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Summary

Polycyclic aromatic hydrocarbons (PAHSs) have been and are a prioritized group of environmental
contaminants in Norway and abroad. In Norway, the point sources have primarily been discharges
from aluminium- and ferromanganese-smelters using the Sgderberg anode in combination with sea-
water scrubbing of pot room gas or flue gas from the baking furnaces at carbon plants. These
discharges have been substantial and high concentrations of PAHs have been found in sediments and
mussels in the vicinity of the smelters. Currently, focus on PAHSs is especially with regard to planning
remedial measures for the contaminated sediments, also in correspondence with implementation of the
EU Water Framework Directive.

Although high concentrations of PAHs have been found in sediments in the vicinity of the smelters,
the observed effects have been minor. It was hypothesized that the reason for this was that the PAH
from smelters using the Sgderberg anode was adsorbed to particles to a much higher degree than what
was previously reported.

In Norway, a guidance manual is developed for assessing the environmental and human risk posed by
contaminated sediments. In this manual, commonly accepted “template”-table values for the
partitioning coefficients for PAHSs are used in the risk algorithms. However, recently performed risk
calculations for PAH-contaminated sediments near an aluminium production site as well as near an
anode production facility for ferro-manganese industry in Southern Norway, showed that the empiric
partitioning coefficients were substantially higher than the “template”-table values. A stronger PAH
adsorption has a direct effect on the risk assessments, since it leads to less dissolution of PAHs from
the sediments and thus less bioavailability.

The bioavailability of PAHs originating from coal tar pitch is also currently addressed in a draft risk
assessment report from EU. In this document, the organic carbon-water partition coefficient is derived
from octanol-water partitioning (K,y) using free-energy relationship.

To investigate further if the earlier observed PAH-adsorption also applies to sediments in the vicinity
of other smelters, the Norwegian Insititute for Water Research (NIVA) on contract with Norsk Hydro,
Elkem Aluminium Mosjgen and Kubickenborg Aluminium AB has investigated the bioavailability of
PAHSs from sediments outside several Nordic smelters operating with Sgderberg technology using
passive samplers as well as investigating actual bioaccumulation in an experimental setup. The main
aims were:

e Measurements of site specific partitioning coefficients for PAHs between sediment particles
and water.

¢ Quantification of the accumulation of PAH in bottom dwelling organisms. The rationale for
this is to show if high partitioning coefficients correspond with reduced bioavailability.

Solid phase extraction of polyoxymethylene (POM-SPE) used as passive samplers have been applied
in partitioning coefficient determinations. A standard test system applying the polycheate Nereis
diversicolor and gastropod Hinia reticulata was used in the bioaccumulation experiments. On request,
a third species was also included, namelig the bivalve Nuculoma tenuis.

The results from the POM-experiments showed that the PAHs associated with the sediments in the
vicinity of the smelters were stronger (a median factor of at least a magnitude) adsorbed/absorbed to
the particles than the free energy relationship implies. This further implies that the bioavailable
fraction is correspondingly lower, and one would expect lower bioaccumulated concentrations. The
accumulated concentrations measured in Nereis diversicolor and Hinia reticulata were in fact very
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similar to biota concentrations expected based on the POM-deduced sediment-water partitioning
coefficients (Kgs). Thus, the measured biota to sediment accumulation factors (BSAFs) agreed also
very well with those expected from the POM-deduced Kgs.

On the other hand, this good correspondence was not observed for the third species, Nuculoma tenuis.
There were however logistical intractabilities connected to this species biology and size that render it
probable that particulate sedimentary matter contaminated the Nuculoma tissues analyses.
Exceptionally high PAH concentrations relative to the other two organisms and a PAH profile more
similar to that of the sediments support this assumption. However, the many uncertainties associated
with Nuculoma tenuis render the interpretations somewhat inconclusive for this species, and further
investigations would be necessary to eliminate the uncertainties.
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Sammendrag

Polysykliske aromatiske hydrokarboner (PAH) har veert og er en prioritert gruppe av miljegifter bade i
Norge og internasjonalt. | Norge har punktkildene i stor grad veert utslipp fra aluminium- og
ferromanganverk med bruk av Sgderberg-anoden, i kombinasjon med sjgvanns-“scrubbing” av
avgasser fra smelteovenene pa karbon-verkene. Utslippene fra disse verkene har vert betydelige og
hgye konsentrasjoner av PAH er funnet i sedimenter og skjell i neeromradene. | dag er PAH i fokus
serlig i forbindelse med tiltaksplaner mot forurensede sedimenter og i forbindelse med
implementeringen av EUs vannrammedirektiv.

Selv om det har blitt observert hgye konsentrasjoner av PAH i sedimenter i nseromradene til verkene,
har de observerte effektene vaert sma. Dette mente man kunne skyldes at PAH fra verk med
Sgderberganoden var sterkere partikkelbundet enn det som var rapportert i litteraturen.

I Norge er det utviklet en veileder for risikoberegning i forbindelse med tiltak mot forurensede
sedimenter (na under revidering). | denne anvendes allmenngyldige, sjablongmessige
fordelingskoffisienter for a beregne risikoen knyttet til PAH. NIVA har nylig gjennomfart
risikoberegninger knyttet til PAH-forurensede sedimenter nar et aluminiumsverk, samt i ngerheten av
en anodefabrikk for ferromanganindustrien i sgr-Norge. Disse undersgkelsene viste at de empiriske
fordelingskoeffisientene var vesentlig hayere enn de sjablongmessige tabell-verdiene. En sterkere
PAH-adsorpsjon har direkte betydning for risikovurderinger, siden det farer til mindre PAH lgst i vann
og dermed lavere biotilgjengelighet.

Biotilgjengelighet av PAH fra kulltjeerebek er ogsa berart i et (utkast til et) risikovurderingsdokument
fra EU. | dette dokumentet er karbon-vann-fordelingskoeffisienter utledet fra oktanol-vann-
fordelingskoeffisienter (Kow) ved bruk av fri-energi-sammenheng.

For & videre undersgke om den tidligere oberverte PAH-adsorpsjonen ogsa gjelder for sedimenter
utenfor andre smelteverk, har NIVA pa kontrakt fra Norsk Hydro, Elkem Aluminium Mosjgen og
Kubickenborg Aluminium AB, undersgkt biotilgjengeligheten av PAH fra sedimenter utenfor flere
nordiske smelteverk som opererer med Sgderberg-teknologi. | disse undersgkelsene er passive
provetakere benyttet og faktisk bioakkumulering er undersgkt ved hjelp av et spesialdesignet
forsgksoppsett. Hovedmalene med undersgkelsen var:

e Malinger av stedsspesifikke fordelingskoeffisienter for PAH mellom sedimentpartikler og
vannfasen

e Kvantifisering av akkumuleringen av PAH i bunnlevende organismer. Hensikten med dette
var a se om hgye fordelingskoeffisienter korresponderer med redusert biotilgjengelighet

Fastfaseekstraksjon av polyoksymetylen, benyttet som passiv prgvetaker, har vert anvendt i
bestemmelser av likevekstfordelingskoeffisienter. Et standard testsystem med flerbgrstemarken Nereis
diversicolor og sneglen Hinia reticulata har vert brukt i bioakkumuleringsforsgkene. Pa ettersparsel
ble ogsa en tredje art inkludert, nemlig muslingen Nuculoma tenuis.

Resultatene fra POM-forsgkene viste at PAH tilknyttet sedimenter i naerheten av smelteverkeme var
sterkere (en median faktor pa minst en stgrrelsesorden) adsorbert/absorbert til partiklene enn det som
fri-energi-sammenheng skulle tilsi. Dette impliserer at den biotilgjengelige fraksjonen er tilsvarende
lavere, og man skal kunne forvente lavere bioakkumulerte konsentrasjoner i organismer. De
akkumulerte konsentrasjonene malt i Nereis diversicolor og Hinia reticulata var faktisk ogsa veldig
like de konsentrajoner man skulle forvente i biota, basert pa sediment-vann-fordelingskoeffisienter
(Kyg), bestemt v.h.a. POM-SPE.




NIVA 5497-2007

Pa den annen side, sa kunne denne gode sammenhengen mellom forventet og faktisk malt akkumulert
konsentrasjon ikke observeres for den tredje arten, muslingen Nuculoma tenuis. Det var imidlertid
visse logistiske uregjerligheter forbundet med denne artens biologi og sterrelse, som gjorde det mulig
at partikuleert materiale (med opphav i sedimentene) kunne ha forurenset vevsprgvene fra denne
organismen. Eksepsjonelt hgye PAH-konsentrasjoner, relativt til i de andre to artene, og en PAH-profil
som lignet mer pa helsediment statter denne antagelsen. De mange usikkerhetene assosiert med
Nuculoma tenuis gjer imidlertid tolkningene noe ufyllestgjgrende for denne arten og ytterligere
undersgkelser er ngdvendig, dersom man vil disse usikkerhetene til livs.
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1. Introduction

1.1 Background

Polycyclic aromatic hydrocarbons (PAHSs) have been and are a prioritized group of environmental
contaminants in Norway and abroad. In Norway, the point sources have primarily been discharges
from aluminium- and ferromanganese-smelters using the Sgderberg-anode in combination with sea-
water scrubbing of pot room gas or flue gas from the baking furnaces at carbon plants. These
discharges have been substantial and high concentrations of PAHs have been found in sediments and
mussels in the vicinity of the smelters. Currently, focus on PAHSs is especially with regard to planning
remedial measures for the contaminated sediments, also in correspondence with implementation of the
EU Water Framework Directive.

Although high concentrations of PAHs have been found in sediments in the vicinity of the smelters,
the observed effects have been minor (Nas, 1998). It was hypothesized that the reason for this was
that the PAH from smelters using the Sgderberg-anode was adsorbed to particles to a much higher
degree than what was reported. It is widely accepted that it is the freely dissolved fraction of pollutants
that is available for interaction with biological tissues and thereby can cause bioaccumulation and/or
biological effects. To test this, Naes et al. (1998) quantified PAHs in effluent- and recipient-water
outside a Sgderberg aluminium smelter in Southern Norway. The measurements showed that that the
partitioning coefficients (i.e. the ratios of particle adsorbed PAHSs to dissolved PAHSs) were factors of
100-1000 higher than reported values (Figure 1).

10
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Figure 1. Logaritm of the observed partition coefficient of individual PAHSs plotted against log Koy in
the recipient sea water out side a Norwegian aluminium plant using the Sgderberg technology. The
linear regression lines with 95% confidence bands have also been plotted. The predicted relationship
between log K, and log K. based solely on organic carbon partitioning (predicted OC) and based on
both soot carbon and organic carbon (predicted SC and OC) are shown (from Nas et al. 1998).

With regard to remedial measures for contaminated sediments, a guidance manual is developed for
assessing the environmental and human risk in Norway (Breedveld et al., 2005). In this manual,
commonly accepted “template”-table values for the partitioning coefficients for PAHSs are used in the
risk algorithms. Norwegian Institute for Water Research (NIVA) has recently performed risk
calculations for PAH contaminated sediments near an aluminium production site as well as near an
anode production facility for ferro-manganese industry in Southern Norway. In these projects site
specific partitioning coefficients (and not use the “template”-table values) were measured. As
expected, the empiric partitioning coefficients were substantially higher than the “template”-table
values.

The results indicated that the PAHs were much stronger adsorbed to particles than assumed in the risk
assessment tool. A stronger PAH adsorption has a direct effect on the risk assessments, since it leads
to less dissolution of PAHs from the sediments and thus less bioavailability. The PAH-adsorption-
results referred to above are confirmed by recent articles on the same topic (Cornelissen et al. 2005,
Cornelissen et al. 2006, Khalil et al. 2006).

The bioavailability of PAHSs originating from coal tar pitch is currently addressed in a draft risk
assessment report (RAR) from EU. In this document, the organic carbon-water partition coefficient is
derived from K, using Free-energy relationship (following Karickhoff et al., 1979):

11
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logK, = logK, — 0.21

The document references are made to other studies that have shown substantially higher adsorption to
sediments (much due to the presence of soot-like materials; black carbon), that what can be deduced
from the above equation. However, it is chosen to disregard these results in the draft RAR, since the
implications for risk assessment could be difficult to interpret for several reasons. Furthermore, an
interesting and comprehensive study by Rust et al. (2004a) showed that despite the effect of black
carbon on the sorption of PAHSs to sediments, the bioavailability did not seem to decrease significantly
with increasing black carbon content. It should be noted, however, that the authors studied soot
obtained from tail-pipes of diesel-powered vehicles, and the soot was then spiked with PAHs. The
relevance to coal tar pitch is thus questionable, and the authors themselves stated that “further work is
required to determine the extent to which these results can be generalized to other sources of soot
carbon”.

1.2 Aims/Objectives

The risk assessments with regard to PAH-issues should be as accurate as possible, and it is therefore a
need to further substantiate if the earlier observed PAH-adsorption also applies to sediments in the
vicinity of other smelters. Such documentation would be of value in several contexts. It could inter
alia form a basis for revision of the risk calculations for PAH with regard to remedial measures for
contaminated sediments, it would strengthen the theory of limited bioavailability of PAH originating
from coal tar pitch, it would be an important input with regard to marginal values for PAH in water
proposed in the EU Water Framework Directive, it would give important input of how to monitor
PAHSs in water recourses, etc.

To further pursue this, NIVA took on a task to investigate the bioavailability of PAHs from sediments
outside several Nordic smelters, using passive samplers for PAHSs as well as investigating actual
bioaccumulation in an experimental setup. The aims of the project were as follows:

1. Verify the partitioning constants for the passive samplers used in the measurements. This was
laboratory work where the aim is to make certain that the NIVA performance corresponds
with reported values in the literature.

2. Measurements of site specific partitioning coefficients for PAHs between sediment particles
and water. These measurements were performed on sediments collected outside each of the
smelters.

3. Quantification of the accumulation of PAH in bottom dwelling organisms. The rationale for
this is to show if high partitioning coefficients correspond with reduced bioavailability
(investigate correspondence to pt. 2, above).

The investigations are focused towards the sediment-water system. However, the results will also be
applicable to the issues with regard to PAHs and particle affinity and bioavailability in other water-
particle systems.

The ideas behind the present project were presented at the EU TC-NES meeting March 6", 2006.
Some views and advices were received. These were taken under consideration and attempts have been
made to meet the requests put forward. An additional species was e.g. included in the experimental
setup, and a clean sediment spiked with PAHs was introduced (as described in the following).

The Intenational Council for Exploration of the Sea (ICES) is currently performing a passive sampling
trail survey. Two of the smelter sites are the Norwegian entries to this testing. Here silicon rubber is
used as passive sampler both for determination of the freely dissolved PAH concentration in pore
water as well as in the water masses.

12
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2. Material and Methods

2.1 Study areas/Sediments

Sediments were collected from four locations in Norway and one in Sweden. The sites represent the
primary sea water recipients for aluminium smelters using the Sgderberg technology. In this report, the
sites are presented as Smelter A, B, C, D and E. At all locations sediments were sampled from one
representative site, apart from one fjord were three sites in a gradient from the smelter were sampled
(Smelter A, the three locations are named Smelter A1, A2 and A3). In addition, unpolluted sediments
representing the control/reference were collected from a clean site in the outer Oslofjord. Finally, a
spiked sediment (spiked with selected PAHSs) was prepared based on samples from the control site.
(see below).

The sediments were collected using a van Veed grab (0.1 m?). 10 litres of sediments were collected per
site representing the upper 15 cm of the sediment.The sediments were relatively fine grained with the
fraction less than 63 um ranging from 30-96 per cent and total organic carbon from 0.4-6.8 per cent.

2.2 Collection of control-sediment and organisms for bioaccumulation
experiment

The test-organisms (see below) Nereis diversicolor and Hinia reticulata were collected at the same
location as the control sediments, Rambergbukta at Jelgya in the outer Oslofjord. Nereis were
handpicked from sediment dug up using a shovel. Hinia were attracted using a crushed blue mussel
(Mytilius edulis) as bait, and handpicked. Nuculoma tenuis were collected near Drgbak by the use of a
0.1 m? vanVeen-grab.

After an acclimation period in control sediments and the same water used in the experiments of
approximately one week, twenty individuals of N. diversicolor, 10 individuals of H. reticulata and 8-9
individuals of N. tenuis were added to each test aquarium (see below).

2.3 Homogenisation of sediments (field collected)

The sediments were stored chilled (~4 °C) after collection. Before preparation they were homogenised
60-90 sec. by the use of a mechanical stirrer (paint mixer used for sediments only). Aliquotes were
taken for chemical analyses, determination of particle:water-partitioning coefficients (K4s; by the use
of POM-SPE), and the bioaccumulation experiment (see below).

2.4 Preparation of sediment spiked with selected PAHSs

It was aimed to prepare a sediment spiked with selected PAHSs to concentrations between 0.5 and 1
mg/kg (dry wt.) for each individual compound. Approximately 1 kg of wet clean reference/control
sediment was dried at 100 °C for 48 h and sieved (1 mm). Approximately 0.005 g of each of the
compounds anthracene, phenanthrene, benzo(b)fluoranthene, pyrene, benzo(a)pyrene,
dibenz(a,h)anthracene, fluoranthene, benzo(k)fluoranthene and indeno(1,2,3-cd)pyrene were
diluted in 100 ml dichloromethane. The solution was added to the dried sediment and shaken
(approximately 15 h) before the solvent was evaporated. The spiked sediment was mixed into
approximately 14 kg of wet (clean/same as “control”) sediment, first using a mechanical stirrer
(treated as the field collected sediments; above), and then in a “cement mixer” for 48 h.

13
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2.5 POM-Solid Phase Extraction

2.5.1 Determination of sediment:water partitioning coefficients (Kg)

To elucidate the particle association and bioavailability, analyses of freely dissolved fractions of PAHs
in the sediments were performed with a Solid Phase Extraction (SPE) method using Plastic
polyoxymethylene (POM) (Jonker & Koelmans, 2001; Cornelissen & Gustafsson, 2004; see reference
for details). From the results, partitioning coefficients between the particular phase and the water
phase (Kq) were calculated. Dichloromethane was used to extract the PAHs from the POM-strips (1
week) before analysis. Prior to the application of the method to the sediments, the partitioning
coefficient between the POM material and water (K,om) was tested experimentally (with water spiked
with PAH-standards). Very good correspondence with the coefficients published by Jonker &
Koelmans (2001) were obtained (especially for the compounds phenanthrene, anthracene,
fluoranthene, pyrene, benzo(a)anthracene, chrysene, benzo(a)pyrene and indeno(1,2,3-cd)pyrene).

The Kg-coefficients for sediments were determined as follows: For each of the sediments ~2 g
sediment (wet) and ~1 g POM (both weighed accurately) were transferred to bottles and added 300 ml
distilled water (containing a biocide; as described in Jonker and Koelmans 2001). In addition a bottle
was only added POM and water (blank). Subsequently all bottles were placed on a shaker. After 30
days the POM was removed (using forceps) and carefully rinsed in distilled water. It was then
transferred to a test tube, before 40 ml dichloromethane and internal standards (200 ng of each of the
deuterated PAH components used at the laboratory) were added. The test tubes were sealed and placed
on a shaker for 7 days. The extract was decanted to another test tube, before the extract was
evaporated to 200 pl prior to chemical analyses GC-MS (Se below). The detection limit was 2
ng/POM.

The PAH mass balance in the three-phase-system: particles <> water < POM can be expressed as
follows (Jonker & Koelmans 2001):

Qtot =CMs + CyVy + CpMp

where:

Quot is the total amount of PAH in the system (ug; corresponds to the amount analysed in the added
sediment).

C is the concentration of the compound in the sediment (pug/kg dry wt).

M; is the mass of the added sediment (kg dry wt)

Cu is the concentration in the water (ug/L; unknown)

V. is the volume of the added water (L)

C, is the concentration in the POM (pg/kg; analysed)

M, is the mass of POM (kg)

The following partition coefficients exist for the system:

Ky = Cy/Cuy

Therefore, one can express:

Kg = i[ KoQuor _ MoK —ij
Ms Cp

14
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Values for K, for several PAHSs are given by Jonker & Koelmans (2001). These autors also show that
K is proportional to the octanol:water-partitioning coefficient (K,y) of the compounds:
log K% =0,72 x logK,, + 0,39.

2.6 Bioaccumulation experiment

In the following, a system for direct measurements of bioaccumulation is described. Analogous
bioavailability studies have been conducted in several countries, in most cases as a tool in the
assessment of the environmental risk of dredged sediment. The most comprehensive documentation
from such tests has been produced by the U.S. Environmental Protection Agency (Lee et al., 1991).

2.6.1 Organisms

Organisms used in the experiments were the ragworm Nereis diversicolor (Figure 2; Polychaeta), the
netted dog whelk Hinia reticulata (Figure 3; Gastropoda) and the protobranch bivalve Nuculoma
tenuis (Figure 4). We have earlier used N. diversicolor and H. reticulata in similar bioaccumulation
tests on a number of occasions (e.g. Ruus et al. 2005). On request a third species was included, namely
N. tenuis. The rationale for using these species is that they are intimately interacted with the sediment,
possible to obtain in sufficient numbers, and possible to hold in aquaria for extended periods.

§ @ S LA
Figure 2. Picture of the polychaete Nereis diversicolor. These individuals are ready to be added to the

test aquaria.

Nereis diversicolor is common along the coasts of Europe, from the Meditteranean to Helgeland (Mid
Norway), and in the Baltic Sea. It is found primarily in shallow waters, where it can occur in dense
populations. Hinia reticulata is also found in shallow waters and is common from the Canary Islands
and the Azores in the south, to Lofoten in the north. Both species prefer sandy or muddy sediment and
are tolerant to low salinities. N. diversicolor is omnivorous, ingesting also sediment, while H.
reticulata is primarely a scavenger and a predator. N. diversicolor is one of the most studied marine
invertebrates and has also been used in other bioaccumulation studies (Fowler et al., 1978; Goerke,
1984).
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Figure 3. Picture of the netted dogwhelk, Hinia reticulata. These individuals are ready to be added to
the test aquaria.

Nuculoma tenuis is a primitive protobranch bivalve, fairly common in the Skagerrak and northern
Kattegat. It is very common in the southern Kattegat, deeper than 10 m. N. tenuis is a selective sub-
surface deposit feeder. It feeds by the use of ciliated tentacles which are extenden into the substrate.
Particles are carried to the labial palps for sorting, prior to ingestion. Thus, the gills are primarily
respiratory organs (Gosling, 2003).

Figure 4. Picture of the protobrach bivalve, Nuculoma tenuis. These individuals are ready to be added
to the test aquaria.

2.6.2 Experimental setup

The experimental setup was established a decade ago and described on several occasions (e.g. Hylland
1996; Ruus et al. 2005). In short, the setup is as follows: The exposure experiments were performed in
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all-welded glass aquaria (15 x 20 x 22 cm; holding 5 litres of water/sediment), placed on a water-bath
table with header tanks (secondary; with the same number of outlets as the number of aquaria; Figure
5). Each aquarium had an outlet 5 cm below the top, covered with a plastic netting (200 um) to
prevent organisms from escaping. To maintain a proper flow through, two plexi glass partition walls
were attached in each aquarium. By the use of a main header tank, a constant, uniform water supply
was maintained in all aquaria. The water supplied to the aquaria was pumped from 60m depth outside
NIVA’s marine research station at Solbergstrand, Oslofjord. The same water was supplied to the water
bath to uphold a stable temperature in the aquaria. Temperature and salinity were logged with WTW
electrodes every minute in the primary header tank and measured to 8.2-9.4 °C and 33.9-34.3 %o,
respectively.

Three replicate aquaria were used for each test sediment. The duration of the accumulation period was
28 days as recommended by Lee et al. (1991), since it should result in steady-state tissue residues.

Figure 5. Picture of parts of the experimental setup, after initiation of the bioaccumulation

experiment.

By termination of the experiment, the test organisms were retrieved from the aquaria (Figure 6). The
polychaetes were transferred to beakers of sea water in which they were held for 6 to 8 hours to empty
all remnants of sediments from the intestines before freezing (-20 °C) in glass containers. The soft
parts of the gastropods were separated from their hard shell using a nut-cracker. The soft parts were
then rinsed in seawater and transferred to glass containers then stored at —20 °C until chemical
analysis. Individuals of Nuculoma were rinsed in seawater and frozen (-20 °C ) in glass containers. All
individuals of the same species from each aquarium were pooled into one sample.
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»

Figure 6. Picture of one experimenal unit qulainum) before termination of the bioaccumulation
experiment. The shell of a netted dogwhelk (Hinia reticulata) is visible on the sediment surface.
Burrows of the polychaete Nereis diversicolor in the sediment are also visible.

Upon thawing (prior to analysis), the soft parts of N. tenuis were excised from the shells. In this
process, it was discovered that approximately 40% of the individuals were empty/dead. These were
also the largest/oldest individuals. This was the case for all aquaria including the control sediment.
The dead mussels were obviously empty shells from the field, but we also found some indications of
H. reticulata preying on N. tenuis (a few shells only; Figure 7). To optimize the amount of biomass
for analysis, the triplicates were pooled for this organism prior to analysis.

Figure 7. Empty shells of Nuculoma tenuis after termination of the bioaccumulation experiment. A
few shells showed signs of possible predation by Hinia reticulata (holes in shell).
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2.7 Chemical analyses

All sediments (including the reference/control and the spiked sediment) were analysed for PAH
compounds, particle size fraction (<63 um), total organic content and black carbon content at NIVA’s
laboratory, accredited by the Norwegian Accreditation as a testing laboratory according to the
requirements of NS-EN ISO/IEC 17025 (2000). Analytical standards of the laboratory are also
certified by the participation in international calibration tests, including QUASIMEME twice per year.

2.7.1 Analysis of total organic carbon (TOC) and black carbon (BC) in sediments

The sediments were freezedried, crushed and acidified (LN HCI). Subsequently the sediments were
analysed for total organic carbon (TOC) by catalytic combustion at 1800 °C in an elemental analyser.
The black carbon (BC) content was analysed by a method described by Cornelissen and Gustavsson
(2004), first by heating heating the sediment (375 °C) for 18 hours in excess of air, and then following
the same procedure as for TOC.

2.7.2 Analysis of PAHSs in sediments

The sediment samples were homogenised and added internal standards. The PAHs were then extracted
with dichloromethane and cyclohexane (1:1, vol/vol) by Accelerated Solvent Extraction (ASE)
(Dionex ASE-200; Dionex Corp., Sunnyvale, CA, USA) at a temperature of 100 °C and a pressure of
2000 psi. The further cleaning of the extracts and GC/MS analysis was as described for biota, below.
The certified reference material used when analysing sediment was SRM 1944,

2.7.3 Analysis of PAHSs in biota

Samples of polychaetes and gastropods were homogenized, using an ultra Turrax™. The soft parts of
the individual bivalves (Nuculoma) were small and needed no homogenization before extraction.
Subsequently, the samples were added internal standards (200 ng each of naphthalene d8,
acenaphthene d8, phenanthrene d10, chrysene d12, perylene d12, and anthracene d10) and saponified.
The PAHSs were extracted with n-pentane and dried over sodium sulphate. The extraction volume was
reduced, solvent exchanged to dichloromethane, and the extracts were cleaned by gel permeation
chromatography (GPC) and solvent exchanged to cyclohexane. The extracts were analysed by gas
chromatography and mass spectrometry (GC/MS). The MS detector was operated in selected ion
monitoring mode (SIM), and the analyte concentrations in the standard solutions were in the range 2 to
5000 ng/ul. The GC was equipped with a 30 m J&W DB-5MS (stationary phase of 5% phenyl
polysoxilane) column (0.25 mm i.d. and 0.25 pm film thickness), and an inlet operated in the splitless
mode. The initial column temperature was 60 °C, which after two minutes was raised to 250 °C at a
rate of 7 °C/min and thereafter raised to 310 °C at a rate of 15 °C/min. The injector temperature was
300 °C, the transfer line temperature 280 °C and the MS source temperature 230 °C. The column flow
rate was 1.2 ml/min. Quantification of individual components was performed by using the internal
standard method. Standard laboratory procedure is to subtract any PAH component concentrations
detected in blanks (solvent and internal standards) from all sample concentrations. The quality of each
sample series was controlled by analysing certified reference matiral (SRM 2977).

2.7.4 Analysis of PAHs in POM

The extracts from the POM material (see above) were analysed for PAHs by GC/MS as described for
the biota extracts (above).
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2.7.5 Analysis of other variables
Total dry matter in the sediments was analysed gravimetrically.

Aliquots of the homogenized material (Nereis and Hinia) or an individual mussel (Nucoloma) from
each of the groups were used to determine the lipid content gravimetrically, after lipid extraction
(cyclohexane and acetone).

Proportion (weight percentage) of particles with size <63 pum was analysed according to the methods
described by Krumbein and Pettijohn (1938).

2.7.6 Calculations
a.) The organic carbon-water partition coefficients were derived from Ko,s, using Free-energy

relationship (following Karickhoff et al., 1979), as described in the RAR (and the EU Technical
Guidance Ducument; TGD):

IOgKoc = |OgK0W - 0.21

The Kqys (octanol:water-partitioning coefficients) used were the same as those used in the RAR.

These were compared with the K,.s deduced using the POM method.

b.) Expected biota concentrations (wet weight) were then calculated using the sediment
concentrations, Ky (sediment water partitioning coefficient; Ky = Ky x foc; foc IS the fraction of organic
content in the sediment) and BCF (bioconcentration factors).

Cbiota = (Cs/Kd) X BCF
The bioconcentration factors were deduced using the equations described in the TGD:

For logKow 2-6:
log BCF = 0.85 x logK,, — 0.70

For log Kqy >6:
log BCF = —0.20 x 10gKo,” + 2.74 x 10gKoy — 4.72

Expected biota concentrations calculated using the free-energy relationship (Karickhoff) deduced K s
and expected biota concentrations calculated using the POM-deduced Kys were both compared with
the actual biota concentrations measured in the species from the experimental setup.

c.) A less crude approach was also pursued. To account for the amount of organic carbon in the
sediment and amount of lipid in the organisms, biota to sediment factors (BSAF)s were calculated.

Ciipid
oC
organic carbon normalized concentration in the sediment.

BSAF =

, Where Ciipig is the lipid normalized concentration in the organism, and Coc is the

Expected BSAFs were calculated from the free-energy relationship (Karickhoff) deduced K.,
assuming the partitioning coefficient between organism lipids and water equals Ko (Kiipia = Kow):

20



NIVA 5497-2007

logKee = logKew — 0.21 or Ko = 0.62K,,, (Karickhoff et al., 1979)

and since:
Kiipid = Cp , Koc = Coc and Coc = &
W Cw foc
BSAF equals:
BSAF = _ Kow-Cw 1.62
0.62 - Kow-Cw

Expected BSAFs were also calculated from the POM-deduced Kgs

BSAF — Ciipid _ Kiipid - Cw where Cy = Co/K,

Coc Cs
foc

Where Cy, is the concentration in water and Cs is the concentration in sediment.

The two above mentioned calculated expected BSAFs were then compared to the BSAFs calculated
from actual measured concentrations in organisms and sediments.
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3. Results

3.1 Sediment to water partitioning coefficients (Kgs)

Sediment:water-partitioning coefficients (K4s) deduced using the POM-SPE method were higher than
those derived from K,,, using Free-energy relationship (following Karickhoff et al., 1979). Comparing
the organic carbon normalized Kgs (in other words K,.S), the K,.s deduced using the POM method
were a factor 4 — 747 (median = 26) higher, looking at all sediment and all PAH compounds (Figure
8). Kqcs could not be deduced using the POM-method for the few compounds with molecular weight
less than phenanthrene. The individual values are also presented in Appendix F.

Koc Measured (Pom):Koc predicted (Karickhoff)
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Figure 8. The ratio between the organic carbon:water-partitioning coefficient (K,.) deduced by POM-
solid phase extraction and the predicted K, derived from K, using free-energy relationship
(following Karickhoff et al., 1979). The ratio is presented for all sediments and all PAHs (from
phenanthrene) presented from left to right with increasing Kos. The median (26) is presented by a
blue line. Note logarithmic scale.

These results imply lower pore-water concentrations to be compared with predicted no adverse effect
levels (PNECS) in risk assessment. Furthermore, it would imply lower expected bioavailable fractions
for bioaccumulation. Figure 8 shows that the variability is great between the sediments for
phenanthrene. Furthermore, it shows that the PAHSs in the sediment especially from Smelter E are
apparently much stronger adsorbed to the particles that the Karickhoff free-energy relationship would

imply.
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The Kocs measured by the use of POM-SPE showed a significant linear relationship with the Kows
(Figure 9; P<0.000001; R?=0.66). This figure also shows a higher logKoc:logKow-ratio than the
Karichoff et al. (1979) relationship. The largest discrepancy, compared with the Karichoff et al.
(1979)-deduced Kocs appear for the PAHs with the lowest Kows (Figure 9).

Red line: Log Ko = 2.4586 + 0.7899K o,y (R?=0.66)
Blue line: Log Koc = Kow - 0.21 (Karickhoff et al. 1979)
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Figure 9. The logarithms (Logso) of octanol:water-partitioning coefficients (Kow) plotted against the
logarithms of organic carbon:water-partitioning coefficients (Koc) determined by the use of POM solid
phase extraction. All sediments and all PAHs (from phenanthrene) are included. The red line
represents the linear regression from all data points. The blue line represents the Karickhoff et al.
(1979) free energy relationship.

3.2 Biota concentrations (wet weight)

All individual biota concentrations (predicted using the various methods described above and actual
measured concentrations in all species) are presented in Appendices B-D and H-I.

3.2.1 Nereis diversicolor

Expected biota concentrations calculated from Kys deduced using POM-SPE, sediment concentrations
and bioconcentration factors (BCFs; see pt. b. in paragraph 2.7.6 Calculations, above) corresponded
good with the concentrations actually measured in N. diversicolor. More specific, the expected
concentrations were a factor 0.3 (0.5 if the PAH-“SPIKE” sediment is excluded) to 24 (median = 4.0)
higher than the actual accumulated concentrations (varying with PAH compound and sediment;
Figure 10). No specific sediment or PAH stands out showing any particular discrepancy between
“POM-predicted” and actual measured (Nereis) biota-concentration. However, sedimentes from
Smelter A and Smelter E were often among the overestimated by the POM-method (Figure 10).
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CBiota Predicted (POM):CNereis
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Figure 10. The ratio between the “POM-predicted” biota concentrations (predicted from the sediment
concentrations, the Kys (sediment water partitioning coefficients) deduced using POM solid phase
extraction, and BCFs (bioconcentration factors)) and the actual measured concentrations in the
polychaete Nereis diversicolor. The ratio is presented for all sediments and all PAHs (from
phenanthrene) presented from left to right with increasing Koys. The median (4.0) is presented by a
blue line. Note logarithmic scale.

Expected biota concentrations calculated from the Karickhoff et al. (1979) free-energy relationship,
sediment concentrations and BCFs corresponded not as good with the concentrations actually
measured in N. diversicolor (Figure 11). More specific, the expected concentrations were a factor 5 —
3652 (median = 137) higher than the actual accumulated concentrations. The definite highest
discrepancies were shown for the Smelter E-sediment, in which the biota concentrations seemed
largely overestimated using the Karickhoff et al. (1979) equation, as compared to the concentrations
measured in Nereis diversicolor (Figure 11).
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CBiota Predicted (Karickhoff):CNereis
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Figure 11. The ratio between the “Karickhoff-predicted” biota concentrations (predicted from the
sediment concentrations, the K4s (sediment water partitioning coefficients) deduced using the
Karickhoff et al. (1979) free energy relationship, and BCFs (bioconcentration factors)) and the actual
measured concentrations in the polychaete Nereis diversicolor. The ratio is presented for all sediments
and all PAHs (from phenanthrene) presented from left to right with increasing Kqys. The median (137)
is presented by a blue line. Note logarithmic scale.

3.2.2 Hinia reticulata

Expected biota concentrations calculated from Kys deduced using POM-SPE, sediment concentrations
and bioconcentration factors (BCFs; see pt. b. in paragraph 2.7.6 Calculations, above) corresponded
good with the concentrations actually measured in H. reticulata. More specific, the expected
concentrations were a factor 0.3 — 32.1 (median = 5.3) higher than the actual accumulated
concentrations (varying with PAH compound and sediment; Figure 12). No specific sediment or PAH
stands out showing any particular discrepancy between “POM-predicted” and actual measured (Hinia)
biota-concentration. However, sedimentes from Smelter A (3) were often among the overestimated,
using the POM-method, looking at some of the higher moloecular weight PAHs (Figure 12).
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CBiota Predicted (POM):CHinia
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Figure 12. The ratio between the “POM-predicted” biota concentrations (predicted from the sediment
concentrations, the Kgs (sediment water partitioning coefficients) deduced using POM solid phase
extraction, and BCFs (bioconcentration factors)) and the actual measured concentrations in the
gastropod Hinia reticulata. The ratio is presented for all sediments and all PAHs (from phenanthrene)
presented from left to right with increasing Kqys. The median (5.3) is presented by a blue line. Note
logarithmic scale.

Expected biota concentrations calculated from the Karickhoff et al. (1979) free-energy relationship,
sediment concentrations and BCFs corresponded not as good with the concentrations actually
measured in H.reticulata (Figure 13). More specific, the expected concentrations were a factor 3.1 —
1057 (median = 152) higher than the actual accumulated concentrations. The definite highest
discrepancies were shown for the Smelter E-sediment, and often Smelter A (2) in which the biota
concentrations seemed largely overestimated using the Karickhoff et al. (1979) equation, as compared
to the concentrations measured in Hinia reticulata (Figure 13).
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Chiota Predicted (Karickhoff): CHinia
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Figure 13. The ratio between the “Karickhoff-predicted” biota concentrations (predicted from the
sediment concentrations, the K4s (sediment water partitioning coefficients) deduced using the
Karickhoff et al. (1979) free energy relationship, and BCFs (bioconcentration factors)) and the actual
measured concentrations in the polychaete Hinia reticulata. The ratio is presented for all sediments
and all PAHs (from phenanthrene) presented from left to right with increasing Kqys. The median (152)
is presented by a blue line. Note logarithmic scale.

3.2.3 Nuculoma tenuis

Contrary to the results for N. diversicolor and H. reticulata, expected biota concentrations calculated
from Kgs deduced using POM-SPE, sediment concentrations and bioconcentration factors (BCFs; see
pt. b. in paragraph 2.7.6 Calculations, above) corresponded not as good with the concentrations
actually measured in N. tenuis (Figure 14). More specific, the expected concentrations were a factor
0.07 — 1.7 (median = 0.17) higher (in other words, a factor 14 lower to a factor 1.7 higher; median a
factor 5.9 lower) than the actual accumulated concentrations (see discussion below).
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CBiota Predicted (POM):CNucquma
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Figure 14. The ratio between the “POM-predicted” biota concentrations (predicted from the sediment
concentrations, the Kgs (sediment water partitioning coefficients) deduced using POM solid phase
extraction, and BCFs (bioconcentration factors)) and the actual measured concentrations in the bivalve
Nuculoma tenuis. The ratio is presented for all sediments and all PAHs (from phenanthrene) presented
from left to right with increasing K,,s. The median (0.17) is presented by a blue line. Note logarithmic
scale.

The expected biota concentrations calculated from the Karickhoff et al. (1979) free-energy
relationship, sediment concentrations and BCF corresponded approximately equally good/bad
(however, on the conservative side) with the concentrations actually measured in N. tenuis, as those
calculated by the use of POM-SPE (above; Figure 15). More specific, the expected concentrations
were a factor 1.1 — 319 (median = 4.2) higher than the actual accumulated concentrations (see
discussion below). The largest discrepancies were shown for the PAHs with the smallest molecular
weights in the Smelter E-sediment (Figure 15).
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CBiota Predicted (Karickhoff):CNuculoma
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Figure 15. The ratio between the “Karickhoff-predicted” biota concentrations (predicted from the
sediment concentrations, the K4s (sediment water partitioning coefficients) deduced using the
Karickhoff et al. (1979) free energy relationship, and BCFs (bioconcentration factors)) and the actual
measured concentrations in the polychaete Nuculoma tenuis. The ratio is presented for all sediments
and all PAHs (from phenanthrene) presented from left to right with increasing Kqys. The median (4.2)
is presented by a blue line. Note logarithmic scale.

3.3 Biota to sediment accumulation factors (BSAFs)

All individual biota to sediment accumulation factors (BSAFs; predicted using the various methods
described above and actual measured BSAFs for all species) are presented in Appendices J-M.

3.3.1 Nereis diversicolor

Expected BSAFs calculated from Kgys deduced using POM-SPE, sediment concentrations (OC
normalized) and K, (see pt. c. in paragraph 2.7.6 Calculations, above) corresponded very good with
the BASFs deduced from the actually measured concentrations in N. diversicolor (lipid normalized)
and sediments (OC normalized). More specific, the expected BSAFs were a factor 0.08 (0.11 if the
PAH-“SPIKE” sediment is excluded) to 13.8 (median = 1.25) higher than the actual measured BSAFs
(varying with PAH compound and sediment; Figure 8). Threre is some indication that the discrepancy
between “POM-predicted” and actual measured (Nereis) BSAFs increase with increasing molecular
size of the PAHSs (Figure 16). Sediments from Smelter A (2 and 3) and Smelter E were often among
the overestimated by the POM-method (Figure 16).
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BSAFPredicted (POM):BSAFNereis
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Figure 16. The ratio between the “POM-predicted” biota to sediment accumulation factors
(calculated from the POM-SPE-deduced Kgs (sediment water partitioning coefficients), Kows (the
octanol:water partitioning coefficients) and the OC-normalized sediment PAH-concentrations) and the
actual measured BSAFs for the polychaete Nereis diversicolor (calculated from the lipid normalized
concentrations in the organism and the OC-normalized concentrations in the sediments). The ratio is
presented for all sediments and all PAHs (from phenanthrene) presented from left to right with
increasing KoyS. The median (1.25) is presented by a blue line. Note logarithmic scale.

Expected BSAFs deduced from the Karickhoff et al. (1979) free-energy relationship (BSAF=1.62)
corresponded not as good with the BSAFs deduced from the actually measured concentrations in N.
diversicolor and sediments (Figure 17). More specific, the expected BSAFs were a factor 1.3 — 1337
(median = 36.1) higher than the actual measured BSAFs (Figure 17). The definite highest
discrepancies were shown for the Smelter E-sediment, in which the BSAFs seemed largely
overestimated deduced from the Karickhoff et al. (1979) relationship, as compared to the
concentrations measured in Nereis diversicolor (Figure 17).
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Figure 17. The ratio between the “Karickhoff-predicted” biota to sediment accumulation factors
(BSAF=1.62), and the actual measured BSAFs for the polychaete Nereis diversicolor (calculated from
the lipid normalized concentrations in the organism and the OC-normalized concentrations in the
sediments). The ratio is presented for all sediments and all PAHs (from phenanthrene) presented from
left to right with increasing K,,s. The median (36.1) is presented by a blue line. Note logarithmic
scale.

3.3.2 Hinia reticulata

Expected BSAFs calculated from Kys deduced using POM-SPE, sediment concentrations (OC
normalized) and Ko, (see pt. c. in paragraph 2.7.6 Calculations, above) corresponded very good with
the BASFs deduced from the actually measured concentrations in H. reticulata (lipid normalized) and
sediments (OC normalized). More specific, the expected BSAFs were a factor 0.03 — 17.3 (median =
1.41) higher than the actual measured BSAFs (varying with PAH compound and sediment; Figure
18). Sediments from Smelter A (2) often showed the highest overerstimations of BSAFs, using the
POM-method (Figure 18). Furthermore, overall the PAHs with larger molecular size (and Koyw; from
chrysene) seemed to be most overestimated.

31



NIVA 5497-2007

BSAFpredicted (pomy:BSAFinia

25.000
O m] O [} O
to3 O &
7.500 t . o n =
5.000 ¢ L
< | | o a <& Iy
O A = = [
2500 | — . . 1 \
a [/} [ ] °
T £ 2 pay
g n * ° * I\ .
. P A
E 0750 B w8 . g
< 0500} © - .
(7)) A O [ ) JAN
el t . )
"2 0250 | 5
o
a ° °
3
[5]
g 0075}
%i 0.050 ¢
92 0025t ° o Smelter Al
o : . . . . . . . . . . ) . |
> ¢ o 2 gz g g g 2 g g @ Smelter A2
£ g ¢ 2 8 ¢ £ 2 £ 2 & g & Smelter A3
= m - © — — ® )
§ £ % 8 g £ 8 8 & & £ = A Smelter B
[ c o o = e c [8)
g < é s 2 2 8§ & & 4 ® SmelterC
[ < = = 5
s £ = & § § 3 = Smelter D
o @
g 5 ¥ @ N e ¢ Smelter E
o g B 4 PAH-"SPIKE"
[a)

Figure 18. The ratio between the “POM-predicted” biota to sediment accumulation factors
(calculated from the POM-SPE-deduced Kgs (sediment water partitioning coefficients), Kows (the
octanol:water partitioning coefficients) and the OC-normalized sediment PAH-concentrations) and the
actual measured BSAFs for the gastropod Hinia reticulata (calculated from the lipid normalized
concentrations in the organism and the OC-normalized concentrations in the sediments). The ratio is
presented for all sediments and all PAHs (from phenanthrene) presented from left to right with
increasing KoyS. The median (1.41) is presented by a blue line. Note logarithmic scale.

Expected BSAF deduced from the Karickhoff et al. (1979) free-energy relationship (BSAF=1.62)
corresponded not as good with the BSAFs deduced from the actually measured concentrations in
H. reticulata (lipid normalized) and sediments (OC normalized; Figure 19). More specific, the
expected BSAFs were a factor 1.2 — 419 (median = 47) higher than the actual measured BSAFs
(Figure 19). Sediments from Smelter E and Smelter A (2) showed the largest discrepancies, as the
BSAFs seemed largely overestimated deduced from the Karickhoff et al. (1979) relationship, as
compared to the concentrations measured in Hinia reticulata (Figure 19).

32



NIVA 5497-2007

BSAFpedicted (karickhoff) BSAFHinia

500.0 =
[ ) O O
. > * O g
¢ & A ] A
'S S e
[ ] " ? * ] u
¢ . o = s " g
L o O
500 _ -
g JAS | ] ° L]
T [ A (] ¢}
LL AN u O ° JaY -
< A o [ ] Iy Jay
2 A °
M ® e
5 o
3 50+t °
g o
e} JAY
o
L©
8 i
Ty
% © Smelter Al
M 0.5 ) o) ) o) ) o o ) ) ) ) ) O Smelter A2
= c c c c c c c c = j c
£ s e 2 3 s £ £ ¢ 2 8 g & Smelter A3
= EU € —_ 1S IS — .
§ £ % g g £ & 8 5 & £ = 5 Smelter B
= o c o o ~= e c (8]
3 < E £ 2 2 R 5 £ & ® SmelterC
o = = = ot )
S ¥ £ & & $ g = Smelter D
c N <] ] 8 S
& & £ © ¥ 5 ¢ Smelter E
m @ n n
o g B 4 PAH-"SPIKE
[a]

Figure 19. The ratio between the “Karickhoff-predicted” biota to sediment accumulation factors
(BSAF=1.62), and the actual measured BSAFs for the gastropod Hinia reticulata (calculated from the
lipid normalized concentrations in the organism and the OC-normalized concentrations in the
sediments). The ratio is presented for all sediments and all PAHs (from phenanthrene) presented from
left to right with increasing K,,s. The median (47) is presented by a blue line. Note logarithmic scale.

3.3.3 Nuculoma tenuis

Expected BSAFs calculated from Kys deduced using POM-SPE, sediment concentrations (OC
normalized) and K, (See pt. c. in paragraph 2.7.6 Calculations, above) corresponded not as good with
the BASFs deduced from the actually measured concentrations in N. tenuis (lipid normalized) and
sediments (OC normalized), as observed for the other two species N. diversicolor and H. reticulata.
More specific, the expected BSAFs were a factor 0.013 — 0.35 (median = 0.05) higher (in other words
a factor 2.9 — 77 (median = 20) lower) than the actual measured BSAFs (Figure 20; see discussion
below).
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Figure 20. The ratio between the “POM-predicted” biota to sediment accumulation factors
(calculated from the POM-SPE-deduced Kgs (sediment water partitioning coefficients), Kows (the
octanol:water partitioning coefficients) and the OC-normalized sediment PAH-concentrations) and the
actual measured BSAFs for the bivalve Nuculoma tenuis (calculated from the lipid normalized
concentrations in the organism and the OC-normalized concentrations in the sediments). The ratio is
presented for all sediments and all PAHs (from phenanthrene) presented from left to right with
increasing KqyS. The median (0.05) is presented by a blue line. Note logarithmic scale.

Expected BSAF deduced from the Karickhoff et al (1979) free-energy relationship (BSAF=1.62)
corresponded better with the BSAFs deduced from the actually measured concentrations in

N. tenuis(lipid normalized) and sediments (OC normalized). More specific, the expected BSAFs were
a factor 0.22 — 34.1 (median = 1.29) higher than the actual measured BSAFs (Figure 21). The highest
BSAFeredicted (karickhoff): BSAFMeasured Nucutoma-Tatios were for several PAHs observed for the Smelter E-
sediment (Figure 21).
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Figure 21. The ratio between the “Karickhoff-predicted” biota to sediment accumulation factors
(BSAF=1.62), and the actual measured BSAFs for the bivalve Nuculoma tenuis (calculated from the
lipid normalized concentrations in the organism and the OC-normalized concentrations in the
sediments). The ratio is presented for all sediments and all PAHs (from phenanthrene) presented from
left to right with increasing K,,s. The median (1.49) is presented by a blue line. Note logarithmic
scale.

3.4 PAH-profiles

The divergencies between the results for Nuculoma tenuis and the other two species, Nereis
diversicolor and Hinia reticulata, gave reason for further scrutiny (see discussion below). The PAH-
profiles (relative concentrations; the proportion each PAH compound to the sum of all compounds)
was calculated in each of the matrices (whole sediment, pore water (deduced using the POM-SPE
method) and the three organsims). This profile is plotted for the Smelter Al sediment in Figure 22.

The pattern shows that the bivalve Nuculoma tenuis displays a similar PAH-profile as the whole
sediment (Figure 22). The polychaet Nereis diversicolor and the gastropod Hinia reticulata show
profiles more similar to the sediment pore water (Figure 22).

The relative concentrations of the PAHSs in all matrices from all sediments were subjected to a
Principal Component Analysis (PCA; Figure 23). The PCA also showed that the PAH profile in
Nereis diversicolor and Hinia reticulata resembled the PAH profile in pore water (located more to the
right in the score plot: Figure 23 b), while the profile in Nuculoma tenuis resembled more the PAH
profile in whole sediment (located more to the left in the score plot: Figure 23 b). Higher proportions
of the compounds fluoranthene, pyrene, anthracene and phenanthrene was important for segregating
the pore water PAH-profile from the whole sediment PAH-profile (loading positively on principal
component 1, explaining 52 % of the variance in the material; Figure 23 a).
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The PCA also showed that the sediment spiked with PAH, pore water from this sediment , and all
three species exposed to this sediment showed PAH-profiles different from the other sediments, pore
water from these sediments, and organisms exposed to them (Figure 23). This is shown by the PAH-
“SPIKE” data points placed to the lower right in the score plot (Figure 23 b), due to higher relative
concentrations of phenanthrene and anthracene (Figure 23 a). Therefore, the PCA was performed
again, without the PAH-“SPIKE” sediment, pore water from this sediment or organisms exposed to it
(Figure 24). This analysis also showed the strongest reseblance between the PAH-profiles in whole
sediment and Nuculoma tenuis.
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Figure 23. Loading- (a.) and score-plot (b.) for a Principal Component Analysis (PCA) performed on
relative concentations (% of sum-PAH) in whole sediment, sediment porewater, Nereis diversicolor,

Hinia reticulata and Nuculoma tenuis (all groups/sediments included).
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Figure 24. Loading- (a.) and score-plot (b.) for a Principal Component Analysis (PCA) performed on
relative concentations (% of sum-PAH) in whole sediment, sediment porewater, Nereis diversicolor,
Hinia reticulata and Nuculoma tenuis (all groups/sediments, except PAH-“SPIKE” included).
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4. Discussion

The results from the POM experiments showed that the PAHs associated with the sediments in the
vicinity of the smelters were stronger adsorbed/absorbed to the particles than the Karickhoff et al.
(1979) free energy relationship implies. This further implies that the bioavailable fraction is
correspondingly lower, and one would expect lower bioaccumulated concentrations. It was, however,
difficult to show any good relationships between the total organic carbon or black carbon content in
the sediments and the sediment:water partitioning coefficients (Kq), plotted for each PAH compound.

The accumulated concentrations measured in Nereis diversicolor and Hinia reticulata were in fact
very similar to biota concentrations expected based on the POM-deduced sediment-water partitioning
coefficients (Kgs). Thus, the measured biota to sediment accumulation factors (BSAFs) agreed also
very well with those expected from the POM-deduced Kgs.

On the other hand, this good correspondence was not observed for the third species, Nuculoma tenuis.
PAH concentrations measured in N. tenuis were up to two orders of magnitude (a factor >300) higher
than the concentrations measured in Nereis diversicolor and Hinia reticulata. In fact, for some
compounds and sediments, the Nuculoma wet weight concentrations were even higher than the
sediment dry weight concentrations.

Due to the low biomass obtained from the N. tenuis individuals, no replicates from each of the
sediments could be analysed. Still, only 0.35 to 0.61 g of mussel soft tissue was obtained per sample
for analysis. Thus, the risk of contamination of the biological tissue samples by contaminated particles
is higher than for the other species (for which 1.5 - 6 g of tissue was obtained per individual sample
for analysis). Assuming that the PAHSs in the sediment are associated with organic material,
approximately only 1% (weight:weight; equivalent to approximately 5 mg) of sediment organic
material in a Nuculoma sample would increase its concentration form those observed in Nereis and
Hinia to the concentrations actually measured in the Nuculoma samples.

As most protobranchs, Nuculoma tenuis is a selective deposit feeder. During feeding, its tentacles are
extended into the bottom sediments. Deposited materials adhere to the mucus-covered surface of the
tentacles and then are transported by cilia back to the palps, which function as sorting devices (Barnes,
1987). It is likely that PAH-contaminated deposit material in the stomach may have been analysed as
part of the organism. Furthermore, when the organisms sort the particles, light particles are carried by
crest cilia to the mouth, while heavy particles are carried by groove cilia to the palp margins, where
they are ejected into the mantle cavity (Barnes, 1987).

The reason for suspecting contamination of Nuculoma samples by particulate material in the first
place, arise from differences observed in the different PAH profiles (relative concentrations expressed
as percentages of sum PAH) in the different sample matrices. As expected, the profiles in the Nereis
and Hinia samples resemble the profiles in pore water (measured by POM-SPE). Fluoranthene and
pyrene are e.g. two compounds that are measured in high concentrations in pore water relative to the
other (and higher molecular weight) PAHSs (i.e. they have lower Kgs). The relative concentrations of
these compounds are lower in sediment samples and Nuculoma samples. On the other hand, the higher
molecular PAHSs, such as benzo(b,j)fluoranthene, benzo(a)pyrene, indeno(1,2,3-cd)pyrene and
benzo(ghi)perylene constitute higher percentages of sum PAH in sediment samples and Nuculoma
samples, while they are low or not detected in pore water, Nereis and Hinia (Figure 22).

One the other hand, one could explain the higher concentrations of PAHs in Nuculoma with a lower
capability of metabolising and eliminating the compounds, than N. diversicolor and H. reticulata. It is
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likely that especially Nereis has a higher capability of biotransformation than Nuculoma, which is a
primitive protobranch. The question that still remains is whether the rate of metabolism is sufficient to
alter the equilibrium appreciable. Studying several organisms, Rust et al. (2004b) found high rates of
metabolism of benzo(a)pyrene in the polychaetes Nereis virens and Nereis succinea, and that
bioaccumulation factors were inversely related to the capability of metabolizing benzo(a)pyrene.

Metabolites of pyrene have earlier been shown in Nereis diversicolor (Christensen et al. 2002;
Giessing et al. 2003), however, pyrene was one of the compounds that bioaccumulated the most in
Nereis and also Hinia (as expected from the pore water concentrations). Metabolism of e.g.
benzo(b,j)fluoranthene is less likely, still this compound does not bioaccumulate as much as pyrene in
Nereis and Hinia, even though the concentration in sediment is higher than the concentration of
pyrene. The concentration of benzo(b,j)fluoranthene in porewater, however, is lower than the pyrene
concentrations. Therefore, it seems that the bioavailable compounds in sediment pore water may be
more important than metabolic capability for determining the bioaccumulation. Benzo(b,j)-
fluoranthene constitutes high percentages of sum PAH in Nuculoma (higher than pyrene), as it does in
the sediment samples.

It therefore seems likely that uncontrollable factors, rendering us uncertain of the contamination by
particulate matter in the Nuculoma samples, may have caused the pattern observed in this species,
which deviates from the patterns observed in Nereis and Hinia. It would seem less likely that a
selective higher uptake of the higher molecular weight (and thus stronger particle adsorbed) PAHs
would occur in Nuculoma. It would seem correspondingly unlikely that the pattern observed in Nereis
and Hinia should be a result of a higher capability than Nuculoma to metabolise and eliminate
especially the higher molecular weight PAHSs, that are hardly detectable in pore water (high K4s) and
are therefore less bioavailable. However, the many uncertainties associated with Nuculoma tenuis
render the interpratations somewhat inconclusive for this species, and further investigations would be
necessary to eliminate these uncertainties.

4.1 Conclusions

The results from the POM-experiments showed that the PAHs associated with the sediments in the
vicinity of the smelters were stronger (a median factor of at least a magnitude) adsorbed/absorbed to
the particles than the Karickhoff et al. (1979) free energy relationship implies. This further implies that
the bioavailable fraction is correspondingly lower, and one would expect lower bioaccumulated
concentrations. The accumulated concentrations measured in Nereis diversicolor and Hinia reticulata
were in fact very similar to biota concentrations expected based on the POM-deduced sediment-water
partitioning coefficients (Kgs). Thus, the measured biota to sediment accumulation factors (BSAFs)
agreed also very well with those expected from the POM-deduced Kgs.

On the other hand, this good correspondence was not observed for the third species, Nuculoma tenuis.
There were however logistical intractabilities connected to this species biology and size that render it
probable that particulate sedimentary matter contaminated the Nuculoma tissues analyses.
Exceptionally high PAH concentrations relative to the other two organisms and a PAH profile more
similar to that of the sediments support this assumption. However, the many uncertainties associated
with this species, render the interpretations somewhat inconclusive, and further investigations would
be necessary to eliminate the uncertainties for this species.
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6. Appendices

Concentrations of PAHSs, and other variables in sediments

Concentrations of PAHSs and lipid content in Nereis diversicolor
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Sediment:water partitioning coefficients (K,) determined by POM-SPE
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Bioconcentration factors (BCFs)
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