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Abstract

The relationship between potential elemental proxies (Mg/Ca, Sr/Ca and Mn/Ca ratios) and environmental factors was investigated
for the bivalve Pecten maximus in a detailed field study undertaken in the Menai Strait, Wales, U.K. An age model constructed for each
shell by comparison of measured and predicted oxygen-isotope ratios allowed comparison on a calendar time scale of shell elemental
data with environmental variables, as well as estimation of shell growth rates. The seasonal variation of shell Mn/Ca ratios followed
a similar pattern to one previously described for dissolved Mn2+ in the Menai Strait, although further calibration work is needed to val-
idate such a relationship. Shell Sr/Ca ratios unexpectedly were found to co-vary most significantly with calcification temperature, whilst
shell Mg/Ca ratios were the next most significant control. The temporal variation in the factors that control shell Sr/Ca ratios strongly
suggest the former observation most likely to be the result of a secondary influence on shell Sr/Ca ratios by kinetic effects, the latter
driven by seasonal variation in shell growth rate that is in turn influenced in part by seawater temperature. P. maximus shell Mg/Ca ratio
to calcification temperature relationships exhibit an inverse correlation during autumn to early spring (October to March–April) and a
positive correlation from late spring through summer (May–June to September). No clear explanation is evident for the former trend, but
the similarity of the records from the three shells analysed indicate that it is a real signal and not a spurious observation. These obser-
vations confirm that application of the Mg/Ca proxy in P. maximus shells remains problematic, even for seasonal or absolute temper-
ature reconstructions. For the range of calcification temperatures of 5–19 �C, our shell Mg/Ca ratios in P. maximus are approximately
one-fourth those in inorganic calcite, half those in the bivalve Pinna nobilis, twice those in the bivalve Mytilus trossulus, and four to five
times higher than Mg/Ca ratios in planktonic and benthonic foraminifera. Our findings further support observations that Mg/Ca ratios
in bivalve shell calcite are an unreliable temperature proxy, as well as substantial taxon- and species-specific variation in Mg incorpo-
ration into bivalves and other calcifying organisms, with profound implications for the application of this geochemical proxy to the
bivalve fossil record.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

Biominerals produced by marine and terrestrial aquatic
organisms have long been recognized as extremely valuable
archives from which environmental variability can be
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reconstructed. Calcium carbonate skeletons produced by
organisms such as foraminifera, ostracodes, corals and biv-
alves have the potential to contain within their isotope and
elemental composition signatures that reflect the environ-
ment in which the organisms calcified (e.g. Lea et al.,
1989; Wefer and Berger, 1991; Delaney et al., 1993; Druffel,
1997; Lea et al., 1999; Swart and Grottoli, 2003). Such a
‘‘proxy’’-based approach is especially important when
and where instrumental records of oceanographic and
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climatic parameters are absent. An ideal marine geochem-
ical proxy will depend on a single oceanographic parame-
ter, and will enable a perfect reconstruction of the
variation of such a parameter in the past. Often multiple
parameters can influence these proxies thereby confound-
ing their use if individual parameter resolution proves
impossible. Consequently, each new potential proxy needs
to be rigorously calibrated and validated and its veracity
confirmed. To complete such an exercise the role of envi-
ronmental, and potentially biological, factors in controlling
the proxy variation must be understood. During biominer-
alization organisms can exert strong controls over carbon-
ate mineral precipitation that may result in different
mineral properties (e.g., shape, size, crystallinity, isotope
and trace-element composition) from that expected from
inorganic precipitation (e.g. Weiner and Dove, 2003). Rec-
ognition of taxon- and species-specific factors, in addition
to the influence of the ambient environmental conditions
of interest, therefore is paramount when interpreting prox-
ies, e.g. element/Ca ratios, in extant and ultimately extinct
organisms.

1.1. Bivalve shell records

Marine bivalves are important palaeoenvironmental ar-
chives due to their incremental shell deposition, with the
potential for high-temporal-resolution reconstructions of
environmental conditions over a wide range of temporal
scales, e.g. decades and even centuries (Jones, 1983; Weid-
man et al., 1994). Furthermore, marine bivalves occupy
widely distributed habitats in the modern-day oceans, from
coastal waters to hydrothermal environments, as well as
being relatively common throughout the fossil record since
the Cretaceous. Compared to other biogenic carbonate ar-
chives, most geochemical proxies in bivalves have yet to
fulfil their potential, because of the limited number of cal-
ibration and validation studies so far completed. Impor-
tantly, an improved understanding of whether elemental
geochemical proxies are applicable to different bivalve spe-
cies is required, since it is also possible that species-specific
effects could be evident.

1.2. Bivalve shell chemistry

Use of the stable oxygen-isotope composition (18O/16O
ratios expressed as d18O values) of biogenic carbonate ar-
chives as a proxy for seawater temperature and salinity,
and for reconstructing ice-sheet volume, is one of the most
powerful tools in palaeoceanographic studies. It is a com-
mon view that the d18O value of marine mollusc shell car-
bonate is deposited at, or near, isotope equilibrium with
the seawater solution from which precipitation occurs and
hence reflects a combination of ambient temperature and
the oxygen-isotope composition of the seawater medium
ðd18OH2OÞ (e.g. Epstein et al., 1953). As a consequence, bi-
valve shell d18O records have been used to reconstruct both
seawater temperatures (Klein et al., 1996a; Kennedy et al.,
2001; Elliot et al., 2003) and salinity changes (e.g. Ingram
et al., 1996a; Mueller-Lupp et al., 2003). Nevertheless, devi-
ations from oxygen-isotope equilibrium have been observed
in some bivalve species with calcite shells (Mitchell et al.,
1994), including the bivalve studied in the present work,
the king scallop Pecten maximus (Owen et al., 2002a). More
recently, P. maximus collected from the field (Chauvaud
et al., 2005) has been shown to precipitate its calcite shell
close to oxygen-isotope equilibrium. The occurrence of oxy-
gen-isotope equilibrium in biogenic carbonates is a funda-
mental prerequisite for the investigation of the veracity of
proxies, such as Mg/Ca and Sr/Ca ratios, when using the
carbonate d18O values for the estimation of calcification
temperatures, as has been completed herein.

During the past two decades interest has grown rapidly
in the use of the elemental composition (e.g. Mg, Sr, Mn
and Ba) of biogenic carbonates for palaeo-reconstructions
of environmental conditions. However, recent studies have
increasingly confirmed that the use of the elemental com-
position of marine bivalve archives as palaeo-proxies is
not a simple process and those factors controlling elemen-
tal incorporation are generally much less well understood
than those that govern stable-isotope ratio composition
(Lorens and Bender, 1977; Klein et al., 1996a,b; Stecher
et al., 1996; Purton et al., 1999; Vander Putten et al.,
2000; Lazareth et al., 2003; Takesue and van Geen, 2004;
Chauvaud et al., 2005; Freitas et al., 2005; Gillikin et al.,
2005a; Gillikin et al., 2005b; Lorrain et al., 2005; Gillikin
et al., 2006). Mg/Ca and Sr/Ca ratios in calcite and arago-
nite biominerals, respectively, have been used as proxies of
seawater temperature (e.g. Beck et al., 1992; Klein et al.,
1996a; Elderfield and Ganssen, 2000; Lear et al., 2002).
The growing importance of element/Ca ratio palaeother-
mometry has encouraged active research into the evalua-
tion of additional biological (i.e. metabolic and growth
rate) and environmental (e.g. temperature, salinity and car-
bonate ion concentration) factors that may influence non-
equilibrium incorporation of Mg and Sr into biogenic car-
bonates. Such work largely has been developed for foram-
inifera (e.g. Lea et al., 1999; Erez, 2003; Russell et al.,
2004), corals (e.g. de Villiers et al., 1995; Cohen et al.,
2001) and to a lesser extent bivalves (Lorens and Bender,
1980; Klein et al., 1996a,b; Vander Putten et al., 2000; Fre-
itas et al., 2005; Gillikin et al., 2005b; Lorrain et al., 2005).
One outcome of these studies has been the identification of
taxon- and species-specific differences in the incorporation
of elements into carbonate skeletons. Previously, we have
demonstrated that the large fan mussel Pinna nobilis exhib-
its higher Mg/Ca ratios than other biogenic calcites (Fre-
itas et al., 2005). Comparison of the P. nobilis data to
published values for the mussel Mytilus trossulus (cf. Klein
et al., 1996a) further indicated that the Mg/Ca–tempera-
ture relationship in marine bivalves was strongly species
specific (Freitas et al., 2005). Together with further evi-
dence for metabolic and ontogenetic variability (Lorens
and Bender, 1977; Freitas et al., 2005), such findings have
fundamental implications for the use of the Mg/Ca



Fig. 1. Location of the field deployment site, Menai Strait, Wales, U.K.
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ratio proxy in bivalves as a means of reconstructing
temperatures.

By comparison, the general absence of a relationship be-
tween Sr/Ca ratios in bivalve calcite shells and calcification
temperature, indicates that Sr/Ca ratios in the calcite of the
bivalve species studied to date appear to be controlled pri-
marily by kinetic and metabolic effects (Klein et al., 1996b;
Vander Putten et al., 2000; Freitas et al., 2005), although a
possible secondary salinity influence also has been suggest-
ed (Klein et al., 1996b). Lorrain et al. (2005) have recently
shown Sr/Ca ratios in P. maximus to be controlled by shell
precipitation rates. Similarly, calcification rates were
shown to control the Sr/Ca ratios of abiogenic calcite (Lo-
rens, 1981; Morse and Bender, 1990; Tesoriero and Pan-
kow, 1996), as well as of biogenic calcites such as
coccolith (Stoll and Schrag, 2000; Rickaby et al., 2002)
and foraminiferal (Lea et al., 1999) calcite. A small temper-
ature dependence for Sr/Ca ratios observed in some bio-
genic calcites has been attributed to a temperature
influence on calcification (Lea et al., 1999), as well as to a
correlation between temperature and growth rates (Stoll
et al., 2002). Even in aragonite bivalves Sr/Ca ratios are
not under a clear temperature control, but also are depen-
dent on biological processes (Gillikin et al., 2005b) and/or
shell growth rates (Takesue and van Geen, 2004).

Beyond a palaeothermometry application, carbonate
geochemistry has long promised, since the late 1920s, po-
tential proxies that record seawater chemistry. The intro-
duction of the concept of a non-thermodynamic partition
coefficient (cf. Morse and Bender, 1990), is dependent on
a simple consistent relationship being demonstrated be-
tween seawater and biogenic carbonate elemental composi-
tions. For example, manganese carbonate (MnCO3) forms
a solid solution with calcite (Pedersen and Price, 1982) and
Mn2+ incorporation from seawater into inorganic calcite
has been described to follow a first order relationship with
dissolved Mn2+ concentration (Franklin and Morse, 1983).
Mn/Ca records derived from biogenic carbonate archives
thus potentially could provide a proxy for dissolved
Mn2+ concentrations and thereby reflect those redox pro-
cesses that control the concentration of this element in sea-
water. Little experimental work has been completed on
those factors that influence Mn/Ca ratios in bivalve shells,
but elevated shell Mn/Ca ratios in the bivalve Mytilus edu-

lis have been suggested to be related both to seasonal
changes in primary production (Vander Putten et al.,
2000), and to increased riverine discharge events and asso-
ciated phytoplankton blooms (Lazareth et al., 2003).

We contribute further to the development of this field by
presenting geochemical data for the marine bivalve king
scallop, P. maximus, grown in a field experiment during
which measurements of contemporaneous environmental
conditions also were taken. P. maximus is a non-sedentary
bottom dweller that is found in coastal waters down to
200 m in the northeast Atlantic Ocean (Brand, 1991). It
may grow to over 15 cm in length in approximately 10 years
and possesses a calcite shell with foliated inner and outer
layers (Watabe, 1988) and a thin periostracum (<1 lm)
(Harper, 1997). In this study we have utilised the oxygen-
isotope composition of field-deployed specimens of P. max-

imus (cf. Owen et al., 2002a) to investigate the potential of
shell Mg/Ca ratios as a calcification temperature proxy
and Sr/Ca ratios as a proxy for growth and/or shell precip-
itation rate. Where possible, we also assess these data with
respect to other bivalve species, as well as with other major
taxa, i.e. foraminifera and ostracodes. In an initial assess-
ment of its veracity as a geochemical proxy, comparison
of shell Mn/Ca ratios to seasonal changes of seawater dis-
solved manganese concentrations also has been made.

2. Methods

2.1. Field sampling and location

In a previous study, Owen et al. (2002a) deployed spec-
imens of the bivalve P. maximus in the Menai Strait, north
Wales, U.K. (Fig. 1), from the 27th September 1994 to the
25th September 1995, suspended 1 m below a moored raft.
The animals were all less than 1 year old when deployed,
obtained from one spat cohort and initially ranged from
1.8 to 2.1 cm in shell length. A clearly visible disturbance
mark was formed in the shells when transferred from labo-
ratory aquaria to the field and only shell material deposited
after this check was analysed. For the duration of the field
experiment, Owen et al. (2002a) recorded the following key
seawater parameters: temperature, salinity, oxygen-isotope
composition ðd18OH2OÞ and pH, amongst others.
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2.2. Shell preparation and milling

Three P. maximus specimens that had not been used in the
Owen et al. (2002a) study (labelled P21, P42 and P49) were
used to derive coupled measurements of shell stable-isotope
and elemental composition. The growth increment during
the 1-year duration of field deployment was similar between
all three specimens and to that of the specimens used by
Owen et al. (2002a): 39.6 mm for P21, 39.7 mm for P42
and 42.2 mm for P49. Initially, any fouling of the shell sur-
face was gently removed either directly or by washing and
scrubbing with a soft brush. Powder samples were collected
by milling the shell surface along the main axis of growth,
from the deployment mark towards the shell margin. All
sample distances were measured from the disturbance mark
and samples were collected, at spacings ranging from 1 to
2 mm, using a 0.4 mm wide steel carbide burr (Minerva Den-
tal Ltd.) attached to a hand-held dental drill. Accurate mill-
ing and shell measurements were completed under a
binocular microscope fitted with an eyepiece graticule.
Depth and width of milling were controlled carefully, with
each sample taken from between the same pair of growth stri-
ae and laterally across three shell ridges (plieae). Milled pow-
der samples then were split into separate aliquots for element
and stable-isotope ratio determinations.

2.3. Stable-isotope and elemental ratio analysis

The analytical methodologies used in this study are
exactly as described in detail in Freitas et al. (2005), since
the samples in this study were measured at the same time.
Stable-isotope-ratio data are reported in per mil (&) devi-
ations relative to VPDB and the overall analytical precision
for d18O measurements based on analyses of an internal
laboratory standard run concurrently with all P. maximus

samples is 0.05& (1r standard deviation; n = 61). Analysis
of replicate shell samples of P. maximus yielded a sample
precision of 0.06& (1r standard deviation; n = 5). Calibra-
tion for element ratio determinations was performed via an
established ICP-AES intensity-ratio method (de Villiers
et al., 2002), using synthetic standard solutions in the range
0–30 mmol/mol for Mg/Ca, 0–5 mmol/mol for Sr/Ca and
0–0.6 mmol/mol for Mn/Ca. Instrumental drift was moni-
tored by running one of the intermediate calibration stan-
dards every 5–10 samples and data then were corrected
accordingly. On the 3 days of analysis, analytical precision
(expressed as relative standard deviation or RSD; n = 9, 9
and 6, respectively) was 0.52%, 0.86% and 1.13% for Mg/
Ca (mean = 0.8%), 1.39%, 1.86% and 0.58% for Sr/Ca
(mean = 1.3%) and 1.18%, 1.98% and 1.58% for Mn/Ca
(mean = 1.6%). Analysis of replicate samples (n = 5) from
P. maximus yielded a sample precision of 3.5% for Mg/
Ca, 2.0% for Sr/Ca and 7.1% for Mn/Ca, all expressed as
RSD. For all samples Mn concentrations were above (2–
36 times), but close to, the lower limit of detection of
0.01 lmol L�1, which likely explains the lower precision
observed for the Mn/Ca ratios.
In order to assess the accuracy of our analytical proce-
dures for Mg/Ca and Sr/Ca ratio determinations, we also
analysed a set of solutions prepared by the Elderfield group
at the University of Cambridge (Greaves, pers. comm.,
2003; cf. de Villiers et al., 2002). The linearity of our inten-
sity-ratio calibration lines, combined with the independent
confirmation of the accuracy of our analytical procedure
(Freitas et al., 2005), confirms the veracity of the P. maxi-

mus Mg/Ca and Sr/Ca ratios obtained in this study.
All geochemical data are reported in electronic appendix 1.

2.4. Shell age models, shell growth rates and calcification

temperatures

Chauvaud et al. (2005) demonstrated that P. maximus

precipitate calcite close to oxygen-isotope equilibrium with
seawater. Therefore, for our shell samples predicted
d18Oequil values (expressed relative to the VPDB standard)
were calculated according to the equation of Chauvaud
et al. (2005):

T ð�CÞ ¼ 14:84� 3:75ðd18Ocalcite � d18OH2OÞ ð1Þ
using paired measurements of Menai Strait seawater tem-
perature (T) and d18OH2O values (expressed relative to the
VSMOW standard) taken every one to two weeks (cf.
Owen et al., 2002a), concurrently with the field deployment
of P. maximus (Fig. 2a). d18Oequil is equivalent to d18Ocalcite

in Eq. (1). Recent studies also have shown that aqueous
carbonate-ion concentrations influence d18Oequil (Kim and
O’Neil, 1997; Spero et al., 1997; Bemis et al., 1998; Zeebe,
1999). For the dataset used in the present study, from field
pH measurements, this effect would result in a negligible
correction to d18Oequil of 0.03 ± 0.05& for the entire data
set (cf. Owen et al., 2002a). Furthermore, uncertainty in
the d18Oequil values, derived from precisions of 0.05 �C
for temperature measurements and 0.04& for d18OH2O

measurements (Owen, 1998), and using Eq. (1) is ca.
0.06& (1r).

Subsequently, we used the AnalySeries software package
(Paillaird et al., 1996), which is widely used in palaeocli-
mate studies for time-series and stratigraphic correlation,
to assign calendar dates to each milled shell sample. The
measured shell d18O profile (Fig. 2b) from each specimen
was matched to the predicted d18Oequil (Fig. 2a) by compar-
ing both absolute values and the shape of the profiles, with
data plotted as days subsequent to September 27th 1994
(day 1), the day of initial shell deployment in the field
(Fig. 2c). A correlation coefficient of 0.97 (r2) was obtained
for each P. maximus specimen, providing a measure of the
fit between the measured shell d18O and the predicted
d18Oequil. The difference in the shape of the d18O profiles
in Figs. 2b and c is a result of each milled powder sample
representing a time-integrated average of temperature
and d18OH2O variation, with the degree of integration
depending on shell growth rate and the amount of shell
sampled. Consequently, we have calculated that the
number of calendar days represented on average by each



Fig. 2. (a) Predicted d18O values for shell precipitated in isotope equilibrium (see Section 2.4 for approach used). (b) Measured P. maximus shell d18O
profiles from three specimens deployed in the Menai Strait. Distance is measured along the growth axis from the disturbance mark towards the shell
margin. (c) Age model for each P. maximus shell developed by comparing the measured shell d18O profiles with oxygen-isotope values predicted for calcite
precipitated in equilibrium with seawater (open circles). Letters indicate calendar month.
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milled sample varies from around 30 days from December
to February–March, to between 5 and 10 days between
March–April and October.

The advantages of obtaining an age model for each
P. maximus specimen in this way are: (1) seasonal variation
in the shell records can be defined; (2) Mn/Ca ratios recorded
in the shell subsequently can be compared to seawater data
on a calendar time scale; (3) daily shell growth rates can be
estimated for each interval between two samples (assuming
constant growth within each interval) by utilising distance
and time differences between samples, and these growth rate
estimates then compared to shell Sr/Ca ratios.

To investigate the potential of shell Mg/Ca ratios as a
temperature proxy we compare Mg/Ca ratios directly to
calcification temperatures determined from d18O measure-
ments made on the same milled shell sample. Calcification
temperatures were calculated using Eq. (1) for each mea-
sured shell oxygen-isotope value and using the mean annu-
al d18OH2O value of 0.14 ± 0.1& (1r standard deviation;
n = 35), such that errors associated with interpolation are
avoided (see electronic appendix 1). The uncertainty in cal-
cification temperatures obtained using Eq. (1) is ca. 0.1 �C
(1r) based on an analytical precision of 0.04& (1r) for
shell d18O values and an averaging error of 0.1& for the
mean annual d18OH2O value.
2.5. Statistical analysis

Two-sample t-tests have been used to determine statisti-
cally whether significant differences exist between the mea-
sured geochemical proxies and calculated calcification
temperatures. Herein, probability levels less than 5%
(p < 0.05) are considered significantly different. Running
correlations were used to discern smaller temporal scale
variations in the relationship between any two parameters
within shells. Correlation factors (r) and probability levels
(p) thus obtained were plotted against time at the centre
point of each integration window.

3. Results

3.1. Shell d18O profiles and calcification temperatures

Shell d18O values, and hence calcification temperatures,
showed a clear pattern in all three specimens (Fig. 2b). The
highest shell d18O values, corresponding to the lowest sea-
water temperatures that characterize the winter period,
were recorded at approximately 8–10 mm from the distur-
bance mark in the three shells, whilst the lowest shell d18O
values, corresponding to the highest summer seawater
temperatures, were recorded ca. 30–35 mm from the
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deployment mark. One of the shells (P42) consistently
exhibits more negative shell d18O values and consequently
higher calcification temperatures than the other two shells
from 15 to 35 mm (Fig. 2b and c). Higher shell d18O values
than predicted equilibrium d18O values were observed in
the earliest half of the shell record during October–Novem-
ber 1994, and to a lesser extent in February–March and
July 1995, normally by less than 0.2–0.3& although some
shell samples in October 1994 are up to 0.6& higher
(Fig. 2b). Derived calcification temperatures display similar
absolute ranges in the three specimens (5.3–17.6 �C in P21,
5.4–18.1 �C in P42 and 5.7–18.1 �C in P49) and relate well
to the measured seawater temperature range of 6.3–18.9 �C
(cf. Owen et al., 2002a).

3.2. Shell growth rates

Estimated shell growth rates show a clear seasonal varia-
tion in all three specimens (Fig. 3 and electronic appendix 1),
with the lowest rates (<20 lm/day) during winter
(December–February) before generally increasing from
the spring to the beginning of autumn (March–August)
with a maximum growth rate of 350–400 lm/day. These
values are within the range of shell growth rates (0 to
350–400 lm/day) reported for P. maximus of similar age
from non-manipulated populations (Chauvaud et al.,
1998; Lorrain et al., 2000; Chauvaud et al., 2005; Lorrain
et al., 2005), but higher than the ones (0 to �250 lm/
day) reported for P. maximus by Owen et al. (2002a).
The fact that growth rates in our specimens are near iden-
tical to those of non-manipulated natural populations
strongly supports our consideration that shell deposition
in our specimens is characteristic of P. maximus normal
growth patterns. Cessation of P. maximus shell growth dur-
ing low winter seawater temperatures and during spring
diatom or toxic dinoglagellate blooms, which leads to no
shell record of environmental conditions, has been reported
for P. maximus by several authors (Chauvaud et al., 1998;
Owen, 1998; Lorrain et al., 2000; Owen et al., 2002a).
P. maximus shells have been reported to stop growing at
seawater temperatures below 9 �C (Dare and Deith,
1991), although growth at temperatures as low as 5–7 �C
Fig. 3. Seasonal variation in shell growth rates estimated using the
calendar dates derived from the d18O-based age models and calculated
assuming linear growth between adjacent samples.
(Laing, 2000; Owen et al., 2002b) also has been reported.
We cannot identify any cessation in shell growth using
the methodologies employed to sample our shells and to
build the d18O-based age models, but the overall similarity
of profiles of measured and predicted d18O values (Fig. 2c)
suggests that our shells have recorded a seasonal cycle of
ambient conditions, albeit with variable time averaging
dependent on varying shell growth rates. One of the conse-
quences of seasonally variable shell growth rates can be
seen in the seasonal bias in the distribution of milled shell
samples, i.e. although powder samples were collected at
approximately regularly spaced intervals along the shell
growth axis (Fig. 2b), when plotted on a temporal scale
the density of geochemical data obviously is higher at times
when shell growth rate is higher (Fig. 2c).

3.3. Shell Mn/Ca ratio profiles

A common pattern of shell Mn/Ca variation was ob-
served in the three shells (Fig. 4a), with shell Mn/Ca ratios
decreasing in the earlier part of the record to a minimum
during the winter months (December–March), followed
by an increase during spring (March–April) and broad
but variable maxima that continued through the summer
months. After July shell Mn/Ca ratios decrease to values
similar to those in the earlier part of the record, during au-
tumn–winter 1994. Differences between the three shells also
were observed, as indicated by different winter minimum
shell Mn/Ca ratios (0.014 mmol/mol in P21, 0.027 mmol/
mol in P42 and 0.044 in P49) and summer maximum shell
Mn/Ca ratios (0.112 mmol/mol in P21, 0.109 mmol/mol in
P42 and 0.09 mmol/mol in P49). Mean Mn/Ca ratios are
significantly different between P21 and the two other shells,
Fig. 4. Seasonal element/Ca profiles from P. maximus shells: (a) Mn/Ca,
(b) Sr/Ca and (c) Mg/Ca ratios.



Fig. 5. (a) Pecten maximus shell Mn/Ca records for the years of 1994–
1995. (b) Chlorophyll a concentration for the years 1994–1995. (c)
Dissolved Mn2+ data for the Menai Straits for 1969–1970 (cf. Morris,
1974). (d) Seawater temperature for the years 1994–1995 and 1969–1970
(cf. Morris, 1974).
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P42 and P49 (t-test, p = 0.003 and p < 0.001, respectively),
but not between the latter.

3.4. Shell Sr/Ca ratio profiles

Shell Sr/Ca ratios range from 1.2 to 1.7 mmol/mol in
P21, 1.3–1.7 mmol/mol in P42 and 1.3–1.7 mmol/mol in
P49 (Fig. 4b). Sr/Ca ratios in the three shells do not show
a common pattern, albeit having lower values during the
Autumn–Winter months (October to February), which
then increase during the spring and summer months
(March to September) in all three shells. There is, however,
a period during which shells P21 and P42 show a similar
pattern, i.e. a gradual increase in Sr/Ca ratios, from mid
March until May. The Sr/Ca record of shell P49 is some-
what ‘flatter’ during the initial months, remaining relatively
constant in magnitude up to March, after which values in-
crease until the end of the record, albeit always with lower
values than those observed in specimens P21 and P42. Dif-
ferences at the level of individual shells were observed, with
shell P21 having significantly lower mean Sr/Ca ratios than
P42 and P49 in the earlier part of the record (October–
March), when minimum shell Sr/Ca ratios occur
(p < 0.005 and p < 0.001, respectively), while shell P49
showed significantly lower mean Sr/Ca ratios than P21
and P42 from late March onwards (t-test, p < 0.001 for
both shells).

3.5. Shell Mg/Ca ratio profiles

Shell Mg/Ca ratios range from 5.0 to 18.4 mmol/mol in
P21, 6.2–19.5 in P42 and 6.8–15.1 mmol/mol in P49
(Fig. 4c). The striking feature of the measured shell Mg/
Ca ratio profiles, which were expected to exhibit a seasonal
temperature signal, is the absence of clear intra-annual var-
iation like that observed for shell d18O values. Shell Mg/Ca
ratios initially increase in magnitude until early in March,
the time when d18O values reach a maximum and thus cal-
cification temperatures a minimum. Mg/Ca values subse-
quently show a general decrease through to April and no
consistent variation of Mg/Ca ratios in the three shells
was observed from April–June. Shell Mg/Ca ratios in-
creased, in the later part of the record, from July–Septem-
ber in all three specimens. Although the general pattern
described above for the shell Mg/Ca profiles can be ob-
served in all three shells, differences occur in both the shape
of the profile and absolute Mg/Ca values at any given time
during the calendar year.

4. Discussion

4.1. Shell Mn/Ca: A tracer of seasonal variation of dissolved

Mn2+?

Manganese is a redox-sensitive trace metal that is more
soluble in its reduced (Mn II) than oxidised (Mn IV) form,
the latter precipitating as oxyhydroxides. Dissolved
manganese (Mn2+) is delivered to the oceans by riverine in-
put and is slowly removed from solution by oxidation to
Mn IV, while reducing conditions in sediments and in
particular situations in the water column can recycle
Mn2+ back into solution.

Only a few studies have been undertaken on Mn/Ca ra-
tios in biogenic calcites, with two investigations relating
Mn/Ca in bivalve shells to environmental or biological
variables. In the tropical mangrove bivalve Isognomon

ephippium shell Mn/Ca ratios exhibited increases that were
suggested to be related to increased monsoonal riverine dis-
charge and associated phytoplankton blooms (Lazareth
et al., 2003). Shell Mn/Ca ratios in the bivalve M. edulis

from a field study in the Netherlands also were shown to
follow a seasonal pattern, with high values during late
spring, again considered to be related to seasonal varia-
tions in primary production (Vander Putten et al., 2000).
In our P. maximus shells Mn/Ca ratios exhibit a pro-
nounced seasonality, with minimum values during the win-
ter months and higher, but variable, values in spring and
throughout the summer (Figs. 4a and 5a). However, the in-
crease in our P. maximus Mn/Ca ratios in March 1995 pre-
cedes that year’s initial spring bloom increase in
chlorophyll a concentrations (Owen et al., 2002a) by
approximately one month (cf. Fig. 5b), suggesting that sea-
sonal variation in primary production is not the major fac-
tor determining the seasonal variation of our P. maximus

shell Mn/Ca ratios.
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We consider that oxidation of Mn2+ and precipitation
of MnO2 on the shell surface at times of high seawater
Mn2+ concentrations (i.e. during spring and summer) can-
not explain the shell Mn/Ca records observed. Such an
oxide precipitation mechanism would affect all available
shell surfaces at the moment of precipitation, thereby influ-
encing shell Mn/Ca ratios for all previous growth, with no
seasonal variation of shell Mn/Ca being recorded. Further-
more, we observed no significant correlations (p > 0.005)
between shell Mn/Ca ratios and shell growth rates or calci-
fication temperature in any of our P. maximus shells, as has
been described in inorganic calcite experimentally precipi-
tated from seawater (Lorens, 1981; Mucci, 1988; Pingitore
et al., 1988; Dromgoole and Walter, 1990).

Seawater dissolved or particulate Mn data does not exist
for the Menai Strait during the 1994–1995 period that cor-
responds to the deployment of the P. maximus shells used
in the present study. However, seasonal variation of both
dissolved Mn II (Mn2+) (Morris, 1971, 1974) and particu-
late Mn (Morris, 1971) at the study site has been docu-
mented previously. During 1969 and 1970 (Fig. 5c) Mn2+

showed a pronounced seasonal variation, with low values
throughout winter, before increasing during March–April
until maximum values were attained during June or July,
followed by a general decrease again to the minimum win-
ter levels by November (Morris, 1974). Such large-scale
seasonal variation of Mn2+ concentrations in the Menai
Strait was not related to salinity and runoff variations,
but was suggested to be closely associated to seawater tem-
perature and redox changes in the sediments of the Menai
Strait (Morris, 1974).

Seasonal variation of hydrographic conditions between
1994–1995 (this study) and 1969–1970 (Morris, 1974) were
different (Fig. 5d). Seawater temperatures were generally
higher during 1994–1995 relative to 1969 and 1970, and
the duration of the period with the lowest winter tempera-
tures was longer in 1969 and 1970 (Fig. 5d). The increase in
our P. maximus shell Mn/Ca ratios in 1994–1995 and the
increase in seawater Mn2+ concentrations in 1969 and
1970 both occurred at a time when seawater temperatures
were increasing above ca. 7 �C. This temperature-change
event occurred in March in our study, and in April in the
Morris (1974) study (Fig. 5d). If seawater temperature
influences Mn2+ concentrations in the Menai Strait as pro-
posed by Morris (1974), then the temporal offset of one
month between the increase in our shell Mn/Ca ratios
and the previously documented increase in seawater
Mn2+ concentrations likely derives from differences in sea-
sonal variation of hydrographic conditions between the
years 1994–1995 and 1969–1970. We suggest, therefore,
that the intra-annual variation of shell Mn/Ca in P. maxi-

mus observed in our study shows a similar seasonal varia-
tion and most likely reflects the seasonal variation of
seawater Mn2+ concentrations.

Bivalve shell Mn/Ca records therefore may provide a
potential proxy for seawater dissolved Mn2+ concentra-
tions. Future calibration work is needed in order to robust-
ly validate such a proxy and to test relationships to
oceanographic parameters such as seawater temperature,
phytoplankton primary production, and especially
dissolved and particulate Mn concentrations. Furthermore,
observed differences in the magnitude of shell Mn/Ca ratios
between P. maximus specimens grown under the same con-
ditions possibly suggest the presence of a biological influ-
ence, as well as ambient environmental control, on shell
Mn/Ca ratios.

4.2. Shell Sr/Ca ratios in P. maximus shells

Sr/Ca ratios in calcite minerals are not expected to
exhibit a relationship with temperature since SrCO3 does
not form a solid solution with calcite and is thought not
to be thermodynamically controlled (Speer, 1983). A tem-
perature dependence of Sr/Ca ratios has, however, been
observed in foraminifera, albeit attributed to a kinetic
influence (Lea et al., 1999). A large body of work exists
describing potential controls on the Sr/Ca in inorganic cal-
cite. It has been observed that Sr/Ca ratios increase with
precipitation rate (Lorens, 1981; Mucci and Morse, 1983;
Morse and Bender, 1990; Tesoriero and Pankow, 1996),
with the Sr/Ca ratio of the solution from which precipita-
tion occurs (Mucci and Morse, 1983; Pingitore and East-
man, 1986; Carpenter and Lohmann, 1992) and with
increasing Mg concentration of the solution and solid min-
eral phases, since higher Mg concentrations increase miner-
al solubility and the incorporation of other elements by
distorting the mineral lattice (Mucci and Morse, 1983;
Ohde and Kitano, 1984; Morse and Bender, 1990; Carpen-
ter and Lohmann, 1992). Mineral precipitation rates also
currently are seen as a major control of biogenic Sr/Ca ra-
tios in foraminifera (Lea et al., 1999), coccoliths (Stoll and
Schrag, 2000; Rickaby et al., 2002) and bivalves, e.g. Myti-

lus edulis (Vander Putten et al., 2000) and Pecten maximus

(Lorrain et al., 2005). Furthermore, in seawater, usually
minor controls on Sr/Ca in bivalve shells have been shown
to be due to variation in solution Sr/Ca (Lorens and Bend-
er, 1980) and metabolic and/or salinity control (Klein et al.,
1996b). A weak influence of salinity on Sr/Ca ratios also
was observed in foraminiferal calcite (Lea et al., 1999).
Even in bivalve aragonite, where a temperature control
would be expected on Sr incorporation, strong biological
and kinetic effects have been suggested to control Sr/Ca ra-
tios (Lorens and Bender, 1980; Stecher et al., 1996; Purton
et al., 1999; Takesue and van Geen, 2004; Gillikin et al.,
2005b).

The strong control of precipitation rate on Sr/Ca led
Lorrain et al. (2005) to estimate the total amount of shell
precipitated, as an advance on using a linear measure of
shell growth along the main growth axis, and showed that
Sr/Ca ratios in P. maximus shells are better explained by
the former rather than by the latter parameter. The total
amount of shell calcite precipitated can be expressed by
two parameters derived from strong morphometric rela-
tionships with shell height, one parameter being shell
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weight (Daily Weight Increment) and the other shell sur-
face area (Daily Surface Area Increment or DSAI) (Lor-
rain et al., 2005). The relationships described by Lorrain
et al. (2005) may not be appropriate for all populations
of P. maximus, since morphometric relationships likely
vary from one population to another and we cannot assess
such variation in our population. Indeed, shell weight esti-
mated from shell height using the equation of Lorrain et al.
(2005) overestimates the weights of our scallop specimens,
most likely reflecting differences in shell thickness between
the two scallop populations. By comparison, shell surface
areas estimated from shell height (P21 = 31.4 cm2,
P42 = 37.2 cm2 and P49 = 38.4 cm2) are similar, albeit
larger, to the shell surface area measured using digital
imaging methods for our three specimens (P21 = 30.7
cm2, P42 = 36.5 cm2 and P49 = 38.1 cm2, 1r = 0.5) and
so we have assumed that the equation of Lorrain et al.
(2005) is applicable to our scallop specimens and have used
it to estimate shell surface area (S = 0.802 · H2.045, with S

in cm2 and H in cm) and subsequently the amount of shell
deposited, i.e. DSAI, for comparison to shell Sr/Ca ratios
(see electronic appendix 1).

In our P. maximus shell Sr/Ca ratios are significantly
correlated to calcification temperature, shell Mg/Ca ratios,
shell growth rate (SGR) and DSAI, but not to salinity
(Table 1). In contrast to the observations of Lorrain
et al. (2005), calcification temperature and Mg/Ca appear
to be the main factors controlling our shell Sr/Ca ratios
(r2 = 0.64) and the addition of DSAI only accounts for
an additional 1.5% of the data scatter for our specimens
(r2 = 0.65) (Table 1). Lorrain et al. (2005) report P. maxi-

mus shell Mg/Ca ratios between 5 and 15 mmol/mol, while
we observed shell Mg/Ca ratios as high as 19.5 mmol/mol,
especially in the later part of the shell records after May–
Table 1
Regression statistics for linear relationships between P. maximus shell Sr/Ca
et al., 2005)

Variables

Simple regression with Sr/Ca

Temperature
Mg/Ca
DSAI
SGR
Salinity

Multiple regression with Sr/Ca

Variable 1 Variable 2
Temperature Mg/Ca

DSAI
SGR

Variable 1 Variable 2 Variable 3
Temperature Mg/Ca DSAI

SGR

Multiple regressions were completed using variables with the strongest correla
r2, Correlation coefficient; Mg/Ca (mmol/mol); Calcification temperature (�C)
(lm/day).
June (Fig. 4c). It is possible, therefore, that the higher
Mg/Ca ratios in our P. maximus specimens may impart a
stronger control on shell Sr/Ca ratios in our specimens.
A lower influence on shell Sr/Ca ratios by precipitation rate
in our P. maximus specimens is suggested by weaker corre-
lations of shell Sr/Ca to both SGR (r2 = 0.29, p < 0.001)
and DSAI (r2 = 0.45, p < 0.001), compared to those of
Lorrain et al. (2005) (r2 = 0.52 and r2 = 0.74, respectively).
Nevertheless, our data does confirm the observation of
Lorrain et al. (2005) that shell Sr/Ca ratios are better ex-
plained by the amount of shell calcite deposited, i.e. DSAI,
rather than by shell growth rates. We cannot discount,
however, the possibility that any error associated with
our using a morphometric relationship from a different
scallop population, or the fact that daily growth rates were
estimated from the d18O-based age model assuming con-
stant linear growth between consecutive samples, may ex-
plain the reduced significance of DSAI as a variable
controlling shell Sr/Ca ratios observed in the present study.

An 11-point running correlation between Sr/Ca and
Mg/Ca, calcification temperature, shell growth rate and
DSAI further shows the existence of a temporal variation
in the inter-relationships that control shell Sr/Ca ratios
(Fig. 6). Calcification temperature, as well as SGR and
DSAI, appear to control Sr/Ca ratios mainly in April
and May (Fig. 6a–c), a period representing the spring
marked increase of calcification temperatures and shell
growth rates. This observation strongly suggest the
co-variation of shell Sr/Ca with calcification temperature
observed in our shells most likely is the result of a second-
ary influence on shell Sr/Ca ratios by kinetic effects, the
latter driven by seasonal variation in shell carbonate
precipitation that is in turn influenced in part by seawater
temperature. On the other hand, Mg/Ca ratios appear to
ratios and possible dependent variables (following the format of Lorrain

r2 Overall p-value Additional variable p-value

0.55 <0.001
0.41 <0.001
0.45 <0.001
0.29 <0.001

<0.01 0.742

2nd
0.64 <0.001 <0.001
0.59 <0.001 0.004
0.58 <0.001 0.075

3rd
0.65 <0.001 0.053
0.65 <0.001 0.032

tion to Sr/Ca ratios as fixed variables 1 and 2.
; DSAI, daily surface area increment (mm2/day); SGR, shell growth rate



Fig. 6. An 11-point running correlation between Sr/Ca and: (a) calcifi-
cation temperature, (b) shell growth rates (SGR), (c) daily surface area
increment (DSAI), and (d) Mg/Ca ratios. Horizontal line defines p < 0.05.

Fig. 7. An 11-point running correlation between P. maximus shell Mg/Ca
ratios and calcification temperatures, applied to determine the temporal
variation in the significance of the Mg/Ca–calcification temperature
relationship. Horizontal line defines the point from which p < 0.05.
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be the dominant control on Sr/Ca ratios later in the shell
records, from May to the end of the experimental period.
These latter observations indicate that several factors influ-
ence shell Sr/Ca ratios through time, with calcification tem-
perature and Mg/Ca being the main controls in these shells.

4.3. Pecten maximus shell Mg/Ca relationship to
calcification temperature

The incorporation of Mg into inorganic calcite experi-
mentally precipitated from seawater exhibits a strong tem-
perature dependence (Chilingar, 1962; Katz, 1973; Burton
and Walter, 1987; Mucci, 1987; Oomori et al., 1987). Such
temperature dependence also has been described in detail
for biogenic calcites, in foraminifera (Nurnberg, 1995;
Nurnberg et al., 1996a; Rosenthal et al., 1997; Lea et al.,
1999; Elderfield and Ganssen, 2000), in ostracodes (Dwyer
et al., 1995; Correge and Deckker, 1997) and in coccoliths
(Stoll et al., 2001). As a result, biogenic calcite Mg/Ca ra-
tios are increasingly being used for temperature reconstruc-
tions. Several studies have shown, however, that factors
other than temperature can influence the Mg content of
both abiogenic and biogenic calcites. Solution Mg/Ca ratio
is thought to exert a strong control on inorganic calcite
Mg/Ca ratios (Berner, 1975; Mucci and Morse, 1983). In
foraminiferal calcite, pH (Lea et al., 1999; Russell et al.,
2004) and salinity (Nurnberg et al., 1996a,b; Lea et al.,
1999) have been shown to exert small, but significant, influ-
ences on Mg/Ca ratios, the latter decreasing with an in-
crease in pH and increasing with an increase in salinity.

In marine bivalves an unambiguous dependence of Mg/
Ca ratios on temperature remains unproven. A tempera-
ture dependence of Mg/Ca ratios in bivalve calcite previ-
ously has been described for the mussel M. trossulus

(Klein et al., 1996a), whereas the absence of a significant
correlation between Mg/Ca and calcification temperature
was observed recently for the scallop P. maximus (Lorrain
et al., 2005). Metabolic control on calcite Mg content has
been proposed in a close relative of M. trossulus, the blue
mussel M. edulis (Lorens and Bender, 1977), which may ex-
plain the observed breakdown in the relationship between
Mg/Ca and temperature reported for the latter species
(Vander Putten et al., 2000), as well as an apparent ontoge-
netic control of Mg/Ca ratios described in the fan mussel
Pinna nobilis (Freitas et al., 2005).

The P. maximus specimens investigated in this study do
not show a clear seasonal pattern in Mg/Ca ratios. Never-
theless, we observed a significant, albeit weak, correlation
(r2 = 0.30, p < 0.001), between Mg/Ca ratios and calcifica-
tion temperature in our P. maximus shells. All three shells
showed an increase in Mg/Ca ratios from October 1994 un-
til March 1995 (Fig. 4c), during which time oxygen-isotope
ratios increased (Fig. 2c) and seawater temperatures de-
creased (Fig. 5d). Interestingly, shell Mg/Ca ratios during
October 1994 were significantly lower (t-test, p < 0.001,
DF = 23) than during late May–early June 1995
(Fig. 4c), whilst seawater temperatures were similar (t-test,
p = 0.580, DF = 25) (Fig. 2c). Considering the expected
positive relationship between calcification temperature
and shell Mg/Ca ratios an 11-point running correlation
was applied in order to determine at what time of year, if
any, such a relationship occurred (Fig. 7). As a result of
this exercise, the relationship between P. maximus shell
Mg/Ca ratios and calcification temperatures can be divided
into two segments: an inverse correlation from October to
March–April and a positive correlation from May–June to
September. We have no explanation for the significant in-
verse correlation observed between Mg/Ca ratios and calci-
fication temperature in the early part of the shell records
(Fig. 7), although based on the similarity of the shell re-
cords from the three P. maximus shells analysed we do be-
lieve that the documented increase in shell Mg/Ca ratios
during winter to be a real geochemical signal and not a spu-
rious observation.



Fig. 8. Comparison of derived Mg/Ca to calcification temperature
relationships in biogenic calcite in the bivalves P. maximus, P. nobilis,
M. trossulus and M. edulis, as well as planktonic and benthonic
foraminifera, ostracodes and inorganic equilibrium calcite. The 95%
confidence intervals to the curve fits are shown for two of the bivalve data
sets. An exponential calibration was applied to the M. trossulus data from
Klein et al. (1996a,b) although a linear fit originally was used by the
authors. P. maximus (this study); P. nobilis (Freitas et al., 2005); M.

trossulus (Klein et al., 1996a); M. edulis (Mg/Ca data from laser ablation
ICP-MS, Vander Putten et al., 2000); planktonic foraminifera, mixed
species (grey curve) (Elderfield and Ganssen, 2000) and for G. bulloides

(black curve) (Mashiotta et al., 1999); benthonic foraminifera, Cibicidoides

spp. (Lear et al., 2002); Ostracodes (a, Dwyer et al., 1995; b, Correge and
Deckker, 1997); inorganic precipitation (Oomori et al., 1987).
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Of the factors besides temperature thought to control
Mg/Ca ratios in biogenic calcite, it is not clear which could
explain the high Mg/Ca ratios in the early part of our P.

maximus shell records. The influence of metabolic activity
on bivalve element/Ca ratios remains unclear. The models
proposed for a metabolic control of Mg/Ca (Lorens and
Bender, 1977) and Sr/Ca ratios in bivalve calcite (Klein
et al., 1996b) and aragonite (Gillikin et al., 2005b) are
based on the preferential transport of Ca and/or an exclu-
sion of Mg or Sr from the precipitating solution, which in
bivalves is the extra-pallial fluid (EPF). In these models
lower Mg/Ca ratios are assumed to occur at times of higher
metabolic activity, but such models cannot explain higher
Mg/Ca ratios during lower metabolic activity since the ef-
fect is evident only at elevated metabolic rates. In forami-
nifera, pH has been described as a secondary factor
controlling Mg/Ca ratios, responsible for a �6% decrease
of Mg/Ca per 0.1 pH unit increase (Lea et al., 1999),
although the effect of the EPF pH on Mg/Ca ratios of bi-
valve calcite still is unknown. Bivalve EPF pH and chemi-
cal composition is thought to be under a tight metabolic
control that is closely associated with shell deposition
(Wada and Fujinuki, 1974). EPF pH has been found to
range between 7.4 and 8.3 depending on bivalve species
and the extent of valve opening, increasing with open
valves (Crenshaw, 1972).It is, however, unrealistic to ex-
pect a sustained period of low EPF pH, since such a value
would imply long periods of closed valves, at times of low
temperatures and reduced metabolic activity and shell
growth, in order to explain the high Mg/Ca ratios in the
early part of the shell records. Salinity showed no clear sea-
sonal pattern in the Menai Strait over the period of the
experiment (Owen, 1998), with non-periodic variations of
low magnitude (32.3–33.9), and was closely correlated with
d18Owater (Owen et al., 2002a). The �4% increase in Mg/Ca
ratios per salinity unit increase observed for foraminifera
(Lea et al., 1999), if valid in bivalves, cannot explain the win-
ter change in our Mg/Ca shell records of up to an 100% in-
crease compared to October–November values. Shell Mg/
ratios were, however, significantly, albeit weakly, correlated
with salinity (r = 0.364, p < 0.001) suggesting a weak influ-
ence of salinity on shell Mg/Ca ratios, most likely from vari-
ations in seawater absolute concentrations of Mg2+ (Zhong
and Mucci, 1989), which varied by up to 5%.

Our recognition of the absence of a consistent positive
relationship between P. maximus shell Mg/Ca ratios and
measured d18O values, and hence also calcification temper-
atures, an observation also reported previously by Lorrain
et al. (2005), indicates that this geochemical proxy cannot
be applied to P. maximus, and potentially other bivalve
species, for the determination of absolute and even season-
al temperature changes.

4.4. Variation of Mg/Ca composition in bivalve shell calcite

Partition coefficients (Dx) are a means of quantifying the
partition of an element between solution and solid phases,
i.e. for magnesium: DMg = Mg/Cacalcite/Mg/Caseawater.
Some of the reported values for DMg of inorganic calcite
precipitated from seawater under chemical equilibrium at
25 �C and 1 atm are as follows: 0.0123 (Mucci and Morse,
1983); 0.0172 (Mucci, 1987); and 0.019 (Oomori et al.).
Oomori et al. (1987) provide one of the best and most
extensive datasets with a good temperature control and
as such we prefer to use their values in our study. It has
long been recognized that biogenic calcites usually contain
lower Mg than those minerals precipitated inorganically,
although bivalves exhibit higher DMg than both benthonic
and planktonic foraminifera (Fig. 8 and Freitas et al.,
2005).

Assuming a modern seawater Mg/Ca molar ratio of 5.13
(Morse and Bender, 1990), the range of partition coeffi-
cients we determine for the P. maximus shells investigated
herein, across the range of calcification temperatures in
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our study (5–19 �C), is between 0.0010 and 0.0038.
Comparison of DMg values for P. maximus shells to those
of inorganic and other biogenic calcites results in several
important observations and conclusions: (1) DMg values
for P. maximus shells are lower than reported values for
inorganic calcite, a similar observation to other biogenic
calcites; (2) DMg values for P. maximus shells are higher
than the ones reported for planktonic and benthonic
foraminifera calcite, like those published for two other bi-
valve species; (3) DMg values for P. maximus shells are
intermediate to those for other bivalves, i.e. higher than
those in M. trossulus (0.0005 < DMg < 0.0021, Klein et al.,
1996a) and M. edulis (0.0008 < DMg < 0.0023, Vander
Putten et al., 2000), but lower than ones in P. nobilis
(0.004 < DMg < 0.006, Freitas et al., 2005).

Clearly, there is significant taxonomic, and even bi-
valve species-specific, variability of Mg incorporation
into biogenic carbonate archives. Shell Mg/Ca ratios
in four bivalve species, thus far investigated, vary by
up to a factor of four for the same range of tempera-
tures. Bivalve shell deposition occurs from the EPF
present in the extra-pallial space (EPS), an enclosed
environment situated between the mantle, a thin organ
that completely encloses the other soft-parts of the ani-
mal and the inner shell surface (e.g., Wilbur and
Saleuddin, 1983). Ions in the EPF are derived both
from the external seawater medium and the animal tis-
sues (e.g. Nair and Robinson, 1998), reaching the EPF
after diffusion or active transport across the mantle epi-
thelium or diffusion through the periostracum (Cren-
shaw, 1980; Wilbur and Saleuddin, 1983; Wheeler,
1992), the latter a thin layer of organic material, mainly
sclerotized protein, that acts as the initial substratum
for shell deposition and seals the extra-pallial space iso-
lating it from the external environment (Watabe, 1988).
Since solution Mg/Ca is thought to exert a strong con-
trol on inorganic calcite Mg content (Berner, 1975;
Mucci and Morse, 1983), control of the chemical com-
position of the EPF most likely is a fundamental factor
in determining Mg/Ca ratios in bivalve shell calcite. The
factors that control the chemical composition of the
EPF include the thickness of the periostracum and the
organism’s metabolic activity, both of which differ be-
tween species.

Our work demonstrates that even within one taxon, i.e.
marine bivalves, species-specific differences in the parti-
tioning of Mg into calcite do occur. In P. Maximus shells
temperature exerts only a weak control on shell calcite
Mg/Ca ratios and other factors must have a significant
role in the incorporation of Mg into the shell calcite of
this organism. The question remains if robust palaeo-tem-
perature reconstructions can ever be made systematically
using the Mg/Ca geochemical proxy in bivalve shell car-
bonates. Therefore, an assessment of the influence of bi-
valve physiology and calcification mechanisms is
required in order to understand the large variability of
Mg/Ca ratios in bivalve calcite.
5. Summary

We present new shell element/Ca ratio data for a 1-
year field deployment of the king scallop P. maximus,
in which we have used the stable oxygen-isotope record
as a template on which to base our interpretations of sea-
sonal elemental ratio records. The intra-annual variation
of shell Mn/Ca in P. maximus shells showed a similar
seasonal variation to, and may reflect the intra-annual
variation of, seawater dissolved Mn2+. Future calibration
work is, however, required to robustly validate shell Mn/
Ca as a potential proxy for seawater dissolved manganese
concentrations, as well as to determine the extent of any
biological controls on shell Mn/Ca ratios. Shell Sr/Ca ra-
tios have been shown to be controlled mainly by calcifi-
cation temperature and shell Mg content in this study,
whereas Lorrain et al. (2005) found that precipitation
rate was the main control of Sr/Ca ratios in P. maximus.
Shell Mg/Ca ratios in our P. maximus specimens have
been found to be only weakly correlated to temperature,
and most likely were controlled by other as yet unidenti-
fied factors. Our findings further support significant tax-
on- and species-specific differences in the controls of
Mg/Ca ratios of calcifying organisms and marine bivalves
in particular. Shell Mg/Ca ratios in different bivalve spe-
cies are found to vary by up to a factor of four for the
same range of calcification temperatures. As a conse-
quence of these observations, our results further indicate
that Mg/Ca ratios in bivalve calcite are an unreliable
temperature proxy, with profound implications for the
application of this geochemical proxy to the bivalve fossil
record.
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