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Abstract

Specimens of the mussel Bathymodiolus azoricus were collected from Menez Gwen, a relatively shallow (850 m) hydrothermal vent field on
the Mid-Atlantic Ridge. Each bivalve shell (n=21) was individually cleaned by selective chemical. The residual crystal matrix of each shell was
individually analysed for the concentrations of the minor elements magnesium and strontium and the trace elements iron, manganese, copper and
zinc. The chemical composition of the crystal matrix is unusual. B. azoricus is identified as a species having one of the most strontium
impoverished shells amongst the marine molluscs. For a bimineral species the magnesium concentration is also extraordinary low. Despite
originating from a trace metal rich environment; the metal concentrations in the shells were exceptionally low. Mean concentrations of iron,
manganese, copper and zinc were 20.6, 3.7, 0.6 and 9.4 μg g−1 respectively. Minor and trace element concentrations exhibited a marked intra-
population variability. Copper concentrations increased and iron and zinc concentrations decreased with increasing shell weight. Due to its
insensitivity to the high environmental levels of trace elements and the variability in intra-population concentrations induced by shell weight the
crystal matrix of the shell of B. azoricus has little potential for use in environmental trace metal monitoring in areas contiguous to deep-sea
hydrothermal vents.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Hydrothermal vents, first observed at the Galapagos Ridge in
the East Pacific Ocean in 1977 are very unusual environments
(Little and Vrijenhoek, 2003; van Dover and Lutz, 2004). Areas
contiguous to the vents are extreme environments with respect
to both the prevailing physical and chemical conditions. The
waters are characterised by high temperature and pressure, low
dissolved concentrations of oxygen and elevated dissolved
concentrations of hydrogen sulphide, methane and carbon
dioxide. Moreover, concentrations of toxic trace metals in the
solution, colloidal and particulate phases are generally extreme-
ly high (Desbruyères et al., 2001; Douville et al., 2002).
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Nevertheless, such areas are highly biologically productive
(Rousse et al., 1997; Little and Vrijenhoek, 2003; van Dover
and Lutz, 2004). Amongst the life forms associated with the
chimneys of the hydrothermal sources the bivalve mussels
(Bathymodiolus sp.) are normally found living in high densities
(van Dover et al., 1996; von Cosel et al., 1999; Desbruyères
et al., 2001; Hardivillier et al., 2004; Miyazaki et al., 2004).

A number of hydrothermal vent fields exist along the Mid-
Atlantic Ridge in the vicinity of the Azores Triple Junction.
Data on the physical and chemical properties of the water fluids
in these areas are described by Fouquet et al. (1995, 1997),
Charlou et al. (1997, 2000), Douville et al. (1997, 1999, 2002),
Langmuir et al. (1997), von Damm et al. (1998), Sarradin et al.
(1999). However significant spatial and temporal differences in
both the physical and chemical conditions have been found at
places where fauna live (Desbruyères et al., 2001). The fauna in
oricus from a hydrothermal vent site on the Mid-Atlantic Ridge. Environ Int
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the vicinity of these hydrothermal sources is dominated by the
bivalve mussel Bathymodiolus azoricus (Colaço et al., 1998,
2002; Desbruyères et al., 2000, 2001; Company et al., 2004).

In view of the high and potentially toxic concentrations of
metals present in hydrothermal vent areas attention has been
given to metal concentrations accumulated in the soft tissues of
a variety of associated fauna (Roesijadi and Crecelius, 1984;
Roesijadi et al., 1985; Cosson-Mannevy et al., 1988; Smith and
Flegal, 1989; Cosson and Vivier, 1997; Geret et al., 1998;
Rousse et al., 1998; Company et al., 2004; Hardivillier et al.,
2004). With respect to the molluscan fauna in the hydrothermal
vent areas the high environmental trace metal concentrations
will also influence the chemical assemblage associated with the
shell. To date this aspect has received comparatively little
attention (Roesijadi and Crecelius, 1984; Kádár and Costa,
2006).

The soft tissues of marine molluscs are generally more
efficient accumulators of metals than shells (Brown and
Depledge, 1998) and they have frequently been used to assess
metal contamination of the aquatic environment. Similar studies
using the shells are few although shells have several important
practical advantages over the use of soft tissues (Cravo et al.,
2002). When addressing the potential use of organisms as
environmental indicators then, whether it be the soft tissues or
the shells that are used, two preliminary considerations must be
addressed. First, the specimens must be meticulously clean prior
to analysis. If vestiges of surface contamination remain the
specimens will ipso facto reflect the quality of the environment
from which they were taken. Whilst obvious this consideration
has not always been given the attention it deserves. Secondly, in
order to draw meaningful conclusions from concentration data
on specimens taken from different sites it is essential to first
have an appreciation of both the magnitude and the causes of the
intra-population heterogeneity in chemical concentration.

In view of the high concentrations of dissolved, colloidal and
particulate trace metal concentrations in hydrothermal vent
areas this paper addresses the cleaning problem and presents for
Fig. 1. Location of the Menez Gwen hydrothermal field in the
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the first time data on the chemical assemblage in the crystal
matrix of the shell of a deep-sea hydrothermal mollusc,
B. azoricus. These data are compared with the chemical
assemblage of the crystal matrix in the shells of coastal
analogues. The intra-population heterogeneity in the chemical
composition of the crystal matrix of B. azoricus is presented
and assessed with respect to evaluating the possible relevance of
the shells of this species to environmental quality assessment in
hydrothermal vent areas.

2. Materials and methods

2.1. Study area and sampling

Menez Gwen is one of the shallowest hydrothermal vents with a depth of
850 m (Company et al., 2004) occurring on the Mid-Atlantic Ridge, south west
of the Azores Islands (Fig. 1). The precise location is given as 37°51′N, 31°31′
W. The chimneys here are small (Desbruyères et al., 2000) and water
temperature range from 8 °C to 30 °C (von Cosel et al., 1999; VENTOX, 2003).
At Menez Gwen B. azoricus is abundantly dispersed in the substratum occurring
in densities ranging between 400 and 700 individuals m−2 (Colaço et al., 1998;
Sarradin et al., 1999).

Specimens of the B. azoricus population at Menez Gwen were collected
using the remote operated vehicle (ROV) “Victor6000” during the EU-funded
ATOS cruise (June 22–July 21, 2001; Sarradin et al., 2001).

2.2. Sample cleaning

At the laboratory damaged or broken shells were rejected. The shells were
washed in a jet of distilled water and scrubbed in distilled deionised water with a
toothbrush to remove loosely attached biogenic and inorganic particles and dried
at 80 °C to constant weight. Prior to metal analysis each individual shell pair was
subject to a further cleaning process designed to remove material that was not an
integral component of the crystalline shell matrix (Foster and Chacko, 1995).
These authors provided a detailed discourse on the analytical problems arising
with respect to analysis of trace metals in shell material. These problems
are briefly stressed here as they are of particular relevance to the analysis of
B. azoricus shells.

The trace elements associated with a shell are distributed among three
distinct phases: (a) elements which constitute an integral part of the crystalline
matrix (b) for those shells with a periostracum trace elements may be either
adsorbed to or present as structural components of this tissue and (c) trace
Azores Triple Junction (adapted from Comtet et al., 2000).
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Table 1
Summary data for shells of B. azoricus (n=21) from the Menez Gwen
hydrothermal vent

Variable Average±S.E. Min Max % CV

Weight (g) 1.75±0.12 0.62 2.63 33
Shell length (mm) 44.3±1.7 27.4 54.8 17
Mg (μg g−1) 458±17 369 687 17
Sr (μg g−1) 871±26 536 1078 14
Mg/Sr 0.53±0.02 0.39 0.76 17
Fe (μg g−1) 20.6±0.7 15.6 27.7 16
Mn (μg g−1) 3.7±0.7 0.1 10.7 84
Zn (μg g−1) 9.4±0.7 4.1 15.4 34
Cu (μg g−1) 0.6±0.1 0.1 1.4 79
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elements associated with the hydrous colloidal flocks and particulate matter
which adhere to the shell surface. The periostracum can generally be
considerably enriched in trace metals compared to the underlying crystal
matrix. It is however, fragile and can be easily damaged or eroded either
naturally in the environment or during the surface cleaning process prior to
analysis. Retaining the periostracum on the shell for analysis introduces a
variable (the degree of completeness of the periostracum layer) which cannot be
quantified but which can have a considerable impact upon the analytical results.
Material adhered to the shell surface will be rich in trace metals compared to the
crystal matrix and unless the shell is meticulously cleaned, the metal
concentrations that constitute an integral part of the shell matrix are likely to
be grossly supplemented by surface contamination. Failure to remove all
vestiges of (b) and (c) prior to analysis will lead to highly distorted and elevated
concentrations with respect to those actually present as integral constituents of
the crystalline shell matrix and mask, or indeed generate spurious relationships
amongst the metal concentrations and growth characteristics, including the size
and weight of the shell; which are both functions of surface area.

These considerations are pertinent to B. azoricus in so far as this species has
a periostracum and the surface of the shell specimens fromMenez Gwen were so
contaminated with adhered hydrogenous material that the contamination was
immediately visually obvious. In order to eliminate the vagaries of (b) and
(c) above the shells taken fromMenez Gwen, after being manually cleaned, were
further cleaned by selective chemical attack (Foster and Chacko, 1995) to
remove all material that was not an integral component of the crystalline shell
matrix. Each shell was individually treated with 5% w/v hydrogen peroxide in
the ratio 10 mL g−1 shell weight and gently heated at 60 °C for 48 h. After
rinsing with deionised distilled water, 0.005 M HCl was added, again in the ratio
of 10 mL g−1 shell weight and left for 48 h. For both these stages the shells were
placed in vials of appropriate diameter to ensure that the reagents covered and
therefore reacted with the entire surface of the shell. The shells were then
washed in distilled deionised water and oven dried. The effect of the selective
chemical attack is illustrated in Fig. 2. Subsequent to the treatment the shells of
B. azoricuswere a uniform brilliant white. Each shell pair was then pulverised in
an agate mortar and the resulting homogenous fine powder stored for subsequent
analysis.

2.3. Analytical procedure

Duplicate samples of each shell (0.1 g) were totally digested in a mixture of
concentrated nitric acid and 50% w/v hydrogen peroxide. After evaporation to
dryness, the residue was redissolved in 2 mL of concentrated hydrochloric acid
and fumed to dryness. The final residue was redissolved in 10 mL of 0.05 M
hydrochloric acid. Subsamples of this digest were taken for the analysis of Mg,
Sr, Fe, Mn, Zn and Cu by flame atomic absorption spectrophotometry (Perkin–
Elmer, model Analyst 800). All analyses were calibrated against analytical
Fig. 2. Image of shells: 1—after being washed and scrubbed; 2—after the
chemical attack.
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standards containing the stoichiometric equivalent of spectrographically pure
calcium carbonate (HCl digested) as the samples being analysed and the samples
were batch-analysed in random sequence with respect to the original weight of
the shell specimens in order to remove any analytical bias from the intra-
population study.

In the absence of an analytical reference material for marine biogenic
carbonate all analyses were calibrated against an internal reference standard
consisting of a homogeneous fine powder of the shells of five cleaned specimens
of B. azoricus. The mean concentrations in μg g−1 (±standard error) from 10
individual analyses of this powder were: Mg: 473±2.5, Sr: 868±7.3; Fe: 20.9±
1.0; Mn: 4.0±0.2; Zn: 9.3±0.2; Cu: 0.7±0.1.

2.4. Statistical analysis

The coefficient of correlation (r) between variables was calculated at a level
of significance of 99%. Principal component analysis (PCA) was applied to the
data matrix of shell weight and the measured concentrations of the minor and
trace elements to provide insight into the factors propagating the intra-
population heterogeneity.

3. Results and discussion

3.1. Intra-population variability

Few studies addressing the heterogeneity in chemical composition
amongst shells within the population of an individual species collected
from a single location exist. Those that have been reported relate to
Patellidae species (Foster and Chacko, 1995; Cravo et al., 2002) and
species of the Neritidae (Foster et al., 1997). Data on the heterogeneity
of metal concentrations in 21 specimens of B. azoricus from the Menez
Gwen vent site are given in Table 1.

Of the minor elements associated with the shells of the Menez
Gwen population strontium was consistently present in much higher
concentrations than magnesium. The variability of strontium and
magnesium concentrations from shell to shell is illustrated in Figs. 3
and 4 respectively. The %CV (standard deviation/mean×100) for
strontium and magnesium were of similar magnitude (14% and 17%
respectively). Of the 21 specimens analysed, 14 had a strontium
concentration within ±10% of the mean (871 μg g−1) and of the
outliers the maximum deviations from the mean were −38% and
+24%. For magnesium, 13 shells had concentrations within ±10% of
the mean (458 μg g−1) and here the maximum deviations of the outliers
from the mean were −19% and +50%.

Differences in both strontium and magnesium concentrations from
shell to shell led to a range in the magnesium to strontium ratio amongst
the population. About the mean of 0.53 some shells showed
preferential magnesium enrichment, the ratio increasing to a maximum
of 0.76. Others exhibited preferential strontium enrichment, the ratio
decreasing to a minimum of 0.39.
oricus from a hydrothermal vent site on the Mid-Atlantic Ridge. Environ Int
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Fig. 4. Magnesium and iron concentrations (μg g−1) in each of the 21 specimens
of B. azoricus from Menez Gwen.

Table 2
Principal component analysis for the B. azoricus population from Menez Gwen
(n=21)

Axis 1 Axis 2 Axis 3

% Variance 33.2 25.7 20.1
Eigenvalue 2.3 1.8 1.4
Dominant characteristics

Weight +0.70
Magnesium −0.90
Strontium −0.78
Iron −0.72
Manganese −0.95
Zinc −0.83
Copper +0.76

Fig. 3. Shell weight (g) and strontium concentrations (μg g−1) in each of the 21
specimens of B. azoricus from Menez Gwen.
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Of the four trace metals analysed iron was consistently present in
the highest concentration (Table 1). Iron also exhibited the lowest
variability (Fig. 4). The %CV (16%) was of a magnitude similar to that
of the two minor elements magnesium and strontium. Of the 21
specimens analysed 20 had iron concentrations within ±25% of the
mean (20.6 μg g−1). The single outlier concentration was 27.7 μg g−1,
exceeding the mean by 34%.

The analytical problems with respect to trace metal concentrations
in the shell of B. azoricuswere mentioned in the Materials and methods
section. Failure to adequately solve these problems would be
immediately apparent in the concentration data generated for iron.
The coherence of the iron data (Table 1; Fig. 4) attests to the efficacy of
the sample cleaning procedure adopted.

Zinc concentrations were both lower and exhibited a greater %CV
than those of iron (Table 1). Of the 21 specimens only 9 had zinc
concentrations within ±25% of the mean (9.4 μg g−1). The maximum
deviations of the outliers from the mean were −56% and +64%. The
two remaining trace metals (Cu and Mn) were both in significantly
lower concentrations than iron and zinc. Both elements also displayed
high %CV reaching a maximum for manganese.

A linear least squares correlation matrix amongst the variables of
shell weight and the measured concentrations of the minor and trace
elements produced only one correlation of significance at the 99%
level of confidence, namely that between strontium and magnesium
(r=0.55). A principal component analysis of the same data matrix
gave more insight into the factors influencing the chemical
assemblages in the shells of the Menez Gwen population
(Table 2). Two major axes accounted for about 60% of the total
variance. The loadings and covariations of the predominant char-
acteristics acting on the second major axis relate to the contempo-
raneous influx of magnesium and strontium into the shell matrix by
diadochically replacing the calcium ion. The importance of this
process will be addressed later. The principal axis, accounting for
33% of the variance, had significant loadings attached to the weight
of the shell and the concentrations of the elements iron, copper and
zinc. The covariance on this axis indicates a tendency for copper
concentrations to increase with increasing weight of the shell. In
contrast iron and zinc concentrations decrease with increasing shell
weight.

3.2. Magnesium and strontium concentrations

Shell formation involves the deposition of calcium carbonate in the
form of calcite or aragonite and certain molluscs have shells
constructed of a mixture of both polymorphs. The shells of Mytilus
species are of mixed mineralogy (Wilbur, 1972; Milliman, 1974;
Please cite this article as: Cravo A et al. Metals in the shell of Bathymodiolus az
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Lowenstam and Weiner, 1989). Consistent with the Mytilidae the shell
of B. azoricus is also of mixed mineralogy (Kádár and Costa, 2006)
and aragonite is the predominant polymorph (F. Rocha, pers. comm.
2006).

Cations other than calcium are also incorporated into the crystal
lattice. If the rules of crystal stereochemistry are considered without
invoking any biological mediation in skeletal formation the influx of
these ions into the crystal matrix of shells of marine origin is easy to
predict. Magnesium and strontium are major conservative constituents
of seawater. They are readily available as the Mg2+ ion (ionic radius
0.066 nm) and the Sr2+ ion (ionic radius 0.112 nm) to diadochically
replace the Ca2+ ion (ionic radius 0.099 nm) in the crystal matrix of the
shell. Consequently in marine shells magnesium and strontium, after
calcium, are by far the two most predominant cations incorporated into
the shell. Moreover, the extent to which these two elements are able to
invade the crystal matrix of the shell of a particular species provides an
indication of the relative ease by which other 2+ cations, particularly
polluting trace metals, may also invade the shell matrix.

The concentration of magnesium in the shell of marine molluscs
varies greatly from species to species. This vast range is primarily due
to differences in skeletal mineralogy (Harriss, 1965). Magnesium, with
an ionic radius less than calcium, forms a hexagonal carbonate
isostructural with calcite. On purely steric grounds it is much more
difficult for magnesium ions to be incorporated into marine mollusc
shells composed of orthorhombic aragonite rather than hexagonal
calcite. In general aragonitic shells have low magnesium concentra-
tions within the range 90 to 500 μg g−1 (Foster and Cravo, 2003). In
contrast calcitic shells exhibit much higher concentrations over a wider
range. In Pecten species Turekian and Armstrong (1960) found
oricus from a hydrothermal vent site on the Mid-Atlantic Ridge. Environ Int
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Table 3
Comparison of the trace metal concentrations (μg g−1) in the shells ofM. edulis,
B. azoricus and mollusc species (n=59) from the coastal waters of East Africa

Species Fe Mn Zn Cu References

Mytilus edulis b10 b1 b100 3 Brooks and Rumsby
(1965)

6.4–
49

NA 0.3–
39

NA Bertine and Goldberg
(1972)

32.4 8.2 3.8 6.3 Roesijadi and
Crecelius (1984)

50 99.4 9.5 3.2 Szefer and Szefer
(1990)

13.8–
81.6

25.5–
69.4

3.5–
5.2

6.1–
6.6

Szefer et al. (2002)

290 3.6 0.04 2.0 Segar et al. (1971)
240–
1040

5.7–
43

11.4–
17.8

16.4–
29.8

Giusti et al. (1999)

300–
2600

NA NA 30–
160

Al-Dabbas et al.
(1984)

500–
5100

100–
130

9.2–
10.2

0.07–
0.15

Szefer and Szefer
(1985)

Bathymodiolus
azoricus

15.6–
27.7

0.1–
10.7

4.1–
15.4

0.1–
1.4

Present study

280 NA 31.2 80 Kádár and Costa
(2006)

59 coastal species 7.2–
30.6

1.8–
16.4

0.8–
7.2

0.6–
4.1

Foster and Cravo
(2003)

NA=not analysed.
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magnesium concentrations up to 4700 μg g−1. Afaj and Elewe (1989)
give a range of 1906 to 6144 μg g−1 in the shell of Crassostrea
cucullata. In Patella aspera (Cravo et al., 2002) and Patella vulgata
(Foster and Chacko, 1995) magnesium concentrations ranged from
4605 to 4691 and 3528 to 3757 μg g−1 respectively. In species with
bimineral shells the magnesium concentrations are of intermediate
values tending to the characteristics of one polymorph or the other
depending on the relative amounts of calcite and aragonite contributing
to the shell structure.

Reference to Table 1 shows that the mean magnesium concentration
in the bimineral shells of B. azoricus taken from Menez Gwen was
458 μg g−1. This value is surprisingly low and is within the range of
concentrations found for the shells of marine species of mollusc with
purely aragonitic shells. The low magnesium concentration has
implications for the likely incorporation of other 2+ cations such as
Fe2+, Mn2+, Cu2+ and Zn2+ into the crystal matrix of the shell. These
cations, like magnesium, have ionic radii less than calcium and always
form hexagonal carbonates isostructural with calcite. In view of the low
magnesium concentrations in the shell of B. azoricus it would be
unreasonable to expect, on the grounds of crystal stereochemistry,
anything other than very low concentrations of iron, copper,
manganese and zinc to be incorporated into their shells even in
extremely polluted waters.

The ionic radius of strontium (0.112 nm) is higher than that of
calcium (0.099 nm) and it forms an orthorhombic carbonate
isostructural with aragonite. In contrast to magnesium, mineralogy
plays only a secondary role in controlling the strontium concentration
associated with the shell of marine molluscs (Harriss, 1965). Although
strontium is generally found in higher concentrations in aragonite than
in calcitic shells, the range of concentrations found in both types of
calcium carbonate is similar (950 to 3500 μg g−1). The mean
strontium concentration in the shell of B. azoricus was 871 μg g−1.
This is extraordinary low and B. azoricus is identified as a species
having one of the most strontium impoverished shells amongst the
Please cite this article as: Cravo A et al. Metals in the shell of Bathymodiolus az
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marine molluscs. Lower concentrations have only been observed in
specimens of Conus tessulatus (822 μg g−1) by Foster and Cravo
(2003) and in C. cucullata (663 to 779 μg g−1) by Afaj and Elewe
(1989). The low concentration of strontium in the shell has
implications for the influx of other 2+ cations with ionic radii greater
than calcium such as lead and cadmium which also form orthorhombic
carbonates.

3.3. The trace metals

Data in the literature on the trace metal concentrations in shells
are striking by virtue of the apparently very large differences in
concentration that can exist between species. In the case of iron for
example the compilation by Milliman (1974) gives a concentration
range of 30 to 300 μg g− 1 amongst the Conidae, 30 to 700 μg g− 1

for the Cerithiidae and 12 to 800 μg g− 1 amongst the Littorinidae.
The diversity amongst the Mytillidae is more dramatic even when
data are only considered for an individual species. Literature data
from various authors on the concentrations of iron, manganese,
copper and zinc associated with the shell of Mytilus edulis are
compared in Table 3. Also shown are the concentrations of these
elements found in the crystal matrix of B. azoricus in the present
work and these are compared with the recent data of Kádár and Costa
(2006) on the concentrations in the shell of the same species taken
from two hydrothermal fields (Menez Gwen and Lucky Strike) along
the Mid-Atlantic Ridge together with data on the range of
concentrations of trace elements found in the crystal matrix of
fifty nine molluscan species from the coast of East Africa (Foster
and Cravo, 2003).

Reference to Table 3 shows that the concentrations of iron,
manganese, copper and zinc in the shell of M. edulis all vary over a
considerable range. The variability is most evident with respect to iron.
Brooks and Rumsby (1965) quote shell concentrations of iron of less
than 10 μg g−1, while Bertine and Goldberg (1972), Roesijadi and
Crecelius (1984) and Szefer and Szefer (1990) all report concentrations
less than 60 μg g−1. At the other end of the scale Giusti et al. (1999)
give concentrations reaching 1040 μg g−1, Al-Dabbas et al. (1984)
report concentrations up to 2600 μg g−1 and Szefer and Szefer (1985)
record a maximum concentration of 5100 μg g−1. Quoted manganese
concentrations range from b1 to 130 μg g−1, zinc 0.04 to 39 μg g−1

and copper 0.07 to 160 μg g−1.
On such evidence it is easy to conclude that shells are particularly

sensitive to environmental levels of exposure and could be valuable for
monitoring heavy metal contamination in the marine environment.
Conversely, the apparent variability in shell composition can often be
traced to non-uniform cleaning and treatment procedures before shell
digestion and analysis (Babukutty and Chacko, 1992; Foster and
Chacko, 1995). This is dramatically demonstrated in Table 3 by a
comparison of the data on B. azoricus. The concentrations of iron,
manganese and zinc associated with the shells of B. azoricus reported
by Kádár and Costa (2006) are very much higher than those found in
the present study. The large difference can be accounted for by the
sample cleaning and treatment procedures adopted prior to analysis. In
the present study, as detailed in the Materials and methods section, the
shells were subjected to selective chemical attack to remove all vestiges
of surface contamination and the periostracum. The data given in
Table 3 relate to the concentrations of iron, manganese, copper and zinc
which are integral constituents of the crystal matrix of the shells. In
contrast the concentration data given by Kádár and Costa (2006) relate
to the whole shell. These authors report that 30% of the total iron, and
6% of both the total copper and zinc was reversibly bound to the outer
surface of the shell and concentrations of iron, manganese and zinc in
oricus from a hydrothermal vent site on the Mid-Atlantic Ridge. Environ Int
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the periostracum were of the order of 250, 60 and 40 μg g−1

respectively. In view of the high concentration of trace metals
associated with the whole shell the authors conclude that the shells
of B. azoricus are good environmental indicators. This may well be so
but very large proportions of the metals associated with the whole shell
are to be found attached to the outer surface and are not integral
components of the crystal matrix.

It is clear from Table 3 that the trace metal concentrations in the
crystal matrix of the shell of B. azoricus, although taken from a trace
metal rich environment, are low when compared with analysis
performed on the whole shell of its coastal water analogue M. edulis.
Moreover, when compared with the range of concentrations found in
the crystal matrices of the shells of fifty nine species taken from the
relatively clean coastal waters of East Africa (Table 3) the trace metal
assemblage in the crystal matrix of the shell of B. azoricus taken from
Menez Gwen shows no particular enhancement. This insensitivity of
the crystal matrix to elevated environmental concentrations of trace
metals is not unprecedented. Foster and Chacko (1995) observed that
the trace metal concentrations in the crystal matrix of the shell of
P. vulgata taken from an extremely trace metal rich acid mine estuary
were no greater than those in the crystal matrices of the same species
taken from more pristine coastal environments. This observation led
the authors to reject the shell of P. vulgata for potential use in
environmental trace metal monitoring. On the evidence presented
above it is difficult not to reach the same conclusion with respect to the
shell of B. azoricus.

4. Conclusions

The data presented in Table 1 identify B. azoricus as a
species having one of the most strontium impoverished shell
amongst the marine molluscs. For a bimineral species the
magnesium concentration is also extraordinary low. The
difficulty that those two major conservative elements in the
seawater have in invading the shell of B. azoricus is mimicked
by the trace metals. Concentrations of iron, manganese, copper
and zinc in the shell are all low. The concentrations of these
trace elements recorded in the shell result from the combined
influence of three predominant factors:

(a) The concentration levels in the shell will in some way reflect
the bioavailability of the trace elements in their immediate
environment.

(b) The range of iron, zinc and copper concentrations within the
population and their mean concentrations are a function of
the weight of the shells. The intra-population heterogeneity
in B. azoricus showed that during the formative stages of
shell growth zinc and iron were selectively incorporated into
the crystal matrix while copper was selectively rejected. The
addition of new material during subsequent growth was less
rich in zinc and iron promoting a progressive dilution of the
formative high concentrations. Conversely, new material
was richer in copper leading to a progressive increase of the
formative low concentrations.

(c) B. azoricus is a bimineral species. The ease by which the
trace metals invade the crystal matrix depends upon the
relative proportions of the calcite and aragonite polymorphs
in the assemblage. Differences in the relative proportions of
the polymorphs from shell to shell within the population will
Please cite this article as: Cravo A et al. Metals in the shell of Bathymodiolus az
(2007), doi:10.1016/j.envint.2007.01.002
generate differences in the concentrations of the trace
metals.

In view of the insensitivity of the shell to the high metal
levels in the hydrothermal environment it is likely that
any differences in the trace metal assemblage in the shell of
B. azoricus populations taken from different hydrothermal vent
fields along the Mid-Atlantic Ridge may well be more of a
reflection of intra-population heterogeneities generated by (b)
and (c) above than by gross differences in exposure levels.
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