Table 2.
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DiscussiON
Bioavailability

The results of the present study demonstrate that contad time affects the
bioavail ability of different compounds to a different extent. A contad time of 959 days
strongly reduced the bioavail ability of chlorobenzenes. The bioavail ability of most PCBs,
PAHs and p,p*DDE was aso lowered after 959 days, bu the reduction in hioavail abili ty
was generally small (factor 2 o les9. To date, we did na find aher pulicaions in which
the relative effect of contact time on the bioavail abili ty of different classes of compounds has
been reported. Belfroid et al. [8] foundarelatively high dfference in bioavail abili ty between
field and freshly added chlorobenzenes (factor 2 to 30, compared with the difference
between field and laboratory contaminated PAHs in ather studies (fador 4 to 6, 1.4to 3.3
([7, 47). However, the studies on chlorobenzenes and PAHs are not completely comparable
because of differencesin sediment, organism and experimental set-up.

The final results on the dfect of contact time on the bioavail abili ty to digochaetes in
the present study fit flush in colledions of reported data in the literature. Landrum et a. [5]
founda reduction o uptake dearance rate ks for amphipods with a fador of 0.7 to 5.9and
0.9to 5.6for PAHs after a mntad time of 60 and 150days respedively. Kukkoren and
Landrum [6] determined a reduction fador for the BSAF of benzo[a]pyrene for amphipods
of 1.3, 1.3,and 1.6after 7, 180and 390days respedively. Recalculated kinetic BSAF values
(kd/ke) for oligochades reportedly dedined with a fador of 1.4 and 2.0 for pyrene and
benzo[a]pyrene respectively after 28 days of contad time in a study of Leppénen and
Kukkoren [58]. We founda reduction in the bioavail abili ty of PAHs to digochades of 1.2-
2.3 after a ontact time of 959 days. Although the final effects of contact time on the
bioavail abili ty are quite similar among these studies, some disagreanent can be foundin the
time scde of the effect of residence time: The dfed of residence time was most pronounced
in the initial days and seemed to level off later in most studies, whereas in ou study, a
measurable dedine was yet foundafter a prolonged period d severa years.

The observed dedine in bioavailability in the present study was measured in an
interval in which nosignificant change in the quality of the sediment organic was observed.
As a mnsequence, the dfed of contad time on the bioavailability was not related to
structural or compasitional changes during storage of the sediment.

Sequestration

The dfed of contad time on sequestration was most pronourced for hexachlorobenzene. In
Figure 3, concentrations of rapidly, slowly and very slowly desorbing hexadlorobenzene ae
shown for the different contad times. These cncentrations were calculated from
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C,i =C,*F, (i=rap, dow or very slow) 2

with Cs; = concentration of rapidly, slowly or very slowly desorbing compound, Cs = total

concentration of compound in sediment (mg/kg organic carbon) and F; = rapidly, slowly or
very slowly desorbing fraction.

hexachlorobenzene

|

contact time
days
Cs,tot ( Y )

contact time

(days)
Cs,tot Cs,rap Cs
’ Cs,
slow very
slow

Fig. 3 Average total concentrations and concentrations of rapidly, slowly and very slowly

hexachlorobenzene and benz[a]anthracene (mg/kg organic carbon) in lab-contaminated sediment at
different contact times (days) of the contaminant in the sediment.
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The figure shows that 1) the total concentration of hexachlorobenzene in the sediment
decreased with a factor of approximately 4, 2) the decline in the total concentration is caused
by losses from the rapidly and slowly desorbing compounds and 3) the concentration of
hexachlorobenzene in the very slowly desorbing compartment increased only dlightly in
time. It has been shown before that |oss processes as biodegradation are selectively occuring
for rapidly desorbing fractions (e.g. [11]). The effect of contact time on the distribution over
rapidly, slowly and very slowly desorbing compartments is essentially similar for
hexachlorobenzene and the PAHs, as is illustrated for hexachlorobenzene and
benz[a]anthracene in Figure 3: A contact time of 959 days resulted in a small increase of
chemicals residing in the very slowly desorbing compartment for both compounds. In
conclusion, the conspicuous decline in rapidly desorbing fractions of chlorobenzenes in time
was a result of loss processes of rapidly desorbing compounds rather than a redistribution
over the rapidly, slowly and very slowly desorbing fraction.

Significant fractions of slowly and very slowly desorbing fraction were measured in
our study within afew weeks after addition of the test compounds to the sediment (Table 4).
The rapidly desorbing fraction decreased with a factor of 1.2 for the 3-4 ringed PAHs and
1.9 for the hexachlorobenzene respectively after a contact time of 959 days. Cornelissen et
al. ([13]) observed slowly desorbing fractions of chlorobenzenes and PCBs of 0.1 to 0.3 after
2 days of contact time in OV P-sediment. These fractions increased with a factor of 1.4-3.1
within 34 days of contact time. A much stronger effect of contact time was found by Ten
Hulscher et a [59] in Lake Ketelmeer sediment, where the rapidly desorbing fraction of
hexachlorobenzene dropped from approximately 0.7 after two days of contact time to 0.5
and less than 0.05 after 180 and 620 days respectively. The concentration of
hexachlorobenzene in the sediment was amost constant in this experiment. It can be
concluded that the effect of contact time on sequestration is quite variable for different
sediments.

Bioavailability & sequestration

The results of the present study confirm the hypothesis that sequestration is related to
the bioavailability of HOC for benthic deposit-feeders. The markedly higher effect of contact
time on the bioavailability of chlorobenzenes compared with the effect for PAHs
corresponded with arelatively high decrease in the rapidly desorbing fraction. In Figure 4,
the BSAF of the PAHs and chlorobenzenes at the three exposures was plotted against the
rapidly desorbing fractions. The BSAF values varied about one order of magnitude. The
figure demonstrates a highly significant relationship between bioavailability and
sequestration. More than 75 % of the variability in BSAF for the different compounds and
exposures could be explained by differences in rapidly desorbing fractions. In former
studies, rapidly desorbing fractions [47] or fractions desorbing within 48 hours [9] has been
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related to the biocavailability of HOC to ather benthic deposit-feeders. Lamoureux and
Brownawell [9] studied the desorption and acawmulation d native PAHs, PCBs and linea
alkylbenzenes (LAB) from sediment in the deposit-feeding clam Yoldia limatula. The BSAF
of PAHs and LABs were mrrelated with the fradion that desorbed within 48 hous (r? >
0.78. Kraaij et a [47] demonstrated a good corrlation (* of 0.76 between the
bioavail ability of native and laboratorium-added PAHs for the amphipod Corophium
volutator and rapidly desorbing fradions.
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BSAF (g organic carbon/ g lipid)
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Fig. 4 Average Biota to sediment accumulation factor (BSAF) (g organic carbon/g lipid) of
chlorobenzenes (CB) and PAHSs for oligochaetes (Tubificidae) in lab-contaminated sediment versus
average rapidly desorbing fraction F, at the first, second and third exposure, starting at a contact
time of 2, 91 and 959 days respectively. Regression line for all compounds included. R? of regression
=0.77.

In conclusion, the dfect of contact time on the bioavail abili ty of hydrophohic organic
compound is different for different classes of compounds. The reduction in hioavail abili ty
after a contact time of 959 dhys was a factor 1 to 2 for PCBs, PAHs and p,p-DDE, while
this contad time reduced the bioavail abili ty of chlorobenzenes with a fador of 5to 18.The
results correspondwith the sequestration measurements: A contad time of 959 dhys resulted
in a relatively high decrease in the rapidly desorbing fractions for the chlorobenzenes,
compared with the PAHs. The pronourced decrease was attributed to the relatively strong
impaa of lossprocesses, such as biodegradation and vdatili zation, onthe rapidly desorbing
compartment of the dilorobenzenes.

The present study confirms that sequestration meessurements are indicative of
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differences in the bioavailability of HOC to benthic deposit-feeders, induced by differences
in compound properties, and contact time. The relationship between desorption and
bioavailability is as yet based on circumstantial evidence from a limited number of
experiments. Causality of the relationship has to be confirmed in order to justify a broader
applicability on different organisms, sediments and chemicals. In further publications, we
will report on the processes involved in the relationship between desorption and
bioavailability.
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Abstract - Current risk-assesgment of hydrophobc organic contaminants (HOC) in
sediments is hampered by a high variability in accumulation d HOC by deposit-feeders
from sediment organic cabon.Recent literature suggests that the variabili ty can be dtributed
to dfferences in sequestration in the sediment. In the present study, we investigated whether
this relationship is causal. We determined hiota to sediment accumulation fadors (BSAF)
and sequestration d PAHs and PCBs in a manipulated sediment as well as in an original,
nommanipulated sediment. Sequestration was measured as the distribution ower rapidly and
slowly desorbing fractions. The manipulation, 48 hows suspending with Tenax, strongly
reduced the rapidly desorbing fraction whil e other fadors guch as contact time and sediment
and compound poperties remained constant. In this manner, sequestration was isolated as a
variable. The BSAF values $howed a deaease propational to the decrease in rapidly
desorbing fractions. The results provide dired evidence of a causal relationship between
sequestration and koavail abili ty to depaosit-feeders.

INTRODUCTION

Sediments have been pdluted with hydrophobc organic contaminants (HOC) worldwide.
High levels of palutants have been measured in harbours, industrialized or urbanized coastal
zones and in sedimentation areas of (formerly) heavily pdluted rivers (e.g. [43, 6Q. The
acamulation d HOC in benthic organisms may lead to detrimental effeds on bkenthic
communities and to hiomagnificaion in food chains (e.g. [21]5]). As high levels of HOC in
sediment often persist in time, remediation efforts are sometimes necessry in order to
sustain o restore eosystems. The dficiency of the use of resources in such environmental
remediation pojects gredly benefits from sound site-specific assessments of the
bioacawmulation d the mntaminants.

The biota to sediment acaimulation fadors (BSAF), i.e. the ratio of the @ncentration
in lipids of organisms and the mncentration in sediment organic carbon, is frequently used
as a measure of bioaccumulation. Differences in BSAF reflect differential bioavail abili ty.
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The bioavail ability of hydrophobc organic compound (HOC) to benthic deposit-feeders is
determined by a complex interadion d biological, eclogical and chemicd factors such as
habitat, feeding behaviour and sorptior/desorption processs in the sediment (e.g. [32],[19]).
As a result, bioavailability might vary between sediments. Literature reviews on BSAF
values reveded a variability of abou 2-3 orders of magnitude ([3, 4]). Several research
projeds have been initiated in arder to develop tods to estimate the bioavail abili ty of HOC
in soils or sediments. Bioavailability has for example been related to fractions that were
extraded with mild solvents or solid phase extradion dsks ([34, 6164]), mild seledive
supercriticd fluid extradion (SFE) [65], in vitro gut-fluid extradion [33, 66,67], fradions
that associated with water-soluble cyclodextrines [68],[69] or persulfate oxidated fractions
[70].

Recettly, evidence has been provided that the biocavailability of HOC to
microorganisms and benthic deposit-feeders is drongly related to sequestration.
Sequestration is defined in this paper as the formation d relatively slowly desorbing
fradions. Slow desorption might be induced by high activation energies at spedfic 'sites or
diffusiona limitations in paes or condensed regions of the organic matter matrix (e.g. [14,
15, 24). One atempt to charaderize sequestration is the determination of rapidly, owly and
very dowly desorbing fradions with distinctly diff erent desorption rates and sorption behaviour
([17, 46]. Some aiuthors demonstrated that the degradation d hydrophobc compound was
strongly related to the anournt of chemicd being desorbed within a spedfied lapse of time
(e.0.[10, 29), [11]). Lamoureux and Brownawell [9] showed a good correlation ketween the
bioavail abili ty of PAHs and linear alkylbenzenes in sediment-cores to depaosit-feeding clams
and the fradion desorbingin 24 houws. In aprevious gudy, we demonstrated that 76 % of the
variability of BSAF of native and freshly added PAHs could be explained by differencesin
rapidly desorbing fradions [47].

As the reported relationship might have been coincidental, causality in the relationship
between sequestration and Hoavail abili ty still needs to be verified. Dired evidence of such a
relationship would imply a more general applicability. In the present study we tested the
hypathesis of a causal relationship between sequestration and the bioavail abili ty of HOC to
benthic depaosit-feeders (tubificidae). To that end we performed a antroll ed experiment with
sediment that had been contaminated in the laboratory with awide range of PAHs and PCBs
approximately 2.5 years prior to the experiment.. A portion d the sediment was artificialy
manipulated in order to reduce the rapidly desorbing fraction while kegping other factors
constant. Tubificidae were exposed to the manipulated sediment as well as to the original,
normmanipulated sediment. In bah sediments, we determined the BSAF as well as the
distribution ower rapidly, slowly and very slowly desorbing fradions and investigated the
relationship between BSAF and the rapidly desorbing fradion.
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EXPERIMENTAL APPROACH
Oligochaetes

Tubifex were reaed at the laboratory on norcontaminated paper pulp. The alture
consisted of the spedes Limnodrilus hoffmeisteri Claparede and Tubifex tubifex Muller (both
family Tubificidae. At the start of the experiment, the aulture was contaminated with some
Lumbriculus variegatus (family Lumbriculidag individuals (<10 %). As the percentage of
impurity was low, we will refer to ‘tubifex’ in this paper. The oligochades were
acdimatized for at least 24 housat 10 °C.

Chemicals

Phenanthrene, fluoranthene, benz[a]anthracene, chrysene, benzo[b]fluoranthene,
benzo[K]fluoranthene, benzo[a]pyrene, 2-ethylanthracene, 7-methylbenzo[a]pyrene, 2,2,5,5-
tetrachlorobiphenyl (PCB 52), 2,2,45,5-pentachlorobiphenyl (PCB 101), 23,3,5,6-
pentachlorobiphenyl (PCB 112), 2,2',4,4',5,5'- hexachlorobiphenyl (PCB 153), 2,2',4,4',5,6'-
hexadhlorobiphenyl (PCB 154), 2,2,4,4,6,6-hexachlorobiphenyl (PCB 159, 2,3,4,4.5
pentachlorobiphenyl (PCB 118), 2,2,34,4,5-hexadlorobiphenyl (PCB 138) and
2,2,34,4 5,5-heptachlorobiphenyl (PCB 180) were obtained from various commercid
sources (PCB numbering acarding to IUPAC). Tenax TA (60-80 mesh; 177-250 um) was
obtained from Chrompadk (Bergen op Zoom, The Netherlands). Florisl was obtained from
Merck (Darmstadt, Germany) and Alumina was purchased from ICN Biomedicas (Eschwege,
Germany).

Sediment sampling, characterization and lab-contamination

Sediment was colleded from a relatively unpdluted area (Oostvaarderplassen, the
Netherlands). The organic carbon content was determined using an element analyzer (Carlo
Erba NA 1500, Milan, Italy) after removal of carboretes with phophaic add. The
measurements were performed onsediments at the beginning of the experiment. Prior
to lab-contamination, the batch of sediment was suspended with copper-free water (ratio
0.71 L/L wet sediment) in arder to fadlitate homogenisation. The suspension was lab-
contaminated by dropwise aldition d an acetone solution containing the test compounds
(final ratio 2.3ml acetone per 100 g dry sediment). During the lab-contamination procedure,
the suspension was vigorously mixed by a concrete mixer. The cmntaminated sediment was
stored for 959 chysat 10°C.

Stripping procedure

Triplicae sediment samples (30 g dry weight) were suspended in separation funnels
with 300ml copper-freewater and 30g Tenax was added. The Tenax efficiently removes
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compound that have desorbed to the water phase. The separation funrels with the
sediment/Tenax suspension were shaken for 48 haurs on a shaking machine. The time span
of stripping was optimized in a precaling experiment with dfferent stripping times (6, 16.5
and 48 houws). It was foundthat in a time-span of 48 hous, most of the rapidly desorbing
compounds were stripped from the sediment, whil e the total concentration was only reduced
by a fador of approximately 2 to 5. After completion d the shaking interval, the floating
Tenax was parated from the sediment. The remaining Tenax in the funrel was washed
three times in oder to remove some remaining sediment particles. The olleded
manipulated sediment was gently centrifuged to retrieve asimilar density as the untreated
sediment and to dscard remaining Tenax beads. The treaed sediment was visually aimost
completely free from Tenax beals. The procedure was repeded threetimes in a two-week
interval before exposure of the oligochades in order to oltain the necessary amourt of
tregded sediment. All batches of treded sediment were wlleded in one bucket and
thoroughly mixed before filli ng out begkers. The time interval between treatment and start of
the exposure was one week.

Bioaccumulation experiments

250 ml be&kers were filled with either treated or untreaded sediment (68.5 g dry
weight; final density approximately 34 %). The fill ed beakers were placed in two separate
aquaria & 10 °C and copper-freetap-water was added. The level of the overlying water was
higher than the height of the be&kers  that the overlying water was homogeneously mixed
for all be&kers. Overlying water was aerated mildly to ke the worms in the sediment.
Approximately 0.25g of tubifex were transferred to ead beder. Three beakers containing
untreded sediment and tubifex and two beders with treaded sediment and tubifex were
taken ou of the aquaria & 21, 28 and 34 @ys of exposure. The sediment was gently
suspended with 170ml of copper-free water in arder to facilit ate sampling of the worms.
Worms were sampled and kept in copper-freewater for 25 hous in arder to al ow worms to
empty their guts. The losses of test compounds due to elimination in clean water during this
period were calculated from the dimination rate anstant k,. This value was experimentally
determined or estimated, using the model of Sijm and van der Linde [49]. Losses were below
5 %, except for 1,2,3,4tetrachlorobenzene, pentachlorobenzene, phenanthrene and
fluoranthene. Losses were 39.8, 12.4, 29.1and 7.0 % for 1,2,34-tetrachlorobenzene,
pentachlorobenzene, phenanthrene and fluoranthene respedively. The @ncentrations of all
compound were arreded for losses due to elimination in the dean water. The worms were
gently dried with a paper towel, killed in liquid nitrogen and stored at —25° C. The lipid
content of the worms at the beginning and end of the exposure was determined in dugicae
samples of worms according to Folch et al. [35]. The average lipid content of the
oligochaetes at the start and the end of the exposure was 2.44 (average of 2.30and 2.57%)
and 1.75% (average of 1.75and 1.75%). We used an average lipid content 2.09% in further
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cdculations. Sediment was sampled for concentration measurements at the end d the
exposure period.

Desor ption experiment

Sediment desorption charaderistics were studied acording to Corndlissen et a. ([13]).
An equivalent of 3 g dry weight sediment was shaken for 10 days with 10 mL copper free
water and 3g Tenax TA (60-80 mesh; 177-250 um). Tenax effedively removes lutes from
the ajueous phase. During the desorption experiment the Tenax beals were replaced at 10
predetermined time paints. The desorption experiment was performed with untreaed sediment
a the start of the exposure (‘U (0)'), treaed sediment at the start of the exposure (‘T (0)’) and
treaed sediment at the end d the exposure (‘T (35)") . The measurement on the latter batch (‘T
(35)') was included in arder to ched forshifts in the distribution over rapidly and dowly
desorbing fradionsin the treaed sediment during the exposure interval.

Analyses

Oligochades

Oligochades were extraded using Matrix Solid Phase Dispersion [37] and prepared
for PAH analyses as described earlier [47]. A subsample of the extrad for PCB-analyses was
transferred to a clumn filled with two pations of 1.75 g of adivated silica to which
respedively 0.77 g concentrated sulphuic add and 0.58g 1 M patassum hydroxide was
added respedively. Both pations were deaned with acetonitrile prior to use. The @lumn
was eluted with 18 ml of acetonitrile and the duate was concentrated to approximately 0.15
to 1 ml under a gentle flow of nitrogen. Rewveries of the internal standards 2-ethyl-
anthracene, 7-methyl-benzo[a]pyrene, PCB 112 and PCB 154 were 92.6 %, 80.5%, 67.2%
and 55.9% on average, with a wefficient of variation o 21.1, 27.527.3and 25.9% (n=25).
Concentrations of phenanthrene, fluoranthene, benz[a]lanthracene ad chrysene were
corrected with the rewvery of 2-ethyl-anthracene ad concentrations  of
benzo[b]fluoranthene, benzo[k]fluoranthene and kenzo[a]pyrene were crrected with the
recovery of 7-methyl-benzo[a]pyrene. Concentrations of all chlorinated compounds were
corrected with the recovery of PCB 112, except for PCB 138, PCB 153, PCB 156 and
PCB180,that were mrreded with the recvery of PCB 154.

Sediment and Tenax

Sediments were reflux extraded for 4 hous with hexane and methand (1/1) [50] and
prepared for analyses of PAHSs as described earlier [47]. A subsample of the extrad for GC
analysis was transferred to a glasscolumn fill ed with 1.5g Al,SO3 (7.5 % water content) and
1.59 SIO, (5 % water content) and eluted with 30ml hexane. The duate was concentrated to
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0.2-1 ml.Each portion of Tenax was extracted by shaking with 20 ml hexane, and
compounds were transferred to acetontrile prior for PAH analysis with HPLC.

All extracts for PAH analyses were analysed by Cig reversed phase HPLC with
fluorescence detection. Chlorinated compounds were analysed by GC-ECD. Recovery of the
internal standard for the PAHs was 77.0 % for 2-ethylanthracene and 69.2 % for 7-
methylbenzo[a]pyrene on average. Coefficient of variation (c.v.) for the recovery of these
two compounds was 9.7 and 6.8 % on average (n=6). Recovery of PCB 112 and PCB 154
was 27.7 and 25.8 %. Coefficient of variation (c.v.) of the recovery of PCB 112 and PCB
154 was 21.5 and 22.1 % respectively (n = 6). The relatively low recovery for the PCBs was
probably due to incomplete sulphur precipitation. As the coefficient of variation of the
recoveries of the PCBs was reasonably low, corrections for recoveries were alowed.
Concentrations in the sediment were corrected in the same way as for the tubifex samples.

Data analysis

The biocavailability of compounds at different contact times was compared by
comparing calculated biota to sediment accumulation factors (BSAF). The BSAFs were
calculated by dividing the average of the lipid normalized concentration in the oligochaetes
by the organic carbon normalized concentration in the sediment. The concentrations in the
oligochaetes were normalized for lipid content by dividing with the average of the lipid content
at the start and end of the experiment. For all compounds, an average of the accumulation at
approximately 3, 4 and 5 weeks was used for the calculation of the BSAF. Based on results
from the first exposure, we calculated that the average accumulation of all compounds at that
time was at more than 85 % of equilibrium. The data of the desorption experiment were
fitted to a triphasic desorption model as described by Cornelissen et a. [51]. The fitting
procedure resulted in estimations of rapidly, slowly and very slowly desorbing fractions
(Frap: Fsiow and Fyery sow) for each compound and contact time.

RESULTS

Sediment properties, treatment and sequestration

The organic carbon contents of the untreated and the treated sediment were 3.2 % and
4.2 %, respectively. We attributed this difference to remaining very small amounts of Tenax
beads in the treated sediment or to some heterogeneity in the sediment batch.

The treatment of the lab-contaminated sediment with Tenax resulted in a decline in the
total concentration of HOC in the sediment (Table 1). The concentration of PAHs, PCBs and
hexachlorobenzene in the treated sediment was on average 3.6, 3.2 and 2.5 times lower than
in the untreated sediment.

The effect of the treatment on the distribution over rapidly, slowly and very slowly
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desorbing compounds is demonstrated in Fig.1. In this graph, the concentrations of the
rapidly, slowly and very slowly desorbing compounds in the untreated and the treated
sediment are plotted for some of the PAHs and PCBs. These concentrations were cal cul ated
by multiplying the total concentration in the sediment organic carbon (Table 1) with the
rapidly, slowly or very slowly desorbing fractions (Table 2) respectively. Figure 1 illustrates
the removal of rapidly desorbing PAHs and PCBs in the treatment. The concentrations of
rapidly desorbing compounds in the treated sediment declined with an average factor of 17.9
and 8.5 for PAHs and PCBs during the treatment, which was much higher than the declinein
total concentrations. Also, a significant part of the slowly desorbing PAHs and most of the
slowly desorbing PCBs were stripped. In contrast, the concentrations of the very slowly
desorbing fractions of PAHs and PCB were hardly affected by the treatment.. Within the 35
days exposure, a small reverse trend was observed: Concentrations of rapidly and slowly
desorbing compounds increased and concentrations of very slowly desorbing compounds
decreased dlightly. We accounted for this redistribution process by using the average values
of the estimates of the concentrations or fractions at the start and end of the exposure in
further calculations.

Table 1. Average concentrations of test compounds in treated (48 hours shaking of aqueous suspension
with Tenax) and untreated lab-contaminated sediment (mg/kg organic carbon). Standard deviation
between brackets (n=3). PHE = phenanthrene, FLU = fluoranthene, BaA = benz[a]anthracene, CHR =
chrysene, BbF = benzo[b]fluoranthene, BKF = benzo[k]fluoranthene, BaP = benzo[a]pyrene.

untreated treated

PAHs

PHE 43.93 (1.29) 1452  (0.23)
FLU 7116  (2.53) 17.28  (0.45)
BaA 68.74  (2.44) 17.37  (1.47)
CHR 69.26  (3.89) 15.07 (1.08)
BbF 84.44  (9.92) 25.36  (0.77)
BkF 77.64  (3.82) 22.48  (0.46)
BaP 64.52  (2.68) 23.44  (1.41)
Chlorobenzenes

hexachlorobenzene 0.25 (0.06) 0.10 (0.02)
PCBs

PCB 52 1.20 (0.44) 0.31 (0.02)
PCB 101 0.42 (0.05) 0.14 (0.01)
PCB 118 0.75 (0.09) 0.22 (0.03)
PCB 153 0.77 (0.06) 0.26 (0.02)
PCB 138 0.63 (0.03) 0.22 (0.04)
PCB 180 0.45 (0.03) 0.15 (0.02)
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Table 2 Rapidly, slowly and very slowly desorbing fractions (Fiap, Fsiow @Nnd Fyey sow) in untreated
sediment at the start of the exposure period (U(0)), treated sediment (48 hours shaking of aqueous
suspension with Tenax) at the start of the exposure period (T(0)) and treated sediment at the end of the
exposure period (T(E)). For abbreviations of PAHs, see Table 1.

Frap Fsiow Fuery siow

u@©) TO) T(E) u@©) TO) T(E) u@o TO) TE
PAHs
PHE 55.3 6.23 8.48 127 656 12.6 320 872 79.0
FLU 55,5 955 6.90 18.8 0.00 8.79 257 905 843
BaA 406 566 N.D' 222 7.87 N.D. 372 86,5 N.D.
CHR 43.1 5.67 7.09 205 8.87 114 364 855 815
BbF 276 589 8.69 241 115 154 48.3 826 759
BKF 322 577 9.09 215 116 158 46.3 826 751
BaP 28.2 510 7.92 21.8 11.8 159 500 831 76.2
CB
hexa 349 N.D. N.D. 154 N.D. N.D. 49.7 N.D. N.D.
PCBs
52 419 N.D. 163 277 N.D. 410 304 N.D. 427
101 419 542 111 20.7 0.00 28.6 374 946 603
118 315 126 8.60 216 0.00 180 469 874 734
138 40.2 134 8.53 153 0.00 1938 445 86.7 71.8
153 38.2 8.80 17.9 16.3 0.00 14.8 455 912 674
180 29.1 199 748 21.7 0.00 16.3 49.2 80.1 76.3

IN.D. = not determined

Bioaccumulation

In Figure 2, biota to sediment accumulation factors (BSAF) of PAHs and PCBs for the
oligochaetes in the untreated and treated sediment are plotted. The BSAF values in the
treated sediment were a factor of 3 to 9 for the PCBs and 3 to 35 for the PAHs lower than in
the untreated sediment.

Sequestration and bioaccumulation

In Figure 3 and 4, the BSAF of PAHs and PCBs in the untreated and treated sediment
are plotted versus the rapidly desorbing fractions F. The data points of pairs of
measurements for one compound in two sediments are connected by a line. The figures
demonstrate that the BSAF is strongly related to the rapidly desorbing fraction for each PAH
and PCB. The reduction in the rapidly desorbing fraction of these compounds in the treated
sediment is accompanied by an almost proportional reduction in BSAF.
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benzo[a]pyrene

phenanthrene

80,0

Concentration (mg/kg oc)
Concentration (mg/kg oc)

untreated (0)
treated (35)
treated (0)

untreated (0)
treated (35)
treated (0)

PCB 101

Concentration(mg/kg oc)
Concentration(mg/kg oc)

slow

Fig. 1 Total concentrations and concentrations (in mg/kg organic carbon) of rapidly, slowly and very
slowly desorbing compounds (tot, rap, slow and very slow) of two PAHs (phenanthrene and
benzo[a]pyrene) and two PCBs ( PCB 101 and PCB 153) in treated (48 hours shaking of aqueous
suspension with Tenax) and untreated lab-contaminated sediment at 0 and 35 days after the start of
the bioaccumulation experiment.
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Fig. 2 Biota to sediment accumulation factor (BSAF) (g organic carbon/g lipid) of PAHs and PCBs
in untreated (U) and treated (T) (48 hours shaking of agueous suspension with Tenax) lab-
contaminated sediment. For abbreviations of PAHS, see Table 1.
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Fig. 3 Biota to sediment accumulation factor (BSAF) (in g organic carbon/g lipid) of PAHs in treated
(48 hours shaking of agueous suspension with Tenax) and untreated lab-contaminated sediment
versus rapidly desorbing fractions. The data points for identical PAHs (in untreated and treated
sediment) are connected by a line. For abbreviations of PAHs, see Table 1.
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Fig. 4 Biota to sediment accumulation factor (BSAF) (in g organic carbon/g lipid) of PCBs in treated
(48 hours shaking of agueous suspension with Tenax) and untreated lab-contaminated sediment
versus rapidly desorbing fractions. The data points for identical PCBs (in untreated and treated
sediment) are connected by a line.
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In Figure 5, bioacaimulation and sequestration measurements for the PAHs and PCBs
are plotted in ore graph. The measurements of the PCBs are more scatered than thaose of the
PAHs. The scatering is probably due to the lower concentration levels of the PCBs in the
sediments, which resulted in some analytical uncertainty. (seetable 1). Hence, estimations of
the rapidly desorbing fradions are lessaccurate for the PCBs than for the PAHSs.

The bioacaumulation and sequestration measurements of the PAHs and PCBs were
fitted to an empiricd linear equation d the form

BSAF=a-Fg+b 1)
resulting in the following regresson equations:

BSAF=4.52 F5,—0.01  (R®=0.93 n=12) for PAHs )
and

BSAF=8.91 F5—0.03  (R®=0.57 n=8) for PCBs Q).

The regresson equations are plotted in Figure 5. The value of R? indicaes that
approximately 93 and 57 % of the variance in the BSAF values of PAHs and PCBs
respedively in the manipulated and nommanipulated sediment is explained by differences in
the rapidly desorbing fradion.

The estimated desorption rates of the rapidly as well as the dowly desorbing fradion
(0.17 to 1.81 and 001-0.10 h respedively) indicae that desorption o bath fradions is
sufficiently high to enable uptake in the organisms within the experimental time-frame. The
present results do not yield a dea indication of the relative bioavail ability of the rapidly and
dowly desorbing fradions as high vaues of F coincide with high vaues of Fgo.. We
investigated the relationship between Fry, instead of Fry + Fyow, and BSAF because the fredy
dissolved concentrations in the pore water are proportiona to the rapidly desorbing fradion
([71] ). As uptake from the pore water seems to be amgjor route of acawmulation of HOC in
oligochadges in sediments with refradory organic matter as the sediment used in our
experiments, we hypathesized that Fy, is a relevant measure of bioavailability. In addition, the
density of the organisms (approximately 1 g lipid per 500 g organic cabon) was relatively low.
Asaresult, the rapidly desorbing fradion was not depleted and could fully sustain HOC uptake
into the test organisms..
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Fig. 5 Biota to sediment accumulation factor (BSAF) (in g organic carbon/g lipid) of both PAHs and
PCBs in treated (48 hours shaking of aqueous suspension with Tenax) (T) and untreated (U) lab-
contaminated sediment versus rapidly desorbing fractions. Trendlines and regression equations
included for the measurements of the PCBs and the PAHSs.

DISCUSSION
Sediment

In the present study, accumulation was measured in a manipulated sediment and
compared to the accumulation in the original sediment. The quality of the sediment was kept
virtually constant. The accumulation experiments with the treated and untreated sediment
were performed simultaneously, with oligochaetes from one batch, in order to further ensure
similarity of the exposure. Consequently, the two sediments only differed in concentration
levels and sequestration status. The differences in total concentration and sequestration were
artificially induced by treating one of the sediments with Tenax. The impact of the Tenax
mani pul ation on the concentration of rapidly desorbing compounds was much higher than on
the total concentration.

During the 35-days exposure of the oligochaetes, most of the concentration of rapidly and
slowly desorbing compounds in the treated sediment increased and the concentration of very
sowly desorbing compounds decreased (Figure 1). We expected no such a change in the
untreated sediment because of two reasons: 1. No significant change in the rapidly desorbing
fraction of PAHs was observed within 137 weeks preceding the exposure. 2. Biota did not
change the rapidly desorbing fraction of PAHSs in a lab-contaminated sediment (Chapter 2).

56 [(Chapter 4



Schlebaum et a. [72] also observed redistribution of pentachlorobenzene from a dowly
desorbing compartment to the rapidly desorbing compartment after gas-purging of the
sediment. These reaults indicate that redistribution from dowly to rapidly desorbing
compartments may occur. Interestingly, the redistribution process is not instantaneous,
indicating aretarded transport between the compartments.

Bioaccumulation

The BSAF-values of al PAHs and PCBs in the manipulated sediment were much
lower than in the untreated sediment. As differencesin BSAF are equivalent to differencesin
bioavailability, we conclude that the manipulation of the sediment reduced the
bioavailability to the deposit-feeding tubificidae. We will now address the factors that may
have caused this reduction in bioavailability.

Sequestration and bioavailability

The manipulation of the sediment resulted in a decrease in total concentration levels
and a much higher decrease in rapidly and slowly desorbing fractions. Formerly reported
studies (e.g. [21]) suggest that BSAF is independent of total concentrations of HOC in
sediment organic carbon. The quality of the sediment, compound properties, contact time
and composition of the tubifex culture were kept virtually constant. We conclude that the
strong reduction in BSAF in the manipulated sediment is due to the strong decrease in
rapidly and slowly desorbing fractions as no other factors could have interfered and
attributed to the established relationship. The present study confirms therefore that the strong
relationship between sequestration and bioavailability to deposit-feeders that was found in
this and other studies([9], chapter 2 and 3) is causal.

Results from a previous study also indicated mechanistic causality between
sequestration and bioavailability (Chapter 2). It was demonstrated that the bioavailability of
seven identical PAHs, were either native or added in the laboratory, was related to the
rapidly desorbing fractions. The present study is more conclusive as al compounds were
added in the laboratory and the way of contamination does not interfere with the results.
Also, the applied range in sequestration was higher than in the former study.

The findings of the present study are not fully in accordance with results on
solubilization of PAHs in the gastro-intestinal tract by Weston and Mayer [66]. These
authors measured a similar or even higher solubilization of native phenanthrene and
benzo[a] pyrene compared to freshly added PAHs. These findings do not correspond with our
results, as the sequestration of native compounds is usualy similar or higher than the
sequestration of compounds added in the laboratory. Combined measurements on
sequestration and digestive fluid extractability would provide more insight in the
solubilization of sequestered compounds in the gastro-intestinal tract of deposit-feeders.
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The relationships between BSAF and rapidly desorbing fradions were reasonably
similar for PCBs and PAHs. This finding suggeststhat the variability in BSAF vaues of
PCBs and PAHSs ([4], [3]) might be partly explained by differences in sequestration status,
rather than dfferencesin compound poperties.

The intercepts of the regresson equations of BSAF versus the rapidly desorbing
fradions F4, for the PAHs and PCBs are small . Assuming that the intercept is negligible, the
ratio of BSAF and Fry, is estimated by the regresson coefficient ‘a (see euation (1)). The
ratio of BSAF and F5 might be more or less constant for different deposit-feeders,
treaments and sediments. In aformer study onthe accumulation d native and freshly added
PAH in amphipods (Corophium volutator), a ratio of 3.1 was found, which is close to the
ratio of 4.5 that was found for PAHs in the present study [47]. In the present study, we
derived the relationship BSAF = a4 + b, that can be used in risk-assesament. Receantly, a
relatively quick method d determining rapidly desorbing fradions was developed [73].
Regresson equations for one HOC compoundclass and aganism may be extrapolated to
other classes and aganisms. The regresson equations for PAHs and PCBs and di gochaetes
in the present study and for PAHs and amphipods in aformer study were reasonably simil ar,
suggesting that extrapolation might provide asatisfactory estimation d BSAF vaues. The
risk assesgment for depaosit-feaders might be soundy conservative for the whole community
of maaobenthos. Deposit-feeders are likely to be a highest risk as they are exposed to
sediment-associated chemicds by baoth passve diffusion from the pore and a overlying
water as well as by ingestion d sediment particles.

The results of the present study demonstrate that the relationship between
bioavail ability for deposit-feeders and sequestration, measured as the distribution over
rapidly, slowly and very slowly desorbing fractions, is causal. This implies broad
applicabili ty of the relationship in risk assesgment.
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ABSTRACT - In the present paper, we tested equili brium partitioning of non-sequestered,
rapidly desorbing compound between sediment, pare water and tubificidae. To that end, we
determined fredy dissolved concentrations of a range of HOC in pae water using matrix-
SPME and hoconcentration factors for tubificidae in water. These data were employed to
interpret measurements on kboaccumulation in tubificidae ad sequestration in the same
sediment as reported in the preceding chapter. Bioaccumulation, kased on equili brium
partitioning, was estimated by multiplying the pore water concentrations and the
bioconcentration fadors. Experimental and estimated stealy state acemulation was smilar
within an average fador of 0.8 and 1.8for the dhlorobenzenes and the PAHS respedively.
The fredly dissolved concentrations in the pore water were propartiona to the concentrations
of rapidly desorbing compounds, confirming linear sorption behaviour for the rapidly
desorbing compartment. We @nclude that stealy-state accumulation d@ HOC in benthic
depasit-feeders can be fully reconciled with equili brium partitioning of rapidly desorbing
compound between sediment, pae water and deposit-feeders. The bioaccumulation o
sediment associated HOC in deposit-feeders can be estimated from measurements of fredy
dissolved concentrations in the pore water.

INTRODUCTION

High concentrations of hydrophobc organic chemicds (HOC) are encourtered
worldwide in sediments (e.g. [1]). Lossprocesses are usually slow for this type of chemicds
in sediments. As a cnsequence high concentration levels persist even at reduced inpu of
poallutants. Benthic organisms may be & risk when accumulation surpasses toxic threshold
levels. The accumulation d HOC canna be accurately assessed from total concentration
measurements, as biota to sediment acaumulation factors (BSAF) are largely variable anong
different sediments and compounds (e.g. [3]).

The differences in BSAF can for a large part be dtributed to dfferences in extent of
sequestration. Lamoureux and Brownawell [9] foundthat the BSAF of PAHs and LABs were
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correlated with the fradion that desorbed within 48 hours (r* > 0.78). Kradj and co-authors [47]
demonstrated a good correlation (r* of 0.76) between the BSAF of native and laboratorium-
added PAHSs and rapidly desorbing fradions. Moreover, dired evidenceof a caisa relationship
between sequestration and BSAF was reported in a precaling chapter ([74]). The differencesin
BSAF, induced by sequestration, might be mediated by fredy disslved concentrations in the
pore water, as uptake from pore water is an important uptake pathway.

The key questionin the assessment of bioacawmulationisif HOC distribute between pae
water and biota acording to the equilibrium partitioning theory (EgP). EQP assumes that
distribution over biota axd pore water can be described with a @nstant agueous
bioconcentration fador (BCF). If so, boacaumulation in sediments with dffering extents of
sequestration could smply be assessed from fredy dislved concentrations in the pore water
by multi pli cation with this BCF. In spite of numerous eff orts to vaidate the EqP (e.g. [75, 76]),
considerable uncertainty concerning the goplicability of the EQP still remains. This is largely
due to the indired methods of measuring fredy disslved concentrations in the pore water.

Ancther question that neeals to be aldressed in oder to understand the biota-pore
water/sediment system isthe distribution over sequestered, non-sequestered compartments and
the pore water. It is assumed that distribution ower the nonsequestered, rapidly desorbing
fradion and pae water cen be charaderized with a constant partition coefficient Ko (€.0.
[17, 45]). Measurements on the fredy dissolved concentration in the pore water are essential for
validating this hypathesis, but dired measurements are not avail able up to date.

One of the implicit assumptions of the EQP is a mnstant K value for the total sediment,
independent of sequestration status. The hypathesis of linea partitioning for a non-sequestered,
rapidly desorbing fradion would violate the EqP as it predicts that the Ko is a variable
determined by the rapidly desorbing fradion (F4,), acwrding to

Ko = Koc,rap/Frao 1)

In a former experiment, sediment was contaminated in the laboratory with PAHS,
PCBs, chlorobenzenes and pp’-DDE. One sub-sample was treaed with Tenax in order to
reduce the rapidly desorbing fraction, while sediment-HOC contad time, and sediment
quality remained constant. Oligochaedes (Tubificidae) were exposed to the sediments and
analysed. In addition, the distribution d compound between the rapidly, slowly and very
dowly desorbing fractions were measured, performing desorption experiments with
subsamples of the sediments. BSAF of PAHs as well as PCBs were proportional to the
rapidly desorbing fradionin the two sediments.

In the present study we employed pae water and aqueous bioconcentration
measurements to reinterpret the relationship between sequestration and BSAF. We tested
equilibrium partitioning between hiota and pae water on one hand, and ‘rapidly desorbing’
fradions and pore water on the other hand, by measuring bioconcentration fadors and in-situ
fredy dislved concentrations in the pore water with a recently developed tedhnique, matrix-
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SPME [77]. The measurements were performed for a range of compounds of different classes
in an unmanipulated lab-contaminated sediment as well as in a manipulated sediment. These
measurements were combined with the bioacamulation and sequestration measurements in the
same sediments from a preceading study [74]. The cmbination of measurements enabled us to
study the distribution of HOC in the sediment, pore water and biota system and the effed of
sequestration on this distributionin acomprehensive way.

EXPERIMENTAL APPROACH
General outline of the experiments

Fredy disslved concentrations in the pore water were determined using matrix-
SPAME. The measurements were performed in manipulated and ummanipulated |ab-
contaminated sediment. The sediment contaminated in the laboratory with hydrophobc
organic chemicds 959 dhys prior to the start of the experiments (see precaling chapter). A
portion d the sediment was manipulated by suspending the sediment with water and Tenax
for 48 housin arder to reducethe rapidly desorbing fradion. The pore water measurements
were finished simultaneous with hioacawmulation experiments in the same sediments.
Results on the bioacaimulation, sediment concentrations and the distribution ower rapidly
and slowly desorbing fradions in the treaed and urtreated sediments were discussed in
detail i n the previous chapter [74].

In addition to these experiments, dligochaetes from the same aulture were exposed to
water that was contaminated in the laboratory with chlorobenzenes and PCBs, and analysed.
This aquatic experiment yielded hioconcentration factors (BCF) for some test-compounds
for the test-species. The present paper gives an integrative interpretation d the pore water
and boconcentration measurements as well as the previously reported results on the
manipulated and urtreated sediment.

Oligochaetes

Tubifex were reaed at the laboratory on norcontaminated paper pulp. The adlture
consisted of the spedes Limnodrilus hoffmeisteri Claparede and Tubifex tubifex Mller (both
family Tubificidag. At the start of the experiment, the alture was contaminated with some
Lumbriculus variegatus (family Lumbriculidaé individuals (<10 %). As the percentage of
impurity was low, we will refer to ‘tubifex’ in this paper. The oligochages were
acdimatized for at least 24 housat 10 °C.

Chemicals

Test compounds phenanthrene, fluoranthene,  benz[a]anthracene, chrysene,
benzo[b]fluoranthene,  benzo[K]|fluoranthene, benzo[a]pyrene, 12,3,4tetrachlorobenzene,
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pentadlorobenzene, hexadlorobenzene, p,p-DDE (2,2-bis(4-chlorophenyl)-1,1-
dichloroethylene), 2,2,5,5-tetrachlorobiphenyl (PCB 52), 23,56-tetrachlorobiphenyl (PCB
65), 22',4,5,5- pentachlorobiphenyl (PCB 101), 2,3,3,4,4-pentachlorobiphenyl (PCB 105),
2,3,44 5-pentachlorobiphenyl (PCB 118), 2,2',3,4,4,5-hexadlorobiphenyl (PCB 138)
2,2.,44 55-hexadhlorobiphenyl (PCB 153), 2,3,3 4,4 ,5-hexadlorobiphenyl (PCB 156) and
2,2,34,4 5,5- heptachlorobiphenyl (PCB 180) and internal standards 2-ethylanthracene, 7-
methylbenzo[a]pyrene, 2,3,3,5,6pentachlorobiphenyl (PCB 112 and 2,2,4,4,5,6-
hexadlorobiphenyl (PCB 154), were obtained from various commercial sources (PCB
numbering acording to IUPAC). Log Koy and m/z masses used for GC-MS detedion are li sted
in Table 2 and 1 respedivey. Octadecyl (C-18) was purchased from JT Baker (Phillipsburg,
NJ, USA). Florisl was obtained from Merck (Darmstadt, Germany) and Alumina was
purchased from ICN Biomedicds (Eschwege, Germany).

Pore water measurements

Fredly dissolved concentrations in the pore water were measured with matrix-SPME,
developed by Mayer et a. [77]. Matrix-SPME is a dired probe of in-situ concentrations of
fredy dislved compound and can be used to precisely quantify analytes up to the pg/l
range. In short, pieces of an opticd fiber with a glass core diameter of 200 um and a paly-
(dimethylsiloxane) (PDMS) coating of 15 um, suppied by Fiberguide Industries (Strili ng,
NJ), were aut to alength of 100 mm and washed twice with methano and utrapure water
prior to exposing them to sediment. To that end, threevials of 40 ml were fill ed with 359 of
untreaed sediment three days after the start of the tubifex acawmulation period. Two fibers
were exposed to ead vial with sediment by inserting the fibers through the sili cone/PTFE
septum of the cas. The vials were then placed ona shaking device (200rpm, 3-mm orbit) at
25 T and sampled within two days after completion d the oligochaete exposure experiment.
The eposure time was 33 days, thus excealing the eguilibration period for such
hydrophobc compounds reported by Mayer et a. [77]. The timing of the fiber sampling was
set reasonably simultaneous with the last biota sampling so that steady-state concentrations
in fiber and aganism could be cmmpared in identicd sediment batches, aged for identicd
times. The mass of compounds in the fiber was measured by GC-MS. Solvent standards
were used to cdibrate the anourts of test compounds injeded into the GC. No measurable
amounts of test compound were deteded uponinserting dugdicae blank fibers into the
injedor. The @ncentration in the fiber was cdculated as nppms/Veoms OF the ratio of the
desorbed massof compounds in the PDMS coating and the volume of the part of the PDMS
coating that was thermally desorbed (= lower part of 56 £ 2 mm). Subsequently, fredy
dislved pae water concentrations of the test compounds were cdculated as the ratio of the
concentration in the PDMS coating and partition coefficients for the PDMS and water
(Kpowms, waer) that were determined in ou laboratory [78]. For some mmpounds, an
experimental Kepms waer WaS NOt available. For these compounds, a Kepms, waer WaS
cdculated using the regresson equationin [78].
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In the treaed sediment, the uptake kinetics and the reequili bration processes foll owing
the Tenax treament step would be interfering and result in a poaly defined signal.
Therefore, we dhose to expose fibers to the untreated and treaed sediment for two days at
the end d the exposure experiment and determine the mass of compounds in the PDMS
coating for the treded and the untreated sediment. The pore water concentrations in the
treaed sediment were then cdculated as

-C % PDMS treated
pore,treated pore,untreated NppMs, untreated (2

C

with Cpyore IS fredy dissolved concentration in pae water (pg/l). Three vials of 15 ml were
filled with 119 of untreaed sediment and treated sediment at three days after the start of the
biota acomulation period and kept at 10 €. Then, two fiber were exposed to ead vial
containing sediment. The vias were subsequently agitated at 25 C on the shaking device
and sampled after 45 to 48 houws. The gproach gives an estimation d the freely dissolved
concentration at the end d the bioacawmulation experiment. The cncentrations in the
treded sediment at the start and end of the experiment might be dightly different, as the
sequestration status at the start and end o experiment (see preceading chapter) is different.
We will compare the pore water concentrations at the end d the experiment with the steady-
state acamulation and the rapidly desorbing fraction at the end d the experiment.

From the two exposed fibers present in each vial, ore was used for injedion while the
other served as abadk up. The fiber was carefully withdrawn via the septum. Within 1020 s
after sampling, the fiber was inserted into the injedor of a Varian 3400 CX gas
chromatograph equipped with a 1078 pogrammable injector, and a Saturn 20001on Trap
massspedrometric detector. The insertliner of the injedor had an internal diameter (1.D.) of
0.8 mm and was operated in a splitless mode, with a splitlesstime of 15 min. The initial
temperature of the injedor of 60 € was held for 0.2 minutes, then increased rapidly at 150
°C/min to 250 €, and remained at that temperature for 15 minutes before caling down. We
used a 30-m DB5-MS capill ary column, with an 1.D. of 0.25mm and a film thickness of
0.25um. The oven temperature was initialy held at 70 € for 15 minutes, then increased to
290 € a a heding rate of 10 /min. The final temperature was held for 3 minutes.
Detedion was based onmass gectrometry, using a Varian Saturn 2000ion trap. The mass
spedrometer was operated in the EI (Electron Impact) (electron energy 70 €V) and SIS
(Seleded lon Storage) cluster analysis mode with a scan time of 0.6 s and an ACG target
value of 20.000.Theions employed for detedion d the test compounds are listed in Table 2.

Bio-concentration experiment

Copper free water was contaminated with pentachlorobenzene, hexadhlorobenzene and
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PCB 65 using the generator column method ([79]). The collected water was diluted with copper
free water. The concentrations were chosen so that accumulation in the tubifex would be
detectable without exerting toxic effects. A 25-L aquarium was filled with 16.5 L of the
contaminated water and closed with a glass plate. Twelve batches of approximately 0.5 g and
one batch of approximately 3 g tubifex were placed in glass petri dishes covered with meta
gauze, which were put into the aguarium. The water in the aguarium was gently homogenized
by two stirring bars on the bottom of the aquarium between the petri dishes. At 2, 19, 21.5, 25,
42.5, 44, 67.5 and 139.5 hours, single or duplicate samples of 200 ml water were taken and one
or two petri dishes with 0.5 g of tubifex were sampled. At the start of the experiment, 200 ml
water was sampled and two subsamples of 0.5 g tubifex were set aside for blank analysis. Lipid
content was determined on two subsamples of 1.5 g tubifex that were put aside at the start of the
experiment and on two samples of 1.5 g tubifex, exposed together in one petri dish for 139.5
hours. The average lipid content of the oligochagetes at the start and the end of the exposure was
4.7 (average of 4.8 and 4.6 %) and 4.3 % (average of 4.1 and 4.4 %). We used an average lipid
content 4.5 % in further calculations.

Analyses

Oligochaetes

Oligochaetes were extracted using Matrix Solid Phase Dispersion [37]. A subsample of
the extract for GC-analyses was transferred to a column filled with two portions of 1.75 g of
activated silica to which respectively 0.77 g concentrated sulphuric acid and 0.58 g 1 M
potassium hydroxide was added respectively. Both portions were cleaned with acetonitrile
prior to use. The column was eluted with 18 ml of acetonitrile and the eluate was
concentrated to approximately 0.15 to 1 ml under a gentle flow of nitrogen.

Water

Water samples of the bio-concentration experiment were extracted with 10 ml hexane.
The separated water was again extracted with 5 ml hexane. The hexane extracts were
combined and concentrated under a gentle flow of nitrogen to approximately 1 ml.

Data analysis

The data of the bio-concentration experiment were fitted with the first-order model for
uptake into organisms, using the solver function of Microsoft 0Excel 97 SR1. The fit
resulted in parameter estimations of the uptake and elimination rate constants k; (L/(kgChr)
and k, (L/hr). A kinetic BCF was calculated as the ratio of k; and k,. For hexachlorobenzene,
ko could not be estimated correctly. Therefore, a k, for hexachlorobenzene and tubificidae
that was determined in a separate elimination experiment (see chapter 3) was used for the
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cdculation d the kinetic BCF of hexadlorobenzene.

The bio-concentration experiment was performed with a selected group of HOC only.
For the estimation of BCF-values of al compounds, the experimental BCF-values and BCF
values from the literature were extrapolated. For this purpose, we seleded lipid namalized data
for oligochades (Tubifidae [80] Eisenia andrei [81]) from water-exposure experiments in the
literature. The experimental and literature log BCF values were linealy related to the log Koy~
values of the compourds (Figure 2), as was aso foundfor other taxonomic groups as fish (e.g.
[82]). The regresson equation was used to calculate BCF values for al test compourds.

The sediment bioaccumulation data for the tubificidaein the precaling chapter were
reinterpreted as follows. We caculated the steady-state acumulation d HOC in the
oligochaetes according to equili brium partitioning of rapidly desorbing compounds with:

C, = BCF [, ©)

with C, = concentration in biota lipid (ug/kg lipid), BCF is lipid namalized bioconcentration
fador (L/kg lipid) and C,isthe concentration in the pore water (LUg/L).

Theory

The euili brium partitioning theory (EqP) describes the distribution & HOC between
sediment and kiota with three @mpartments: biota, sediment organic cabonand pae water
[21] (Figure 1). The model asaumes that the pore water and the organic carbon are in
equili brium, and that the distribution over organic carbon and pore water can be described
by a constant partition coefficient Kq:

Koc = CJCp 4
with Csisthe concentrationin the sediment organic carbon (ug/g oc)
As a @nsequence, it is asumed that at steady state accumulation from the sediment pore
water and from the sediment organic carbon vMaingestionis equal to accumulation from pore
water exposure only. If it is assumed that the partition coefficient between hiota and pore
water is constant, the asumption can be written as:

BCF = C/C, (5).

Combination d equation (3), (4) and (5) resultsinto:
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BSAF = BCF/Kq (6)

or Cp=BCF[TJKe (7)

sediment (organic carbon)

por e water
Ko

BCF

deposit-feeder (lipid)

Fig. 1 Model of distribution of hydrophobic organic chemicals in sediments according to the
equilibrium partitioning model (EgP). K, = partition coefficient between sediment and pore water (I/kg
oc); BCF = bioconcentration factor (L/kg lipid).

RESULTS & DISCUSSION

Porewater measurements

Matrix-SPME was employed to measure in-situ pore water concentrations. The freely
dissolved concentrations of the HOC in the pore water are shown in Table 1. The measured
concentrations were in the pico- to nanogram per liter range for the chlorinated compounds
(approximately 2-5000 pg/l) and in the nano- to microgram per liter range for the PAHs
(approximately 1- 4000 ng/l). The precision of the measurements was satisfactory : The
average coefficient of variation was 8.2 and 15.0 % in the untreated and treated sediment
respectively, benzo[b]fluoranthene and benzo[ k] fluoranthene exempted. The manipulation of
the sediment resulted in pore water concentrations that were a factor of 7.5 to 19 and 14 to
59 lower than in the unmanipulated sediment for the chlorinated compounds and the PAHs
respectively.
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Table 1 Freely dissolved concentration in pore water (Cp) (pg/l) in untreated (U) and treated (T) (48 hour
suspension with Tenax) lab-contaminated sediment. Standard deviation is given in parentheses. m/z
used in GC-MS detection.

m/z C, (pall)
U T

Chlorobenzenes
1,2,3,4 216 1208 (172) N.D.!
penta 250 1500 (266) N.D.
hexa 285 420 (44) 30°
PCB's
52 292 2851 (143) 169 (26)
65 292 5234 (483) 275 (41)
101 326 560 4 30 (5)
105 326 524 (31) N.D.
118 326 825 (82) 83 (12)
138 361 270 (5) 35 (2)
153 361 421 (29) 55 (12)
156 361 127 (8) N.D.
180 396 123 (11) 16 (5)
PAHs
PHE 178 3627727 (349705) 61359 (4782)
FLU 202 649415  (39832) 17092 (2274)
BaA 228 51083 (1095) 3096°
CHR 228 73195 (1764) N.D.
BbF 252 9688 (7442) N.D.
BkF 252 7777 (6327) N.D.
Other compounds
p.p’-DDE 318 664 (39) 50 @)

" not determined; ° one measurement; PHE = phenanthrene, FLU = fluoranthene, BaA =

benz[a]anthracene, CHR = chrysene, BbF = benzo[b]fluoranthene, BkF = benzo[Kk]fluoranthene.

Bioconcentration factors

In Table 2, the measured hioconcentration fadors (BCF) for pentachlorobenzene,
hexadlorobenzene and PCB 52 are listed, together with estimated BCF-values for the other
compound. The bioconcentration factors we determined for tubificidae matched the
literature values (Figure 2). Linear regresson anaysis of al data resulted in the regresson
equation for oligochaetes

log BCF =1.0500g Koy — 0.20 (8).
This regresson equation was used to estimate the BCF vaues of the test compounds in

Table 2. All experimental as well as literature values of BCF are within approximately half a
log unit (approximately fador 3) of the regresson equation. Therefore, we exped that the
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estimated values are reasonably accurate. Biotransformation of pyrene in tubificidae is
negligible. Concentrations of metabolites of pyrene in subsamples of tubificidae that were
exposed for two and five weeks to lab-contaminated sediment were below 1 % of
concentrations of the parent compound (personal communication, G. Stroomberg). Therefore
no significant deviations of BCF-values for PAHs are expected. No experimental
bioconcentration data were available for compounds with a log Ko, higher than 5.9 and
lower than 3.7. Therefore, BCF values were calculated for compounds in the log Ko, range
of 3.7 to 5.9 exclusively.

6
y=1,05x-0,20
2 _ [m] X
R”=0,90 —— .
X CB and PCB, tubificidae (this
LOL 5 study)
e o AHCH-isomers, tubificidae
o (Rinderhagen and Butte, 1995)
o OCB, Eisenia andrei (Belfroid et
N al., 1993)
4 .
A
A
3 T T T
3 4 5 6
log Kow

Fig. 2 Measured and selected experimental literature bioconcentration factors (BCF) (ml/g lipid) of
hydrophobic organic chemicals in oligochaetes plotted versus log Ko.. Line represents linear
regression, fitted for all data. CB = chlorobenzenes, PCB = polychlorinated biphenyls, HCH =
hexachlorocyclohexane. References in [80] and [81].

Partitioning between pore water and biota

We will now evaluate the bioaccumulation data in combination with the pore water
concentrations and bioconcentration data in order to test equilibrium partitioning. At
equilibrium partitioning, steady-state accumulation can be calculated as the pore water
concentration multiplied by the bio-concentration factor. In Figure 3, calculated
accumulation of PAHs and chlorobenzenes for the treated and the untreated sediment is
plotted versus the measured accumulation in these sediments. The figure demonstrates close
similarity between the calculated and the measured accumulation values. Differences
between experimental steady state and modeled equilibrium partitioning concentration are
within approximately half alog-unit. In addition, the calculated values do not systematically
over- or underestimate the actua bioaccumulation for any of the sediments or chemicals.
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The good agreement is robust as a broad range of chemicals in the pore water was tested.
Moreover, the relationship holds for the treated as well as the untreated sediment with two
different concentration levels in the pore water. Therefore, the results indicate that
equilibrium partitioning between the pore water and the oligochagetes provides a satisfactory
description of steady-state bioaccumulation of HOC from sediments.

Table 2 Log K,y and bioconcentration factors (BCF) of test compounds for tubificidae.

log Kow log BCF
(ml/g lipid)
Chlorobenzenes
1,2,3,4 4.6" 4.67°
penta 5.2 5.65"
5.24°
hexa 5.7 5.85
5.82°
PCBs
65 5.9 5.55"
6.46°
PAHs
PHE 457 4.60°
FLU 5.23° 5.29°
BaA 5.91° 6.01°
CHR 5.81° 5.90°

*in [55]; © average of selected values for tetrachlorobiphenyl congeners (n=12) in [56] ; ° in [54];

4experimental value; °calculated with regression equation: log BCF = 1.05 og Ky — 0.20, based on
literature values for oligochaetes (see text for explanation). For abbreviations of PAHs: See footnote
table 1.
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Fig. 3 Measured versus calculated steady-state accumulation of chlorobenzenes and PAHSs in
oligochaetes (tubificidae). The estimated steady-state accumulation is calculated by multiplying the
freely dissolved concentration in the pore water with the bioconcentration factor (BCF). One to one
line included. Closed symbols: measurements in untreated lab-contaminated sediment, open
symbols: measurements in treated lab-contaminated sediment (48 hours shaking of aqueous
suspension with Tenax). For abbreviations of PAHs: See footnote table 1.

Partitioning between sediment and pore water

Simultaneously, we tested linear partitioning between the rapidly desorbing
compartment and the pore water by measuring freely dissolved concentrations of PAHs and
PCBs in the pore water as well as concentrations of rapidly desorbing PAHs and PCBs.
These concentrations were calculated by multiplying the total concentration in the sediment
organic carbon with the rapidly desorbing fraction, reported in the preceding chapter. In
Figure 4 B, the partition coefficient for the rapidly desorbing fraction K, defined as the
concentration of rapidly desorbing compounds divided by the freely dissolved concentration,
is plotted for the treated and the untreated sediment. Both the sequestration status as well as
the freely dissolved concentrations in the pore water of the treated and untreated sediment
are highly different, while the K, 4 values for the treated and untreated sediment are
reasonably similar, indicating linear partitioning. The ratio of the K4 for the treated and
the Koc,rap fOr the untreated sediment is close to unity for al compounds, varying between 0.6
and 3.0. In addition, no systematic differences in Kocrap between the treated and untreated
sediment are found. In contrast, the partition coefficient for the total sediment Ko is
consistently higher for the treated sediment, compared with the untreated sediment (Figure
4A). The K values for the treated and untreated sediment show a much higher variability
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than the Kocrap, With aratio of Ko for the treaed and urtreaed sediment varying between 2.5
and 19.5.In conclusion, the variation in the partition coefficient for sediments differing in
sequestration status is highly reduced when the partition coefficient is based on
concentrations of rapidly desorbing compound instead o total concentrations of
compouncd.
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Fig. 4 Koc (A) or Kecrap (B) for PCBs and PAHSs in untreated (U) and treated (T) (48 hours shaking of
aqueous suspension with Tenax) lab-contaminated sediment. Ko ap Calculated as Koe [Fap, With Frap
= rapidly desorbing fraction. For abbreviations of PAHs: See footnote table 1.

In Figure 5 the Ko for chlorinated compound (chlorobenzenes, PCBs and pp'-
DDE) and PAHs in the two sediments is plotted versus the log Ko, of the cmmpounds. The
log Kocrap IS related to the log Koy, of the ompound(R? = 0.87). A regresson line of log K.
versus log Ko, values aacording to Karickhoff [83] is added for comparison. The
experimental Ko, rapig-values in the present study are lower than the Ky-values from
Karickhoff. We suggest that significant sequestration is already encourtered within the time-
span of the determination d the literature Ko-values of Karickhoff (hous/days) (e.g. [13],
[84]). The presence of slowly and very slowly compartments might explain that the Ko
values in the literature ae higher than the Ko, rapia 1N the present study.

Equilibrium partitioning of non-sequestered fradions of HOC [7'1



8
y=0.63x + 1.44
R?=0.87 P
.
o T, chl
& 6 ]
;— o e U, chl
(@]
4
33 0 T, PAHs
4 m U, PAHs
3 T T T
4 5 6 7 8

|Og I<0W

Fig. 5 Partition coefficients between the rapidly desorbing compartment and pore water (Ko, rap, 9
oc/L) versus the log Kqy. Closed symbols: measurements on untreated sediment (U), open symbols:
measurements on treated sediment (T) (48 hours shaking of aqueous suspension with Tenax). Chl =
chlorinated compounds (hexachlorobenzene and polychlorinated biphenyls, PAHs = polyaromatic
hydrocarbons. Unbroken line represents regression curve. Broken line represents estimated
literature regression for K,. versus log Ko, according to Karickhoff ([83]). Log Ko from [56], [55]
(estimated and calculated values), [57] and [54].

Evaluation of equilibrium partitioning between deposit-feeders, pore water and sediment

The concept of equilibrium partitioning can be summarized as follows (see Figure 6):
Rapidly desorbing, non-sequestered, hydrophobic organic compounds partition between the
rapidly desorbing sediment compartment, pore water and deposit-feeding organisms. At
steady state, the distribution is at thermodynamic equilibrium, with equal fugacities in the
biota, pore water and the sediment. The distribution can be characterized by partition
coefficients of HOC between organic carbon of the rapidly desorbing fraction and pore water
(Ko, rapia) and between the organism lipid and pore water (BCF). We suggest that compounds
exchange between the slowly desorbing compartment and the pore water and the rapidly
desorbing compartment, but that this does not affect the partition coefficient Ko rzp.
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sediment (organic carbon)

porewater

BCF

—

deposit-feeder (lipid)

Fig. 6 Model of distribution of hydrophobic organic chemicals in sediments. rap = rapidly desorbing
compartment; slow = slowly desorbing compartment; Ky sp = partition coefficient between rapidly
desorbing compartment and pore water (I/kg oc); BCF = bioconcentration factor (L/kg lipid).

The adapted concept of equilibrium partitioning of non-sequestered compounds is
based on the traditional equilibrium partitioning (EQP) model as it describes accumulation
with a thermodynamic equilibrium between organisms, pore water and sediment. The
improvement in the new concept is the incorporation of sequestration into the model. The
new model assumes linear partitioning between pore water and the rapidly desorbing
compartment, with constant Ko s While traditional EQP applications are based on a constant
Koc Of the whole sediment organic carbon. The new concept implies that either accurate pore
water measurements or measurements of the rapidly desorbing fraction in combination with
the total concentration in the sediment are needed to characterize the biota-pore water -
sediment system. In traditional use of EQP, pore water measurements were made redundant
by applying constant K ,-values from the literature. Figure 7 demonstrates the limitations of
traditional EgP-estimations, while applying traditional EgP on the data of the present study.
In Figure 7, we plotted the steady state accumulation, calculated according to the traditional
EgP concept, versus the experimentally determined accumulation. The EgqP-values were
calculated with equation (7). Following EgP assumptions, we applied a constant Ky value
for both sediments. The Ko values were calculated from the frequently used QSAR by
Karickhoff et a. in [83] as is common practice. Figure 7 shows that the traditional EqP
model systematically overestimated experimental bioaccumulation for the two tested
sediments. It has to be noted here that EQP might also underestimate accumulation, for
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example in sediments with extremely high rapidly desorbing fractions, e.g. Frap = 1. In this
case, equation (1) can be written as

Koc = Koc,rap (9)

As average literature Kqc-values were found to be higher than Kocrap Values (see Figure 4),
these values would underestimate pore water concentrations and accumulation in deposit-
feeders. Moreover, we demonstrated that K iS not a constant. Actual K, values might be
caculated by dividing experimental or literature Ko, raia Values with experimentally
determined rapidly desorbing fractions, as was postulated by Cornelissen and co-workers
[71].
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Fig. 7 Measured versus calculated steady-state accumulation of chlorobenzenes and PAHSs in
oligochaetes (tubificidae) according to EqP. The estimated steady-state accumulation accumulation
is calculated by dividing the bioconcentration factor (BCF) by a estimated K. according to Karickhoff
([83]). One to one line included. Closed symbols: measurements in untreated lab-contaminated
sediment, open symbols: measurements in treated lab-contaminated sediment (48 hours shaking of
aqueous suspension with Tenax). For abbreviations of PAHs see footnote Table 1.

We will now address some possible limitations of the new model. Firstly, the validity
of equilibrium partitioning for highly lipophilic compounds (log Ko > 5.9) and moderately
lipophilic (log Kow < 3.7) needs to be confirmed.

Secondly, the model implies that ingestion of sediment particles does not result in a
significantly higher uptake than water exposure exclusively. In theory, this can be explained
by the low reduction in organic matter content in the gastro-intestinal tract for most
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sediments ([85]). As a consequence, sorption capacity of the sediment remains unaltered and
fugacity of a compound is not enhanced. Eventualy a chemical equilibrium is reached
between sediment, pore water and organism. The concept might not be applicable for
sediments with highly digestible organic matter. These sediments are found for example in
the highly enriched Baltic Sea, in post algal bloom episodes [86]. In these cases, organic
matter in the Gl-tract might be significantly reduced and resulting BSAF-values might be
higher than based on equilibrium partitioning. In addition, some organisms appear to have
enhanced uptake mechanisms. Weston and Mayer proposed that the digestive fluid of a
polychaete and an echiuran acts as an efficient desorption medium and is selectively retained
in the gastro-intestinal tract of deposit-feeders while the sediment particles are excreted [33,
66].

Implications

The results of the present paper provide evidence that steady-state accumulation of
HOC in benthic deposit-feeders can be described with equilibrium partitioning between pore
water and deposit-feeders. The freely dissolved pore water concentrations are affected by
sequestration and cannot be predicted from total sediment concentration measurements. This
implies that literature Koc values should not be used to calcul ate pore water concentrations.
Instead, freely dissolved pore water concentrations can be obtained from direct
measurements, using sensitive methods such as matrix-SPME. We propose that a
multiplication of pore water concentrations and bioconcentration factors yields a valid
estimation of steady-state bioaccumulation and that sediment analyses are not required.

Equilibrium partitioning of non-sequestered fractions of HOC 75



Chapter 6 Discusson

In this thesis, the connedion between the chemicd processof sequestration, measured
as the distribution ower rapidly and slowly desorbing fractions, and the bioavail ability of
hydrophobic organic dhemicals to benthic deposit-feeders has been elucidated. This
discussonwill addressthe major findings.

Results from the lit erature suggested arelationship between rapidly desorbing fradions
of hydrophobc organic contaminants (HOC) and the bioavail abili ty of these compound to
baderia and deposit-feeders (e.g. [9],[10] [11, 12]). These findings prompted us to question
the validity of the eguilibrium partitioning theory (EQP) [21]. This model describes
bioacaimulation in sediments by simple cnstant partitioning processes between sediment,
pore water and bota, irrespective of the distribution ower rapidly and slowly desorbing
fradions.

Initially, we hypothesized that with increasing sediment contact time (ageing),
fradions of rapidly desorbing compound are reduced. This reduction in rapidly desorbing
fradions might cause areduction in bioavail ability. However, we arrived at the following
conclusion:

Contaminant-sediment contact time (‘ageing’) isnot a strong deter minant of
bioaval abili ty to deposit-fealers.

A prolonged contact time of amost three years did na strongly reduce the
bioavail abili ty of laboratory added PAHs, PCBs and pp'-DDE in freshwater oli gochaetes or
change the distribution ower rapidly, slowly and very slowly desorbing fractions in the
sediment (Chapter 3). Differences in bioavail ability were measured by comparing ‘Biota to
sediment acaimulation factor’ (BSAF), equivalent to the cmncentration in the organism lipid
divided by the mncentration in the sediment organic cabon.Also, the bioavail abili ty of field
contaminated PAHs in marine anphipods was only slightly lower (factor 2) than freshly
added PAHs (Chapter 2), indicaing again that prolonged ageing does not have a major
impad on koavailability. An exception was found for chlorobenzenes. A contad time of
amost threeyears grongly reduced the bioavail abili ty of these compounds. Interestingly, the
reduction in bicavail ability could be largely attributed to relatively high losses of rapidly
desorbing compound due to biodegradation and evaporation, compared to losses of slowly
desorbing compounds.

In contrary of recent advocaing of incorporation d contad-time in risk-assessment
[44], we therefore concluded that contad-time is not a useful inpu-variable. Instead, we
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decided to focus on the relationship between bioavailability and the distribution over rapidly,
dowly and very slowly desorbing fractions itself, instead of further investigating the factor
of contact time that might control this distribution. This change of perspective led to the
following conclusion.

Bioavailability of HOC in deposit-feedersis closely related to therapidly desorbing
fraction in sediments.

Results in the literature provided only circumstantial evidence on the relationship
between desorption kinetics and bioavailability. The experiments in Chapter 2, 3 and 4 show
strong and proportional relationships between bioavailability and the rapidly desorbing
fraction of sediment associated hydrophobic organic compounds. We found that different
classes of compounds, PCBs, PAHs and chlorobenzenes, conformed to such relationships. In
addition, the relationship was established for two different organisms, freshwater and marine
sediment, two different sediment treatments and laboratory added and native compounds.
We demonstrated causality of the relationship by performing a very controlled experiment,
described in Chapter 4.

Recent development of new analytical methodology enabled us to perform accurate
measurements on the fredy dissolved pore water concentrations simultaneous with the
measurements on bioaccumulation and the distribution over rapidly and slowly desorbing
fractions (Chapter 5). The results of Chapter 4 were reinterpreted with the results of these
pore water measurements (Chapter 5) and compared with the traditional EqP framework.
The evaluation led to the following conclusion:

Equilibrium partitioning describes HOC bioaccumulation in deposit-feeders

The uniqgue combination of measurements on bioaccumulation, pore water
concentrations and distribution over rapidly and slowly desorbing fractions resulted in new
insights into the partitioning behaviour of a wide range of HOC between sediments and
deposit-feeders (Chapter 5). The new concept can be summarized as follows (see Fig 1): At
steady state, partitioning of hydrophobic organic compounds between the rapidly desorbing
sediment compartment, pore water and deposit-feeding organism is at thermodynamic
equilibrium. The distribution can be characterized by partition coefficients of HOC between
organic carbon of the rapidly desorbing fraction and pore water (Ko, rapia) and between the
organism lipid and pore water (bioconcentration factor or BCF). As we assumed
instantaneous equilibrium, Kinetics are not incorporated into the model. It is further assumed
that the distribution over the rapidly and slowly compartment, including the very slowly
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desorbing compartment, is constant.

In our concept, the rapidly desorbing fraction determines bioavailability because it
equilibrates with the pore water. An increase in slowly desorbing fractions leads to a lower
bioavailability as it is equivalent with a decrease in the rapidly desorbing fraction
equilibrating with the pore water. We underline that both the pore water and sequestration
measurements were needed to understand the processes |eading to bioaccumulation.

sediment (organic carbon)

porewater
Koc,rap

BCF

—

deposit-feeder (lipid)

Fig. 1 Model of distribution of hydrophobic organic chemicals in sediments. rap = rapidly desorbing
compartment; slow = slowly desorbing compartment; Ky sp = partition coefficient between rapidly
desorbing compartment and pore water (L/kg organic carbon); BCF = bioconcentration factor (L/kg

lipid).

The major conclusions of the research project can be integrated:

Equilibrium partitioning is consistent with the relationship between rapidly desorbing
fractions and bioavailability

The close relationship between rapidly desorbing fractions and bioavailability that was
suggested in the literature and confirmed in our experiments (Chapter 2 through 4) can now
be interpreted mechanistically: Rapidly desorbing fractions are linearly and causally related
to pore water concentrations and consequentially to aqueous exposure and bioaccumulation.

The new model is coherent with the regression equations from Chapter 4, generalized
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BSAF = al[F, +b D
with Fra, = the rapidly desorbing fradion.
In Chapter 5 it was foundthat:

Cp = BCF [Cpore )

with C, = concentration in arganisms (ug/g lipid), Cpore = freely disolved concentration in
the pore water (ug/L) and BCF = bioconcentration fador (L/g li pid).

Combination d equation (2) with the definitions

Kocrap = Csed rap/ Cpore ©)
and
BSAF = Cyp/Cee (4)
and
Cosedyap = Coed [Frap (5)
with Koo = partition coefficient for the organic cabon of the rapidly desorbing

compartment, Ceeqrap = CONCentration d rapidly desorbing compounds in the sediment (pg/g
organic carbon) and Csq = total concentration in the sediment (pLg/g organic carbon)

yields
BSAF= (BCF/Ko, rap) (Frap (6).

The intercepts of equation (1) were very small (Chapter 4). Assuming that b is negligible,
combination d equation (1) and (6) resultsinto:

a =BCF/Kec, rop (7.

The bioaccumulation of HOC can be estimated using two approaches

The steady-state bioaccumulation in deposit-feeders can be assesed from rapidly
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desorbing fractions, in combination with total concentration measurements. Measurements
of the rapidly desorbing fraction (F4,) yield an estimated concentration of HOC in deposit-
feeders as follows. The concentrations in the organisms can be calculated from the
concentration in the sediment with the definition of BSAF (equation (4)). The BSAF is
calculated from F4, with regression equation (1). Some estimated values of the parameters a
and b for oligochaetes have been reported in Chapter 4. Assuming that b is negligible,
combination of equation (1) and (4) yields::

Ch=a |:Frap (Coed (8).

The steady-state concentration in the organisms can be estimated from pore water
concentrations with equation (2)

C, =BCF D::pore (2).

The BCF value in the equation can either be determined experimentally, or derived from
literature val ues.

The new concept of equilibrium partitioning differsfrom traditional EqP

The modified concept differs from the traditional concept of equilibrium partitioning
(EgP) by adoption of the notion that only a fraction of the sorbed compounds distributes
between sediment and pore water according to equilibrium partitioning. In the traditional
concept, desorption from the organic matter was described with a one-compartment model,
assuming constant desorption behaviour for all sorbed compounds, and equilibrium
partitioning of HOC between the total of sediment organic matter and pore water. The new
concept is based on equilibrium partitioning between the organic matter of the rapidly
desorbing fraction and pore water. In contrary to the traditional concept of EqP, K is not
constant, but depends on the distribution over rapidly and slowly desorbing fractions,
according to:

Koc = Kocrap/Frap (9.

In current applications of traditional EgP, Kq-values are often estimated from regression
equations in the literature, for example in Karickhoff et a.[83]. These Ky-vaues are
probably obtained from experiments with sediments with a more or less average
sequestration status. With equation (9), it can be seen that the highest differences between
estimated and real-life values will be found in sediments with extremely high or low rapidly
desorbing fractions.
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In some caes, the model may nat be fully applicable. We will now discuss ®me
situations for which extra measurements are gpropriate.

Possible limitations

The oncept might not be gplicable for sediments with highly digestible organic
matter. These sediment are foundfor example in the highly enriched Baltic Sea in pcst algal
bloom episodes [86]. In these caes, organic matter in the Gl-trad might be significantly
reduced and resulting BSAF-values might be higher than based on equili brium partitioning.
The digestibility of the organic carbon d the sediments we used in ou experiments is not
extremely high. For this and most other sediments, it is expeded that the organic matter
reduction in the gastro-intestinal tract is very low (e.g. [85]) and the sorption cgpacity of the
sediment remains unatered. As a consequence we exped that the fugadty of a @mmpoundis
not enhanced in the Gl-tract [87, 8§, and eventualy a chemicd equili brium is reached
between sediment, pore water and organism. As yet, equili brium partitioning canna be
validated for highly hydrophobc organic compound (log Koy > 5.9). In Chapter 5 it was
mentioned that no BCF —values are avail able for deposit-feeders for these chemicds. Also,
locd dilution d pore water with overlying water in the microenvironment of depaosit-feeders
might cause deviations from the concept of equili brium partitioning of rapidly desorbing
compounds (e.g. [32]). The posshle dfect of dilution onloca pore water concentrations is
till highly uncertain. The possble limitations of the proposed concept shoud be kept in
mind when the proposed modified concept of equili brium partitioning is applied.

Sediment risk assessment can beimproved

In this thesis, a new concept of the cmnnedion ketween chemicd processes and
biocavail ability of HOC to depaosit-feaders was presented. The improved understanding of
these interactions led to arefinement of the traditional equili brium partitioning theory (EqP).
We demonstrated that bioacaumulation o sediment associated HOC in deposit-feeders can
be asses=d using pore water concentrations. Any measurements of the solid sediment phase,
either total concentration, sorption a sequestration measurements, do nd add to the
asesgment of bioaccumulation and can be omitted. Risk analysis can insteal be focussed on
correct pore water concentrations. The proposed method estimates bioaccumulation,
independent of sediment properties. As a @nsequence, the method dees not suffer from
sediment to sediment extrapolation urcetainties that are a<ciated with assessment
methods, based on sediment measurements. We showed that sequestration is tightly
conreded with hiocavailability as it influences pore water concentrations. Pore water
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concentrations are set by linear partitioning of the rapidly desorbing compounds. Therefore
pore water concentrations are proportional to the rapidly desorbing fraction, i.e. the
sequestration status of the sediment. This finding implies that pore water concentrations
cannot be assessed from total sediment concentrations, without additional sequestration
measurements. In conclusion, we propose that steady-state accumulation in benthic
organisms can be estimated from pore water concentrations. The combination of the
advantageous properties and the foundation on understanding of basic processes leading to
bioavailability suggest broad applicability of the proposed method.
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Samenvatting voa niet-ingewij den

Overd in de wereld, zelfs op e meest afgelegen pekken, zijn bodems van wateren of
sedimenten vervuild met hydrofobe organische chemicdién (HOCS). Dit zijn arganische stoffen
die g dedt in water oplossen (hydrofobie =’watervrees). HOCs zijn vedad te herleiden tot
mensdijke adiviteiten zoas de vebranding van fossele brandstoffen (verkee,
energieopwekking), bestrijdingsmiddelengebruik en chemische produktieprocessen. Een klein
aanded van HOCs komt door natuurlijke processen as gontane bosbranden in het milieu
terednt. Voorbedden van HOCs zijn PCBs (polychloorbifenylen), PAKs (poyaromatische
kodwaterstoff en), chloorbenzenen en bestrijdingsmiddel en.

Sediment bestaat uit vaste bodemdedtjes en water, dat poriewater wordt genoemd. De
vaste bodemdedtjes bestaan wee Uit een organisch, humusadtig, gededte en een minerae
fradie. Vanwege de dedite wateroplosbaaheid hedt (sorbeat) een zee groot ded van de
HOCs zich aan de vaste bodemdedtjes, met name aa de organische fradie. Sinds een aantal
jarenis bekend dat een gededte van de gehechte HOCs zo sterk gebonden wordt dat het rel atief
moeizaan weea vrijkomt. Ook kan een gededte op plaatsen terechtkomen, waavandaan ze
maa langzaam kunren ortsnappen, bdjvoorbeeld in nauwe porién. De vorming van d dez
traag vrijkomende fradies wordt ‘sequestratie’ genoemd. Dit is een belangrijke term in het
proefschrift. Soms neant de mate van sequestratietoe in detijd.

Het probleem van HOCs is dat het behave in sedimentdedtjes ook sterk kan ophopen
(acawmuleren) in levend wedsd, zoals dat van aganismen die in sediment voorkomen
(benthische organismen). Eenmad opgehoagot kunnen toxische dfeden ogtreden, variérend van
kasgkmisvorming tot verlagyde reprodictie en serfte. De aawezigheidd van HOCs in
sedimenten vormt daamee ee pdentied risico voa de plaatsdlij ke ecsystemen. Ook kan een
gededte van de HOCs in voedselketens terechtkomen die zich boven de waterbodem
uitstrekken, zoals bij de cnsumptie van wormen daor platvissen.

Om het risco van HOCs voor sediment organismen te kunnen inschatten, en daa
verstandig beleid op af te ssemmen, moeten tweevragen beantwoord worden: - hoe schadelijk
is het als sadiment organismen een bepadde hoevedheid HOCs ophopen, en —hoeved HOCs
hoop zich opin sediment organismen. Dit proefschrift gad in op detweedevragg. Om te
weten hoeved HOCs worden opgenomen door deposit-feeders op een bepaalde locaie,
kunnen organismen worden gevangen en geanayseead. Echter, deze aapak is kostbaa en
tijdrovend en leent zich niet voor frequente toepassng. Er is daarom behoefte aa een
methode om te voorspellen hceved HOCs doa de plaasdlij ke fauna worden gpgehoog. In
de praktijk blijkt dit erg lastig. Op de ene locatie kan veel mea worden gpgenomen dan op
de andere locaie, terwijl de mncentratiesin het organische materiaal van het sediment gelij k
zijn. Dit betekent dat je niet kunt voorspellen hceved een sediment organisme, bijvoorbedd
een dlij kgarnaal, binnen zal krijgen door aleen maa naa de concentratie in het sediment te
kijken. Er is meea informatie nodg, in het bijzonder over de interadie tussen organisme,
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sediment en HOC. Als over deze interadie wordt gesproken, wordt vaak de term
biobeschikbaaheid gebruikt: Biobeschikbaarheid staa voor de totale @ncentratie van
chemicdién de wordt opgenomen, d patentied kan worden opgenomen (‘beschikbaar is)
doa een arganisme. Een verschil in ophopng bij gelijke @mncentraties duidt dus op een
verschil in biobeschikbaaheid.

In dt proefschrift wordt onderzoek beschreven waamee de biobeschikbaaheid van
HOCs door sediment organismen beter ingeschat kan worden. Speciale aadadht is besteedt aan
het verschijnsel van sequestratie. Mogdlijk zijn verschillen in hiobeschikbaaheid tussen
sedimenten en chemicdién op een of ander manier gerelatead aan verschillen in sequestra-

tiegedrag.

Als proefdieren hebben we gekozen voor twee soorten zogenaamde deposit-feeders: tubifex
wormen (mengsel van Limnodrilus hoffmeisteri en Tubifex tubifex) en dlijkgarnadtjes
(Corophium volutator) (zie pladjes inleiding). Deposit-feaders zijn organismen die sediment
desdtjes indikken en benutten als voedselbron. We verwadtten dat een risico-inschatting voor
deze groep arganismen een goede nservatieve voorspelling oplevert voor de hele
gemeenschap van sediment organismen, andat deposit-feeders in intensief contad staan met
het sediment. Sediment organismen kunnen HOCs binnenkrijgen doa contad met poriewater
waain kleine hoevedheden HOCs zijn opgeost. Een tweeale route van oprame spedt
mogelij ke e rol bij de deposit-feaders. Bij de passage van sedimentdedtjes in het maay-
darmkanad kunren gehedite HOCs vrijkomen en opgenomen worden in het wedsdl van deze
organismen. Is de Stuatie safe voor deposit-feeders, dan is dat waaschijnlijk ook zo voor
andere sediment bewoners.

Het proefschrift is opgebouwd uit een inleiding (Hoofdstuk 1), een experimented
gededte (Hoofdstuk 2, 3, 4 en 5) en een discussie. In de inleiding wordt het kader van het
onderzoek beschreven, de vraagsteling gepredsead en sleutelwoorden uitgelegd. De experi-
mentele sedie is grofweg verdedd in twee stukken. In hoddstuk 2 en 3 is onderzocht of de
ophaging van HOCs doar deposit-feeders afhankdijk is van sequestratie en of de fador contact
tijd tuseen HOCs en sediment hierbij een rol spedt (empirisch gededte). In hoddstuk 4 en 5
worden specidle experimenten beschreven om het medhanisme, het waaom, van de relatie
tussen sequestratie en oph@ing bloat te leggen (medhanistisch gededte). In de discussie wordt
de samenhang tussen de experimenten besproken en de wnsequenties voor de risico-anayse
bediscussead.

In een egste experiment (Hoofdstuk 2) zijn dijkgarnadtjes onder gecmntroleade lab-
omstandigheden utgezet in verschillende sedimenten: vervuild sediment uit de Westerschelde,
en paties van hetzelfde sediment waaaan PAK s waren toegevoegd. Groat verschil tussen deze
sedimenten was de verblijfstijd van de PAKs: De PAKs die d in het sediment zaten, waren daa
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a vele jaren geleden in terechtgekomen. De PAK s die in het lab waren toegevoegd, waren op
het moment van utzetting van de garnadtjes maa enkele dagen in contad geweest met het
sediment. De biobeschikbaarheid van deze 'verse PAK's was een fador 1-3 hager dan de 'oude
vervuiling. De verschillen in biobeschikbaaheid tussen verschillende PAKs en de 'oude’ en
'verse' vervuiling waren in overeenstemming met de mate van sequestratie. De ‘oude’ PAKsin
de Westerschelde hadden een fador 1-2 hogere mate van sequestratie dan de lab additieven (de
'verse PAKS).

In een tweeade experiment (Hoofdstuk 3) werd schoonsediment in het lab vervuild met
een mengsel van HOCs en over langetijd, bijnadrie jaa, gevolgd. Op verschillende tijdstippen
na toevoeging van de HOCs werden sediment wormen utgezet in het sediment. Voor de meeste
chemicdién veranderde e niet zoved in drie jaa: De ophoping van HOCs in de wormen
dadde hooguit met een factor 2, en ook de mate van sequestratie was nauwelijks aan
verandering onderhevig. Opvallende uitzondering waren de  dhloorbenzenen. Voor deze
chemicdién dadde de biobeschikbaaheid met een factor 5 tot 18, en nam de mate van
sequestratie sterker toe. Dit verschijnse kon voor een groot ded worden verklaad doordat
chloorbenzenen doa vervluchtiging en afbragk uit het sediment verdwenen. Deze
verdwij nprocessen hebben een relatief grote impad op de sndl vrijkomende (desorberende), niet
gesequestreade fradie. Hierdoa neemt het aanded van gesequestreade stoffen toe en neamt
de biobeschikbaaheid van de resterende tloorbenzenen af. Verschillen in biobeschikbaaheid
tusen verschillende demicdién go verschillende tijdstippen na toevoeging van de HOCs
waren weea goed te verklaren met verschillen in sequestratie.

In de tweede fase van het onderzoek werd een uitgebalanceed experiment uitgevoerd am
meg inzicht in het verband tussen sequedtratie en ophaping te verkrijgen. Bij dit experiment
werd op nog mee fronten gemeten: Nasst ophgping en sequestratie, werden nu ook
concentratiesin het poriewater bepadd.

Voor het experiment werd het met HOCs vervuil de sediment uit hoofdstuk 3 gebruikt.
Een gededte van dit sediment werd behandeld doa het tijdelijk in water te brengen waaaan
Tenax korreltjes waren toegevoegd. De korreltjes absorbeaden de sndl vrijkomende HOCs,
waadoa de resterende HOCs grotendeds bestonden uit langzaam vrijkomend (gesequestread)
materiad. In het niet behandelde sediment waren nog vrij ved snd vrijkomend (niet
gesequestreade) HOCs aawezg. In beide sedimenten, behandeld en niet behandeld, werd de
ophqing in tubifex wormen en de sequestratie van HOCs gemeten. Omdat de twee
sedimenten, behalve de mate van sequestratie, verder gehed identiek waren, kon predes
worden onderzocht wat de fador sequestratie voor uitwerking had gp de biobeschikbaaheid.
Resultad: de biobeschikbaaheid nam navenant af met de dname in de snd vrijkomende
fradie. Dit resultaat was bedangrijk om een causad verband tussen sequestratie en
biobeschikbaaheid, en daamee ea agemene geldigheid, aan te tonen.

De poiewatermetingen waren het ladste puzzelstukje van het onderzoek. De
poriewatermetingen vormden de verbinding tussen de metingen aan het sediment
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(sequestratiemetingen) en de organismen (ophopingsmetingen). Het blijkt dat sequestratie leidt
tot proportioned lagere concentraties in het poriewater en daarmee tot een lagere ophoping in
deposit-feeders. We vonden dat HOCs zich volgens een vaste verhouding verdelen tussen het
snel vrijkomende compartiment van het organische materiaal in het sediment en het poriewater,
en tussen het poriewater en het organisme (zie figuur). Deze laatste verhouding was gdlijk aan
de verhouding in concentraties van HOCs in organismen en water (bio-concentratiefactor) die
werd gevonden in experimenten zonder sediment dedltjes. De uitkomgt is redelijk verrassend
omdat deposit-feeders niet aleen via poriewater, maar ook via het indikken van sediment-
deeltjes worden blootgesteld aan HOCs. Het verschijnsel van de vaste verhoudingen wordt
equilibrium partitie genoemd. Het nieuwe concept is een verbetering van een a bestaand
model, de EgP (Equilibrium partitie theori€). In dit modd wordt verondersteld dat HOCs zich
constant verdelen over het totae organische materiaal en het poriewater, en wordt geen
rekening gehouden met sequestratie.

De nieuwe inzichten kunnen worden toegepast in de risico-analyse van HOCs in
sediment. De ophoping van HOCs in sediment deposit-feeders kan worden voorspeld uit twee
metingen aan het sediment: de concentratie van HOCs in het sediment en de mate van
sequestratie. We raden af om de ophoping in sediment organismen te voorspellen uit louter
concentratiemetingen. Daarmee kan de ophoping flink onder- of overschat worden. In plaats
van metingen aan het sediment, kan ook worden volstaan met een nauwkeurige bepaling van de
vrij opgeoste concentratie HOCs in het poriewater. De ophoping van HOCs in sediment
organismen is dan te voorspelen uit vermenigvuldiging van de poriewaterconcentratie met de
bio-concentratiefactor. De inschatting uit poriewaterconcentraties heeft as voorded dat
verschillen tussen sedimenten wegvallen: Poriewater is poriewater, ongeacht het type sediment.
Beide methoden zijn naar verwachting breed toepasbaar in de risico-analyse van HOCs in
sedimenten omdat ze gebaseerd zijn op algemeen geldende processen die zich overd ter wereld
afspelen.

Samenvattend: Het onderzoek dat in dit proefschrift wordt beschreven geeft inzicht in de
samenhang tussen sequedtratie van HOCs in bodemdedtjes en ophoping in sediment
organismen. Sequestratie leidt tot een lagere ophoping van HOCs in sediment organismen. Dit
komt doordat de concentraties van HOCs in het poriewater verlaagd worden, en HOCs zich
volgens een vaste verhouding verdelen over het poriewater en de organismen. De nieuwe
inzichten hebben geleid tot een verbeterde methode om de ophoping van HOCs in sediment-
organismen te voorspellen. Bij deze methode worden concentraties in het poriewater, in plaats
van sedimentconcentraties, gebruikt om de ophoping in sediment organismen in te schatten.
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sediment (organisch koolstof)

poriewater

K oc,s

BCF

deposit-feeder (vet)

Figuur. Model van de verdeling van HOCs in sediment. | = langzaam vrijlatend (langzaam
= partitiecoéfficiént tussen snel

desorberend) compartiment; s = snel vrijlatend compartiment; Ky s
vrijlatend compartiment en poriewater (L/kg organisch koolstof); BCF = bio-concentratie factor (BCF)

(L/kg vet)
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