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Shell microlaminations of the freshwater bivalve Hyridella depressa as an archival monitor
of manganese water concentration: experimental investigation by depth profiling using
secondary ion mass spectrometry (SIMS)
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Abstract. Specimens of the freshwater unionid bivalve Hyridella depressa were experimentally exposed to a
synthetic river water containing an elevated Mn water concentration (20 mg 1-") for 2 or 6 days. SIMS depth
profiles through the incremental nacre microlaminations or tablets (~0.6 pm breadth) of the shells of these
bivalves showed increases in the signal intensity of Ca-normalised Mn that corresponded to the period of exposure.
These results support the proposition that bivalve shells can be used as retrospective monitors of water chemistry.
They also indicate that 1) there is a lag phase between exposure to the elevated Mn water concentration and its
expression in the shell, and 2) the period for Mn in the shell to reach equilibrium with the aquatic medium is
greater that 2 to 6 days.
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Previous investigations’? have indicated that the ele-
mental composition of the annual incremental lamina-
tions that compose the shells of freshwater unionid
bivalves, can reflect the elemental levels present in their
aquatic medium at the time of shell construction. The
shells of these long-lived organisms (up to 200 years for
some species') may therefore function as archival moni-
tors of water chemistry and environmental change. In
this study, this proposition is investigated over a daily,
rather than an annual, time scale of shell construction.
The depth profiling capability of the Cameca IMS 4f
secondary ion mass spectrometry (SIMS) microprobe
has been utilised to determine the effect of an elevated
Mn water concentration on Mn levels in the microlami-
nations or crystalline tablets of the shell nacre of the
Australian freshwater unionid bivalve Hyridella de-
pressa.

Materials and methods

Collection, acclimation and preparation of specimens.
Young adult specimens (shell length range: 37.4 to 45.7
mm) of the freshwater unionid bivalve H. depressa,
approximately 1.5 to 3 years of age (determined by
growth ring counts®), were randomly sampled from a
minimally-polluted site in the Upper Nepean River,
about 52 km south-west of Sydney (33°34'S, 151°15'E),
New South Wales, Australia (see Jeffree et al.* for a
location map). Specimens were transported to the labo-
ratory within 1 h of collection and acclimated to a

synthetic Nepean-Hawkesbury River water (pH 7.0 +
0.1, 21.0 + 0.1 °C, ~99% dissolved oxygen saturation)
in a perspex aquarium (without substrate), under flow-
through conditions for a period of 48 h without food
(see Jeffree et al* for a detailed description of the
experimental system). An identification code was
scribed onto the shell of each collected specimen.
Experimental design. After a 48 h acclimation period,
several individuals were randomly selected (using ran-
dom number tables) and used as controls, with the
remaining bivalves then exposed to a constant Mn wa-
ter concentration of 20 mg 17!, which is a factor of
~260 times greater than the median contemporary Mn
water concentration (0.075 mg 17!) of the freshwater
reaches of the Nepean-Hawkesbury River!. During ex-
perimental exposure to the elevated Mn water concen-
tration, several specimens were randomly sampled
(using random number tables) after 2 and 6 days, their
soft tissues removed, and their shells thoroughly rinsed
in high purity deionised water (Milli Q, 18 MQ cm™'
specific resistivity) for at least 2 min, before being dried
at room temperature.

Manganese was selected in the present study because 1)
it is known to have a high concentration ratio, relative
to many other elements, in the shell of freshwater
bivalves®$, and 2) preliminary laboratory measurements
revealed no significant (p <0.05) change in the valve
movement behaviour of H. depressa, measured in terms
of the mean duration and amplitude of shell valve gape
(see Brown et al.” for more detail), when exposed to the
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elevated Mn water concentration for periods of up to 6
days, relative to the background Mn water concentra-
tion. These measurements of shell movement also indi-
cated that exposure of specimens without food did not
appear to cause any adverse behavioural/physiological
effects.

Chemical analysis and geochemical modelling of the ex-
perimental waters. Throughout the experimental expo-
sure period, triplicate water samples were collected
daily, and the concentration of Mn then analysed using
a Labtam 8410 inductively coupled plasma atomic emis-
sion spectrometer (ICP-AES), as described by Jeffree et
al.*, Other metals and anions were also measured using
various analytical techniques (see Markich and Jeffree®
for more detail) to confirm the nominal synthetic water
composition; the mean values of all parameters were
within 10%, but usually within 5%, of their nominal
values. Manganese was added to the synthetic water as
the chloride salt (MnCl, - 4H,0), resulting in an in-
crease in chloride concentration by a factor of ~1.5
relative to the background; however this factor of in-
crease in chloride water concentration is within its natu-
ral range of variation for the freshwater reaches of the
Nepean-Hawkesbury River®'?.

Geochemical modelling of Mn in the synthetic river
water, using the speciation code HARPHRQ?* "', pre-
dicted that the free (hydrated) ion (i.e. Mn?*) was
predominant in both the background (~99%) and ele-
vated (~97%) Mn exposures. The free metal ion is
generally considered the most biologically available
metal species'>!3. Therefore, based on the predicted
speciation of Mn, it may be expected that this metal
would be present in the synthetic river water in its most
bioavailable form for uptake into the soft tissue and
shell of H. depressa, thus maximising Mn uptake under
these experimental conditions.

Preparation of shell sections for SIMS depth profiling
analysis. For each selected specimen (i.e. control or Mn
exposed) a small piece of shell, with a surface area of
about 5 mm x 10 mm, was cut from the posterior-ven-
tral region of the right valve, a section of the shell that
provided an axis of maximal growth and a near flat
area. The whole shell section was then transversely cut
into several sections of about 1 mm in breadth. Each of
these sections were then mounted on a round (1 cm
diameter) glass slide with a heat-sensitive adhesive
(Crystal bond, Leco), whereby the outer surface (pe-
riostracum) was facing upward. Prior to mounting, the
glass slide and each shell section were precisely mea-
sured with a digital vernier (Mitutoyo; to three decimal
places), and again as a total breadth after mounting, to
establish the breadth of the mounting medium. This was
necessary to accurately determine the final breadth of
the shell section after grinding. Each shell section was
then slowly ground from the outer surface (perios-
tracum) using a hand lapping tool and then polished
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(using a Buehler Minimet polisher with a 69-1560
Minimet precision attachment) until a breadth of 20 to
30 um (measured with the digital vernier) was achieved.
Each shell section was then removed from its mounting
medium and cleaned with acetone prior to depth profil-
ing analysis using SIMS.

SIMS depth profiling analysis of shell sections. SIMS is
based on the fact that charged atomic and molecular
species (i.e. secondary ions) are ejected from the surface
of a condensed phase (liquid or solid) under particle
bombardment and sorted by mass spectrometry (see
reviews by Thellier et al.'* and Stingeder'). SIMS depth
profiles'* were performed using a CAMECA IMS 4f ion
analyser. Sputtering!*, a process of removing individual
atoms from a sample surface, was carried out by bom-
barding the specimen surface with fast O, molecules
(fast atom bombardment (FAB) source of the IMS 4f
instrument) produced by electrical neutralisation of a
primary O** jon beam. Before neutralisation, the pri-
mary current was 6 nA, and the ion energy was 15 keV.
The diameter of the surface area subjected to O, bom-
bardment was ~ 1000 pm, and that of the analysed area
250 pm. The measurements were carried out using the
following settings: field aperture 1800 um (FA1), con-
trast aperture 400 um (CA1), transfer lens 250 um. The
advantage of using the FAB/SIMS combination is that
the primary neutral beam of the FAB source minimises
electrical charging from the shell (an insulator), and
hence permits stable count rates,

The sputtering rate of the ion beam was calculated from
a knowledge of 1) the total depth of the sputtered hole
in the shell of two sample specimens, and 2) the time
period of sputtering (i.e. 2.5 h). The depth of the
sputtered hole was calculated from a knowledge of the
angle of inclination of the shell sections on the sample
stage of the scanning electron microscope (SEM) (see
below), coupled with the internal measurement scale of
the SEM. This procedure was performed at several
different angles of inclination and magnification scales
to derive a mean sputtering rate for each specimen.
Based on two different depth measurements, the sput-
tering rates (mean + SE; n=6) were 1.554+0.12 and
1.63 +0.10 pm in 2.5 h, corresponding to a mean sput-
tering rate of ~11 nm min~'. Indeed, by using ‘the
measured value of the mean sputtering rate, it is a
simple procedure to convert irradiation times into
profile depths.

Preparation of transverse shell sections for examination
of their microstructure. To examine the microstructure
of the shell, several control and Mn exposed specimens
were prepared as follows. The left shell valve of the
specimen was dipped into a standard mix of 5:1
Araldite D: Hardener HY956 (Ciba Geigy), then re-
moved and allowed to dry. This procedure provided a
hard coating to prevent the shell valve from shattering
when cut with a fine jewellers saw. The shell valve was
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dry cut along the axis of maximum growth (i.e. from
the umbo to the posterior-ventral margin), with an-
other cut made to provide a slice about 5 mm in
breadth. The transverse shell slice was then mounted
in the Araldite D/Hardener mix and ground using SiC
papers and distilled water, before being polished
(~0.25 pym) with diamond paste and a lubricant of
1,2-ethanediol (ethylene glycol). Samples progressed
through several cycles of both grinding and polishing
and were sonic cleaned with alcohol between each cy-
cle. Two shell sections were not polished so that their
fractured surface could be observed. Polished and
fractured transverse sections of shell were then car-
bon-coated and examined with a JEOL JXA-840 scan-
ning microanalyser (operated at an acceleration
voltage of 15 keV and at various magnifications) to
determine their microstructure, including the breadth of
the shell nacre microlaminations, particularly those at
the growing edge where SIMS depth profiles were per-
formed.
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Results

Shell microstructare and composition. The precise evalu-
ation of the capability of the shell of H. depressa, and
indeed the shells of other bivalve species, to act as an
archive of the living animals’ aquatic environment, re-
quires a thorough knowledge of the shell’s microstruc-
ture and composition. Figure 1 shows scanning electron
micrographs of transverse shell sections of specimens of
H. depressa used in this investigation. The shell of H.
depressa is comprised of three distinct layers i.e. a thin
outer organic layer or periostracum (P), a middle (pris-
matic, Pr) and an inner (nacreous, N) layer (see fig. 1a),
where both the latter layers are composed of CaCO,, in
intimate association with an organic matrix (confirmed
by using an energy dispersive X-ray analyser (EDX:
Tracor Northern TN 5402) attached to the SEM).

Molluscan shells contain two common mineral poly-
morphs of CaCO,, calcite and aragonite. As an initial
visual determination of the exact nature of the CaCO,

Figure 1. Scanning electron micrographs of transverse shell sec-
tions of typical specimens of H. depressa, showing

a a fractured section of shell with three distinct layers i.e. a thin
outer organic layer or periostracum (P), a middle (prismatic, Pr)
and an inner (nacreous, N) layer ( x 700);

b a higher magnification ( x 10,000) of the nacreous layer shown
in a, displaying 1) a ‘brick-wall’ depositional pattern of thin
regular microlaminations or tablets (the organic matrix between
the individual layers is not evident), and 2) a subconchoidal
fracture, characteristic of aragonite; and

¢ a polished section of shell from the nacreous layer ( x 20,000) of
a specimen exposed to the elevated Mn water concentration for 6
days, displaying microlaminations (M) of ~0.6 pm in breadth
(horizontal scale bar represents | um; the right side is the growing
edge) surrounded by an organic (i.e. interlamellar, Im) matrix.



Research Articles

Experientia 51 (1995), Birkhduser Verlag, CH-4010 Basel/Switzerland

841

400 ~
a
i g
300
o~
[74)
o i
&
2 g
@ 200)- - a
[~ ]
,9_") P
£
100[- T
® g
s
0lllII_LIIIIIIIJIIIIJIIJIlIll_lILIIJIIIlLl‘lllllllllJlLllJllll'llllljlll
0 10 20 30 40 60 70
a
26 (Degrees)
800
!
700}
! g
600
. 500
[72]
Q b
L
> 400|-
@B
2 !
3]
€ 300
200} z
100}-
OLIILIILIIL]I4II_|_LJ_LI]IIII|1IJ_I]J|!I'IIIL NSRS i e s RS AT
0 20 30 40 50 60 70
b 20 (Degrees)

Figure 2. Typical X-ray diffractograms for the a nacreous and b prismatic layers of the shell of H. depressa, confirming that both layers
are composed of aragonite, with no detectable calcite. A small amount of contamination is evident in 4, and was most probably
introduced as a result of the sampling method used in obtaining shell powder from this layer (located between the periostracum and

the nacreous layer; see fig. 1a).

in the shell of H. depressa, Meigen’s stain was applied to
several thin polished shell sections according to the
method described by Suzuki et al.'® and examined by
SEM. For all shell sections, both the prismatic and
nacreous layers stained positive, indicating that the min-
eralogy of both layers was aragonite. Moreover, the
specific mineralogy of both of these layers was re-
confirmed by X-ray diffractometry (XRD) (see fig. 2a

and 2b), whereby dried homogeneous shell powder
( ~0.1 to 0.3 g) from each layer was mixed into a slurry
with amyl acetate and an adhesive, smeared-mounted
on a glass slide and then analysed with a Siemens D500
X-ray diffractometer (utilising a Cu Ko radiation, set to
run from 5° to 65° 26 at 0.05° increments and operating
at 40 kV and 30 mA). The resulting X-ray diffrac-
tograms were compared to a standard orthorhombic
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aragonite (41-1475) and rhombohedral synthetic calcite
(5-586) as a guide!”.

The prismatic layer can best be described as having an
irregular simple microstructure (terminology after
Carter'®), whereby columnar aragonite prisms are ori-
ented almost perpendicular to the inner surface of the
shell (fig. 1a). These prisms are also notable for their
diverging longitudinal striations, giving the prism a
feathery appearance. In contrast, the nacreous layer
consists of thin horizontal lamellae (microlaminations),
each composed of tabular crystals of aragonite de-
posited on a sheet of organic matrix (conchiolin) lying
almost parallel to the inner shell surface (fig. 1a, 1b and
1c). The breadth of each lamellae is ~0.6 um in diame-
ter (fig. 1b and 1c). The organic matrix (conchiolin)
occurs as thin (0.05 to 0.08 pm) adventitious sublayers
within the nacreous layers (interlamellar matrix). The
prismatic and nacreous aragonite layers invariably
maintain a sharp mutual boundary without microstruc-
tural intergradation (fig. 1a).

Figure 1b shows a higher magnification of the nacreous
layer shown in figure la, displaying 1) a ‘brick-wall’
depositional pattern, where crystals in each layer usu-
ally develop in offset positions from those of the layer
immediately below, and 2) a subconchoidal fracture,
characteristic of aragonite. Figure 1c shows a polished
section of shell from the nacreous layer of a specimen
exposed to the elevated Mn water concentration for 6
days. It is evident from this shell section that the
microlaminations or nacre tablets near the growing
edge (right side) are relatively uniform in breadth
(~0.6 um), indicating no apparent change in the rate
of shell deposition, relative to previously deposited
microlaminations. This phenomenon was also observed
in other sections of the shells of bivalves exposed to
the elevated Mn water concentration for either 2 or 6
days.
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Figure 3. High resolution **Mn peak for the shell nacre of a
typical specimen of H. depressa exposed to the elevated Mn water
concentration for 6 days, showing no spectral interferences.

SIMS spectral analysis of shell sections. Initial SIMS
spectral analysis (for elements ranging in atomic mass
from 1 to 150) was performed on the internal surface
of a shell from a bivalve exposed for 6 days to the
elevated Mn water concentration. Figure 3 shows the
interference-free, high resolution peak of *Mn from
initial spectral analysis. Experimental results confirm
that Mn was accumulated in the shell during the Mn
exposure period, and was easily detected by this
technique. Like >*Mn, the spectra for “°Ca also
appeared to be free of interferences; however a
small *Fe peak showed an interference from “°CaQ
(the “Ca and “°CaO/>*Fe spectra are not shown here;
see Thellier et al.'* and references therein). A typical
signal intensity for the *Mn peak of ~10* counts per
second (cfs) was observed, with a higher signal inten-
sity (10° to 106 ¢/s) for the “°Ca peak. Therefore, 3Mn
and “°Ca (hereafter referred to as Mn and Ca) were
investigated in subsequent depth profiles through the
shells.
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Figure 4. Shell nacre surface signal intensity of @ Ca and Mn, and b the ratio of Mn to Ca signal intensity, showing the variability in
lateral distribution of these measured signal intensities in a typical control shell:el to e6 represent different areas on the inner nacre
surface of the shell. Due to a very low Mn signal intensity in area e2, the Mn signal pattern is comparatively noisy.
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Figure 5, Normalised depth profiles of Mn through the shell nacre of ¢ a typical control specimen, and typical specimens of H. depressa
exposed for b 2 days, and ¢ and d 6 days, to the elevated Mn water concentration,

SIMS depth profiling analysis of shell sections. Figure
4a shows the signal intensities of Ca and Mn in several
areas of the inner (nacre) surface of a typical control
shell; a high and coincident variability of the signal
intensities of both metals was observed. This result may
be due to SIMS effects (e.g. electrical charging, matrix
effects) or to natural surface heterogeneity, in combina-
tion with the fact that Mn is treated as a metabolic
analogue of Ca in this and other species of freshwater
bivalves®. Both of these interpretations are consistent
with the finding that the ratio of the Mn to Ca signal
intensity was relatively constant over the entire surface
(fig. 4b). As a consequence, in the results reported
below, the Mn signal intensity will be shown as the
normalised Mn/Ca signal intensity. The advantage of
expressing the results as a (Mn/Ca) ratio is that any 1)
biological variables which influence the metabolic path-
way, or 2) physical/analytical variables (e.g. SIMS
effects), will not disturb the ratio as much as they would
influence absolute values.

Figure 5 shows typical normalised (Mn/Ca) depth profi-
les in a control shell (fig. Sa) and in shells from speci-

mens that were exposed for 2 days (fig. 5b) or 6 days
(fig. 5c and 5d) to the elevated Mn water concentration.
Figure 5a shows that the normalised Mn signal intensity
(~3x1077) is constant throughout the entire depth
profile. Based on four replicate depth profiles of a
typical control shell (not shown), it was concluded that
the normalised Mn signal pattern was constant
throughout all the depth profiles, however, each depth
profile showed a variable normalised (basal) Mn signal
intensity ie. 0.1 x 1077, 3x 1077, 0.2x 107 and
6 x 10~7. From these data, the basal normalised Mn
signal intensity was estimated to be in the range
2.5 +2.4 x 10-7. Moreover, from the normalised Mn
depth profiles in the shells of specimens exposed to the
elevated Mn water concentration, for either 2 or 6
days (fig. 5b, 5c and 5d), one may observe that 1) at
the beginning of the depth profiles (left side), the
normalised Mn signal intensity exceeded that of
the control, 2) the normalised Mn signal intensities
were of approximately equal value both in the 2 and
6 day exposed specimens, and 3) the normalised
Mn signal intensities tended to decrease with in-
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Figure 6. Normalised Mn signal intensity in different areas (el to
€6) of the inner nacre surface of a shell from a typical specimen of
H. depressa exposed for 6 days to the elevated Mn water concen-
tration.

creasing depth (i.e. from left to right) from the shell
surface.

Figure 6 shows the beginning of normalised Mn depth
profiles in different areas on the inner (nacre) surface of
shells from specimens exposed for 6 days to the elevated
Mn water concentration. In contrast to what was ob-
served from the shell of a typical control specimen (fig.
4b), the normalised Mn signal intensity was relatively
variable from one area of the shell to another (i.e.
2 x 1077 to 2 x 10~%) compared to the basal level (i.e.
25424 %x1077).

Discussion

The results of the present investigation conclusively
demonstrate that there is a positive response in the
Ca-normalised Mn signal intensity in the shell nacre of
H. depressa exposed to the elevated Mn water concen-
tration (i.e. 20 mg 17"). This result is consistent with the
assertion of previous investigations’-2, that the shell
nacre of freshwater bivalves can operate as an archival
monitor of element concentrations in the aquatic envi-
ronment. Details of the underlying rationale for the
advantageous use of shell nacre in bivalves, as an im-
portant means of indicating the bioavailable fraction of
a metal in the organism’s aquatic environment, is dis-
cussed elsewhere!®.

Furthermore, our results confirm that the microstruc-
ture (fig. 1a, 1b and 1c) and mineralogy (fig. 2a and 2b)
of the shell of H. depressa is consistent with that of
other freshwater unionid bivalves (see reviews by
Carter'® and Watabe?), where the nacreous and pris-
matic layers are composed of aragonite, with the former
layer consisting of incremental lamellae (i.e. microlami-
nations). Fritz and Lutz? clearly demonstrated that
these incremental lamellae were deposited at a rate of
approximately one per day in the freshwater bivalve
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Corbicula fluminea, a finding that receives general sup-
port in the literature®-22, However, there is also evi-
dence that some species of marine bivalves (e.g.
Pinctada margaritifera) can deposit multiple (up to 25)
incremental lamellae on a daily basis (see Caseiro® and
references therein). Indeed, the factors influencing the
rate of deposition of the incremental lamellae, such as
bivalve age, season, locality etc, are reviewed else-
where??, and should be carefully considered when inter-
preting incremental lamellac as archives of water
chemistry. The presence of these incremental lamellae in
the shell of H. depressa, which can respond to an
elevated Mn water concentration within a period of
days, indicates the possibility that pollution events that
are archived in the microlaminations of the shell could
be potentially dated to within very small periods of
time.

However, our results also indicate that the following
two factors should also be considered, with respect to
the use of bivalve shells in this role:

1) Lag in response time. The results of SIMS depth
profile analysis through the shells of specimens exposed
for 2 or 6 days to the elevated Mn water concentration,
indicate that Mn falls to background levels within a
distance of about 0.4 to 1.1 um, or about ! to 2
microlaminations (fig. 5b, 5¢ and 5d). Assuming that
each microlamination represents approximately one day
of shell growth (see above), then there is a delay in
response to the elevated Mn water concentration of up
to several days, before there is a discernible increase in
Mn signal intensity.

2) A shell/water equilibration period. Isotopic equi-
librium between bivalve shells and their aquatic envi-
ronments is well established®-2%, However, based on the
patterns of increase in the normalised Mn signal intensi-
ties of shell depth profiles in specimens exposed to the
elevated Mn water concentration, it is not obvious that
an equilibrium level of Mn has been reached in the
shells of these specimens within the 6 day exposure
period (fig. 5b, 5c and 5d), a finding generally consistent
with that of Dillaman and Ford?” working with Merce-
naria mercenaria exposed to “*Ca. This is particularly
obvious from figure 5b and 5d, an obvious contrast to
the relatively stable normalised Mn signal intensity
shown for the typical contro! shell (fig. 5a). However,
these results also show that the normalised Mn signal
intensities in the shells of bivalves exposed for either 2
or 6 days were of approximately equal magnitude. This
suggests that the rate of incorporation of Mn during the
exposure period is not closely synchronised between
individuals, at least over these short periods of exposure
to the elevated Mn water concentration. This conclu-
sion is consistent with the variable individual rates of
uptake of metals into the tissue of this and other fresh-
water bivalve species during similar short-term experi-
mental exposures® 2.
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The greater spatial heterogeneity in the normalised Mn
signal of the inner nacre surface of the shell of one of
the 6-day exposed specimens (fig. 6), relative to the
control shell (fig. 4b), would also suggest that even
within an individual, different regions of the shell-se-
creting mantle have different short-term metabolic rates
of response to the elevated Mn water concentration.
Indeed, regional variations in the metabolic activity of
the mantle, and hence its ion flux rates, have been
confirmed in the literature for several bivalve spe-
cies?*230, For example, there is a greater metabolic
activity in the marginal region, than in the central
region of the mantle. Since the shell pieces cut from the
valves of specimens covered a relatively large propor-
tion of the valve, due to the animals’ small size, the
above interpretation may hold true. However, there was
no apparent difference in the rate of shell deposition,
based on the breadth of the most recently formed mi-
crolaminations, between different regions of the shell
pieces (a typical section is shown in figure 1c). There-
fore, it follows that the normalised Mn signal intensity
per unit area of shell is a function of two variables (i.e.
shell deposition rate and Mn flux rate) that can be
considered independent, within limits: a unit change in
Mn/Ca secretion (i.e. flux rate) need not result in a
uniformly proportional change in the rate of shell depo-
sition.

An alternative interpretation of the greater spatial het-
erogeneity in the normalised Mn signal intensity on the
inner nacre surface of the specimen (fig. 5) exposed to
the elevated Mn concentration, may be related to pro-
cesses of crystal growth, whereby new crystal growth
occurs by the addition of ions to the existing crystal
faces, in a process that is not necessarily spatially uni-
form®"-32, Indeed, the greater spatial heterogeneity ob-
served may be due to the ion probe sputtering newly
formed mineral deposits scattered over the matrix of the
growing surface, which may be closer to reaching equi-
librium than the older underlying surface deposits (see
fig. 3.4 in Lowenstam and Weiner? for a conceptual
overview). The phenomenon of spatial heterogeneity is
not only confined to the shell surface. This natural
phenomenon has also been well described for a variety
of elements throughout the entire depth of bivalve
shells?**3, For this reason it is paramount to establish
the baseline variation of the level of an element in the
shell (see ‘Results’), before being able to discern
whether the element is at an elevated level.
Longer-term experimental exposures will be required to
determine 1) the period of time before equilibrium is
reached, and 2) the specific rates of deposition of the
incremental microlaminations. However, previous ex-
perimental studies of Ca uptake into the tissues of this
and related species of Australian freshwater bivalves
indicate that the period required to attain equilibrium
between the aquatic medium and the body fluids is
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greater than 20 days®2%. Further details concerning
molluscan shell structures and biochemical and physio-
logical aspects of their formation are reviewed else-
Where20, 34, 35‘

Our interpretation of an increase in the normalised Mn
signal intensities for the shells of specimens exposed to
the elevated Mn (i.e. Mn/Ca) water concentration for
either 2 or 6 days, is most likely due to Mn being
treated as a metabolic analogue of Ca during its direct
uptake from the aquatic medium®, and subsequent
transfer across the mantle for shell construction. Previ-
ous studies employing electron paramagnetic resonance
(EPR) spectroscopy have shown that Mn?* is incorpo-
rated into the lattice of calcite and aragonite in the
bivalve shell by substitution at Ca?* sites®® ¥, most
probably in the form of a solid solution®-#!. This mode
of incorporation into biogenic aragonite and calcite has
also been demonstrated for several other metals, such as
Sr and Mg?*4%43, The calcite lattice, however, can more
readily accommodate Mn?* (and other metal ions with
an ionic radius smaller than Ca) at Ca?* sites, com-
pared to the aragonite lattice; the converse is true for
metal ions which have an ionic radius larger than that
of Ca (e.g. Sr). This phenomenon arises because Ca?*
has a six-coordinate structure with its nearest oxygen
atoms in calcite, whereas in aragonite it has a nine-coor-
dinate structure (i.e. a more open crystal lattice and
greater Ca—O bond distances)®”**. For example, Mn2+
is more readily accommodated into’ calcite (as opposed
to aragonite) because it forms a six-coordinate carbon-
ate (i.e. rhodochrosite; MnCQ,), that is isostructural
with calcite. Thus, crystal structure is a priori a signifi-
cant controlling factor in metal uptake potential®>*,
Studies employing techniques such as X-ray and elec-
tron diffraction and X-ray absorption spectroscopy, will
further improve our knowledge of the mode and nature
of metal ion incorporation into biogenic aragonite and
calcite.

Manganese, like other trace metals, is bound both
within the organic matrix and the aragonite/calcite lat-
tice of bivalve shells?“. By employing a convenient
method for estimating the organic-bound and crystal-
bound proportion of a metal in bivalve nacre, Lingard
et al.* demonstrated that Cd and Pb were predomi-
nantly associated with the aragonite lattice of the fresh-
water unionid bivalve Elliptio complanata, with only a
minor proportion.of each metal bound to the organic
matrix. Indeed, the organic matrix would be expected to
contain some proportion of a metal, such as Ca or Mn,
since it forms the platform for crystal formation®’-%,
Since the microstructure and mineralogy of H. depressa
and E. complanata® are very similar, we predict a priori
that the partitioning of Mn in the nacre of H. depressa
will follow a similar pattern to that described for Cd
and Pb in E. complanata*®. The rationale for this predic-
tion is described as follows. In comparison to either Cd
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Figure 7. Simple linear regression analysis showing the logarithms
of the solubility products (log K,,) of Hg, Cd, Mn, Co and Zn
carbonate versus their corresponding log K, for hydrogen phos-
phate. The simple linear regression equation is M2THPO, =
0.936(M?+CO,) +2.638; 12 =0.999, p < 0.001, n =35,

or Pb, Mn generally has a lower binding strength (i.e.
smaller formation constants; see Smith et al.’!) with O,
P, N and S functional groups, which are characteristic
of the major ligands (i.e. proteins, polysaccharides, sul-
phated mucopolysaccharides etc,) comprising the or-
ganic matrix of the nacre3**. In contrast, however, Mn
has a relatively smaller partition coefficient (i.e. ratio of
the concentration of an element in shell to that in the
extrapallial fluid) in biogenic aragonite than either Cd
or Pb (i.e. Cd>Pb > Mn® see also Onuma et al.>?),
This is due to Mn being structurally less favoured than
Cd or Pb in forming a low-symmetry, nine-coordinate
lattice structure®’, a result arising from its smaller ionic
radius and the highly directional nature of its 3d or-
bitals (B. Kennedy, pers. commun.). Hence, the overall
ability of Mn to be incorporated into the nacre of H.
depressa, would not appear to be inconsistent with that
demonstrated for Cd and Pb.

A major assumption implicit in the use of microlamina-
tions as archival monitors of water chemistry, is that
once an element is deposited in the shell, via the mantle,
1) it does not move out of the shell, or 2) migrate or
diffuse into adjacent regions of the shell, thus smearing
the signal originally recorded. We discount these possi-
bilities for Mn in the present study because of the
following reasons. Firstly, in a comprehensive study of
the kinetics of several radionuclides, including *Mn, in
the shell of the freshwater unionid bivalve Velesunio
angasi, Harris®? clearly showed that there was no signifi-
cant (p > 0.05) loss of **Mn from the shell over 160
days, indicating a relatively long biological half-life (i.e.
> 320 days). Similarly, Mn has also been shown to have
a relatively long biological half-life (i.e. >320 days) in
the soft tissue of V. angasi (P. L. Brown, R. A. Jeffree
and S. J. Markich, unpubl. results). This is due primar-
ily to its low solubility as a hydrogen phosphate (HPO,)
salt in extracellular granules®:, even though these
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granules are bathed in the body fluids which would
enhance the likelihood of leaching Mn from the tissue.
Logarithms of the solubility products (log K,,) of five
divalent metal hydrogen phosphates show a positive,
linear relationship (p<0.001; r2=0.999) with the
log K,’s of the corresponding divalent metal carbon-
ates (fig. 7), indicating a comparably low solubility of
Mn in the shell.

Secondly, given the depositional structure of the shell
nacre, where each incremental lamellae is isolated from
the mantle fluids by a proceeding lamellae, it could be
expected that the opportunity for the remobilisation of
Mn, compared to the tissue, would be much less (except
for lengthy anaerobic periods®®). Indeed, since we pre-
dict that Mn will be bound predominantly at Ca* sites
in the aragonite lattice of the shell nacre, as shown for
Cd and Pb*, it would have to migrate by a kind of
diffusion process in the solid phase: a process generally
not considered to be of any significance during the
lifetime of the bivalve®®. Therefore, Mn should not be
particularly mobile relative to Ca, thus maintaining the
integrity of the record of biomineralisation encoded by
the Mn/Ca ratios,

Thirdly, is the interpretation that the depth profiles of
normalised Mn signal intensities shown in figure 5a, 5b
and 5c represent microlaminations rapidly reaching a
steady state of passive entry/exit of Mn with the pallial
fluid and homogenising with the shell interior, over 2
and 6 days of experimental exposure. However, if the
process of diffusion was so rapid, then the period of
several weeks that elapsed between the sacrifice of
specimens at the end of the experiment and subsequent
SIMS analysis, would lead to the disappearance of
a profile of Mn in the nacre lamellae. This, how-
ever, was not apparent. Urey et al.>” utilised '*O/'30
ratios in fossil mollusc (belemnite) specimens to
conclude that any diffusion would be negligible.
Similarly, Tourtelot and Rye®® found no evidence
of post-depositional exchange, based on ¢, or ¢.°C
(PDB) values, in the shell of fossil bivalves. Overall,
using the above discussion as a rationale, we would
expect a negligible movement of Mn either out of the
shell or between adjacent microlaminations in the
nacre.

Several studies have recognised that the ratios of Sr/Ca
in the shells of a variety of aquatic molluscs are lin-
early related to the Sr/Ca ratios in the aquatic environ-
ment? 4596 Moreover, this relationship has also
been shown to hold for several other divalent metals,
such as Mg, Ra, Cd, Pb, Cu and Zn*->°-%3, although
only up to a certain metal/Ca ratio (see Simkiss>®). Our
results for Mn indicate that the ratio of Mn/Ca in the
shell of H. depressa is reflecting the bioavailable con-
centration of Mn/Ca in the aquatic medium, a finding
consistent with previous investigations of other diva-
lent metals®*>°-3,
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