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Abstract

An ancient realgar mine is responsible for the contamination of a riverine system in central Corsica. Nearby the
mine, high As and Sb concentrations are found (up to 2-3 Thaahd 2—-3ug |1 respectively). A significant
increase of the As and Sb concentrations in water is found in the water of the mixing zone of river and sea (Bravona
estuary; chlorinity 7000-7800). In the same area, a decrease of As and Sb concentrations in sediments is observed.
Fe and Mn exhibit the same behaviour. The possible involvement of redox processes is discussed. However, owing
to insufficient reducing capacity and insignificant variation of redox potential values along the various estuarine
sites (from 320 down to 280 mV), this scenario is rather doubtful. Desorption from FeOOH patrticles is the most
likely process in the Bravona estuary. The impact of these contaminated waters on the marine environment is
discussed. Owing to decrease by dilution, as well as the reduced water flow of the estuary, the net supply of As
and Sb to the Tyrrhenian Sea is approximately 5 and 1.5 tigr As and Sb respectively. The possible harmful
influence of the Bravona river should be of local concern only, and the emphasis of this study is, therefore, on a
better knowledge ah situ processes.

Introduction Mori et al. (1999) studied the bioaccumulation of As
and Sb and its effects on freshwater macroinvertebrate
Mining activities are responsible for high concen- populations.
trations of heavy metals in natural waters (Johnson In certain cases, processes of metal remobiliza-
& Thornton, 1987; Duzzin et al. 1988; Mok & tion from sediment to the overlying water may occur,
Wai, 1990; Caboi et al., 1993; Migon et al., 1995), which may increase the significance of the pollutant
which can cause severe environmental harm. Many threat. Such a behaviour can be due to (i) the formation
studies have been undertaken in order to determineof soluble chloro-metal complexes (e.g., cadmium;
the toxicity, the chemical speciation (and thus the Elbaz-Poulichet et al., 1987); (ii) regeneration or re-
bioavailability) and the possible removal mechanisms cycling from degrading organic matter (Church, 1986;
of heavy metals in freshwaters. In estuaries, which Windom et al., 1988); (iii) ionic exchange during
have specific physical and chemical characteristics, the transfer from freshwater to saltwater; (iv) redu-
various metal transfers occur between dissolved and cing conditions, which may favour the dissolution of
particulate phases, as well as uptake by phytoplanktonreduced forms and the release of free ionic species.
(Windom et al., 1988; Dorten et al., 1991; Gadd, 1991; Among potentially harmful elements, As and Sb are
Martin et al., 1993; Migon, 1993). Many authors have known to be highly toxic. A realgar (AsSs) de-
discussed the impact of metals on natural ecosystems:posit was found in central Corsica, close to the village
e.g., Burrows & Whitton (1983) have observed that of Matra, between 1880 and 1890. In 1913, the ore
high concentrations of Cd, Pb and Zn in water and sed- production reached its highest value, more than 4000
iment generally lead to high metal concentrations in tonnes per year. After a production of 30,000 tonnes
animals; Romeo (1991) reviewed physiological sub- of ore at 30% of As, the mine was abandoned in 1945.
lethal effects (respiration, growth, reproduction, beha- A minor river (Presa) crosses the ancient mine and
viour) of Cd, Cu, Hg, Pb and Sn on marine organisms; then runs into the Bravona river, which reaches the
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Figure 1. (a) Location of the contaminated rivers; (b) Location of

the sampling sites.
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2. Materials and methods

2.1. Sampling sites

Figure 1b indicates the sampling stations. The site P,
on the Presa river, downstream from the ancient mine,
was chosen in order to provide concentration values
nearby the emission source. 10 km away from the
mine, the Presa river runs into the Bravona river. Sites
located on the Bravona river are called B1, B2 and
B3. Estuarine samples were collected at sites ES1 and
ES2. Marine samples were also collected (SEA). The
flow of the river influences the deposition mode of the
river suspended matter and thus 7 sampling campaigns
were carried out at different seasons, i.e. with a mean
river flow ranging between 0.2 (August) and 1.7 m
s~1 (February).

2.2. Sample collection

Sampling equipment was soaked with HN@upra-
pur), ultrasonically rinsed with deionised water and
kept filled for a week with suprapur HNand rinsed
again several times with deionised water. Sampling
campaigns were carried out in 1992 and 1993 and
included various seasons.

Samples in shallow waters were taken by hand and
no vertical gradient was studied. The surface micro-
layer was avoided. For each site, 2 water samples
were collected: the first one, using a plastic bottle,
was used for measurement of pH and turbidity. The
second one was used for the measurement of metal and
metalloid concentrations (Teflon bottles, FEP). These
latter samples were divided into two sub-samples: one
was centrifuged in order to analyse dissolved mater-
ial and the other used for the analysis of the total
element concentrations. This separation was carried

Tyrrhenian Sea, nearby Aleria, on the eastern coastout immediately after sampling, in order to prevent
of Corsica (see Figure 1a). The Presa river is highly any exchange. One sub-sample was acidified to pH
contaminated by the waste of this ancient mine, and 2 with HNO3 (ultrapur, 0.5%) in order to avoid any
high concentrations of As and Sb are found in wa- adsorption phenomenon on the bottle surface during
ter and in sediment. Significant concentrations of As storage. In order to destroy organic matter, an acidic
and Sb remain in water and suspended matter until the mineralization was carried out with HNO HoSOu

river mouth, changing specific physical and chemical and H,0,, followed by a prereduction in HCI with a

characteristics cause a different chemical behaviour.

Kl/ascorbic acid solution. Surface sediment (0—6 cm)
samples were collected with a box corer.

2.3. Chemical analysis

The pH was measured with a pH-meter with a com-
bined electrode. Cl were measured with a colorimet-
ric method, using an autoanalyser.
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Table 1. Analysis of certified reference materials provided by the  Taple 2. Elemental concentrations (expresseduig I-2) at the
National Research Council, Canada. SLRS-3 is a riverine water gifferent sampling stations

reference material, and NASS-4 is a seawater sample. Concentra-

tions are expressed jag I-1. MESS-2 is an estuarine sediment P Bl B2 B3 ES1 ES2 SEA
sample from the Gulf of Saint Laurent. Concentrations (conc.) are
expressed ing g~ 1. For As and Sb, preconcentration techniques September 1992
za/:dg;ege%is;ic:) rggnly for certified reference materials). s.d. are Turbidity 07 08 1 1 07 05
pH 78 74 74 75 73 73 7.9
SLRS-3 NASS-4 MESS-2 cl 5 45 85 86 2180 7838 22400
Conc. sd. Conc. sd. Conc sd. Tot-As 3042 355 172 40 19 165 10
diss—As (%) 95 86 81 875 84 88 80
As (reference) 0.72 0.05 126 0.09 207 0.8 Tot=Sb 193 41 32 17 9 70 9
As (measured)  0.68 112 23.0 diss—Sb (%) 98 98 84 82 8 71 78
Sb (reference) 0.12 0.01 1.09 0.13 Ee 77 43 74 80 165 682 190
Sb (measured)  0.10 1.18 Mn 91 78 85 80 143 190 5
Fe (reference) 100 2 0.105 0.016 43504 2168
Fe (measured) 98 42300 November 1992
Mn (reference) 3.9 0.3 0.380 0.023 365 21 pH 78 76 76 76 7.7 75 8
Mn (measured) 4 338 cl 6 4 4 336 2320 7550 21800
Tot-As 3200 190 150 40 22 150 8
diss—As (%) 100 95 80 95 68 80 75
Tot-Sb 199 23 26 15 9 60 7
. . . . diss—Sb (% 90 78 92 87 78 58 71
Sediment was mineralized in a closed Teflon bottle Fe (%) 80 72 60 99 178 655 205
and heated in a micro-wave oven. Ultrapur acids were - 36 20 44 56 95 118 4

used (HNQ@, H>SO; and HF), with a solubilisation
in boric acid 6%. Tot-Fe was measured by flame ;.4 1993

atomic absorption spectrophotometry (Perkin-Elmer 85 77 76 78 78 73 8
3030 B) and Tot-Mn by graphite furnace atomic ab- ¢ 8§ 8 15 282 1980 7795 22800
sorption spectrophotometry (GFAAS). As and Sbwere  Tot—As 2350 600 110 15 33 220 10
measured by GFAAS, using the hydride generation diss-As (%) 98 83 91 100 8 91 90
technique (Perkin ElImer 3100 and FIAS 200). Rins-  Tot-Sb 330 106 36 26 18 100 16
ing solution was HCI 0.4 M and the reducing solution  diss—Sb (%) 99 77 83 69 883 75 81
was NaBH0.2% in NaOH 0.05%. The vector gaswas  Fe 75 75 70 88 148 495 220
argon (flow: 100 ml mnl). Mn 53 30 62 64 106 123 2

Matrix modifiers were used for Mn (Mg(N£)»),
and As and Sb (Ni(Ng)»). Standard solutions were ~ March 1993
provided by Merck. Relative standard deviations were  PH
0.5 to 5% and 1 to 10% for As and Sb respectively. ! 8 7 12 3%

79 78 77 78 77 716 8
765 6945 22555

Detection limits were 1 and 10@g I~* for Mn and Fe F’I‘gz 3;;8 210 135'23 426 ‘;5 225 12

respectively. Quality assurance for analyses is givenin o

Table 1 Fe 82 76 80 141 188 361 195

' Mn 33 25 45 75 77 100 2

April 1993

3. Results pH 78 75 76 76 76 75 81
Cl 7 13 326 2535 7640 23500

. - . Tot-As 2080 17 153 41 27 185 4
After crossing the mining spoils, the Presa water be- TotSh 175 2 38 3 8 5 16

comes enriched in As and Sh, and high concentrations
are found (up to 2-3 mg It for As and 175 to 330 May 1993

ng 171 for Sb), decreasing rapidly downstream. After H 78 74 74 76 74 74 79
the confluence with the Bravonariver (site B1), the As 4 4 75 1520 7305 20000
and Sb concentrations decrease by dilution. The values t1oi_as 3010 20 148 63 39 220 1
range here from 15 to 63 for As and from 2 to 26 To-Sb 249 3 31 10 2 15 1

Continued on p. 84
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Table 2. contd.

June 1993
Turbidity 0.3 16 08 30 31 0.4
pH 8 79 76 78 79 7.7 8
Cl 25 16 16 45 2100 7620 20500
Tot-As 2860 180 130 35 25 175 12
Tot—Sb 240 38 28 20 13 80 10
Fe 75 76 59 78 154 672 170
Mn 15 17 12 17 31 46 2
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Figure 2. (a) Variation of As and Sb concentrations in water (ex-
pressed inug I—l) with chlorinity; (b) Variation of Fe and Mn
concentrations in water (expressediig I~1) with chlorinity.

|- for Sb at B3, i.e. upstream the mixing zone (Table
2).

In the river mouth (in sites ES1 and ES2), diss-
As and diss-Sb concentrations significantly increase.
Although As and Sbh concentrations strongly vary in
estuarine and coastal waters, particularly because of
the seasonal phytoplanktonic activity (Michel, 1993),
As is generally removed in such zones (Angelidis &

Table 3.Elemental concentrations in sediment (expresseg.gn
g~1; d.I. = detection limit)

P B1 B2 B3 ES1 ES2 SEA
January 1993
As 9450 3297 354 207 92 41 36
Sb 1108 300 40 35 20 5 8
Fe 57000 61000 45000 47000 44000 17500 45000
Mn 500 550 470 370 240 <dl 10
March 1993
As 8820 3005 298 203 104 63 47
Sb 1005 315 50 35 18 6 10
Fe 60000 52000 44000 40000 38000 16000 39000
Mn 650 510 450 390 220 50 10
April 1993
As 252 98 66 33
Sb 30 15 4 6
Fe 37000 34000 13500 29000
Mn 360 190 20 5
June 1993
As 205 85 44 40
Sb 24 15 8 12
Fe 42000 36000 12500 25000
Mn 260 110 6 4

Grimanis, 1987; Johnston & Thornton, 1987). In con-
trast, As and Sb concentrations significantly increase
in the Bravona mixing zone (Figure 2).

A decrease of As and Sb concentration is also ob-
served in sediment (Table 3), from site P (9 and 1 mg
g1 for As and Sb respectively) to site SEA (40 and 5
ug g1 for As and Sb respectively). The concentration
of As in marine sediments generally ranges between 5
and 20ug g~* (Michel, 1993). However, much higher
levels can be found in estuarine or coastal areas (e.g.,
Angelidis & Grimanis, 1987). Sb concentration was
always lower in ES2 than in SEA, while As concentra-
tion decrease was regular. Fe and Mn concentrations
exhibit the same tendency. The apparent depletion in
ES2 is particularly marked for Fe, but it is observed
only in January 1993 for Mn.

The size of sediment particles also exhibits a shift
from 250-200Qum at ES1 to< 63-163um at ES2
(Table 4).
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Table 4. Size of sediment particles from P to ES2 the sediments are settled downstream, the increase of

Particle size P Bl B2 B3 Est Esz Uiss-Asand diss-Sb concentrations in the water may
be due to desorption from these particles. The parti-

>2mm 38 29 255 1 7 tioning between dissolved and adsorbed or particulate
2000-60Qum 855 50 4 24 2 concentrations in estuaries may in principle be con-
600-250um 13 33 31 64 3 trolled by salinity and particle concentration. Turner
215603‘16633“m 015 z 2 Z ;5 (1996) showed that the dissolved fraction increases
—ooum ' with salinity and with suspended matter concentration.
<63um 05 3 3 2 53

Salinity increased at ES2, as indeed the diss-As and
diss-Sb concentrations. However, the estuarine zone
where As and Sb are released (ES2) is characterised
by increased sediment concentration and the relative
4. Discussion abundance of small grained sediments (Table 4). Un-
der these conditions, hydrodynamic processes may be
4.1. Exchange between sediment and overlying water responsible for a more efficient resuspension of sedi-
in the mixing zone ment particles and thus increase the suspended matter
concentration. As a consequence, As and Sb desorp-
Because of their similar chemistry, and literature data tion from FeOOH particles should be enhanced. It
being scarse for Sh, we assume for the moment thatis likely that, in addition to the increase of diss-As
this element behaves like isostructural As. and diss-Sb (as well as diss-Fe) concentrations, the
The separation between dissolved and total As and increased efficiency of hydrodynamical particle resus-
Sb was made only for samples 1 to 3, because the pension in ES2 also leads to the increase of part-As
ratio of diss-As and diss-Sb over Tot-As and Tot-Sb and part-Sb concentrations. The result may be the ap-
concentrations remained approximately constant from parent conservation of the ratio dissolved/particulate
upstream down to the mixing zone (Table 2). Thisratio along the different sampling sites.
varied from 83-95% (B1) to 68-85% (ES1) for As and On the contrary, the following zone (SEA) exhibits
from 77-97% (B1) to 78-89% (ES1). In ES2, the ratio sediments essentially made of large particlessQ0
was 80-91% for As, while it slightly decreased for Sb:  ;;m). In addition to the dilution effect, this may ex-

58-75%. This is particularly marked for the sample 2 plain the fall of As and Sb concentrations downward
(diss-Sb/Tot-Sb = 58%). The Bravona estuary has a ES2.

neutral pH, which does not alter the As and Sb solu-  The hypothesis of sorptive processes is consist-
bility: only low and high pH values will increase the ent with the increase of water concentrations and the
solubility of these elements (Mok & Wai, 1990). depletion of sediment in ES2 as well.

A specific behaviour occurred in the mixing zone:
the dissolved concentrations increased considerably (b) redox processes
and the concentrations in the sediment decreased CONEigure 2 shows that, although the involvement of Fe

comitantly. Increased diss-As and diss-Sb coanantra- and Mn oxyhydroxides in controlling the As solubility
tions may be caused by two chemical processes: cannot be denied, Fe and Mn concentrations in the wa-
ters entering the Bravona mixing zone are insufficient

(a) sorption processes to induce coprecipitations with As or Sb, or to adsorb
The adsorption of As onto particles, supposedly As and Sb onto the oxides.
FeOOH (Angelidis & Grimanis, 1987; Sadiq, 1990), However, a significant increase of Fe and Mn con-

can be written as the following chemical equilibrium  centration in water is also observed at sampling points
(De Vitre et al., 1991; see also Golterman (1995), ES1 and ES2. The As and Sb release is combined with
considering the chemical similarity between As and relatively high Fe and Mn concentrations in water, and
P): no precipitation process occurs. This situation may
__ be an indication of a reducing environment: reducing
FeOOH + HASO, <==> Fe(OOH)-ASQ + H,0 conditions can prevent the precipitation of Fe and Mn
Realizing the constant ratio dissolved/total up- oxyhydroxides.
stream, we assume that As (or Sb) on the particles = The accumulation of As and Sb is favoured by
is in equilibrium with the diss-As (or diss-Sb). When rich organic environments (Jenner & Browner, 1990).
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Migon et al. (1995) have shown that detritivorous an- 1984), and no significant decrease is observed in the
imals which live on small organic debris in sediments Bravona estuary, where pH values are stable.

exhibit high As and Sb accumulation. One of them, FeOOH can oxidize arsenites to arsenates, which
Caenis luctuosais more abundant in ES2 (approx- then may precipitate with iron hydroxides (John-
imately 6% of the total benthic fauna) than upstream son, 1986; Angelidis & Grimanis, 1987; Johnson &
ES1 (approximately 0.09%). High concentrations of Thornton, 1987; Andreae & Andreae, 1989; Sadiq,
degrading organic matter are found in the Bravona 1990; Kitts et al., 1994):

mixing zone, although data such on @ organic mat-

ter concentration are not available as yet. The estuary 2 FeOOH + As (lll) — 2 F&* + As (V)
water is stagnant, which may create an anoxic envir- which leads to the conclusion that even As (lIl) can be
onment, exhibiting reducing conditions. This pointis adsorbed and, owing to the high amounts of FeOOH,

partly sustained by the decrease of the raticgb(KD—Ij{ it also means no reduction occurs.
previously observed (Mori, 1992) from the upstream  The redox values measured in the sediment of the
river (50) down to the estuary (7). Bravona estuary are in agreement with this assump-

Redox conditions strongly affect the solubility of  tjon: despite an effective decrease from ES1 to ES2
As minerals. In particular, arsenates should control (from 320 to 280 mV), the difference between these
As solubility in oxic sediments, while As concentra- values is too low to induce the reduction processes.
tions should decrease in anoxic sediments (Lindsay &

Sadiq, 1983; Sadiq, 1990). As and Sb adsorbed onto4 3 \water quality of the Presa-Bravona system

Fe hydroxide may be released after reduction. In the

sampling site ES2, i.e. where the highest As and Sb The As and Sb concentrations in the water may be
concentrations are observed in estuarine waters, thecompared with the directives formulated by French
As and Sb levels are the lowest in sediment (Table 3). policies for drinking water, i.e. 50 and 10y I~ for

Fe and Mn concentrations also decrease in the sedi-As and Sb (DDASS, 1995). The maximum concen-
ment, while they are relatively highin water. In anoxic  trations admitted by the United States Public Health
zones, arsenates are reduced to arsenites. Howevergervice for drinking water is lower: 1@g 1-1 for
such environments also reduce’Fédo species which  As (Mok & Wai, 1990). Officially, the Bravona wa-

are soluble and are released into the water. This mayter is not used for drinking, but many camping places
indicate that As and Sb are released from sediment to are pitched between B3 and ES1. At B2, the water is

water with reductive processes. In particular, As and widely used for agricultural irrigation.
Sb could be released from biogenic particles during  The concentrations found in the Presa-Bravona
organic matter decomposition, which consumes O system are high if compared with those generally
Such a process was already observed in a coastal marfound in other natural waters. For example, in the
ine environment (Gaillard et al., 1986). Golterman Krka river (Croatia), which can be considered as an
(1995) observed, for the case of Chemically similar unpo”uted river, As concentration is OQBQ |*1
phosphorus, that phosphate was partly desorbed with (Elbaz-Poulichet et al., 1989); in the Coeur d’Alene
reduction of Fe hydroxides to FeS, but that a large river (Idaho, U.S.A.), which is contaminated by min-
excess of reducing capacity was needed. ing waste, the mean As and Sb concentrations reach
In the case of redox process involvement, the re- 1 64 and 8.2%.g |1 respectively (Mok & Wai, 1990).
lease observed at ES2 would require on the one handin contrast, in Canada, waters in Keg and Meg lakes
the reduction of As and Sb and, on the other hand, have a mean As concentration of about 2 my khe
the reduction of FeOOH as Fe. However, according highest value being 3.4 mg?} (Moore et al., 1988).
to the chemical similarity of P and As, natural con- These values are comparable with those of the Presa
ditions do not permit the reduction of Fe-bound As, environment, although, as a general rule, lakes pre-
owing to insufficient reducing capacity (Golterman, sumably act as sinks for pollutants more efficiently
1984). Even the reduction of only FeOOH on which than rivers. However, De Vitre et al. (1991) have sug-
As and Sb are presumably trapped is not possible, tak- gested that Fe oxyhydroxides efficiently scavenge As
ing into account the large amounts of FeOOH found in from sediment pore waters and thus reduce its toxicity
sediment. Moreover, a redox shift is counterbalanced py oxidation, As (V) being less toxic than As (lIl)
in nature by a concomitant pH decrease (Golterman, (Shannon and Strayer, 1989). In seawater, As and Sb
concentration levels decrease again, owing principally



87

to dilution effect. The Bravona river has a low mean DDASS, Direction Départementale de I'Action Sanitaire et Sociale,
flow (0.8 e Sfl) and brings 5t As yl and 1.5t Sb 1995. Code de la santé publique, Livre premier: 33-36.

1 - - . i\ dic. De Vitre, R., N. Belzile & A. Tessier, 1991. Speciation and ad-
y~to the Tyrrhenlan Sea. The impact of its toxic dis sorption of arsenic on diagenetic iron oxyhydroxides. Limnol.

charges is of local concern only. On a local scale, the  gceanogr. 36: 1480-1485.
impact of As and Sb loadings on estuarine ecosystemsDorten, W., F. Elbaz-Poulichet, L. Mart & J. M. Martin, 1991. Reas-
may have dramatic effects. Four points should be con- ~ sessment of the river input of trace metals into the Mediterranean

. e . - . Sea. Ambio 20: 2—-6.
sidered: (') the most toxic form of arsenic, As (HI)' IS Duzzin, B., B. Pavoni & R. Donazzolo, 1988. Macroinvertebrate

predominant in reducing environments (Sadig, 1990).  communities and sediments as pollution indicators for heavy
Although the reducing processes are limited and the  metals in the river Adige (ltaly). Wat. Res. 11: 1353-1363.
presence of As (|||) is unIiker, this toxic species may Elbaz-Poulichet, F., D. M. Guan, P. Seyler, J. M. Martin, N. H. Mor-

| Ih - (i) the d dati " . it ley, P. J. Statham, J. D. Burton, L. Mart & P. Klahre, 1989. Dis-
cause local harm; (”) e degradation otorganiC matter o5 e trace metals and metalloids in the Rhane river/estuarine

presumably liberates As and Sb forms whose toxicity  system. In EROS 2000 First Workshop on the Northwest Medi-
is higher than that of organic matter-complexed spe- terranean Sea, Wat. Pollut. Res. Reports: 395-422.

; ANAT . (iii ; ; Elbaz-Poulichet, F., J. M. Martin, W. W. Huang & J. X. Zhu, 1987.
cles (Benalm’ 1990)’ (|||) the bioaccumulation of the Dissolved Cd behaviour in some selected French and Chinese

inorganic f_orms is more significant than_ that of or- estuaries. Mar. Chem. 22: 125-136.
ganic species (Spehar et al., 1980); and (iv) desorption Gadd, G. M., 1991. Microbial biosorption of heavy metals and ra-
processes increase the concentration of dissolved spe- dionuclides for environmental protection. In J.G. Farmer (ed.),

cies, which are easily assimilable. The physical and Tgsi/zll\getals in the Environment, Edinburgh, September 1991:

Che.mical conditions of the_ Bravqna estuary enable_to Galillard, J. F., C. Jeandel, G. Michard, E. Nicolas & D. Renard,
define a release mechanism which may be of major  1986. Interstitial water chemistry of Villefranche Bay sediments:
implication in other estuaries as well. The As, Sb and _ trace metal diagenesis. Mar. Chem. 18: 233-247.

oAt : ; : Golterman, H. L., 1984. Sediments, modifying and equilibrating
Fe remobilization process discussion in the present factors in the chemistry of freshwaters. Verh. int. Ver. Limnol.

paper will provide data for a better understanding of 55 23 59

metal and metalloid behaviour in estuaries. This is Golterman, H. L., 1995. The role of ironhydroxide-phosphate-

particularly acute for Sh, for which our knowledge is sulphide system in the phogphat_e exchange between sediments

oor and overlying water. Hydrobiologia 297: 43—54.

P : Jenner, H. & T. Browner, 1990. The accumulation of metals and
their toxicity in the marine intertidal invertebrateSerasto-
derma edule, Macoma balthica, Arenicola marirexposed to
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