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Summary

Thedrilling of wellsin offshore oil and gas exploration produces significant quantities of waste. This
waste (drill cuttings) is amixture of crushed bore hole minerals and drilling muds added to optimize
drilling performance. The major component of drilling mudsis a solid phase (almost exclusively
barite, BaSO,) suspended in afluid phase, which can be water or some organic phase (frequently an
ester or C;,-C;g 0lefins). Since 1990 discharge of muds based on mineral oil are no longer permitted in
the North Sea. Sediments affected by discharged cuttings have frequently shown e evated
concentrations of barium and potentially toxic metals such as lead (Pb), mercury (Hg) and cadmium
(Cd), and adverse effects on benthic communities have frequently been documented.

The metals may originate in impuritiesin the barite minerals, in the bore hole materials or in other
accidental discharges from the platform. Attemptsto link concentrations of various heavy metalsto
the concentration of barium has proven difficult, probably because the metal content of barite as well
as bore hole material's may vary according to the mineralogy of the specific barite source or formation
drilled. Regardless of the source, it is not obvious that there is a causal relationship between elevated
metal concentrations and the effects observed. The litterature surveyed in the present report tend to
suggest that toxicity or redox effects during biodegradation of the organic phase, physical change of
the sediment substrate (e.g. grain size distribution) or smply particle loading, are more likely to
explain adverse effects on benthic communities than heavy metal toxicity. Because metal
concentrations in some off-shore deposits are above no-effect threshol ds and because dow phase
transformations may change metal bioavailability after discharge, metals cannot be completely
acquitted from possible adverse effects on marine organisms. The present state of the art is, however,
that evidence of such effects from metals associated with drill cuttingsis scarcely found in the
scientific litterature.

A prerequisit of toxic effectsis uptake in marine organisms. Therefore, an experiment was performed
to compare bioaccumulation of metals from sediments spiked with barite from different ores (Barite
Zelmou, Barite Safi and Barite Zelmou/Safi) and two alternative weight-materials for drilling muds,
IImenite (an oxide of iron and titanium) and Hematite (an oxide of iron).

The test-substances were analysed for total metals after digestion with hydrofluoric acid and compared
to Norwegian criteriafor fjord and coastal sediments. According to this system, Hematite was
“moderately polluted” with chromium (Cr) and Barite Zelmou was “ moderately polluted” with copper
(Cu). llmenite was “moderately polluted” with copper and nickel (Ni) and “markedly polluted” with
chromium. Barite Safi was “moderately polluted” with copper and zinc (Zn) and “markedly polluted”
with mercury (Hg), cadmium (Cd) and lead (Pb). Based on metal concentration, the Barite
Zelmou/Safi test substance was ranked between the two other barite test substances.

The observed elemental composition of the Hematite and Ilmenite, showed that the test substances
were representative with regard to previously reported composition of hematite and ilmenite. The
composition of the three barite test substances varied within the same range as the metal
concentrations in ship-loads of barite imported during the period 1994-2001. Thus the Barite Zelmou
test substance was representative for ship-loads with alow content of metal impurities, whereas the
Barite Safi was representative for ship-loads with higher content of metal impurities.

Two different species, the polychaete Nereis diversicolor and the gastropode Hinia (Nassarius)
reticulata were exposed in seawater aquariawith alayer of sediment spiked with the test substance.
After four weeks, metal concentrations in sediment and depurated biological samples were determined
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after standard nitric acid digestion (NS4770). Analyses of aluminium (Al) and litium (Li) indicated
little bias from sediment contamination of the biological samples.

Ratios cal culated between concentration in organisms exposed to spiked sediments and concentration
in organisms exposed to non-spiked, control sediments, were used as indicators on bioaccumluation.
Statistical analyses (ANOVA, Tukey HSD, o=0,05 or Mann Whitney U-test) were applied to identify
bioaccumulation ratios significantly larger than 1,0, i.e. the concentration in exposed animals were
significantly higher than concentration in control groups.

Most of the 96 bioaccumulation ratios determined for the 10 metals (Fe, Ba, Ti, Hg, Cd, Cr, Cu, Ni, Pb
and Zn) varied between 0,8 and 1,2. 29 ratios 1,24 were concidered to yield evidence for
bioaccumul ation.

Fifteen ratios ranging 1,26-259 showed significant bioaccumulation of titanium from Ilmenite, barium
from all barite test substances, lead from Barite Zelmou/Safi and Barite Safi and mercury and copper
from Barite Zelmou/Safi.

Six ratios ranging 1,26-1,78 were consistent with regard to metal enrichment in test substances and
test sediments and bioaccumulation in both polychaetes and gastropods. These gave evidence for
bioaccumulation of iron from Hematite, chromium from IImenite and cadmium from Barite
Zelmou/Safi.

Seven ratios yielded weaker evidence based on a bioaccumulation ratio 1,24 in one of the test
organisms in combination with metal enrichment in the test substance. Such weaker evidence for
bi oaccumulation was found for iron, copper and nickel from lImenite, barium and chromium from
Hematite and cadmium and mercury from Barite Safi.

Oneratio of 1,24 had no supporting evidence and did not contribute to the ranking of the test
substances.

No evidence was found for bioaccumulation of zinc from any of the test substances.

In ranking the least harmfull weight substance, less weight was put on high bioaccumulation of low-
toxic components such as Fe, Ti and Ba, than low bioaccumulation of the more toxic heavy metals
(Hg, Cd, Pb, Cu, Cr and Ni). Organisms exposed to Hematite and Barite Zelmou yielded less evidence
for bioaccumulation of the latter group of metals than organisms exposed to [Imenite. On the other
hand, organisms exposed to Barite Safi and Barite Zelmou/Safi yielded more evidence for

bi oaccumul ation than those exposed to [Imenite. Because of some evidence for bioaccumulation of
chromium from Hematite, Barite Zelmou was concidered dightly better than Hematite. If “<” means
“dlightly lessthan” and “<<" means “clearly lessthan”, the rank in order of the least harmfull weight
material was.

Barite Zelmou < Hematite << lImenite << Barite Safi < Barite Zelmou/Safi.

Even though major mineral components such as Ba, Fe or Ti or impurities such as Pb, Hg, Cd, Cu, Cr
and Ni may be taken up in sediment dwelling animals, harmfull effects on marine, benthic
communities are difficult to distinguish from effects provoked by other mud components. Mesoscosm
experiments on soft bottom communities as well recent toxicity tests of off-shore sediment samples
both conclude that organic phases are the most significant cause of adverse effectsin areas
contaminated with drilling muds. One study has related inhibited enzyme activity in turbot to uptake
of lead after exposure to barite with high concentrations of lead, but evidence of adverse effects from
metalsin drill cuttingsis scarcely found in the scientific litterature.
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1. Introduction

Thedrilling of wellsin offshore oil and gas exploration generate significant quantities of wastes. This
waste is made up of drilling fluids (muds) and the cuttings generated during drilling (Holdway 2002).
There are three mgjor types of drilling muds: water-based (WBM) where the fluid phase is water, oil-
based (OBM) where the fluid phase may be diesel or low aromatic mineral oils, and synthetic-based
(SBM) where mineral oil has been substituted with another organic phase such as an ester (Burke &
Veil 1995). More recently, the term Organic Phase Drilling Fluid (OPF) has been introduced to apply
to al chemicals based on an organic phase.

Common to all of these typesis the presence of aweight material which is primarily present to provide
sufficiently high density to stabilise the bore hole. Until now, barite (BaSO,) has been amost
exclusively used as weight material. The solubility of BaSO, is very low and because of the high
concentrations of SO, in marine environments, concentrations of dissolved barium ions will be
extremely low. The environmental concern has therefore been directed towards the toxicity of other
heavy metals, primarily Hg and Pb, present as impurities in the barite. Recent initiatives have been
taken within the oil industry to promote the use of alternative weight materials such asilmenite (an
oxide of iron and titanium) or hematite (an oxide of iron). In order to claim one materia asless
harmfull to the environment than another, several issues needs to be adressed:

the concentration of the metals present in the weight material,
the general toxicity of the metals present,

their bioavailability and

their effects on marine organisms.

pOODPE

The objectives of the present investigation was to bring forward state of the art with respect to known
effects on marine organisms of heavy metals from drilling muds and to perform a comparative study
on the bioaccumul ation of metals from sediments spiked with barite, ilmenite and hematite.
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2. Biological effects of metalsfrom drill cuttings

2.1 Effectson marine benthic communities

Discharges of contaminated drill cuttings have caused appreciable change of the benthos adjacent to
many oil and gas platformsin the North Sea (Davies 1984, Gray et a. 1990, Kingston 1992, Olsgard
& Gray 1995, Grant & Briggs 2002). In the worst affected areas, the faunais of low diversity and
dominated by opportunistic species. Further away from the platform, faunal diversity may be similar
to that of the surrounding area, but with a detectable difference in species composition. At some sites,
these changes in faunal composition are detectable as far out as 6000 m from the platform (Olsgard &
Gray 1995).

Over the last years data on benthic communities around platforms where only water-based or synthetic
drilling-muds have been used have become available. Preliminary results clearly indicate that the
effects on the benthic fauna are less pronounced than those observed where oil-based drilling-muds
were used (Jensen et al. 1999). Adverse effects on diversity of benthic communities could be shown at
distances of 250 m from the platforms, in afew cases also at a distance of 500 m from the platforms.
Increased abundance of afew tolerant species of benthic fauna could in afew cases be shown at
distances of 1000 m. The results show that adverse effects were limited to an area of maximum 3 km?
around each platform, compared to a maximum of 100 km? where oil-based drilling-muds were used.

Many platforms have large piles of cuttings lying beneath them. Thereis, however, alack of
consensus on which aspects of drill cuttings are responsible for the adverse ecologica effects. One
major area of potential impact of drill cuttingsis from metals, which are associated with the drilling
muds (Holdway 2002). Olsgard & Gray (1995) investigated effects on benthic communities from 14
oil and gas fields where oil-based drilling muds had been used. Correlation analyses between fauna
and environmental variables indicated that the effects were mainly related to sediment content of total
hydrocarbons, strontium and barium, but also to metals like zinc, copper, cadmium and lead. They
concluded that the effects on the fauna were probably related mainly to oil, but also to barite and the
heavy metal impuritiesit contains, which are discharged in the drill-cuttings. The metal content for
zinc (Zn) and lead (Pb) in the sedimentsin several of the areas investigated in Olsgard & Gray (1995)
were above the Apparent effects threshol ds val ues given by Chapman (1992). The Apparent effects
thresholds values are chemical concentrations that are observed or predicted to be associated with
biological effects. This means that pollution effects related to metal content of these sediments cannot
be excluded. However, possible effects of heavy metals on benthic communities are related to
bioavailability of the metals, and the sediment metal concentration alone do not indicate that adverse
effects are present. Whether the metals in these sediments were biologically available or not is not
known.

Analyses of sediments showed that the barite spread sowly to greater distances over time also after
cessation of drill-cuttings discharges. Subsequent to cessation biodegradation of oil and reduced
concentrations of total hydrocarbons were observed in the outermost areas, but despite this there was
an extension of areas where the faunawas effected. This may indicate that barite and related
compounds, in addition to oil, also have an environmental impact (Olsgard & Gray 1995).

A number of experiments with organic phase drilling muds have been performed in benthic
mesocosms at NIV As experimental station at Solbergstrand outside Odlo, Norway. These studies have
frequently shown that drilling-muds which are different with respect to organic phase (e.g. mineral ail,
ether, ester or olefin), but similar with respect to weight material (always barite) produce different
effects with regard to sediment oxygen consumption, redox potentials and benthic diversities
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(Schaanning et al. 1996, Schaanning and Bakke, 1997). The effects observed in these experiments
were consistent with field data reported by Daan et a. (1996) and Jensen et al. (1999).

One experiment performed with two different cuttings types contaminated with the same organic
phase (olefins), but one with and the other without barite added, did not produce different deviations
from control sediments (Schaanning, 1995). These experiments showed clear effects of the organic
phase on the benthic ecosystem, but no evidence was found for any effects of barite.

Experimental work carried out by Tagatz and Tobia (1978), showed that the abundance of many
species of annelids and molluscs were affected by high doses of barite on sandy sediments, more
likely as aresult of altered physical properties of the substrate than toxic effects of the barite.
Similarly, Bakke et al. (1986) concluded from in situ recol onisation experiments that effects from
water based muds on species composition, but not on species diversity, most likely resulted from
physical factors such as atered grain size distribution. Hyland et a. (1994), concluded that significant
reductionsin abundances of hard-bottom species in the vicinity of an off-shore drilling operation, were
primarily related to physical effects of increased particle loading.

A toxicity test of sediments from drill-cuttings around the North West Hutton platform in the North
Sea concluded that hydrocarbons were the most significant cause of toxicity of the sediments
contaminated with oil based drill cuttings (Grant and Briggs 2002).

2.2 Sublethal effects

In contrast to studies on community composition, there has been limited research on the sublethal
effects of drilling mud components on marine benthic organisms. There are three main types of
sublethal effects: (i) effects of particles, (ii) effects of oxygen-consuming material and (iii) toxicity
from chemical componentsin the muds. The main focus here will be on the latter type of effects, i.e.
toxicity. There are some studies that indicate stress from particles (e.g. Hamilton et al. 1981) and also
sublethal effects of oxygen depletion (e.g. Hylland et al. 1996, Schaanning et al., 1996). Oxygen
depletion is probably the main mechanism for community changes and is well covered by such studies
and by the experimental studies referred to elsewhere in this report.

Bariteis an essential component of most drilling muds. Primarily barium sulfate, barite also generally
contains traces of other metals, e.g. lead (Pb) and copper (Cu). The degree of contamination by other
metal s depends on the source of the mineral. Barium itself is regarded as having low availability for
uptake by organisms and has been used e.g. as atracer for intestinal evacuation (Triadafilopoulos et al.
1998) and as X-ray contrast in implants (Isotalo et d. 1999). Barium is al'so known to interact with
potassium channels and have been used in many studies to investigate this mechanism (see e.g.
Colwell et a. 1992; Newman, 1989; van Driessche and Wolf, 1991). In addition, barium appears to
interact with calcium-sensitive processesin cells (Hamano et al. 1991). Although barium is generally
thought to have low toxicity, some studies do indicate that life-long exposure to barium may affect e.g.
mammalian cardiovascular systems (Kopp et al. 1985).

There are two main questions concerning benthic effects of barite in drilling muds:
(i) Are barium and the other metal s bioavailable to benthic invertebrates and fish?
(i) Do barium and/or the other metals present in barite affect invertebrates and/or fish?

Results addressing the first question for sediment-dwelling invertebrates can be found elsewherein
this report. The limited number of other relevant studies can also be found there.
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There exist alimited number of studies on the acute toxicity of drilling mudsin general and barite
specifically. Some studies indicate little effect (e.g. Carls and Rice, 1984; Clark and Patrick, 1987,
Smith et a. 1982), whereas other studies indicate possible sublethal effects on growth in scallops
(Cranford et al. 1999) and may cause morphological changesin gill cilia of bivalves (Barlow and
Kingston, 2001). In freshwater, there are reported effects of barium on calcification in an agae
(Prasad, 1984).

Some of the few available results on accumulation and effects of barite on fish derive from the feeding
study with turbot (Scopthalmus maximus) by Farestveit et al. 1994. In that study, juvenile turbot was
fed commercial fish feed spiked with either barite or ilmenite or barite + copper. The barite contained
5000 mgPhb/kg which was an order of magnitude higher than the highest annual mean concentration in
barites imported between 1994 and 2000 (see ch. 4.1, paragraph 1). The results from the chemical
analyses were very variable and there were presumably some analysis and sampling artefacts. The
results did however indicate that barium and lead accumulate in the liver and lead in blood following
exposure for 10 weeks. Hepatic copper was also found in elevated concentrations in the group exposed
to barite + copper. Turbot fed fish with ilmenite-spiked feed did not accumulate any of the metals
analysed for (except possibly iron).

Sublethal effects of barite hasto date been little investigated in fish. In the turbot study referred to
above (Farestveit et al. 1994; Hylland, 1993), hepatic metall othionein was used as a marker for
hypernormal metal accumulation in the liver. Metallothionein is a protein normally involved in zinc
and copper metabolism and the levels will change if the intracel lular metal* availability increases
(Hodson, 1988; Hogstrand and Haux, 1991). There was however little evidence of increase of
metallothionein in this feeding study. Copper is an essential element and levels are generaly highin
the liver of marine fish, so exposure must be high to cause accumulation and effects. A second
contaminating metal from some sources of barite, lead, will not affect metallothionein, but may inhibit
one of the enzymes of heme synthesis. The enzyme is 3-aminolevulinic acid dehydratase (ALA-D).
There appeared to be some inhibition of the enzyme in the treatments with barite, indicating uptake
and effects of lead in the turbot. There was also a clear negative relationship between blood |ead
concentration and ALA-D enzyme activity (Hylland, 1993).

Other studies have shown that inhibition of ALA-D in fish blood is a sensitive marker for
environmental lead exposure (Hodson, 1976; Hodson et al. 1977; Johansson-Sjobeck and Larsson,
1979; Krajnovic-Ozretic and Ozretic, 1980; Schmitt et al. 1984). In mammals and birds, this enzyme
islimiting for the synthesis of heme (and thus hemoglobin). Chronic lead exposure will therefore
cause anemia in birds and mammals. The enzyme does not appear to be rate limiting for heme
synthesisin fish, however, so even long-term lead exposure (and strong inhibition of ALA-D) does not
appear to affect hemoglobin levels (Haux et al. 1986).

The available studies indicate that exposure to high levels of barite, e.g. through feeding studies, may
lead to bioaccumulation of associated metals (e.g. lead) that cause effects. In addition, some studies
show effects of the barite or barium itself. In the studies concerning barite it is difficult to separate
stress from particulate material from stress derived from soluble components. Studies with barium do
indeed indicate that the divalent ion can affect biological systems, e.g. through interactions with ion
channels or calcium signalling, but the relevance to environmentally exposed marine organismsis not
clear.

! for metal's such as copper, zinc, cadmium, mercury, gold, silver

10
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2.3 The UKOOA Drill CuttingsInitiative

The United Kingdom Offshore Operators Association (UKOOA) has undertaken aresearch
programme to tackle the historical issue of drill cuttings, which have accumulated beneath installations
in the North Sea. The UKOOA Drill Cuttings Initiative was launched in June 1998 and completed in
December 2001. The goal of the Initiative was to identify the best environmental practice and the best
techniques available for dealing with these accumulations. The work was executed in two phases;
Phase | essentially being a programme of desktop studies and Phase |1 including recovery of cuttings
material for laboratory experiments plus some limited offshore field trials to provide data for
comparative assessment of different management options. Through the large number of studies
executed under the Initiative some information on metal contents of cuttings discharges and their
potential bioavailability and environmental effects have been produced. The focus of the initiative has
been on historical drill cuttings deposits on the sea floor, where the metals may originate from other
sources in addition to impurities in barite and other drilling mud weighting agents, primarily the rock
cuttings themselves (Li and Fe) and produced water (Hg, Zn and As). The results are still considered
relevant for the present assessment since the bulk of the metals in the cuttings deposits are believed to
come from the drill mud (UKOOA 2001).

2.3.1 Metalsin cuttings deposits

There are several sources to the metal content of drill cuttings depositsin the North Seain addition to
the drilling mud weighting material. One of the studies (Westerlund et a. 2001) focused on chemical
composition of existing cuttings deposit piles. Two medium sized piles were investigated, one
representing atypical situation from drilling with oil based fluids, the other from drilling with
synthetic fluids. The piles differed in horizontal and vertical distribution of heavy metals, which could
be expected due to different drilling histories, but the overall metal contamination pattern was similar.
Generally most metals of environmental concern were found at elevated concentrations compared to
background levels. Most concentrations were within class | or |l (insignificantly to moderately
contaminated) according to Norwegain quality criteriafor fjord and coastal sediments (Molvaa et d,
1997), except for Pb that had concentrations corresponding to class |11 (markedly polluted). There was
no apparent correlation between Pb and Ba, suggesting different kinetics of the two elements, and
presumably variation in Pb impurity of the sources of barite used over time. Hence, although drill
cuttings deposits of various origin contain elevated levels of several metass, the level s seem not to be
substantially high, and seem not to be easily linked to the content of barite alone (as expressed by the
content of Ba).

2.3.2 Metal bioavailability

From the literature surveys forming the main activity of Phase 1 of the UKOOA Initiative it was
concluded that “ Experimental evidence demonstrated low bioavailability of heavy metal elements
within a cuttings pile and very low levels of heavy metal leaching from a cuttings pile” (UKOOA
2001). Thiswas followed up by several studies during Phase Il of the Initiative. In one study
(Westerlund et al. 2001), sequential extraction of metals from the cuttings material was used to obtain
information on potential mobility during various geochemical processes, which again might suggest
differencesin bioavailahility of cuttings pile metalsif exposed to the water. For the metals of high
environmental concern (Hg, Pb and Cd) the largest fraction was bound in a state suggesting high
geochemical mohility, hence possibly high bioavailability. The results aso showed that for the
cuttings material with the highest total concentrations of these metals, less of the metals were in the
“labile” state.

In other studies under the UKOOA Initiative the mussel Mytilus edulis was found to accumulate Pb,
Zn, Cd and Hg from oil based cuttings in mesocosms (URS and TNO 2001). However, ageneraly
similar pattern was observed for a North Sea reference sample. The same trend was found for the
polychaete Nereis virens, whereas a dight accumulation of Pb from water based cuttings was found in

11
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the turbot Scopthal mus maximus (URS and TNO 2001). This suggests that no substantial
bioaccumulation of metals occurred from exposure to oil based cuttings versus reference sediment, but
the results were somewhat inconclusive since the reference sediment also contained relatively high
levels of metals aswell. Lack of bioaccumulation of metals from oil based drill cuttings was aso
found in 3 sediment living species (the lugworm Arenicola marina and the bivalves Macoma balthica
and Cerastoderma edule) in an earlier joint industry project (E& P Forum 1996).

2.3.3 Toxic effects

One way to separate toxic effects of drilling fluid metals from that of other drill mud components,
primarily hydrocarbons or syntheticsin base fluids, might be to study the toxicity of water based muds
and cuttings. Under the UKOOA Initiative one study (ERT 2001) focused on the toxicity of water
based cuttings sampled from existing North Sea piles, using the amhipod Corophium volutator and the
microal ga Scel etonema costatum as test organisms. The toxic responses in C. volutator were
consistent with what would be expected for material containing corresponding levels of hydrocarbons
as those found in the WBM samples tested (approximately 100 mg/kg dry weight). The results
therefore provided no evidence to indicate significant added influence of other components in the
cuttings (such as metals). The algal test applied a water elutriate of the test material, and the results
obtained indicated absence of significant quantities of soluble toxicantsin the water based cuttings
supplied. Also in another study under the Initiative (URS and TNO 2001) no toxic response to water
based cuttings was found neither to C. volutator and the sea urchin Echinocardium sp. (whole
cuttings) nor to the zooplankton copepod Acartia tonsa (elutriate of the cuttings). Lack of apparent
adverse effects of metalsin cuttings to marine organisms also conforms to most earlier findings (e.g.
Bakke et al. 1986; E& P Forum 1996).

12
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3. Experimental work

3.1 Objectives of the experimental work

Knowledge of the bioavailability of potential environmental contaminantsis relevant both with regard
to ecology and to human consumption of marine organisms. Such knowledge can not be obtained
merely by chemical analysis of contaminants in sediments and biota. Causes for this are, among other
factors, that different physico-chemical properties of different contaminants (e.g. lipophilicity and
recal citrance against biological degradation) in addition to properties of the sediment, such as particle
size and organic content, will affect the bioavailability. These factors a'so make it difficult to
extrapolate results from studies of specific compounds to other contaminants. It is therefore most
adequate to evaluate bioavailability by direct measures of bioaccumulation of specific compoundsin
bottom dwelling organisms. Such bioavailability studies have been conducted in several countries, in
most cases as atool 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 (Leeet al. 1991).

The objective of this experiment was to evaluate the bioavailability of selected elements? in sediments
spiked with hematite, ilmenite or one of three different types of barite (Figure 1).

3.2 Material and methods

3.2.1 Outline of method

The experiment was performed in the soft-bottom mesocosm laboratories at Marine Research Station
Solbergstrand using a standardised set-up for testing the bioavailability of environmental
contaminants in marine sediments (Hylland, 1996). The test is performed in 15 x 20 x 22 cm glass
aguariawith abottom layer of ca 1,5 sediment covered by a continuously flushed layer of seawater
supplied from 60 m depth in the Odlofjord nearby the mesocosm facility. Sediment-dwelling test
organisms are exposed for a period of 28 days (Lee et ., 1991) in replicate aguaria with non-spiked
control sediments and sediments spiked with the test substance. After the exposure period, test
organisms are removed from the sediment and depurated in sea water before analyses of contaminants.

The method is described in detail by Hylland,1996. The test system has earlier been applied in tests on
bioavailability of organic contaminants and/or metals in sediments from Florvagen (Bergen) (Knutzen
et a. 1995), Drammensfjorden (Skei and Andersen, 1996) and Kristiansandsfjorden (Oug et al. 2002),
in addition to tests on bioavailability of copper (Cu) from a net cleaning facility (Johnsen et a. 1996).

3.2.2 Control sediment

Sediment for the experimental work was collected in Rambergbukta, a bay located on Jelgyain the
outer Oslofjord. The location is previousy documented to have low background concentrations of
metals and organic pollutants (Johnsen et al. 1996, Oug et a. 2002). One batch of sediment collected
in May (Control 1) had an organic carbon content of 5,3 pg/mg dry sediment and 73 % of the particles
were smaller than 63 um. Metal concentrations are given in Table 1. The second batch collected at the

*Mercury (Hg), Lead (Pb), Cadmium (Cd), Chrome (Cr), Copper (Cu), Nickel (Ni), Zinc (Zn), Barium (Ba),
Titanium (Ti), Iron (Fe), Aluminium (Al) and Lithium (Li).
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same |ocation in October (Control 11) had a higher concentration of Hg, but with regard to all other
elements determined, the two batches of control sediments were very similar. The sediment was
homogenised using a cement mixer (used only for sediments) before initiation of the experiment.

3.2.3 Test substances

The five test substances Barite Zelmou, Barite Safi, Barite Zelmou/Safi, Hematite, and Ilmenite, were
supplied from Norbar Minerals AS. The test substances appeared as dry, powdered stone material,
presumably identical to the products used in various mud formulations.

Before initiation of the experiment, aliquots of the homogenised control sediment were spiked with the
varioustest substancesin a4:1 volume:weight ratio (litres of wet control sediment:kg of dry test
substance). The mixtures were homogenised using a mechanical stirrer (paint mixer used for sediment
mixing only). Approximately 0.5 L seawater was added to each of the mixturesto facilitate
homogenisation.

3.2.4 Organisms

The test organisms were collected on the same location and at the same times as the collection of
control sediments. Before use, the organisms were acclimated in the laboratory for about one week.

Two species were used in the experimental set-up, the ragworm, Nereis diversicolor (Polychaeta) and
the netted dog whelk, Hinia (Nassarius) reticulata (Gastropoda). The polychaete (Nereis diversicolor)
is common along the coasts of Europe, from the Meditteranean to Helgeland (Norway), and in the
Baltic Sea. It isfound primarily in shallow waters, where it can exist in dense populations. The netted
dog whelk is also found in shallow waters. This speciesis common from the Canary Islands and the
Azoresin the south, to Lofoten (Norway) in the north. Both the ragworm and the netted dog whelk
prefer sandy or muddy sediment and are tolerant to low salinities. Neither the polychaete nor the
gastropod live directly of the sediment. The polychaete is omnivorous (Goerke, 1971), but most likely
feeds on smaller organisms. The netted dog whelk is a scavenger and a predator, but can also utilise
organic matter in the sediment. The ragworm is one of the most studied marine invertebrate and has
also been used in other bioaccumulation studies (Fowler et al. 1978; Goerke, 1984). Sediment
dwelling organisms, such as Nereis and Hinia are important prey items to several bottom dwelling fish
species, and may therefore contribute to the transport of contaminants to higher levelsin the food
chain (Ruus, 2001).

Thereason for using two organisms is that species specific differences may exist, regarding
bicaccumulation of environmental contaminants. Polychaetes and molluscs represent two important
groups in marine ecosystems.

3.2.5 Experimental set-up

Two successive tests were performed following identical procedures and using the same equi pment,
mesocosm location and sea-water source. Control sediments and organisms were sampled at the same
field location afew days before the establishment of the respective test.

Thefirst test was performed during the period 27.05.02-24.06.02 and used a set-up of twelve glass
aquaria, i.e. three replicates of each of four treatments. non-spiked control sediment and control
sediment spiked with either Hematite, Barite Zelmou or [Imenite. The second test performed during
27.09.02-25.10.02 encountered nine aquaria with the same number of replicates of control sediments,
and control sediments spiked with Barite Zelmou/Safi or Barite Sfi.
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3.2.6 Sampling

After exposure for 28 days, the organisms were collected from the tanks. The polychaetes were held in
a beaker of seawater for 6 to 8 hours to empty all remnants of sediments from the intestines (Figure 3).
The soft parts of the gastropods were separated from their hard shell. The soft tissues were then
transferred to glass containers and stored at —20 °C before chemical analysis. All individuals of the
same species from each aquarium were pooled into one sample.

Figurel. From left: Control (unspiked) sediment and sediment spiked with ilmenite, hematite
and barite.

Figure 2. The experimental set-up involved atotal of 21 glassaquaria (threereplicates x five test
substances and two controls).

15



NIVA 4597-02

Figure 3. Ragworms, Nereis diversicolor (Polychaeta) held in beakers of seawater to empty the
intestine from sediment residues.

3.2.7 Chemical analysis

The chemical analyses were performed at NIVA’s laboratory. The test substances were analysed after
dissolution in aguaregia with hydrofluoric acid in microwave oven (Loring and Rantala, 1989). The
procedure is generally accepted to yield total concentration of metals, but even this treatment may be
inadequate for complete dissolution of some components (e.g. BaSO,).

Spiked sediments and biological samples were analysed after dissolution in HNO; at 120°C (NS4770).
With this method, strongly bound metals e.g. in lattice structures, may remain particle bound and
escape detection.

Analyses of mercury (Hg) and cadmium (Cd) in sediment extracts were performed using cold vapour
technique and graphite oven, respectively. All other meta's extracted from the test substances and

sediments were detected using |CP. The biological samples were determined using ICP-M S for all
metal s except Hg which was determined using the cold vapour technique.

4. Results and discussion

4.1 Test substances and spiked sediments

Element concentrations in test substances and spiked sediments are shown in Table 1.
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The representativity of the test substance is important for assessment of test results. Therefore, dataon
shiploads of barite imported during the period 1994-2001 was supplied from the contractor. These data
showed considerable variability, which probably results from different origin of the sample
(Leuterman et al. 1997). Asshown in Table 1, metal concentrations in the Barite Zelmou/Safi was
fairly smilar to the weighted annual mean concentration in ship-loads of barite imported to Norway
during 2001 (Norbar Minerals, analytical reports 01.02.02). Concentrations in Barite Safi were
frequently higher and concentrations in Barite Zelmou was frequently lower, than the weighted
average of barite imported during 2001.

Table 1. Litterature data and observed concentrations (mg/kg) in test substances and spiked
sediments (note different digestion techniques based on either nitric or hydrofluoric acid)
compared with national criteria (insignificantly, moderately or markedly polluted) for coastal
and fjord sediments (Molveer et al., 1997). Criteriaare not defined for Al, Li, Fe, Ti and Ba.
Observed concentrations ar e also shown as % of the concentration expected from the mixing
ratio between control sediment and test substance. Grey shading suggest sampleswith low yield
of the HNO; extr action.

Al Li Fe Ti Ba Zn Hg Cd Pb Cu Cr Ni  As

Norwegian classification criteria for coastal and fjord sediments
Class | "Insignificantly polluted" <150 <0,15 <025 <30 <35 <70 <30 20
Class || "Moderately polluted" 150- 0,15 0,251 30- 35- 70-300 130-

700 0,6 120 150 600
Class 111 "Markedly polluted" 06-3 15 120- 300-

600 1500

Test substances (litterature data) (digested with HNOs)
Barite, mean conc. in shiploads imported 20013 429 0,307 0,7 545 766 131 1,2
[Imenite* 830 - 3400 - - 5,0 3,2 1,9 14
Hematite® 1800 - 51000 53

Test substances (digested with HF)

Barite Zelmou 1370 2 24800 286 9700 35 013 0,06 10 74 19 3 2
Barite Zel./Safi 2330 2 26500 na 92200 197 037 0,77 130 100 18 4 na
Barite Safi 3480 4 8680 na 8950 182 181 108 230 918 14 3 na
[Imenite 3570 2 345000 252000 1500 100 0,005 0,03 8 375 469 147 <2
Hematite 5660 2 221000 904 5970 10 0,009 0,03 10 11 156 10 <2

Control and spiked sediments (digested with HNO,)
BariteZelmou 7200 11 12800 616 7320 34 0083 006 84 172 166 12
Barite Zel./Safi 6540 10 12300 na 7780 62,6 01 015 395 237 164 116

Barite Safi 7080 10,5 11700 na 7030 579 04 019 462 212 172 122
[Imenite 7590 11 14600 980 269 33 002 0049 62 108 214 183
Hematite 7520 11 18000 632 890 33 0018 0046 67 89 333 139
Control | 8620 13 14100 707 566 36,7 0019 0,05 7 892 174 145
Control 11 7920 12 13400 na 565 383 01 004 98 914 171 137

Observed/predicted
BariteZelmou 100% 102% 79% 108% 369% 94% 201% 115% 111% 78% 94% 98%

Barite Zel./Safi 96% 100% 77 % - 412% 89% 65% 81% 117% 87% 95% 99%
Barite Safi 101% 101% 94% - 383% 86% 90% 77% 86% 83% 104% 106 %
[Imenite 100% 102% 18% 2% T78% 67% 123% 107% 86% 74% 20% 45%
Hematite 94% 102% 32% 85% 72% 105% 106% 100% 88% 96% 74% 102%

® Norbar Minerals, analytical report 01.02.02.
4 West Lab Services, analytical report, 03.08.01.
> West Lab Services, sample no. 2001-02726-1.
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The composition of the ilmenite test substance was very similar to that of a“...typical sample of
Tellnesilmenite concentrate” cited in several papers (Fjogstad et a. 2000, 2002 and Saasen et d.
2001). Previous analyses performed using HNO; digestion (Table 1) showed much lower
concentrations of Al, Fe, Zn, Cu, Cr and Ni, but similar concentrations of Hg, Cd and Pb. This
difference might of course result from occassional variations between samples from different ores, but
ismore likely to result from different digestion methods. Fractions insoluble in nitric acid may
contribute to higher concentrations in the same material analysed after digestion in hydrofluoric acid.

Similarly, a previously reported sample of hematite analysed with HNO; digestion (NS4770), showed
lower concentrations of Al, Fe, and Cr than those obtained with the total extraction procedure (Table
1), but similar concentrations of Zn, Hg, Cd, Pb, Cu and Ni. It appears that the major fractions of Al,
Fe, Zn, Cu, Cr and Ni in IImenite and Al, Fe and Cr in Hematite are strongly bound to mineral
particles and not available for HNO; digestion in accordance with NS4770.

The analyses shown in Table 1 yield a second indication on the presence of fractionsinsolublein nitric
acid. From the 4:1 mixing ratio between control sediment and test substance, the predicted
concentration in the spiked sediment was calculated from the concentrations observed in the test
substances (using HF) and non-spiked control sediments (using HNOs). Thelast 5rowsin Table 1
show the observed concentration in % of the predicted concentration. Deviations from 100% reveal
any errorsin dilution, mixing, sampling and analyses, but low yields most likely result from

incompl ete dissolution of mineral fractionsin the HNO; extraction. Thus, low yields indicated the
preﬂence(sof significant insoluble (in HNQOs) fractions of Fe in hematite and Fe, Ti, Cr and Ni in
ilmenite.

The results from the HNO; extractions performed on different samples at West Lab and NIVA were
consistent with regard to the presence of strongly bound fractions of Fe, Zn, Cu, Cr and Ni in ilmenite
and Fe and Cr in hematite. Titanium was not analysed by West-lab, but low yields (Table 1) of this
element in HNO; applied to all test substances and ilmenite in particular.

Compared to national environmental criteriafor coastal and fjord sediments (Molvar et a. 1997), the
datagivenin Table 1 shows that hematite was moderately polluted with chromium. [Imenite was
moderately polluted with copper and nickel and markedly polluted with chromium. The Barite Zelmou
was moderately polluted with Cu, whereas the Barite Safi was moderately polluted with Cu and Zn
and markedly polluted with Hg, Cd and Ph. In the sediments spiked with Barite Safi only Pb and Hg
exceeded the upper limit of class|.

4.2 Bioaccumulation

Metal concentrations and standard deviations for the organisms living in the different sediments are
shown in Appendix A. Figure 6 and Figure 7. BioAccumulation Ratios (BAR) (Table 3,Figure 4 and
Figure 5) were calculated as the ratio between concentration (C) of the actual metals (Me) in
organisms from spiked sediments (SS) and the corresponding concentration in animals from control
sediments. For example, the bioaccumulation ratio for metal Me in polychaetes exposed to lImeniteis.

BA RM e,ilmenite, polychaete = CM e,polychaete, iImenite/ CM e, polychaete, control -

® Positive deviations for barium in al| barite types and mercury in Barite Zelmou have no obvious explanation,
but may result from sample inhomogeneites or anaytical errors. Barium is known to be incompletely detected
even in the agua regia with HF extraction and the presence of sulphate in sea water mediais a very strong ligand
for barium precipitation.
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Both concentrations were mean values of the three replicate aquaria. Ratios >1,0 indicate

bi oaccumulation. For comparison, Table 3 also show Sediment Enrichment Ratios (SER) calculated as
the ratio between metal concentrations (Cyesed.) in Spiked sediments and metal concentrationsin
control sediments. For example, the sediment enrichment ratio for metal Me in sediments spiked with
[Imeniteis:

SERM e = CM e,sed,ilmenite/ CM e,sed,control

Statistical analyses (ANOVA, Tukey HSD, 0=0.05) were performed to identify significant differences
between metalsin organisms exposed to spiked sediments and organisms exposed to control
sediments. Where heterogeneity in variance between groups was high, the Mann Whitney U-test was
applied. Since the study was performed as two successive tests, the statistical analyses were done
separately for Hematite, limenite, Barite Zelmou vs Control | and Barite Safi, Barite Zelmou/Safi vs
Control 11. Biaccumulation ratios significantly>1,0 (p<0,05) are highlighted in Table 3.

4.2.1 Al and Li - indications on depuration

Complete depuration of metals from body surface and intestine of experimental animalsis often
difficult to obtain, but nevertheless important to avoid erroneous results in bioaccumulation tests. If a
small clot of sediment is present in the biological sample, the concentration of elements with high
concentration in the sediment may provide overestimated BAR-values and fal se evidence on
bioaccumul ation.

Metals with particularly high concentrations in sediments as compared to biological tissues are best
suited for identifying sediment contamination. Similar concentration in all test sediments is another
criterium making an element suitable for identification of sediment contamination. Of the metals
analysed in this study, Al and Li met fairly well with both criteria. Both elements were fairly even
distributed in test substances and test sediments (Table 1), and as shown in Table 2, Al had the highest
sediment:organism ratio for both polychaetes (253) and gastropods (65). Also Li had relatively high
sediment:organism ratios.

Table 2. Ratios between concentrations measur ed in sediment (mean of all samples) (dry wght.)
and concentrationsin organisms (mean of allsamples) (wet wght.).
Sediment:Polychaete  Sediment:Gastropode
concentration ratio concentration ratio

Al 253 65
Ti 152 27
Pb 145 53
Fe 125 42
Li 74 50
Cr 52 40
Ni 42 11
Ba 27 18
Hg 12 4

Cu 7 0,5
Cd 6 0,1
Zn 2 0,4
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Table 3. Metal enrichment ratios (SER and BAR, seetext) after exposure in sediments spiked
with hematite, ilmenite and threetypes of barite. Shading shows BARs significantly >1,00
(p<0,05). Numbersin parenthesis showsthe ratio calculated without correction for one
polychaete sample contaminated with sediment.

Element Sample B.Zelmou B.Zelmou/Safi  B. Sdfi Hematite [Imenite
Al sediment SER 0,84 0,83 0,89 0,87 0,88
“ polychaete BAR 1,33 0,83 1,99 (2,58) 0,62 154
“ gastropod BAR 0,75 1,23 1,11 0,67 0,93
Li sediment SER 0,85 0,83 0,88 0,85 0,85
“ polychaete BAR 0,89 0,92 1,04 (1,28) 0,78 0,89
! gastropod BAR 0,84 1,11 1,06 0,70 0,87
Fe sediment SER 0,91 0,92 0,87 1,28 1,04
“ polychaete BAR 1,14 1,03 1,40 (1,76) 1,39 1,46
! gastropod BAR 0,83 1,17 1,09 1,30 1,05
Ti sediment SER 0,87 na na 0,89 1,39
“ polychaete BAR 1,19 na na 0,78 5,66
“ gastropod BAR 1,15 na na 0,94 2,16
Ba sediment SER 129 137 124 15,7 4,75
“ polychaete BAR 66 102 259 (342) 0,76 0,95
! gastropod BAR 75 33 25 1,47 0,78
Zn sediment SER 0,93 1,63 151 0,90 0,90
“ polychaete BAR 0,93 1,04 1,00 (1,18) 1,06 1,12
! gastropod BAR 0,75 1,07 0,90 0,97 0,88
Hg sediment SER 4,37 1,68# 6,72# 0,95 1,05
“ polychaete BAR 0,90 1,26 1,25 (1,53) 0,83 0,87
! gastropod BAR 0,89 1,41 1,04 1,23 0,89
Cd sediment SER 1,20 3,75 4,75 0,92 0,98
“ polychaete BAR 0,93 1,61 1,27 (1,61) 0,93 0,98
! gastropod BAR 0,68 1,78 1,09 0,86 0,59
Pb sediment SER 1,20 4,03 4,71 0,96 0,89
“ polychaete BAR 1,11 2,46 5,06 (6,73) 0,81 1,16
“ gastropod BAR 0,86 2,52 2,79 0,73 0,82
Cu sediment SER 1,93 2,59 2,32 1,00 1,21
“ polychaete BAR 1,15 1,04 1,16 (1,39) 0,88 0,98
! gastropod BAR 0,73 1,49 0,67 1,23 1,24
Cr sediment SER 0,95 0,96 1,01 191 1,23
“ polychaete BAR 1,04 1,08 1,13 (1,42) 0,99 1,26
! gastropod BAR 0,88 0,77 0,65 1,36 1,40
Ni sediment SER 0,83 0,85 0,89 0,96 1,26
“ polychaete BAR 1,05 0,93 1,03 (1,25) 0,95 1,29
! gastropod BAR 0,83 1,00 0,96 0,66 0,69

#calculated against mean sediment concentration for control | and Il
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Figure 4. Metal enrichment ratios (SER and BAR for Al, Li, Ba, Fe, Ti and Zn) in organisms
after 28 days exposure in control sedimentsor sediments spiked with test substances. Note
logarithmic scale.

All test substances gave sediment enrichment ratios for Al and Li between 0,83 and 0,89 (Table 3,
Figure 4) whereas the bioaccumulation ratios varied between 0,62 and 2,58 for Al and 0,70 and 1,28
for Li. The highest ratios for both elements were found in the polychaetes from the Barite Sfi
treatments. As shown in Appendix A. Table 6 the concentration of Al in the second replicate was 102
HUgAl/g as compared to 47 and 49 ugAl/g in the other two samples and a grand mean of 30+24 ugAl/g
(+ one standard deviation) for all polychaete samples. The lack of supporting evidence from analyses
of gastropodes, sediments or test substance suggested that the high concentration of Al and Li in
polychaetes from the Barite Safi aguaria was a result of incomplete depuration in one of the samples
rather than bioaccumulation of Al. The contaminated sample contained in average 79,8% more Al and
Li than the two other replicates. The meta concentrations in this sample was therefore corrected by
dividing with 1,798 for calculation of bioaccumulation ratios and statistical analyses. Uncorrected data
are shown in Appendix A. Table 6 and in the parentheses in the column for Barite Safi in Table 3.

The fact that this sample was the only one producing severely elevated BARs of both Al and Li
indicated that depuration had been complete in most of the other samples.
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Figure5. Metal enrichment ratios (SER and BAR for Hg, Cd, Pb, Cu, Cr and Ni) in organisms
after 28 days exposure in control sedimentsor sediments spiked with test substances.

422 Fe

In spite of the high concentration of Fe in the [Imenite and Hematite test substances, Fe did only show
up as a consistent enrichment in the Hematite sediments (SER = 1,28) and organisms (BAR = 1,30 and
1,40). The insolubility of these Fe-mineralsin nitric acid was discussed in the previous chapter, and it
appears likely that total dissolution in hydrofluoric acid would have revealed more strongly elevated
Fe-ratiosin sediments aswell asin biological samples from the Hematite and IImenite samples.

4.2.37Zn

The elevated SER ratios of 1,63 and 1,51 for Zn in sediment samples from Barite Zelmou/Safi and
Barite Safi was consistent with the concentrations in the test substances, but none of the biological
samples exceeded a BAR ratio of 1,18.
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4.2.4 Ba

Not only the Barites, but also the IImenite and Hematite test substances were enriched with Barelative
to control sediments (Table 1) and all test substances yielded high sediment enrichment ratios (5-137)
(Table 3). The sediment enrichment ratios for the three Barite test substances were approximately one
order of magnitude higher than any other bioaccumulation ratio obtained in the present test, and only
the three Barite treatments gave elevated bioaccumulation ratios for Ba (Table 3). These ranged 25-75
in the gastropode samples and 66-259 in the polychaete samples. The bioaccumulation ratios were
significantly larger than 1,00 in al biological samples from the Barite treatments.

425Ti

Titanium is not an important e ement in barites, and this € ement was therefore omitted in the analyses
of Barite Safi and Barite Zelmou/Safi. In the Hematite and Barite Zelmou treatments, sediment
enrichment and bioaccumulation ratios ranged between 0,78 and 1,19. For [Imenite the SER was 1,4
(Table 3), and the BARs were 5,66 for the polychaetes and 2,16 for the gastropodes. Compared to the
high concentration in the test substance, these ratios were not as high as one might expect and it
should not be ruled out that both sediment and test organisms may have contained considerable
fractions of Ti not soluble in nitric acid. The BARs for Ti were significantly larger than 1,00 for both
test organisms exposed to [Imenite.

4.2.6 Hg

The concentrations of mercury were low in the [Imenite and Hematite substances and the sediment
enrichment and bioaccumulation ratios ranged between 0,83 and 1,23. The Barite test substances,
however, were up to “markedly polluted” (Table 1) and the SERs ranged 1,68-6,72. Both BAR ratios
for the organisms exposed to Barite Zelmou/Safi were significantly >1,0 at the 95% significance level.

427 Cr

The Barite test substances contained little of this element and disregarding the sediment contaminated
polychaete sample, the sediment enrichment and bioaccumulation ratios were low (range 0,65-1,13).
The Hematite and IImenite test substances were moderately to markedly polluted with Cr, but as
shownin Table 1, alarge fraction of the Cr present in Iimenitein particular, appeared insolublein
nitric acid. Three of the four bioaccumulation ratios were dightly elevated (1,26-1,40) indicating some
bicaccumulation, but none of the ratios were significantly >1,0 at the 95% significance level.

4.2.8 Ni

The concentration of Ni was high (147 mg/kg) in the IImenite test substance as compared to 3-10
mg/kg in all other test substances (Table 1). Disregarding the sediment contaminated Barite Safi
polychaete sample, all SER and BAR ratios for hematite and barite treatments ranged between 0,66
and 1,05. For IImenite, the sediment enrichment ratio of 1,26 and polychaete biocaccumulation ratio of
1,29 was high compared to the other Ni-ratios, but not significantly >1,0 at the 95% significance level.
Neither did the gastropode ratio of 0,69 yield any supporting evidence for bioaccumulation of Ni.
Gastropodes are however, known to be able to regulate their contents of some metals, and the
possibility exists that the low Ni bioaccumulation ratio in the gastropodes exposed to lImenite was a
result of such processes.
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429 Cu

The test substances had rather variable concentrations of Cu. Hematite had the lowest content
followed by lImenite, Barite Zelmou, Barite Safi and Barite Zelmou/Safi. The sediment enrichment
ratios shown in Table 3 followed the same order, but the biocaccumulation ratios did not. Apart from
the Barite Safi polychaete samples, the polychaete BARs were consistently low ranging 0,88-1,15.
The gastropode bi oaccumul ations ratios varied more strongly from 0,67 in Barite Safi to 1,49
(significantly > 1,0) in Barite Zelmou/Safi. Gastropodes are however, known to be able to regulate the
bioaccumulation of copper and is not concidered a good indicator on this metal.

4.3 Evaluation of test results

4.3.1 Evidence for bioaccumulation

Theresultson Al and Li showed that the rinsing of sediment particles from guts and body extensions
had been acceptable to the extent that only one of the biological samples were clearly contaminated
with sediment. The evaluation is based on the corrected value (ref. ch. 4.2.1) for this sample.

Bioaccumulation ratios which were significantly larger than 1,0 (at p<0,05), were found for
e Tiinboth test species exposed to [Imenite,

Bain both test species exposed to all types of Barite,

Pb in both test species exposed to Barite Zelmou Safi and Barite Safi,

Hg in both test species exposed to Barite Zelmou/Safi, and

Cu in gastropodes exposed to Barite Zelmou/Safi.

Other evidence for bioaccumulation was found from consistence between elevated concentrationsin
test substances, € evated sediment enrichment ratios (SERS) and elevated bioaccumulation ratios
(BAR 1,24) for both polychaetes and gastropods. Such evidence for bioaccumulation was found for:
e Fefrom Hematite,

e Cd from Barite Zelmou/Safi and

e Crfrom lImenite.

Y et weaker evidence based on elevated concentrationsin test substances and elevated bioaccumulation
ratios (BAR 1,24) in either polychaetes or gastropods were found for

Fe in polychaetes exposed to [Imenite,

Bain gastropodes exposed to Hematite,

Cd and Hg in polychaetes exposed to Barite Sdfi,

Cu in gastropodes exposed to IImenite

Cr in gastropodes exposed to Hematite and

Ni in polychaetes exposed to [Imenite.

Table 4. Test substance classification (insignificantly, moderately or markedly polluted, after
Molvae et al., 1997) and observations of bioaccumulation ratios 1,24 in gastropodes (G) and
polychaetes (P). Classification criteria are not defined for Fe, Ti and Ba. Asterix (*) shows
significant bioaccumulation (p<0,05).

Fe Ti Ba Hg Cd Cr Cu Ni Pb Zn
Barite Zelmou P*G*
Hematite PG G G
IImenite P P*G* PG G P
Barite Sofi P P*G* P P P*G*
Barite Zelmou/Safi P*G* P*G* PG G*# P*G*

#Gastropodes may regulate bioaccumulation of copper.
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The various evidence for bioaccumulation found in the present study is summarised in Table 4 which
shows a P (polychaete) or a G (gastropode) for al observations of BAR 1,24. The boundary criterion
BAR 1,24 was chosen after carefull consideration of all ratios given in Table 3 and the concentrations
of metals observed in the test substances. Clearly theratio of 1,26 for Hg in polychaetes exposed to
Barite Zelmou/Safi should be included because it was significantly higher than 1,0 and consistent with
elevated SER and gastropode BAR. On the other hand two ratios of 1,23 (Hg and Cu in gastropodes
exposed to Hematite) were omitted because of the lack of support by other observations.

4.3.2 Rank of test substances

Ranking the least harmfull weight substance should not be done without concidering both the
magnitude of the bioaccumulation ratios and the toxicity of the metalsinvolved. Thus, high

bi oaccumulation of low-toxic components such asiron in Hematite, iron and titanium in [lmenite and
barium in Barite, may contribute lessto test substance toxicity than low bioaccumulation of the heavy
metals (Hg, Cd, Pb, Cu, Cr and Ni).

Weighting the evidence for bioaccumulation of iron, titanium and ilmenite

From test substance analyses using hydrofluoric acid for complete dissol ution, enrichment ratios for
iron in sediments spiked with Hematite and [lmenite and for titanium in sediments spiked with
[Imenite should not be very different from the ratios for barium in sediments spiked with barite. As
shown in ch.4.1 and Table 1, incomplete dissolution of Hematite and IImenite in the nitric acid used in
analyses of test sediments (and biological tissues) gave sediment enrichment ratios much lower than
calculated from test substance analyses for iron in sediments spiked with Hematite (observed 1,3 vs
calculated 4,7) or limenite (observed 1,0 vs calculated 6,9) and for titanium in sediments spiked with
IImenite (observed 1,4 vs calculated 89,9). Barite may be incompletely dissolved in either method and
observed sediment enrichment ratios of 124-137 were spurioudly high compared to the ratios between
40,4 and 43,6 calculated from the analyses of the test substances. Because of the obvious analytical
difficulties, care should be taken when evaluating the different magnitudes between the high

bi caccumulation ratios observed for barium in the barites and the lower ratios observed for e.g.
titanium in lImenite.

Uptake of dissolved ions are generally considered more harmfull than uptake via phagocytosis of
mineral particles. Solubility of barium and titanium is low in marine waters, but evidence has been
found for mobilisation of both barium (McManus et al., 1998) and titanium (Skrabal et a., 2002) in
pore waters of low-oxic carbon-enrihed marine sediments. Pore water concentrations and fluxes from
sediments to the overlying seawater were frequently 10-100x higher for barium (100-400 nM, 27-56
nmol cm?y™) than for titanium (4-80 nM, 0,1-3 nmol cm y™). Even though these fluxes are rather
low, the pore water pathway for uptake of Baand Ti should not be entirely disregarded.

Comparison of bioaccumulation ratios (BAR) and sediment enrichment ratios (SER) may yield some
further indications on uptake mechanisms. If BAR<SER, bioaccumulation may be fully explained by
non-selective uptake of sediment particles. If BAR>SER, selective uptake via dissolved ions or
phagocytosis of e.g. very small mineral particles appearsto be involved. Asshown in Table 3
bioaccumulation ratios for barium were frequently smaller than sediment enrichment ratios

Table5. BAR/SER ratiosfor Al- and Li-normalised barium concentrationsin barite treatments
and titanium concentrationsin limenite tr eatments (BARgaiy: AL iy SERBaTiy:AlL)-

Barite Ilmenite
BaAl BalLi Ti:Al Ti:Li
Polychaetes 0,56 0,92 2,68 3,48
Gastropodes 0,24 0,27 1,79 1,50
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(BAR<SER), whereas the opposite (BAR>SER) was found for titanium. Thisis shown more clearly in

Table 5, which shows BAR/SER ratios calculated from Al- and Ti-normalised concentrations of Bain
barium treatments and Ti in [Imenite treatments. The normalisation means that the concentration of
Ba (Cgy and Ti (Cr) in both sediments and organisms were replaced with the concentration ratios
(CedCai, CadCyi, CrilCay and Cri/Cy).

Thus, some evidence was found that titanium is taken up selectively, possibly via phagocytosis of
small mineral particles. Barium showed no indications on selective uptake. Furthermore, titanium may
be more strongly underestimated than barium due to low yields of nitric acid extractions. Eitherway
toxic effects of titanium or solid phase barium are not known.

Ranking the least harmfull weight materials
Ranking the least harmfull weight material was therefore based primarily on the evidence found for
bi oaccumulation of the more toxic heavy metals Hg, Cd, Cr, Cu, Ni, Pb and Zn.

Barite Zelmou showed no evidence for bioaccumulation of any other metal than barium. Hematite
yielded weak evidence for bioaccumulation of iron, barium and chromium. These two must be ranked
clearly before [Imenite which in addition to significant bioaccumulation of titanium, showed some
evidence for bioaccumulation of iron, chromium, copper and nickel. Because of the evidence for
bioaccumulation in Hematite this test substance may be ranked dlightly behind the Barite Zelmou.

The Barite Safi and the Barite Zelmou/Safi showed significant bioaccumulation of barium and
occasionally significant bioaccumulation of lead, mercury, cadmium and copper. Both must be ranked
behind lImenite. Even though the analyses of the test substances showed that Barite Safi had higher
concentrations of Hg and Cd than Barite Zelmou/Safi, the Barite Safi yielded less evidence on

bi oaccumulation and was therefore ranked before Barite Zelmou/Safi.
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5. Conclusion

Bioaccumulation ratios significantly larger than 1,0 were found for Bain all barite types and for Pb,
Hg and Cu in organisms exposed to sediments spiked with Barite Safi or Barite Zelmou/Séfi. In
addition, weaker evidence was found for bioaccumulation of Cd from the two latter barite types.

Bioaccumulation ratios significantly larger than 1,0 were also found for Ti in organisms exposed to
sediments spiked with lImenite and weaker evidence were found for bioaccumulation of Cr, Cu, Ni
and Fe from this test substance.

No significant evidence was found on bioaccumulation of metals from Hematite, but some weaker
evidence was found for bioaccumulation of Fe, Baand Cr.

Apart from the absence of any evidence for bioaccumulation of Zn, eevated bioaccumulation ratios
werein general consistent with elevated concentrations of metalsin the test substance.

Based on the present test results, Hematite and Barite Zelmou appears to be the least harmfull weight
substances. The difference between these two test products was small, but because of the absence of
any evidence for bioaccumulation of neither Hg, Cd, Cr, Cu, Ni, Pb or Zn, Barite Zelmou may be
ranked dightly before Hematite.

Significant evidence for biocaccumulation of more toxic metals like Pb and Hg ranked Barite Safi and
Barite Zelmou/Safi behind the other test substances. Barite Safi came out dlightly better than Barite
Zelmou/Safi, but the difference was small between these two products.

The evidence found for biocaccumulation of Pb, Hg and Cd from Barite Safi and Zelmou/Safi tend to
confirm previous findings from field and experimental studies. Bioaccumulation of Cu from barites
have not been found in previous works, and the present evidence on bioaccumulation in gastropodes
exposed to Barite Zelmou/Safi may have been biased from active regulation of copper in gastropodes.
Previoudly reported bioaccumulation of Zn was not confirmed in this study.

Even though major mineral components such as Ba, Fe or Ti or impurities such as Pb, Hg, Cd, Cu, Cr
and Ni may be taken up in sediment dwelling animals, harmfull effects on marine, benthic
communities are difficult to distinguish from effects provoked by other mud components. Mesoscosm
experiments on soft bottom communities as well recent toxicity tests of off-shore sediment samples
both conclude that organic phases are the most significant cause of adverse effectsin areas
contaminated with drilling muds. One study has related inhibited enzyme activity in turbot to uptake
of lead after exposure to barite with high concentrations of lead, but evidence of adverse effects from
metalsin drill cuttings is scarcely found in the scientific litterature.
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Appendix A. Analysesin organisms

Table 6. Metal analysesin or ganisms (ug/g wet wght.).

Organism  Treatment Al Ba Cd Cr Cu Fe Hg Li Ni Pbo Ti Zn

Gastropode Barite Safi 161 489 1,690 056 26,5 303 0,022 0,27 0,488 0,553 na 123,0
Gastropode Barite Safi 91 256 0541 041 144 225 0,015 0,15 0499 0,420 na 89,6
Gastropode Barite Safi 198 661 0,346 0,75 124 369 0,016 0,28 0,666 1,080 na 42,7
Gastropode B. Zelmou 100 216 0,285 0,32 19,0 293 0,027 0,24 2,240 0,219 33,9 69,0
Gastropode B. Zelmou 89 280 0490 0,28 17,9 300 0,028 0,22 1,150 0,211 21,0 79,7
Gastropode B. Zelmou 51 131 1,270 0,16 29,5 229 0,043 0,18 0,790 0,179 14,9 143,0

Gastropode B. Zelmou/Safi 167 663 0,708 0,72 34,1 272 0,022 0,25 0,780 0,555 na 68,7
Gastropode B. Zelmou/Safi 212 804 2,570 0,79 56,0 446 0,029 0,29 0,514 0,899 na 161,0
Gastropode B. Zelmou/Safi 120 407 0,949 054 28,0 252 0,021 0,19 0,425 0,401 na 72,6

Gastropode Contral | 111 2,21 1,690 040 49,0 377 0,047 0,26 1,170 0,268 17,0 167,0
Gastropode Control | 90 4,850,834 0,15 30,3 282 0,034 0,23 2,130 0,205 21,5 152,0
Gastropode Control | 119 1,25 0473 0,31 11,1 336 0,029 0,27 1,760 0,239 22,1 68,2
Gastropode Control 1 71 2340685 093 257 2360018 0,17 0,260 0,294 na 77,8
Gastropode Control |1 140 21 1,150 0,82 27,0 265 0,019 0,20 0,839 0,199 na 116,0
Gastropode Control 1 196 10,8 0,534 091 26,5 3250,014 0,29 0,616 0,243 na 89,5
Gastropode Hematite 73 3,48 0,879 041 54,2 429 0,048 0,18 1,140 0,198 22,2 163,0
Gastropode Hematite 55 319 0,807 0,31 186 335 0,039 0,14 0,677 0,243 18,1 1140
Gastropode Hematite 87 554 0877 045 381 525 0,048 0,21 1,500 0,180 16,8 97,5
Gastropode llmenite 88 1,77 0,616 0,34 422 318 0,030 0,21 1,200 0,189 42,6 81,3
Gastropode |Imenite 91 196 0,393 0,37 251 349 0,034 0,21 1,340 0,194 445 819
Gastropode |Imenite 117 2,72 0,748 0,49 445 381 0,034 0,24 0,949 0,204 46,3 176,0
Polychaete Barite Safi 47 342 0011 053 34 1250008 0,14 0,236 0,231 ha 22,0
Polychaete Barite Sfi 102 864 0,024 0,72 31 201 0,012 0,21 0,317 0,629 na 20,0
Polychaete Barite Safi 48 370 0,015 0,35 22 109 0,009 0,15 0,239 0,264 na 150
Polychaete B. Zelmou 15 70,5 0012 028 21 79 0,010 0,14 0,415 0,080 16 181
Polychaete B. Zelmou 19 86,7 0012 028 21 850,009 0,15 0,385 0,064 19 131
Polychaete B. Zelmou 51 329 0,013 045 21 154 0,008 0,19 0,376 0,092 45 164

Polychaete B. Zelmou/Safi 18 149 0,015 054 21 700,008 0,12 0,178 0,114 na 138
Polychaete B. Zelmou/Safi 22 161 0020 035 22 860008 012 0,192 0,164 na 195
Polychaete B. Zelmou/Safi 24 161 0,015 033 23 98 0,008 0,12 0,217 0,132 na 17,1

Polychaete Control | 26 3,06 0013 028 14 920,007 017 0,343 0,069 2,7 16,3
Polychaete Control | 20 2,650,011 042 20 880,012 0,23 0495 0,066 21 16,6
Polychaete Control | 17 158 0,016 0,27 21 99 0,011 0,14 0,277 0,078 1,9 185
Polychaete Contral |1 5 166 0,006 038 23 49 0,005 0,13 0,173 0,038 na 14,0
Polychaete Control |1 41 0,72 0,010 040 21 104 0,007 0,13 0,215 0,058 na 17,7
Polychaete Control 11 31 2220015 035 19 940,007 0,13 0,245 0,071 na 16,6
Polychaete Hematite 12 2,88 0,013 0,33 15 123 0,007 0,13 0,410 0,083 1,6 20,5
Polychaete Hematite 50,485 0,012 024 15 820,009 014 0334 0,039 09 178
Polychaete Hematite 22 2150012 039 1,7 182 0,009 0,15 0,318 0,051 2,7 16,0
Polychaete IImenite 8 0,279 0,011 028 15 780,007 013 0,431 0,042 42 16,2
Polychaete IImenite 77 6,05 0012 062 18 241 0,008 0,22 0,615 0,246 27,2 17,7
Polychaete IImenite 14 0,577 0,016 0,32 21 87 0,011 0,13 0,397 0,058 6,5 235
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Figure 6. Mean concentration of metals (Hg, Cd, Pb, Cu, Cr and Ni) in organisms after 28 days
exposurein control sedimentsor sediments spiked with test substances. Error bars= 1 standard

deviation.
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Figure 7. Concentration of metals (Al, Li, Ba, Fe, Ti and Zn) in organisms after 28 days
exposurein control sedimentsor sediments spiked with test substances. Error bars= 1 standard

deviation.
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