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Abstract

We estimate the magnesium stable isotopic composition (d26Mg) of the major compartments involved in the biomineral-
isation process of euryhaline bivalve, the manila clam Ruditapes philippinarum. Our aim is to identify the fractionation pro-
cesses associated with Mg uptake and its cycling/transport in the bivalve organism, in order to better assess the controlling
factors of the Mg isotopic records in bivalve shells. d26Mg were determined in seawater, in hemolymph, extrapallial fluid
(EPF), soft tissues and aragonitic shell of adult clams collected along the Auray River estuary (Gulf of Morbihan, France)
at two sites showing contrasted salinity regimes. The large overall d26Mg variations (4.16&) demonstrate that significant
mass-dependent Mg isotopic fractionations occur during Mg transfer from seawater to the aragonitic shell.

Soft tissues span a range of fractionation factors relative to seawater (D26Mgsoft tissue-seawater) of 0.42 ± 0.12& to
0.76 ± 0.12&, and show evidence for biological isotopic fractionation of Mg. Hemolymph and EPF are on average isotopi-
cally close to seawater (D26Mghemolymph-seawater = �0.20 ± 0.27&; 2 sd; n = 5 and D26MgEPF-seawater = �0.23 ± 0.25&; 2 sd;
n = 5) indicating (1) a predominant seawater origin for Mg in the intercellular medium and (2) a relatively passive transfer
route through the bivalve organism into the calcifying fluid. The lightest isotopic composition is found in shell, with
d26Mg ranging from �1.89 ± 0.07& to �4.22 ± 0.06&. This range is the largest in the dataset and is proposed to result from
a combination of abiotic and biologically-driven fractionation processes. Abiotic control includes fractionation during pre-
cipitation of aragonite and accounts for D26Mgaragonite-seawater � 1000 ln aaragonite-seawater = �1.13 ± 0.28& at 20 �C based
on literature data. Deviations from inorganic precipitate (expressed as D26MgPhysiol) appear particularly variable in the clam
shell, ranging from 0.03& to �2.20&, which indicates that bivalve shell formation can proceed either under fractionation
similar to inorganically-precipitated aragonite or under variable physiological influences. These physiological isotopic effects
may be consistent with a regulation of dissolved Mg content in hemolymph and/or EPF due to Mg incorporation into soft
tissue and/or Mg fixation by organic macromolecules. Using closed- and open-system models we estimate that D26MgPhysiol

can be satisfactorily resolved with a remaining Mg fraction in hemolymph and/or EPF of 74% down to 2%. However, this
feature is not reflected in our hemolymph and EPF data and may indicate that regulation processes and isotopic fractionation
may take place in self-contained spaces located close to calcification sites. The potential role of the shell organic matrix, which
may host non-lattice-bound Mg in the shell, is also discussed but remains difficult to assess with our data.
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Regarding the large physiological effects, the d26Mg record in the Manila clam shell offers limited potential as a proxy of
temperature or seawater Mg isotopic composition. In contrast, the sensitivity of its d26Mg to the salinity regime may offer an
interesting tool to track changes in clam biological activity in estuarine environments.
� 2013 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Skeletal remains of marine calcifying organisms have
long been recognised as valuable archives of physical
and chemical processes in the world’s oceans. Major cli-
matic and biogeochemical parameters, such as oceanic
temperature, salinity, alkalinity, pH, water dynamics or
productivity, can be inferred from the isotopic and ele-
mental composition of corals, sclerosponges, foraminifers,
coccoliths and echinoderms (e.g. Gagan et al., 2000; Hen-
derson, 2002; Immenhauser et al., 2005; Rosenheim et al.,
2005b; Hippler et al., 2006; Ourbak et al., 2006; Grottoli
and Eakin, 2007; Wombacher et al., 2011). During the last
decade, calcified tissues of bivalve mollusks have been
increasingly used to reconstruct seasonal to multi-decadal
paleoclimatic and paleoenvironmental variability from
extratropical oceans to coastal marine settings (Klein
et al., 1996a; Wanamaker et al., 2008; Schöne and Gilli-
kin, 2013).

Underlying the use of stable and radiogenic isotopes and
element-to-calcium ratios as proxies is the assumption that
skeletal chemistry reflects a particular environmental vari-
able that is not significantly influenced by organism physi-
ology or other external factors. Nevertheless, it is now
clear that conventional proxies can often react to more than
one environmental parameter and also be affected by taxon-
and species-specific biological processes, which potentially
limit their archival potential (e.g. Adkins et al., 2003; Geist
et al., 2005; Gillikin et al., 2005, 2006; Carré et al., 2006;
Sinclair and Risk, 2006; Takesue et al., 2008). This is espe-
cially true for bivalves for which increasing number of stud-
ies demonstrate that, at least for Mg, biological controls
can strongly affect the shell composition (e.g. Klein et al.,
1996a; Vander Putten et al., 2000; Lazareth et al., 2003,
2007; Takesue and van Geen, 2004; Foster et al., 2008; Fre-
itas et al., 2008). Whereas paleoclimatic studies can circum-
vent these problems by drawing on robust proxy calibration
and validation for target organisms, understanding the
chemical and physiological mechanisms behind so-called
“vital effects” (Urey et al., 1951) remains a challenge. A dee-
per understanding of vital effects can be gained by develop-
ing new descriptive parameters for the biocalcification
process.

New proxy-based approaches include non-traditional
stable isotope geochemistry of alkaline and alkaline earth
elements that have emerged in the last decade. In this
regard, and owing to recent achievements in multiple-
collector inductively coupled plasma mass spectrometry
(MC-ICP-MS) (Galy et al., 2001), precise and accurate
Mg isotopic ratios are now accessible for most environmen-
tal matrices, including biogenic carbonates (Chang et al.,
2003, 2004; de Villiers et al., 2005; Pogge von Strandmann,
2008; Hippler et al., 2009; Ra et al., 2010; Wombacher
et al., 2011). Resolving Mg isotope fractionation in biolog-
ically precipitated shells and skeletons offers twofold inter-
est: as a new, independent proxy of oceanographic process
and as a tool to better describe the complex internal cycling
of Mg during the biocalcification process.

Recent studies have shown that biominerals secreted by
corals, coccoliths, foraminifers, bivalves, echinoids, scapho-
pods, brachiopods and coralline red algae define a wide ar-
ray of Mg isotopic ratios (Chang et al., 2004; Pogge von
Strandmann, 2008; Hippler et al., 2009; Ra et al., 2010;
Müller et al., 2011; Wombacher et al., 2011; Yoshimura
et al., 2011). The large isotopic fractionation of Mg is as-
cribed to both abiotic and biological mechanisms. It in-
cludes carbonate precipitation with variable fractionation
factor according to crystal structure – the calcite poly-
morph showing a lighter signature compared to an arago-
nitic one – combined with species-specific physiological
controls (Pogge von Strandmann, 2008; Hippler et al.,
2009; Müller et al., 2011; Wombacher et al., 2011). Mg iso-
tope fractionation into calcitic corals, sclerosponges and
coralline red algae compare favourably to inorganic calcite
precipitation deduced from speleothems (Galy et al., 2002)
and suggest weak or negligible physiological influence.
Conversely, coccoliths, foraminifers, bivalves, echinoids
and brachiopods exhibit diverse levels of biological con-
trols, with isotopic deviations being towards either lighter
(e.g. foraminifera and bivalve) or heavier (e.g. coccolith,
echinoid, brachiopod) signatures compared to the inorgan-
ically-precipitated CaCO3 (Chang et al., 2004; Pogge von
Strandmann, 2008; Hippler et al., 2009).

For most of these calcifying species (except bivalves),
environmental parameters such as temperature and salinity
have been shown to weakly affect Mg isotopic ratios, limit-
ing its usefulness in paleothermometry (Chang et al., 2004;
Pogge von Strandmann, 2008; Hippler et al., 2009). Instead,
this insensitivity makes corals, foraminifers, echinoids, bra-
chiopods and coralline red algae ideally suited to constrain-
ing past variations in the Mg isotope budget of the ocean. It
may also help to address key questions about the large-scale
geochemical processes that regulate seawater chemistry
throughout Earth’s history (e.g. dolomitization, continental
weathering, hydrothermal activity) (de Villiers et al., 2005;
Tipper et al., 2006). Accounting for the strong taxon- and
species-specific biological fractionations potentially induced
by contemporaneous and fossil marine organisms is a pre-
requisite for validating this proxy relationship (Pogge von
Strandmann, 2008; Hippler et al., 2009; Wombacher
et al., 2011).

The magnitude and diversity of biologically driven Mg
isotopic partitioning remains poorly understood, although
it underlies the presence of different fractionation steps
occurring during Mg transport from seawater to skeleton.
Indeed, our knowledge of Mg isotope behaviour in biolog-
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ical systems is currently restricted to terrestrial plants
(Black et al., 2008; Bolou-Bi et al., 2010) and to Mg-bearing
specific organic compounds such as chlorophylls (Black
et al., 2006, 2008; Ra and Kitagawa, 2007). Such informa-
tion is clearly needed for marine calcifiers, and is relevant in
studying the diversity of physiological controls exerted by
these organisms.

Here, we examine Mg isotopic fractionation in a euryha-
line bivalve, the manila clam Ruditapes philippinarum, a
veneridae species that has been naturalized for aquaculture
and has colonized most embayments along the French
Atlantic Coast since the 1990s. We compare the different
internal constituents (extrapallial fluid, hemolymph, and
soft tissues) with the aragonitic shell and surrounding sea-
water. We specifically investigate whether uptake and trans-
port mechanisms in the bivalve body produce a measurable
fractionation, and how this process explains the shell’s Mg
isotopic ratios, considering both the prismatic and nacreous
layers, and whether different salinity regimes along an estu-
ary influence shell signatures. This approach complements a
recent study (Hippler et al., 2009) performed on another bi-
valve, Mytilus edulis, for which biological factors were
shown to play a key role in the Mg isotopic composition
of the calcitic shell. That study, however, was unable to ar-
rive at a mechanistic explanation of this fractionation.

2. MATERIALS AND METHODS

2.1. Sampling and specimen preparation

The manila clam R. philippinarum lives buried, a few
centimeters deep, in muddy and sandy sediments of both
intertidal and subtidal zones. It inhabits the mouths of estu-
aries in which salinities range from 16 to 36 psu, with an
optimum between 20 and 26 psu (Nie, 1991). Because of
its importance for aquaculture and fisheries this species is
well studied in terms of its biology and physiology (e.g.
Richardson, 1987; Goulletquer et al., 1989; Kim et al.,
2001; Flye-Sainte-Marie et al., 2009).

Two sampling sites were considered, both located within
the Auray River estuary in the Gulf of Morbihan (Southern
Brittany, France, Fig. 1). The first site, Locmariaquer
(Loc), is a coastal marine setting close to the mouth of
the gulf where salinity is relatively stable, varying from 27
to 35 psu on a monthly and seasonal time scale. The second
site, Le Bono, is located approximately 9 km upstream in
the subtidal zone of the Auray River estuary. The Le Bono
site exhibits brackish water conditions, with salinity ranging
from 3 to 33 psu on a semidiurnal tidal cycle (mean tidal
range of about 4–5 m). Depth, salinity and temperature
were recorded every 10 min using an autonomous data log-
ger (YSI 600-OMS) and detailed data can be found else-
where (Poulain et al., 2011). In April 2007, adult (four to
6 year-old) manila clams R. philippinarum were collected
by diving at high tide in the subtidal zone; one specimen
(length 47 mm) was sampled at Locmariaquer and four
(average length 49 mm; 1r = 2 mm) at Le Bono.

Immediately after collection, the internal fluids (extra-
pallial fluid and hemolymph) of each living specimen were
sampled using syringes equipped with sterile needles.
Localization of hemolymph and EPF in the bivalve’s body
is illustrated in Fig. 2. Between 100 and 200 lL of
extrapallial fluid (EPF) and hemolymph were retrieved in
pre-cleaned vials and stored at 4 �C. Also at each site,
duplicate 30 mL seawater samples were collected at high
tide in acid-cleaned High-Density Polyethylene (HDPE)
bottles, filtered at 0.45 lm onboard, acidified at 1% with
double-distilled HNO3 and stored at 4 �C.

At the laboratory, the soft tissues were removed from
the shells and then dissected in Milli-Q water to separate
the mantle and adductor muscle from remaining organs
such as the gill, digestive system, heart and palps. These
three distinct fractions (i.e. mantle, muscle and remaining
organs) were separately rinsed with Milli-Q water to re-
move sediment particles, lyophilized, powdered and
homogenized before acid digestion. Mixed acid and oxida-
tive attack was performed in PFA Savillex on �50 mg of
sample powder with 2 mL of double-distilled concentrated
HNO3 and 2 mL of H2O2 at 70 �C. After total dissolution
(1 day), solutions were evaporated to dryness, re-dissolved
with 25 mL of 5% (v/v) double-distilled HNO3 solution
and stored in 30 mL acid-cleaned HDPE bottles at 4 �C.
The internal fluids were centrifuged to eliminate organic
particulate matter and supernatant was recovered in
2 mL pre-cleaned vials and stored at 4 �C. To determine
Mg, Ca, Na and K concentrations (Table 1), aliquots of
filtered seawater, internal fluids, and dissolved soft tissue
samples were analyzed by Inductively Coupled Plasma
Mass Spectrometry (SF-ICP-MS, Element 2). For the soft
tissue, Al/Mg and Si/Mg ratios were also determined to
confirm removal of Mg-rich clay material. The mantle,
muscle and remaining organs had Al/Mg and Si/Mg ra-
tios of <0.05 g/g, indicating an efficient cleaning
procedure.

After soft-tissue removal, the equivalve shells of R. phil-

ippinarum were cleaned with repeated rinsing and ultrasoni-
cations steps, and finally dried at room temperature. The
periostracum surrounding shell (Fig. 2) was first removed
from the sampling area using abrasive paper along the ven-
tral margin of the shell. As shown in Fig. 3, the carbonate
samples for Mg isotope determination were obtained from
two distinct parts: the inner nacreous layer and outer pris-
matic layer, using an acid-cleaned scalpel. The outer pris-
matic layer was sampled at the ventral margin over a
distance of �1 mm along the maximal growth axis; for
some specimens, a consecutive �1 mm thick sample was ta-
ken. For the single specimen of Locmariaquer, the two
valves were considered. The carbonate powders (5–20 mg)
were dried, weighed and dissolved in acid-cleaned PFA
beakers with 2 mL of 5% (v/v) double-distilled HNO3 and
2% (v/v) ultra-pure H2O2 solution at 80 �C for 6 h. Dis-
solved samples were then transferred to acid-cleaned HDPE
bottles and stored at 4 �C. Mg/Ca and Sr/Ca ratios were
determined in aliquots of dissolved carbonate samples by
SF-ICP-MS and are reported in Table 2. After this proce-
dure, additional carbonate powders were collected for min-
eralogical determination by XRD at the Geology
Department of the Free University of Brussels (Belgium)
and confirmed that the shells consisted exclusively of
aragonite.



Fig. 1. Schematic map of two sampling sites along the Auray River (Le Bono and Locmariaquer) in the Gulf of Morbihan (France).
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Growth period integrated by the carbonate samples ta-
ken from the outer prismatic layer was not determined in
this study. Detailed analysis of growth dynamics was car-
ried out at Le Bono from May to October 2007 using calce-
in markings on similar adult size clams (Poulain et al.,
2011). Shell microgrowth increments are deposited with a
tidal periodicity in the subtidal zone and mean lunar day
growth rates vary between 20 and 50 lm lunar day�1

(Poulain et al., 2011). Consequently, the period integrated
by the 1 mm growth increment may vary approximately
between 20 and 50 days before collection.

2.2. Reference materials

In addition to field samples, a series of representative
certified reference materials were chosen to reproduce the
diversity of matrices considered in this study, and to control
the quality of the measurements of Mg isotopic ratios and
major ion concentrations. The series included a Coastal
Atlantic Surface Seawater standard (CASS-4, National
Research Council, Canada), a sample of oyster tissue
(SRM 1566a, National Institute for Standards and Tech-
nology) and two marine biogenic aragonites: a coral Porites

sp. (JCp-1, Geological Survey of Japan) and a giant clam
Tridacna gigas (JCt-1, Geological Survey of Japan). The
standards were processed in parallel to the samples,
following the same procedures as described above and with
comparable sample amounts: 100–200 lL for seawater
CASS-4, �50 mg of oyster tissue SRM 1566a and �20 mg
of calcium carbonates from JCp-1 (coral) and JCt-1 (giant
clam). The concentrations of Mg, Ca, Na and K in the oys-
ter tissue (SRM 1566a) and Mg/Ca and Sr/Ca ratios in the



Fig. 2. Schematic lengthwise section through the ventral margin of a single valve of R. philippinarum, showing internal fluids (hemolymph and
EPF), soft tissues (mantle, foot, gills and internal organs) and shell layers. Seawater flow (grey arrows) enters the pallial cavity by the incurrent
siphon and is expelled by the excurrent siphon. White arrows illustrate potential transfer pathways of Mg from filtered seawater in the pallial
cavity (pallial fluid) towards internal fluids, soft tissues and shell layers.
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biogenic carbonates (JCp-1 and JCt-1) were determined by
SF-ICP-MS and compared with certified values (Alvarez,
1990; Inoue et al., 2004). The average recoveries and asso-
ciated precisions obtained were 97 ± 5% for Mg, Ca, Na
and K in SRM 1566a, and 99 ± 7% for Mg/Ca and Sr/Ca
ratios in carbonate standards. For the seawater standard
CASS-4, not certified for major ions, the Mg, Ca, Na and
K concentrations were deduced from the well-known sea-
water composition (Turekian, 1968) taking into account
the lower salinity (S = 30.7 psu) in this coastal seawater.
The measured concentrations in CASS-4 were on average
102 ± 5% of the calculated values for Mg (1132 lg g�1),
Ca (361 lg g�1), Na (9473 lg g�1) and K (344 lg g�1).

2.3. Mg chemical purification

Reliable determination of Mg isotopic ratios using
MC-ICP-MS requires the use of purified sample solutions
to minimize instrumental mass bias created by Ar-plasma-
interfering species (Galy et al., 2001; Wombacher et al.,
2009). Modified from Chang et al. (2003), all chromato-
graphic separations were performed with cationic-ex-
change resin (AG50W-X12, 200–400 mesh, H+ form,
Bio-Rad company) using a two-column procedure which
allows full Mg purification from matrix-derived elements
Na, K, Ca and Sr and guarantees a complete recovery
(>99.9%).

The resin was first cleaned by successive agitation and
settling, three times with 6 M HCl and Milli-Q water fol-
lowed by three times with Milli-Q water alone. At each step,
fine particles were removed with the liquid and the resin
was finally stored in water. Polyethylene columns were
packed with 2 mL of pre-cleaned resin and washed three
times with 10 mL of 6 M double-distilled HCl, followed
by 10 mL of 1 M Suprapur HF. Each column was cali-
brated using a synthetic standard solution containing Na,
Mg, K, Ca and Sr and prepared from mono-elemental solu-
tions. A two-step procedure was developed to ensure full
Mg purification.

For the first elution, the resin was conditioned with
5 mL of 1.2 M double-distilled HCl and the sample was
loaded in 0.5 mL of 1.2 M HCl. After a 1 mL wash with
1.2 M HCl, the Na fraction was eluted with 11 mL of
1.2 M HCl followed by the Mg + K fraction obtained by
adding 16 mL of 1.2 M HCl. After this step, 1 mL was fur-
ther eluted to systematically check the absence of Mg and
to prevent any changes in retention volume due to the age-
ing of the resin. Once collected, the Mg + K fraction was
dried down and re-dissolved in 2 M HCl for the second
step. Before the second elution, columns were rigorously
cleaned with 10 mL of 10 M HCl followed by 10 mL of
6 M HCl and 5 mL of Milli-Q water, and then conditioned
with 5 mL of 2 M HCl. The samples were loaded in 0.5 mL
2 M HCl and washed with 2 mL of 2 M HCl before the col-
lection of the Mg fraction with 9 mL of 2 M HCl. As for the
first column, 1 additional mL was finally eluted for quality
control. All fractions obtained were dried down and re-dis-
solved in 2% (v/v) HNO3 for elemental and isotopic
analysis.

The concentrations of Na, Mg, K, Ca and Sr were deter-
mined by SF-ICP-MS, and allowed the full Mg yield
(>99.9%) to be systematically checked for each sample. To-
tal blank contributions for the whole procedure were eval-
uated to 0.15 ng for Mg and <0.5 ng for Na, Ca and Sr.
This blank represents less than 0.1% of the lowest Mg mass
of samples (�1 lg).



Table 1
Mg isotope values determined for standard test solution (in-house 1) and various reference materials, and comparison with literature data.

Standard Material d26Mg
(& DSM3)

±Uc
a

(& DSM3)
d25Mg
(& DSM3)

±Uc
a

(& DSM3)
D25Mg
(& DSM3)

Nm
b Ns

c Reference

In-house 1 Mono-elemental Mg solution �5.85 0.09 �3.05 0.05 0.00 45 0 This study

DSM3 (purified) Mono-elemental Mg solution �0.02 0.07 �0.02 0.05 �0.01 4 1 This study

CASS-4 Seawater �0.80 0.06 �0.42 0.04 0.00 11 3 This study

IAPSO Seawater �0.79 0.10 �0.41 0.06 0.00 20 5 1
�0.75 0.13 �0.39 0.07 0.00 8 2
�0.83 0.05 �0.40 0.04 0.03 5 2
�0.89 0.18 – – 20 3
�0.80 0.05 �0.42 0.02 0.00 10 4
�0.74 0.07 �0.37 0.04 0.02 4 5
�0.83 0.11 �0.42 0.09 0.01 6

NASS-5 Seawater �0.84 0.16 �0.43 0.07 0.01 8 3 1

BCR-403 Seawater �0.89 0.06 �0.47 0.11 �0.01 3 7
�0.96 0.03 �0.46 0.03 0.04 8 7
�0.89 0.14 �0.51 0.08 �0.05 1 7
�0.82 0.14 �0.42 0.08 0.01 1 7
�0.87 0.14 �0.47 0.08 �0.02 1 7

JCp-1 Aragonitic coral (Porites sp.) �2.02 0.11 �1.05 0.06 0.00 15 4 This study
�2.01 0.22 �1.05 0.12 0.00 37 9 1
�1.96 0.04 �1.03 0.02 �0.01 6 4

JCt-1 Giant clam (Tridacna gigas) �2.80 0.11 �1.45 0.08 0.01 3 1 This study

SRM1566a Oyster tissue �0.23 0.07 �0.14 0.05 �0.02 3 1 This study

1: From Wombacher et al. (2009); 2: Pearson et al. (2006); 3: Pogge von Strandmann et al. (2008a,b); 4: Hippler et al. (2009); 5: Ra and
Kitagawa (2007); 6: Chang et al. (2004); 7: Bolou-Bi et al. (2009).

a Uncertainty at 95% confidence interval (2r).
b Nm = number of measurements.
c Ns = number of chemical separations.
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2.4. Mass spectrometry

Mg isotope analyses were performed using a Nu plas-
ma MC-ICP-MS (Nu Instrumentse, UK) and standard
sample bracketing (SSB) for mass bias drift correction.
The sample introduction system consisted of a self-aspi-
rating micro-concentric PFA nebulizer with an uptake
rate of �100 lL min�1 and an Aridus II desolvating sys-
tem (Cetace, UK). The Aridus II was operated with a
PFA spray chamber heated to 110 �C, a PTFE desolvat-
ing membrane to 160 �C, and without N2 to limit poly-
atomic interferences (Galy et al., 2001; Tipper et al.,
2008b; Wombacher et al., 2009). Plasma and Aridus II
gas flows, torch position, RF power and lens settings
were tuned daily for optimal ion-beam sensitivity and sta-
bility. The three Mg isotopes were simultaneously mea-
sured with low mass resolution settings (R = m/Dm

�300) using 3 of 12 Faraday collectors with 1011 X resis-
tors, with 25Mg positioned on the axial cup and 26Mg
and 24Mg on the extreme cups of the high- and low-mass
side of the multiple collector, respectively. Running solu-
tions typically contained 50–100 ng mL�1 of Mg in 1%
(v/v) HNO3, yielding a sensitivity of 8–10 V on mass
24. Data acquisition for 1 isotopic ratio consisted of 40
individual measurements for a 400 s total integration time
(i.e. 4 blocks of ten 10 s signal integrations after a 5 s
baseline measurement and peak centring at the beginning
of each block). For SSB, the Mg concentration of the
sample was adjusted to match the standard solution with-
in ±10% and the sample average isotopic ratio was
bracketed by two standards. For one bracket, the data
were accepted when the mass bias observed between the
two standards was below 0.25& for 26Mg/24Mg. With
this rejection criterion, 15% of the data were excluded
for a total of 188 accepted brackets. To prevent memory
effects, the system was cleaned between standard and
sample using Milli-Q water for 30 s, 5% (v/v) HNO3

for 30 s and finally 1% (v/v) HNO3 for 4 min. Acidified
blank solution signal intensity was on average less than
10 mV for 24Mg and never exceeded 0.2% of the sample
signals for the three isotopes. The results are expressed
in the conventional delta notation as d26Mg and d25Mg,
the permil deviation of the measured 26Mg/24Mg and
25Mg/24Mg ratios of samples against the reference stan-
dard DSM3 (Galy et al., 2003):

dxMg ¼
xMg=24Mgð Þsample

xMg=24Mgð ÞDSM3

� 1

 !
� 1000 ð1Þ

(with x = 26 or 25)



Umbo 

Sampling area 

Ventral  
margin 

Nacreous layer 
(aragonite) 

Prismatic layer 
(aragonite) 

Fig. 3. Schematic cross section of the shell of R. philippinarum along the axis of maximal growth, showing the calcium carbonate sampling
areas within the two aragonitic layers of the shell. Growth directions of the prismatic and nacreous layer are illustrated by solid and dotted
arrows, respectively.
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2.5. Precision and accuracy of d26Mg and d25Mg

Measurement precision was estimated by considering a
combined uncertainty Uc composed of two contributions:
the counting uncertainty Ucnt and the repeatability Urep de-
duced from replicate analysis.

The instrumental uncertainties Ucnt, expressed as rela-
tive standard deviation in permil at 95% confidence inter-
val, were available for each pair of d26Mg and d25Mg
values and estimated by propagating the instrumental er-
rors associated with each isotopic ratio through the delta
equation:

UcntðdxMgÞ ¼ k � 1000

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rRx;std1

Rx;std1

� �2

þ rRx;std2

Rx;std2

� �2

þ rRx;sple

Rx;sple

� �2
s

ð2Þ

with x = 26 referring to 26Mg/24Mg ratio and x = 25 to
25Mg/24Mg ratio; k is the coverage factor (= 2) used for
the 95% confidence interval estimate. r(Rx,sple), r(Rx,std1)
and r(Rx,std2) represent the instrumental standard errors
obtained for the sample isotopic ratio (Rx,sple) and the
two bracketing standards, Rx,std1 and Rx,std2, respectively.
In this study, the instrumental uncertainty Ucnt ranged for
d26Mg from 0.02& to 0.08& (average = 0.04&, n = 188
brackets) and for d25Mg from 0.02& to 0.06& (aver-
age = 0.03&, n = 188 brackets).

The repeatability component Urep represents twice the
standard deviation associated with the average delta va-
lue obtained for n replicates. Replicates included re-
peated measurements of all samples processed through
chemical purification. Numbers of measurement and
chemical separation are reported in Table 1 for reference
materials and in Tables 2 and 3 for samples. Considering
all standards and samples, Urep showed a range of 0.04–
0.13& (average = 0.09&, n = 38 results) for d26Mg and
of 0.02–0.09& (average = 0.04&, n = 38 results) for
d25Mg.
Finally, the combined uncertainty Uc in permil at 95%
confidence interval accounted for the two contributions
using the Root-Sum-Square (RSS) method:

UcðdxMgÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
UcntðdxMgÞ2

�
þUrepðdxMgÞ2

r
ð3Þ

where x refers either to 26 or 25, and UcntðdxMgÞ2
�

is the
average counting uncertainty for n (dxMg) replicates. Uc

values are reported in Tables 1–3.
The long-term (i.e. over 2 years) internal precision was

evaluated with a non-purified, in-house, mono-elemental
Mg standard (Alfa Aesar, Johnson Matthey Company)
and Uc was 0.09& and 0.05& (n = 45) for d26Mg and
d25Mg. For the reference materials processed through
chemical purification comparable precisions were found
(Table 1), with Uc of 0.07& and 0.05& for purified
DSM3 (n = 4), 0.06& and 0.04& for seawater CASS-4
(n = 11), 0.11& and 0.06& for aragonitic coral JCp-1
(n = 15), 0.11& and 0.08& for aragonitic clam JCt-1
(n = 3), and 0.07& and 0.05& (n = 3) for oyster tissue
SRM 1566a in d26Mg and d25Mg, respectively. For samples,
Uc were also similar and ranged from 0.04& to 0.13& for
d26Mg and from 0.02& to 0.09& for d25Mg.

In terms of accuracy and as illustrated in Table 1, the
delta values determined in this study for seawater (CASS-
4) and coral standards (JCp-1) closely agree with published
data obtained for other natural seawater reference materi-
als (Chang et al., 2004; Pearson et al., 2006; Ra and Kitag-
awa, 2007; Pogge von Strandmann et al., 2008b; Bolou-Bi
et al., 2009; Hippler et al., 2009; Wombacher et al., 2009)
and also for carbonate standard JCp-1 (Hippler et al.,
2009; Wombacher et al., 2009).

3. RESULTS

Results obtained for seawater, the R. philippinarum sam-
ples, and reference materials are listed in Tables 1–3 and
presented in Fig. 4. Overall variation of the samples is
4.16& and 2.16& in d26Mg and d25Mg, respectively. This
is about 30 times the highest measurement uncertainty



Table 2
Mg isotopic ratios and Mg, Ca, Na, and K concentrations in seawater, internal fluids and soft tissues of manila clam R. philippinarum at the
two sampling sites.

Location Sample Description Specimen
#

d26Mg
(&
DSM3)

±Uc
a

(&
DSM3)

d25Mg
(&
DSM3)

±Uc
a

(&
DSM3)

D25Mg0

(&
DSM3)

Nm
b Ns

c Concentrations in ppmd

Mg Ca Na K

Locmariaquer Seawater �0.82 0.09 �0.42 0.06 0.01 3 1 1269 411 10,726 383
�0.85 0.09 �0.45 0.05 0.00 3 1 1198 391 10,238 385

Internal
fluids

EPF L1 �0.98 0.11 �0.50 0.05 0.01 3 2 1165 499 10,090 381

Hemolympli L1 �0.95 0.14 �0.48 0.07 0.01 5 2 1154 476 9960 388
Soft tissues Mantle L1 �0.40 0.08 �0.22 0.05 �0.01 4 1 4082 2132 24,234 11,417

Muscle L1 �0.36 0.08 �0.19 0.04 0.00 3 1 2358 1655 12,143 7234
Other L1 �0.12 0.12 �0.06 0.05 0.01 3 1 3259 2338 17,461 13,396

Le Bono Seawater �0.79 0.10 �0.41 0.05 0.00 3 1 1115 368 9544 370
�0.81 0.07 �0.42 0.02 0.01 3 1 1079 348 9335 340

Internal
fluids

EPF B1 �0.89 0.09 �0.46 0.04 0.00 3 1 971 383 8606 352

EPF B2 �1.15 0.10 �0.61 0.06 �0.01 6 2 978 394 8508 350
EPF B3 �1.19 0.14 �0.62 0.08 0.00 3 1 942 386 8346 344
EPF B4 �1.02 0.08 �0.53 0.04 0.00 3 1 953 404 8406 331
Hemolymph B1 �0.89 0.14 �0.47 0.07 �0.01 3 1 940 368 8352 336
Hemolymph B2 �0.99 0.09 �0.52 0.06 0.00 3 1 981 396 8512 333
Hemolymph B3 �1.23 0.09 �0.63 0.06 0.01 3 1 919 364 8176 349
Hemolymph B4 �0.98 0.12 �0.50 0.07 0.01 3 1 987 399 8694 343

Soft tissues Mantle B2 �0.31 0.12 �0.16 0.06 0.00 3 1 3052 1748 13,233 12,229
Muscle B2 �0.30 0.07 �0.17 0.05 �0.01 3 1 1696 986 7206 9179
Other B2 �0.06 0.08 �0.04 0.03 0.00 3 1 2163 1080 8756 14,559

a Uncertainty are at 95% confidence interval (2r).
b Nm = number of measurements.
c Ns = number of chemical separations.
d Concentrations are expressed per unit mass of liquid for seawater and internal fluids, and per unit mass of dry weight for soft tissues;

values are at 5% RSD.
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and it represents approximatively two-thirds of the terres-
trial range so far identified (Galy et al., 2002; Chang
et al., 2004; Young and Galy, 2004; Black et al., 2006,
2008; Pearson et al., 2006; Tipper et al., 2006; Buhl et al.,
2007; Ra and Kitagawa, 2007; Pogge von Strandmann,
2008; Pogge von Strandmann et al., 2008a,b; Tipper
et al., 2008a,b; Bolou-Bi et al., 2009; Hippler et al., 2009;
Wombacher et al., 2011). Within the uncertainties, linear-
ized delta values d26Mg0 and d25Mg0 (Young and Galy,
2004) of the samples define a single mass-dependent frac-
tionation line (r = 0.999, n = 32, p < 0.0001). The slope of
the linear trend (b = 0.519 ± 0.002) is identical within error
to the theoretical equilibrium exponential fractionation fac-
tor of 0.521 (Young et al., 2002). Deviation from this law
for each delta value is expressed as D25Mg0 (Young et al.,
2002) and is reported in Tables 1–3. All results are consis-
tent with the equilibrium isotope fractionation within ana-
lytical uncertainty and we will hereafter only refer to
d26Mg.

3.1. Seawater

The seawater samples from the Gulf of Morbihan have a
mean d26Mg of �0.82 ± 0.09& (n = 4). The two sampling
sites with different salinities at high tide (30.2 psu at Bo
and 33.7 psu at Loc) have indistinguishable mean
d26Mg = �0.80 ± 0.09& (n = 2) at Le Bono and
d26Mg = �0.84 ± 0.09& (n = 2) at Locmariaquer. Results
closely agree with the seawater reference material CASS-4
(�0.80 ± 0.06&), determined in this study, and literature
data for other seawater reference materials as listed in Ta-
ble 3. It is also similar to open-ocean signatures of Mg iso-
topes measured for a number of ocean basins:
�0.82 ± 0.06& (Foster et al., 2010), observed in the Atlan-
tic and the Mediterranean: �0.83 ± 0.14& (Chang et al.,
2004; Young and Galy, 2004); the North Pacific:
�0.83 ± 0.22& (Ra and Kitagawa, 2007); coastal areas in
the North Sea: �0.79 ± 0.03& (Hippler et al., 2009); Ice-
land: �0.82 ± 0.18&; and the Azores: �0.84 ± 0.18&

(Pogge von Strandmann et al., 2008b).
Since the two sampling sites are in different salinity re-

gimes, Mg isotopic composition of seawater could vary
according to the tide and freshwater inputs from the Auray
River. Neither the Auray River nor seawater at low tide
were sampled in this study, so such variations cannot be
precisely assessed. However, Mg and its isotopes behave
as non-reactive species in estuarine environments (Pogge
von Strandmann et al., 2008b) so that any potential varia-
tions in water d26Mg can be predicted from salinity fluctu-
ations. We consider a simple binary mixing model with (as
end-members) seawater (d26Mg = �0.82 ± 0.09& and
[Mg] = 53 mmol L�l) and the Auray River, defined conser-
vatively by the highest dissolved Mg content reported for
world rivers [Mg] = 0.9 mmol/l (Tipper et al., 2006) and
an array of d26Mg between 0& and �1.5& corresponding
to rivers draining silicate rocks (Brenot et al., 2008; Tipper



Table 3
Mg isotopic, Mg/Ca and Sr/Ca ratios in selected parts of the aragonitic shell of the manila clam R. philippinarum at the two sampling sites.

Location Individual Shell
layer

Valve Growth
incrementa

(mm)

d26Mg
(&
DSM3)

±Uc (&
DSM3)b

d25Mg
(&
DSM3)

±Uc (&
DSM3)b

D25Mg0

(&
DSM3)

Nm
c Ns

d Mg/Ca
(mmol/
mol)e

Sr/Ca
(mmol/
mol)e

Locmariaquer L1 Prismatic Left 0–1 �1.89 0.07 �1.00 0.05 �0.01 4 2 1.1 1.7
Prismatic Left 1–2 �1.97 0.08 �1.04 0.05 �0.01 5 2 1.3 1.7
Nacreous Left – �2.14 0.13 �1.10 0.07 0.01 3 1 1.3 1.7
Prismatic Right 0–1 �2.16 0.10 �1.13 0.06 0.00 3 1 1.3 1.7
Nacreous Right – �2.75 0.08 �1.43 0.04 0.00 3 1 0.9 1.5

Le Bono B1 Prismatic Left 0–1 �2.47 0.07 �1.28 0.04 0.01 3 1 1.2 1.6
Nacreous Left �3.18 0.10 �1.63 0.06 0.02 3 1 0.6 1.4

B2 Prismatic Left 0–1 �3.98 0.12 �2.09 0.07 �0.01 3 1 0.8 1.5
Prismatic Left 1–2 �2.17 0.13 �1.14 0.09 �0.01 3 1 1.2 1.6

B3 Prismatic Left 0–1 �2.43 0.08 �1.24 0.07 0.02 3 1 1.1 1.6
Nacreous Left �3.02 0.12 �1.56 0.06 0.02 3 1 0.4 1.9

B4 Prismatic Left 0–1 �4.22 0.06 �2.20 0.04 0.00 5 2 0.9 1.4

a From the ventral margin and along the maximum growth axis.
b Uncertainty at 95% confidence interval (2r).
c Nm = number of measurements.
d Ns = number of chemical separations.
e Molar ratios are at 7% RSD.
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et al., 2008a). We estimate that significant changes in d26Mg
of the surrounding seawater could occur only at the brack-
ish water site Le Bono, with d26Mg potentially varying be-
tween �0.70& and �0.92& at the annual salinity minimum
(i.e. 3 psu) and potentially differing by ±0.12& from seawa-
ter d26Mg.

3.2. Internal fluids

The Mg-isotopic composition obtained from hemo-
lymph and EPF samples are listed in Table 2 and presented
in Fig. 5. The hemolymph, which represents the intercellu-
lar fluid of soft tissue, have d26Mg of �0.95 ± 0.14& in the
individual L1 collected at Locmariaquer and varying from
�0.89 ± 0.14& to �1.23 ± 0.09& in the four individuals
(B1 to B4) collected at Le Bono. For L1, B1, B2, and B4,
d26Mg of hemolymph cannot be distinguished from the sea-
water end-member with our analytical precision. By con-
trast, hemolymph d26Mg in individual B3 appears to be
0.41& lighter than seawater and indicates light isotope
enrichment. The EPF is considered to be the microenviron-
ment for deposition of the bivalve shell (Wheeler, 1992); it
occupies the extrapalleal space between the inner shell sur-
face and the outer mantle epithelium (Crenshaw, 1972). As
shown in Fig. 5, EPF samples exhibit a Mg-isotopic compo-
sition very similar to hemolymph, with d26Mg of
�0.98 ± 0.11& (L1) at Locmariaquer and between
�0.89 ± 0.09& (B1) and �1.19 ± 0.14& (B3) at Le Bono
(Fig. 4). Isotopic identity with seawater is observed in L1
and B2 but not in B2, B3, and B4, which show light isotope
enrichment of �0.33&, �0.37&, and�0.20&, respectively.

Mg, Ca, Na and K concentrations in EPF and hemo-
lymph (Table 2) are all very similar and are homogeneous
with our analytical precision (5%) for the four individuals
from Le Bono. The concentrations show a systematic de-
crease between the two sites; the lower values observed at
Le Bono (�16% on average) reflect the 10% lower salinity
of seawater at this site. The body fluids exhibit only minor
differences in major cation abundances relative to seawater
at each site. At Locmariaquer: 5% lower for Mg and Na,
equal for K, and 22% higher for Ca; at Le Bono: 12% lower
for Mg and Na, 4% for K and 8% higher for Ca. As illus-
trated in Fig. 5, element-to-Na ratios in hemolymph and
EPF are consistent with an oceanic fingerprint for Mg/Na
and K/Na but not for Ca/Na, which is significantly higher.
These results agree with previous estimates of element-to-
Na ratios in EPF (Crenshaw, 1972) and in mantle fluids
(Shakhmatova et al., 2006) from various species of marine
bivalves.

3.3. Organic tissues

The Mg isotopic composition of soft tissues, which in-
clude the mantle, muscle and remaining organs, were deter-
mined for two specimens (L1 and B2) and have the heaviest
Mg isotopic composition of the dataset. The d26Mg values
vary between �0.06 ± 0.08& and �0.40 ± 0.08& (Table 2)
so that all soft tissues are enriched, to varying degrees, in
the heavy isotope relative to seawater. Average Mg isotopic
composition of the mantle (�0.36 ± 0.08&, n = 2) and
muscle (�0.33 ± 0.10&, n = 2) are comparable, and differ
by 0.48 ± 0.09& from seawater d26Mg. The remaining or-
gans (average: �0.09 ± 0.08&, n = 2) are significantly hea-
vier and differ from seawater by 0.72 ± 0.09&. Considering
the two specimens L1 and B2, no differences in d26Mg are
observed for the mantle, muscle or other organs (Table 1).
The average d26Mg for the soft tissues is �0.26 ± 0.09& (3
fractions from 2 individuals, n = 6).

Major cation concentrations in organic tissues (ex-
pressed per dry weight) are notably higher than in internal
fluids and seawater (Table 2). This is especially the case for
K, which shows a 29-fold increase on average in the organic
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fraction, but it concerns also Mg and Ca, which have in-
crease factors of 2.1 and 4.0, respectively. The cationic bud-
get of tissues appears variable between organs and
individuals; it is dominated by Na and K alternatively, fol-
lowed by Mg and finally Ca. Average element-to-Na ratios
(Mg/Na = 0.21 g/g; Ca/Na = 0.13 g/g; K/Na = 0.95) do
not compare with seawater or internal fluids (Mg/
Na = 0.12 g/g; Ca/Na = 0.04 g/g; K/Na = 0.04) but com-
pare with certified values for oyster tissue (Mg/
Na = 0.28 g/g; Ca/Na = 0.47 g/g; K/Na = 1.9 g/g) and also
with average data for soft tissues obtained from other bi-
valves, such as M. edulis and Mytilus trossulus (Mg/
Na = 0.21 g/g; Ca/Na = 0.14 g/g; K/Na = 1.7 g/g) (Shakh-
matova et al., 2006).

3.4. Aragonitic shells

The samples of clam shell show the lightest Mg-isotopic
composition and also the largest variability, ranging from
�1.89 ± 0.07& to �4.22 ± 0.06& (Table 3). As shown in
Fig. 6, inter- and intra-individual variability of shell
d26Mg is particularly large. In L1, the left valve exhibits
similar d26Mg, with �1.89 ± 0.07& in the 0–1 mm growth
increment, �1.97 ± 0.08& in the 1–2 mm growth increment
and �2.14 ± 0.13& in the nacreous layer. In the right
valve, d26Mg appears lighter in both the prismatic
(�2.16 ± 0.10&) and the nacreous (�2.75 ± 0.08&) layers.
Shell samples obtained from Le Bono exhibit systematically
lighter Mg-isotopic composition compared to Locmaria-
quer, except in the 1–2 mm growth increment of B2. In
B1 and B3 the 0–1 mm growth increment, which represents
the most-recently precipitated part of the prismatic shell
yield similar d26Mg of �2.47 ± 0.07& (B1) and
�2.43 ± 0.08& (B3). By contrast, d26Mg obtained from
the same growth increment appears substantially lighter
in B2 (�3.98 ± 0.12&) and B4 (�4.22 ± 0.06&). At Le
Bono, nacreous samples have d26Mg of �3.18 ± 0.10&

(B1) and �3.02 ± 0.12& (B3), and appear 0.71& and
0.59& lighter than the prismatic layer obtained from the
same individual.

As shown in Fig. 6, the array of Mg isotopic composi-
tions obtained from aragonitic shells of R. philippinarum

(�1.89 ± 0.07& to �4.22 ± 0.06&, n = 12) encompasses
the domains defined by various modern marine calcifiers.
It includes the two biogenic carbonate reference materials
determined in this study: the aragonitic coral JCp-1 at
�2.02 ± 0.11& and aragonitic giant clam JCt-1 at
�2.80 ± 0.11&, as well as the signatures observed in bra-
chiopods, echinoids, red algae, deep-sea coral and the bi-
valve M. edulis (Chang et al., 2004; Hippler et al., 2009).
Our data indicate that manila clam shells remain heavier
than strongly fractionated mixed species of foraminifers
(Chang et al., 2004; Pogge von Strandmann, 2008).

4. DISCUSSION

Mg isotopic compositions obtained from the different
constituents of the euryhaline bivalve R. philippinarum exhi-
bit an overall d26Mg variability of 4.16&. This contrasts
with the relatively stable Mg isotopic composition of the
brackish waters studied, for which only limited fluctuations
(±0.12&) relative to the open-ocean signature may be ex-
pected. As Mg assimilated by marine invertebrates is com-
monly assumed to come from surrounding seawater (Klein
et al., 1996b) due to its high abundance and free-divalent
form readily available for cells (Maguire and Cowan,
2002), the present dataset clearly demonstrates that mass-
dependent fractionation occurs during the transfer of Mg
within the organism. In order to identify controlling factors
of this partitioning that vary according to the compartment
involved, current knowledge of Mg incorporation pathways
in bivalves needs to be briefly outlined.

4.1. Bivalve anatomy and Mg incorporation

A schematic picture of the clam and principal Mg trans-
fer routes from the surrounding environment to the internal
compartments and shell layers are illustrated in Fig. 2. Mg
is introduced into the bivalve organism via the seawater
current created in the pallial cavity for filter feeding. Seawa-
ter is pumped through the incurrent siphon, travels across
the gills collecting suspended material and dissolved oxy-
gen, and is finally expelled through the excurrent siphon.
The pallial fluid, filling the pallial cavity, is continuously re-
newed with filtered seawater and represents the primary Mg
source for biological uptake and shell formation.

The first incorporation step is controlled by the mantle
and takes place at the inner mantle epithelium (IME), a thin
membrane composed of epithelial cells joined by connective
tissues that surrounds the body of the animal and is in con-
tact with the pallial fluid. The IME allows trans-epithelial
transport of Mg towards the hemolymph side, which repre-
sents the intercellular compartment. The hemolymph acts
as bathing fluid for internal organs and cells, and as a blood
analogue in the bivalve open-circulatory system (Eble and
Scro, 1996). The hemolymph circulation promotes dissolved
Mg distribution within the soft tissue, and hence further ex-
change with other compartments. By crossing the membrane
of mantle and muscle cells and/or specific epithelia of inter-
nal organs, Mg can reach the intracellular medium, where
it plays a key role as a nutrient and determines numerous
enzymatic and cellular processes (e.g. Maguire and Cowan,
2002; Romani and Maguire, 2002; Wolf et al., 2003).

From the hemolymph compartment, Mg can also be
transferred to the shell-forming extrapallial fluids (EPF) lo-
cated in the extrapallial cavities, where biomineralization
takes place. The secretion of EPF and transfer of shell-
forming elements (Ca2+, Mg2+, CO3

2�) are controlled by
the outer mantle epithelium (OME) (Crenshaw, 1980),
which plays a central role in the formation of the shell. Spe-
cialized epithelial cells secrete a macromolecular matrix
which actively induces biomineralization (Mount et al.,
2004; Addadi et al., 2006; Jacob et al., 2008). During this
biologically mediated process, Mg in EPF can be incorpo-
rated and stored as a minor component in the precipitated
skeletal hard parts.

Mg isotopic data obtained along this complex incorpo-
ration pathway will be used in the following sections to pro-



Fig. 4. Measured d26Mg (& vs. DSM3) for seawater, extrapallial fluid (EPF), hemolymph, soft tissues, prismatic and nacreous aragonitic
shells of the manila clam (R. philippinarum) collected at the two sampling sites (Locmariaquer and Le Bono). Also shown, measured d26Mg (&
vs. DSM3) of reference materials JCp-1 (aragonitic coral), JCt-1 (aragonitic giant clam), oyster tissue (SRM 1566a), DSM3 purified through
column chemistry, and CASS-4 (coastal seawater).
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vide relevant constraints on biological controls occurring in
the bivalve biomineralisation process.

4.2. Fractionation in bivalve soft tissues

Mg exchanges across the biological compartments of the
clam account for a significant fraction of d26Mg variability.
The fractionation factor between the hemolymph and the
soft tissues (D26Mgsoft tissue-hemolymph) varies from
0.53 ± 0.16& (specimen L1) to 0.93 ± 0.12& (specimen
B2) and points to a biological fractionation of Mg isotopes.
If we assume that solid organic samples are representative
of the intracellular medium, the Mg isotopic fractionation
may be related to the incorporation process within the cell.
This assumption is supported by the potassium enrichment
observed in the soft tissues (mean K/Na = 0.61 ± 0.15,
n = 3 at Loc and 1.29 ± 0.37, n = 3 at Le Bono) compared
to the hemolymph (K/Na = 0.038 ± 0.003 at Loc and mean
K/Na = 0.041 ± 0.003, n = 4 at Le Bono). K enrichment
reflects the selective transport of K over Na performed at
the cell membrane by Na/K exchangers, and is documented
for most living organisms including marine bivalves
(Shakhmatova et al., 2006). However, it is worth mention-
ing that despite the successive rinsing steps applied to the
solid organic samples during sample preparation, a limited
contribution of intercellular Mg cannot be excluded. Con-
sidering the lighter isotopic ratios found in hemolymph
(�0.95& at Loc and �1.02& at Le Bono) relative to the
soft tissues samples (�0.30& at Loc and �0.22& at Le
Bono), the d26Mg value of the soft tissues has to be consid-
ered as a lower limit for the Mg isotopic composition of the
intracellular medium.

When compared to the seawater d26Mg that can be
defined as the parent fluid signature, soft tissues and



Fig. 5. d26Mg (& vs. DSM3), and Mg/Na, Mg/Ca, and K/Na
mass ratios in the extrapallial fluid (EPF) and hemolymph of
individuals collected at Locmariaquer (L1) and Le Bono (B1 to B4)
and comparison with seawater data obtained at each site (L-SW
and B-SW). Errors bars refer to 95% confidence interval.
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hemolymph display distinct fractionation patterns (Fig. 8).
The hemolymph samples, with D26Mghemolymph-seawater of
�0.13 ± 0.14& at Loc and �0.20 ± 0.28& (2 sd, n = 4) at
Le Bono, stay close to the seawater end-member over the
analytical uncertainty. By contrast, the soft tissue samples,
with D26Mgsoft tissue-seawater of 0.42 ± 0.12& to 0.76 ±
0.12&, are fractionated towards heavy isotope composi-
tions relative to seawater. Fractionation is of similar mag-
nitude in the mantle (D26Mgsoft tissues-seawater = 0.46 ±
0.17&, 2 sd, n = 2) and in the adductor muscle
(0.49 ± 0.19&, 2 sd, n = 2), and is higher in the visceral
mass (0.73 ± 0.20&, 2 sd, n = 2). Between the two sam-
pling sites, D26Mgsoft tissues-seawater remains unchanged for
each organ although Mg concentration is 25 to 34% lower
in the solid organic samples from Le Bono (see Table 2).
Such a decrease in Mg concentration may be due to the
lower salinity conditions at Le Bono (Shakhmatova et al.,
2006). Mg isotopic fractionation identified in the soft parts
of the manila clam compares well with bulk oyster tissue
(SRM1566a: see Table 1) and may represent a common fea-
ture of marine bivalves.

The observed heavy Mg isotopic enrichment in organic
tissues indicates that the processes regulating Mg transfer
and sequestration into the cell may act as a key fraction-
ation step. Mg transport through the cellular membrane re-
quires, as for other cations, specific ion-transporter
mechanisms (Flatman, 1984); passive diffusion through
the lipid bilayer membrane is hindered by the large size of
the hydrated ion (Maguire and Cowan, 2002). This active
transport of Mg can take several forms and can be medi-
ated either by Mg-specific channels (Warren et al., 2004;
Maguire, 2006) or by other ionic regulation systems such
as Na/K exchangers, Ca channels or other voltage-gated
channels (Flatman, 1984; Yago et al., 2000; Nadler et al.,
2001; Konrad et al., 2004; Hoenderop and Bindels, 2008).
Each of these mechanisms implies Mg binding to various
organic substrates, and may be of importance in the ob-
served isotopic fractionation. Isotopic selection associated
with Mg chelate formation is well documented for sulfo-
nated (Chang et al., 2003; Teng et al., 2007) and peptide res-
ins (Kim and Kang, 2001; Kim et al., 2003) and is
consistent with Mg isotope fractionation associated with
chlorophyll synthesis (Black et al., 2006). However, such
complexation processes favour the light isotope of Mg
and therefore cannot explain the opposite trends observed
in the bivalve soft tissues. In this light, the recently discov-
ered Mg “Transient Receptor Potential” channels (Warren
et al., 2004; Van der Wijst et al., 2009) offer alternative
characteristics. In contrast to resin functional groups and
the Mg-chelatase enzyme (Walker and Willows, 1997), the
large size of the transport protein’s Mg binding site allows
the insertion of the fully hydrated Mg ion. In this case, Mg
isotope fractionation could arise from the different Mg–O
bond-strengths of the Mg-aquocomplex. The more stable
hydration sphere formed with the heavier isotopes (higher
dissociation energy) could be preferred for chelation in
combination with the transport protein and hence, for
transfer inside the cell. This hypothesis for marine bivalves
may be valid also for plant cells (Black et al., 2008; Bolou-
Bi et al., 2010) and for some marine phytoplankton species
(Ra and Kitagawa, 2007) where similar heavy isotope
enrichments are observed.

4.3. Mg isotopes in the hemolymph

In the hemolymph, a mean fractionation factor
D26Mghemolymph-seawater of �0.20 ± 0.27& (2 sd, n = 5)
indicates no difference with parent seawater within our
analytical precision. This supports a predominant seawater
origin for Mg in hemolymph, and highlights the role of
the active osmoregulation process, which maintains
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near-chemical equilibrium with the surrounding environ-
ment in osmoconformers such as bivalves (Crenshaw,
1972; Neufeld and Wright, 1996, 1998; Berger and
Kharazova, 1997; Shakhmatova et al., 2006). The lack
of substantial fractionation in hemolymph indicates that
the trans-epithelial transport of Mg through the IME
(from pallial fluid to hemolymph) is relatively passive.
This may be consistent with a preferential transfer route
via paracellular pathways at septate junctions (Lord and
DiBona, 1976; Klein et al., 1996b).

However, for one hemolymph sample (B3)
D26Mghemolymph-seawater is �0.41 ± 0.09&, suggesting that
limited isotopic controls cannot be rigorously excluded.
Such controls may involve a trans-cellular component in
Mg trans-epithelial transport as well as other internal
processes such as adsorption/desorption equilibrium on cell
surface or organic molecules, and Mg incorporation into
the soft tissues. As discussed in the previous section, the
latter process preferentially incorporates heavy isotope in
the soft tissues, leaving light isotopes in the hemolymph
and this fits with the negative D26Mghemolymph-seawater of
specimen B3. In addition, Mg concentration in hemolymph
appears 6–16% lower than surrounding seawater, reflecting
Mg transport toward the soft tissues.

The isotopic composition of hemolymph can follow a
different trend depending on whether Mg removal proceeds
at or under chemical and isotopic equilibrium. In Fig. 9,
unidirectional and equilibrium fractionation models are
used to predict d26Mg of hemolymph as a function of Mg
removal and under the condition of a constant fraction-
ation factor. The unidirectional model implies that Mg is
removed from a finite and well-mixed reactant reservoir
(hemolymph) and becomes physically isolated in the prod-
uct (no backward reaction). Under these conditions, Mg
incorporation is unidirectional and d26Mg in the residual
(hemolymph) can be described by the following approxima-
tion of the Rayleigh equation:

d26Mghemolymph ¼ d26Mgseawater þ D26Mgsofttissue-hemolymph

� ln f ð4Þ

where D26Mgsoft tissue-hemolymph � 1000 ln asoft tissue-hemolymph

is the soft tissue-hemolymph isotope fractionation factor
and f is the remaining Mg fraction in the hemolymph.
The equilibrium fractionation model includes two reser-
voirs (hemolymph and soft tissues) where isotope exchange
proceeds under chemical equilibrium at any time of Mg re-
moval (forward and backward reaction are identical) and
where isotopic mass balance is preserved. The isotopic com-
position in the residual (hemolymph) material can be de-
scribed by the following equation:

d26Mghemolymph ¼ d26Mgseawater � D26Mgsofttissue-hemolymph

� ð1� f Þ ð5Þ

For the two models, we have considered the same
fractionation factor (D26Mgsoft tissue-hemolymph � 1000
ln asoft tissue-hemolymph = 0.56 ± 0.29&, 2 sd) taken as the
mean D26Mgsoft tissue-seawater of soft tissues samples (n = 6).
As shown in Fig. 9, d26Mg of hemolymph with the equilib-
rium model decreases during Mg incorporation in the soft
tissues, but much less than with the unidirectional model.

To compare with the hemolymph samples, we estimated
the remaining Mg fraction (f) in hemolymph relative to the
surrounding seawater: it was 94% at Locmariaquer and
ranged from 84% to 90% at Le Bono. For high values of
f (>80%), the two models predict a similar deviation of
�0.12& relative to seawater. As shown in Fig. 9, a good
agreement can be found for four (out of five) hemolymph
samples with our sample precision. For one sample (B3),
d26Mg of �1.23& is still within the 95% confidence interval
of the model, but unexplained variability is particularly
high (�0.3&), suggesting additional isotopic controls in
the hemolymph.

4.4. Mg isotopes in the aragonitic bivalve shell

Following transfer through the soft parts, the final step
of Mg incorporation takes place in EPF, where bivalve shell
formation is biologically initiated (Weiner and Dove, 2003;
Addadi et al., 2006; Jacob et al., 2008). Mg isotopic compo-
sitions reported for EPF and for aragonitic shell samples
show the largest variability of the dataset, spanning more
than 3&. Averaged d26Mg of EPF remains close to hemo-
lymph (D26MgEPF-Hemolymph = 0.04 ± 0.15&, n = 5) and to
a lesser extent seawater (D26MgEPF-seawater = �0.23 ±
0.25&, 2 sd, n = 5). The close agreement found between
hemolymph and EPF indicates that transport of Mg across
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the OME to the calcifying fluid (from hemolymph to EPF)
occurs without measurable isotopic fractionation, and that
the hemolymph d26Mg signatures are tightly preserved in
the EPFs. In individuals L1 and B1, D26MgEPF-seawater are
�0.16& and �0.07&, respectively reflecting absence of
fractionation from surrounding seawater. In contrast, in
individuals B2, B3, and B4, D26MgEPF-seawater of �0.33&,
�0.37&, and �0.20&, respectively support weak enrich-
ments in the light isotope that derive essentially from the
hemolymph compartment. As shown in Fig. 9, this may
be tentatively explained by Mg incorporation into the soft
tissues with unidirectional and equilibrium fractionation
models. A good match can be found for three individuals
(L1, B1 and B4) with our sample precision (±0.1&). For
B2 and B3, measured d26Mg still lies within the 95% confi-
dence interval of the two models, but unexplained fraction-
ation of ��0.2& suggests additional isotopic controls.

Considering the aragonitic shell of the clam, measured
Mg isotopic composition displays the largest variations
and lightest Mg isotopic ratios of this study. Ranging from
�1.89 ± 0.07& to �4.22 ± 0.06&, shell d26Mg values exhi-
bit systematic and variable fractionation towards light iso-
tope compositions. As shown in Fig. 4, similar trends are
observed in the two other aragonitic biocarbonates consid-
ered here: the bivalve T. gigas (SRM JCt-1) and the coral
Porites sp. (SRM JCp-1). Shell d26Mg values are also con-
sistent with the large array of negative d26Mg values re-
ported for other marine calcifiers (Fig. 7) including the
calcitic blue mussel M. edulis (Chang et al., 2004; Pogge
von Strandmann, 2008; Hippler et al., 2009). As proposed
in these studies, Mg isotope fractionation may include di-
verse levels of isotopic controls including abiotic and bio-
logically-driven processes.
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JCp-1 (aragonitic coral) and JCt-1 (giant clam shell) and compariso
brachiopods, echinoids, red algae and bivalve M. edulis (Hippler et al.,
Pogge von Strandmann, 2008). (Arag.) and (Calc.) refer to aragonitic an
4.5. Mineralogical control of d26Mg in aragonite

The abiotic preferential incorporation of light Mg iso-
tope in calcium carbonate is well documented for Low-
Mg Calcite (LMC). LMC Speleothems were used to esti-
mate a fractionation factor between mineral and drip water
of D26MgLMC-drip water = �2.7 ± 0.10& (Galy et al., 2002).
A similar value is reported for another speleothem record
(D26MgLMC-drip water = �2.4&) and a slightly weaker frac-
tionation is observed for abiogenic LMC precipitation
experiments (D26MgLMC-solution = �2.1&) (Immenhauser
et al., 2010). Further insights by Mavromatis et al. (2012)
point to a large variance (from �3.16& to �1.88&) of
the abiotic LMC Mg fractionation factor as a function of
LMC precipitation rate, underlining the potential role of ki-
netic and growth rate factors.

The abiotic aragonite-seawater fractionation factor
(D26Mgaragonite-seawater) has recently been investigated via
inorganic precipitation experiments (“free-drift”) (Wang
et al., 2013). D26Mgaragonite-seawater (� 1000 ln aaragonite-seawater)
appears weakly (�0.01&/�C) and inversely correlated with
calcification temperature. At 15 �C, D26Mgaragonite-seawater

can be estimated to �1.18 ± 0.28& using the temperature
equation of Wang et al. (2013). Considering the annual
range of water temperature at the two sampling sites
(7–21 �C), D26Mgaragonite-seawater is expected to vary by
0.15& from �1.27& (7 �C) to �1.12& (21 �C). The
D26Mgaragonite-seawater is therefore substantially smaller
(�0.9–2.1&) than D26MgLMC-seawater. Stronger 26Mg
enrichment in aragonite, where Mg sits in highly distorted
sites with 9-fold coordination (Finch and Allison,
2007), possibly reflects shorter bond length and higher
dissociation energy for Mg in aragonite than in calcite
.0 -3.0 -2.0 -1.0

 DSM3)

Bivalve R.philippinarum (Arag.)

Coral JCp-1 (Arag.)

Giant clam JCt-1 (Arag.)

inoids (Calc.)

)

Brachiopods (Calc.)

Corals (Arag.)

ippinarum (nacreous and prismatic components), reference materials
n with literature data available for corals (Chang et al., 2004),
2009), deep-sea coral and mixed foraminifers (Chang et al., 2004;
d calcitic CaCO3 polymorph, respectively.
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(Wang et al., 2013). The good agreement found between
D26Mgaragonite-seawater and the theoretical equilibrium
fractionation factor for magnesite (Rustad et al., 2010)
suggests that fractionation in aragonite may represent isotope
partitioning between a MgCO3–H2O cluster and Mg2+

aquocomplexes (Wang et al., 2013).

4.6. Physiological fractionation in the aragonitic bivalve shell

Mg-isotope fractionation factors measured in the
shell of the manila clam (D26Mgshell-seawater) can be
compared to the inorganically precipitated aragonite
(D26Mgaragonite-seawater). As shown in Fig. 10, deviation from
the inorganic precipitate is expressed as D26MgPhysiol, corre-
sponding to D26Mgshell-seawater � D26Mgaragonite-seawater. For
the clam shell, D26MgPhysiol varies considerably, from close
to zero (D26MgPhysiol = 0.03&, specimen L1, prismatic
layer) to �2.20& (specimen B4, prismatic layer). This
exceeds our analytical precision (�0.1&) and also the
0.12& variability of D26Mgaragonite-seawater due to annual
water temperature fluctuations (9–21 �C), and supports
strong physiological isotopic effects registered in both the
prismatic and the nacreous components. Negative
D26MgPhysiol is consistent with light isotope enrichment in
the biocarbonate relative to inorganic aragonite. Negative
D26MgPhysiol is documented for other marine calcifiers,
including some other bivalve species such as the aragonitic
clam T. gigas (SRM JCt-1; D26MgPhysiol = �0.78&, this
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study) and the calcitic blue mussel M. edulis (D26MgPhysiol

range: 0.05& to �1.65&) (Hippler et al., 2009), and also
some mixed species of planktonic foraminifera (D26MgPhysiol

range: �0.55& to �2.77&) (Chang et al., 2004; Pogge von
Strandmann, 2008; Wombacher et al., 2011). D26MgPhysiol

can also take positive values, corresponding to enrichments
in heavy isotope in the biomineral relative to the inorgani-
cally precipitated CaCO3. This is seen in coccolith ooze
(D26MgPhysiol range: 0.37–2.38&), brachiopod (D26MgPhysiol

range: 1.13–1.13&) and echinoid tests (D26MgPhysiol range:
0.67–1.03&), and to a lesser extent aragonitic corals and
sclerosponges (D26MgPhysiol range: 0.19–0.52&), and cal-
citic coralline red algae (D26MgPhysiol range: 0.18–0.45&)
(Hippler et al., 2009; Wombacher et al., 2011). Biominerals,
where D26MgPhysiol appears negligible, are found in the ara-
gonitic scaphopod (D26MgPhysiol = �0.05&), mixed species
of calcitic warm water and deep sea corals (D26MgPhysiol

range: �0.10 to 0.04&), and mixed species of calcitic scle-
rosponge (D26MgPhysiol range: 0.04–0.25&) (Wombacher
et al., 2011), which suggests a calcifying process close to
inorganic precipitation. Overall variation of D26MgPhysiol

in biogenic carbonates spans more than 5& and shows
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data for marine biogenic carbonates including scaphopods, bivalve M. ed

2004; Pogge von Strandmann, 2008; Hippler et al., 2009; Wombacher
fractionation factor between biocarbonate and seawater (D26Mgbiocarb

(D26Mgaragonite-seawater or D26Mgcalcite-seawater). D26Mgaragonite-seawater (� 10
the temperature equation of Wang et al. (2013). D26Mgcalcite-seawater is �2
calcitic biocarbonate, respectively.
either heavy or light isotope enrichments. This highlights
the wide diversity of physiological isotopic controls that
can affect Mg isotopes composition according to biominer-
alisation strategy.

4.6.1. Shell formation under close-to equilibrium conditions

Negligible values of D26MgPhysiol were found in four
shell samples taken from the prismatic and the nacreous
layers of specimen L1 collected at the coastal site Locmaria-
quer (mean D26MgPhysiol = �0.04 ± 0.22&; 2 sd; n = 4),
and in one prismatic sample of specimen B2 (1–2 mm
growth increment) from Le Bono (with D26MgPhysiol =
�0.17 ± 0.13&). The absence of physiological controls sug-
gests that the two shell components (prismatic and nacre)
were precipitated under close-to conditions of inorganic
equilibrium in terms of Mg isotopes. Such a fractionation
pattern is consistent with passive Mg transport from the
surrounding seawater to the calcifying fluid, followed by
shell formation process similar to the inorganically-
precipitated aragonite. This feature is reflected in the
measured isotopic compositions of both the hemolymph
and the EPF of specimen L1, which are the same, within
26MgPhysiol (‰)

0 1 2 3

26MgPhysiol (‰)

0 1 2 3

m (prismatic and nacreous layers) and comparison with published
ulis, echinoids, mixed foraminifera, and brachiopods (Chang et al.,
et al., 2011). D26MgPhysiol refers to the difference in Mg-isotope

onate-seawater), and inorganically-precipitated CaCO3 and seawater
00 ln aaragonite-seawater) is estimated as �1.18 ± 0.28& at 15 �C using
.7 ± 0.10& (Galy et al., 2002). (A) and (C) refer to aragonitic and
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analytical uncertainty, as the surrounding seawater
D26Mghemolymph-seawater = �0.16 ± 0.13& and
D26MgEPF-seawater = �0.13 ± 0.15&. In addition, consider-
ing the temporal record provided by the consecutive
samples taken from the prismatic layer of the left valve,
the constant D26MgPhysiol of 0.11 ± 0.07& and of
0.03 ± 0.08& in the 0–1 and 1–2 mm growth increments
(taken from the ventral margin and along maximum
growth axis) respectively, tends to indicate that conditions
close-to inorganic equilibrium have been maintained for
approximately 40–100 days.

Bivalve shell formation similar to inorganically-formed
aragonite remains relatively surprising given the facts that
(1) Mg/Ca ratios in the clam shell (0.4–1.3 mmol/mol) are
much lower than in inorganic precipitate (3.6–9.9 mmol/
mol) (Gaetani and Cohen, 2006) suggesting a tight regula-
tion of Mg content in the molluscan aragonite (Rosenheim
et al., 2005a), and (2) Mg does not truly substitute for Ca in
aragonite of bivalve shells (Foster et al., 2008; Takesue
et al., 2008). However, evidence for physiological isotope
effects can also be found in specimen L1, with D26MgPhysiol =
�0.75& in one nacre sample taken from the right valve.
This physiological deviation was observed in only one
valve, the nacre of the other valve staying close to the
inorganic end-member (D26MgPhysiol = �0.14 ± 0.15&).
This may suggest that isotope fractionation is not homoge-
neously distributed within the organism and may be local-
ized close to calcification site.

This hypothesis can be tested using Mg-isotope mass
balance for specimen L1. Mass partitioning of Mg in the bi-
valve compartments was estimated from measured Mg con-
centrations combined with the weight of each component.
Total dry weight of separated organs of soft tissues (mantle,
adductor muscle, and remaining part) were not measured
and were estimated using total shell weight and mean con-
dition index (corresponding to soft tissues dry weight to
shell dry weight ratio) of 8.8 ± 1.9% (1r) estimated from
an adult (two to 3 years old) clam population collected in
the same geographical area and outside of the spawning
period (Poulain et al., 2010). For hemolymph, we consid-
ered a total volume of 1 mL for this size manila clam (Ford
and Paillard, 2007). Considering averaged Mg concentra-
tion in each compartment, Mg partitioning (molar fraction)
in specimen L1 is as follows: 24% in the shell, 58% in the
soft tissues, and 18% in hemolymph. EPF represented less
than 2% of total Mg in the organism and was not taken into
account in the isotopic mass balance calculation. Using
averaged Mg isotopic signature for the soft tissues
(d26Mg = �0.30 ± 0.30&; 2 sd; n = 3), in hemolymph
(d26Mg = �0.95 ± 0.14&) and for the whole shell corrected
for aragonite fractionation (d26Mgshell = �1.00 ± 0.67&,
2 sd, n = 5), isotopic mass balance had a d26Mg for the
whole organism (d26Mgw) of �0.57 ± 0.74& (2 sd). This
is 0.25& heavier than the seawater source
(d26Mg = �0.82&) and suggests that specimen L1 is not
at steady state for Mg isotopes. The observed imbalance,
although relatively uncertain (2 sd = 0.74&), may indicate
that there is no connection between Mg reservoirs. Hence,
physiological effects evidenced in one nacre sample
(D26MgPhysiol = �0.75&) of L1 may refer to a fractionation
process restricted to the site of calcification and could be
linked to the kinetics of aragonite precipitation.

4.6.2. Shell deposited under physiological influence

Physiological fractionation principally affects shell sam-
ples collected at the brackish water site (Le Bono), with
strongly negative D26MgPhysiol of �0.43& to �2.22&. As
shown in Fig. 10, physiological effects systematically frac-
tionate towards the light Mg isotope, and are recorded both
in the prismatic (D26MgPhysiol range �0.43& to �2.22&)
and in the nacreous (D26MgPhysiol range �1.02& to
�1.18&) component of the shell. Prismatic samples taken
at the ventral margin (0–1 mm growth increment) may pro-
vide a similar temporal record for a growth period of
approximately 20–50 days at Le Bono site. Although
growth rate can vary among individuals (Poulain et al.,
2011), D26MgPhysiol registered in the 0–1 mm growth incre-
ments of specimens B1, B2, B3, and B4 (Table 2) varies
from �0.43& in B3 to �2.22& in B4. Since individuals
have experienced the same environmental conditions during
the growth period, such a large variability suggests that
D26MgPhysiol is poorly related to external parameters and
is more probably controlled by biologically-mediated frac-
tionation processes.

4.6.2.1. Mg partitioning between soft tissues and internal

fluids. Negative D26MgPhysiol appears to be consistent with
the biological fractionation identified between the intercel-
lular fluid (hemolymph or EPF) and the solid organic com-
ponent (soft tissues). As previously described, equilibrium
and unidirectional models (Fig. 9) predict light isotope
enrichments in the body fluid as a function of Mg removal,
and agree with the trend of D26MgPhysiol. In addition, mass
balance calculation carried out for specimen B2 (the only
specimen from Le Bono for which all compartments were
considered) generated a different result compared to speci-
men L1. Following the same approach as for L1, Mg par-
titioning in B2 is 50% in the soft tissues, 25% in the
hemolymph and 25% in the whole aragonitic shell. Combin-
ing the mean isotopic signature of the soft tissues
(�0.22 ± 0.28&; 2 sd; n = 3), the hemolymph
(�0.99 ± 0.09&), and the whole shell corrected for arago-
nite precipitation (�1.89 ± 2.56&; 2 sd; n = 2), we ob-
tained a global d26Mgw of �0.81 ± 2.56& (2 sd). The
whole shell signature was extrapolated from only two shell
samples where D26MgPhysiol of �0.17 ± 0.13& and of
�1.98 ± 0.13& is particularly variable. However, by con-
trast to specimen L1, d26Mgw in specimen B2 appears closer
to the seawater end-member, suggesting a steady state be-
tween the whole organism and the parent seawater. Physio-
logical isotopic fractionation registered in the shell may be
tentatively explained by Mg fractionation between the soft
tissues and body fluids.

Here, we test this idea using the fractionation factor
D26Mgsoft tissue-hemolymph � 1000 ln asoft tissue-hemolymph =
0.56 ± 0.29&, and we calculate the remaining Mg fraction
in the body fluid (f) which corresponds to the shell
D26MgPhysiol value. For moderate D26MgPhysiol of �0.43&

(B3, prismatic 0–1 mm), and �0.47& (B1, prismatic
0–1 mm), f is estimated to 47% and 43%, respectively with
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the unidirectional model, and to 24% and 16%, respec-
tively with the equilibrium model. For lightest
physiological effects (D26MgPhysiol < �0.56&), only the
unidirectional model can be applied. D26MgPhysiol of
�1.02& (B3, nacre), �1.18& (B1, nacre), �1.98& (B2,
prismatic 0–1 mm), and of �2.22& (B4, prismatic 0–
1 mm) correspond to f of 16%, 12%, 3%, and 2%, respec-
tively. It is interesting to note that the unidirectional mod-
el requires that Mg in the fluid becomes physically isolated
when transferred to the soft tissues (no backward reac-
tion) and furthermore that there is no additional supply
of dissolved Mg to the fluid (finite reservoir). A similar
fractionation model was tested to resolve the biological
Mg-isotope fractionation observed in planktonic forami-
nifera Globigerinoides ruber with D26MgPhysiol = �1.5&

(Wombacher et al., 2011). Formation of foramineral cal-
cite occurs in vacuoles of modified seawater from which
Mg is actively removed in order to allow low-Mg calcite
precipitation (Erez, 2003). A Rayleigh-type model (called
here unidirectional model) used to account for Mg re-
moval from the vacuole resulted in a fractionation factor
D26Mgforam � 1000 ln aforam of 0.48&, similar to our value
of 0.56&. Wombacher et al. (2011) estimate that the
remaining Mg fraction in the vacuole (f) is 2.3% at
10 �C, 4.5% at 20 �C, and 8.7% at 30 �C. This is in agree-
ment with our f values, ranging from 2% to 16%. How-
ever, the temperature dependence of D26MgPhysiol in
foraminiferal calcite calculated using Rayleigh-type re-
moval appears inconsistent with the available G. ruber iso-
topic data (Wombacher et al., 2011). In our case, a
substantial removal of Mg from the body fluid is required
to match D26MgPhysiol, and this is not supported by hemo-
lymph and EPF data for which (1) f (relative to surround-
ing seawater) in the four individuals B1, B2, B3, and B4
remains higher than 84% suggesting a limited transfer to
the soft tissues, and (2) measured fractionation in body
fluids relative to seawater (�0.41& and �0.37& in hemo-
lymph and EPF, respectively) is consistently weaker than
expected by D26MgPhysiol. For the EPF, the unexplained
fractionation of �1.52& is particularly large, and suggests
that in combination with Mg incorporation in the soft tis-
sues other fractionation processes may control the isotopic
composition of the shell.

4.6.2.2. Isotopic controls in calcifying fluid. Other controls
may involve organic macromolecules contained in the
EPF (e.g. proteins, polysaccharides, or glycoproteins) that
supply a three dimensional template for bivalve shell for-
mation (Addadi et al., 2006). As proposed by Wombacher
et al. (2011), organic molecules can play a role in physio-
logical effects recorded in G. ruber calcite (D26MgPhysiol =
�1.5&) through complexation of dissolved Mg in vacuole.
Using an equilibrium fractionation model and a remaining
Mg fraction of 4.5% at 20 �C in the vacuole, a fraction-
ation factor D26Mgeq � 1000 ln aeq = 1.6& is deduced
and apparently matches the temperature dependency of
D26MgPhysiol in planktonic foraminifera. Fractionation
factor D26Mgeq of 1.6& for planktonic foraminifera is
consistently higher than D26Mgsoft tissue-hemolymph � 1000
ln asoft tissue-hemolymph = 0.56 ± 0.29& determined here,
but it reflects a similar enrichment in heavy isotope in
the biologically-fixed Mg fraction. Using Eq. (5) and a
fractionation factor D26Mgeq of 1.6& (Wombacher
et al., 2011), we can account for physiological effects in
the shell as light as �1.6& corresponding to a full Mg fix-
ation onto organic molecules (f = 0). This could fit with
five out of seven shell samples with D26MgPhysiol of
�0.47& to �1.18&. The calculated remaining Mg frac-
tions in the EPF after organic fixation (f) are �72% for
B1 and B3 prismatic layers (0–1 mm growth increment),
53% for L1 nacreous layer (right valve), 36% for B3 nacre-
ous layer, and 26% for B1 nacreous layer. The f values
estimated using “equilibrium organic fixation model” are
higher than the ones calculated with the soft tissue incor-
poration model, but they still disagree with EPF data
which impose a f factor between 84% and 94%.

Regulation of Mg content in EPF may be supported by
shell Mg/Ca ratios. As shown in Fig. 11, Mg/Ca ratios
and D26MgPhysiol appear positively correlated in the two
shell components. Deposited shell that is not or only
weakly affected by physiological effects (D26MgPhysiol =
0& down to �0.5&) displays similar Mg/Ca ratios of
1.1 to 1.3 mmol/mol. For shell samples showing
D26MgPhysiol lighter than ��0.5&, Mg/Ca ratios decrease
to 0.9 to 0.4 mmol/mol. As previously observed in the ara-
gonitic shell of M. edulis (Lorens and Bender, 1980), such
a decrease in shell Mg/Ca ratios may be attributed to a
decrease in Mg/Ca ratio of EPF. In addition, and despite
the fact that the positive correlations are weakly con-
strained, the two shell components show different trends
(Fig. 11). For similar Mg/Ca ratios (0.8–0.9 mmol/mol)
registered in the two layers, D26MgPhysiol is significantly
lower in the prismatic part (range: �1.9& to �2.2&)
compared to the nacre (�0.7&). Considering that the
nacre and the prismatic layer are precipitated from distinct
extrapalleal fluids, located in the central part for the nacre
and close to the shell margin for the prismatic layer, Mg
isotopic compositions may be variable in the two isolated
EPF even though Mg/Ca ratios stay comparable. How-
ever, information deduced from shell Mg/Ca ratios may
not only refer to Mg/Ca ratio in EPF and must be care-
fully considered. Extensively studied as a potential temper-
ature proxy, bivalve shell records of Mg/Ca ratios appear
to be affected by diverse parameters including calcification
temperature, growth dynamics, metabolic activity or even
nutrient availability (e.g. Dodd and Crisp, 1982; Klein
et al., 1996a; Vander Putten et al., 2000; Lazareth et al.,
2003, 2007; Takesue and van Geen, 2004; Foster et al.,
2008; Freitas et al., 2008). For the manila clam, potential
factors influencing Mg/Ca ratios in the shell still have to
be investigated in detail and are clearly relevant for fur-
ther understanding.

4.6.2.3. Potential role of the shell organic matrix. In the pris-
matic shell of Arctica islandica, Mg is not substituted into
aragonite but is hosted by a disordered phase such as or-
ganic components or nanoparticles of an inorganic phase
(Foster et al., 2008). A similar finding was obtained for
the aragonitic shell of Corbula amurensis, where a third of
the Mg is removed with the shell organic matrix (Takesue
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et al., 2008). If such a feature is also relevant for the shell of
R. philippinarum, this may affect Mg fractionation during
mineral formation through modification of the entrapment
process at the mineral surface. Organic additive, such as a
simple hydrophilic peptide with the same carboxyl-rich
character as that of macromolecules isolated from sites of
calcification, appears to decrease the desolvation barrier
for Mg relative to Ca (Stephenson et al., 2008). Lowering
the desolvation barrier for Mg would be expected to reduce
the isotopic fractionation compared to inorganically-
formed aragonite, but this is not supported by our data.
Also, the organic framework of both prismatic and
nacreous aragonites differs in organic content, amino
acids, and sulfated compounds (Gotliv et al., 2003;
Dauphin et al., 2005; Dalbeck et al., 2006). This difference
could cause the lower slope of D26MgPhysiol vs. Mg/Ca ratio
regression (Fig. 11) observed in the nacre (D26MgPhysiol =
! 1.09 �Mg/Ca � 1.63) compared to the prismatic shell
(D26MgPhysiol = 4.28 �Mg/Ca � 5.44). Accordingly, the
organic matrix of the nacreous layer could be associated
with weaker Mg isotopic fractionation. However, a poten-
tial role for the shell organic matrix cannot easily be deci-
phered with our data, and needs further investigations to
be fully understood. As an example, fractionation of Mg
isotopes during hydrous magnesium carbonate precipita-
tion appears to be identical in abiotic and in cyanobacte-
ria-bearing experiments (Mavromatis et al., 2012),
suggesting a limited influence of microbially-induced
biomineralization.

Shell organic matrix is secreted by specialized epithelial
cells of the OME and mass balance calculation reveals
that soft tissues represent up to �50% of total Mg mass
of the organism. Therefore, soft tissues may provide an
additional source of Mg to the shell in combination to dis-
solved Mg in the EPF. This may be possible if Mg stored
in the soft tissues is incorporated into organic macromol-
ecules during their secretion by the OME. However, the
negative sign of D26MgPhysiol does not support direct
incorporation of Mg from the solid organic compartment.
Any mixing between the inorganically-precipitated arago-
nite d26Mg (�1.18& at 15 �C) and the heavier d26Mg of
soft tissues (�0.06& to �0.40&) would lead to positive
D26MgPhysiol values. Interestingly, the same holds for dis-
solved Mg fixed onto organic macromolecules in the
EPF. Given the fractionation factor D26Mgeq = 1.6&, hea-
vy Mg isotope would be enriched (relative to parent fluid)
in the fraction bound to organics. Therefore, if a signifi-
cant amount of Mg stored in the soft tissues or complexed
with organic molecules is incorporated into the shell, a
subsequent fractionation step is required towards lighter
values (at least lighter than d26Mg of inorganic aragonite
�1.18& at 15 �C) to match D26MgPhysiol. Such a
fractionation step may occur in a similar way to Mg
insertion into chlorophyll-a and -b molecules (Black
et al., 2006, 2007). However, in order to confirm this idea
it would be necessary to measure the Mg isotopic compo-
sition of the shell organic matrix and of the aragonite
separately.
4.7. Influence of salinity regime on shell D26MgPhysiol

One of the determining factors of physiological effects
registered in the shell involves the collection site and the
salinity regime experienced by the manila clam (Fig. 11).
At the oceanic site, mean D26MgPhysiol = �0.16 ± 0.13&

(n = 5) remains close to inorganically precipitated aragonite
whereas at the brackish water site systematic and variable
physiological effects (D26MgPhysiol ranging from �0.15&

to �2.2&; average: �1.05 ± 0.13&; n = 7) are observed.
This compares to Mg isotopic data obtained for the calcitic
bivalve M. edulis (Hippler et al., 2009), where D26MgPhysiol

of M. edulis appear systematically lower at low salinity
(mean D26MgPhysiol = �1.3 ± 0.10&; n = 6; mean salinity:
28.5 psu) than at high salinity (mean D26MgPhysiol =
�0.23& ± 0.07&; n = 4; mean salinity: 29.3 psu). In that
study, it was shown that Mg isotopic ratios were closely re-
lated to mean seasonal growth rates and that stronger phys-
iological effects were encountered in fast-growing animals.
Although a wide spectrum of factors influences shell growth,
such a relationship gives further support for a biologically-
driven fractionation of Mg isotope in the bivalves shell. In
our study, growth dynamics of the prismatic and the nacre-
ous shell was not investigated. However, detailed sclero-
chronological analysis was performed at Le bono on a
similar subtidal adult clam population from May to October
2007 (Poulain et al., 2011). This study reveals that prismatic
microgrowth increments are deposited with a tidal periodic-
ity, which reflects a behavioral adaption of the valve closure
at low tide in order to protect the clam from low salinities
and/or to synchronize with food availability. Lunar daily
growth increment widths ranging between 8 and 100 lm
lunar day�1 exhibit a high inter-individual variability (Poulain
et al., 2011). We observed a similar variability among
individuals as evidenced by D26MgPhysiol of �0.43& to
�2.20& in the 0–1 mm growth increment of individuals
B1, B2, B3, and B4. This may indicate a potential link be-
tween physiological fractionation of Mg isotopes and the
kinetics of shell precipitation. However, more detailed inves-
tigations are required to better assess this relationship.

The light D26MgPhysiol observed at the brackish water
site may involve changes in seawater Mg concentrations
according to tidal activity (maximum range: 5–
53 mmol L�1). As osmoconformers, decreases in seawater
Mg concentrations are likely to be transferred to internal
fluids (Neufeld and Wright, 1998; Shakhmatova et al.,
2006). This could leave the hemolymph or the EFP more
sensitive to isotopic fractionation when dissolved Mg is
transferred to the soft tissues or adsorbed onto organic
macromolecules in EPF. To confirm this hypothesis it
would be necessary to measure body fluid isotopic compo-
sitions at higher frequency and over a full tidal cycle. How-
ever, variations in Mg concentrations should affect all
specimens from the same site in a similar way, and this is
not supported by the large inter-individual variability (from
�0.45& to �2.2&) registered in the 0–1 mm growth incre-
ment in B1, B2, B3 to B4 specimens. Other causes of phys-
iological effects may involve the altered biological activity
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of the clam due to brackish water conditions. Salinity stress
can affect several metabolic functions such as, for instance,
osmotic regulation, protein synthesis, enzymatic activity,
cell volume regulation, ATP synthesis and activation (Rob-
ert et al., 1993; Berger and Kharazova, 1997; Jordan and
Deaton, 1999; Kim et al., 2001; Maguire and Cowan,
2002; Wolf and Cittadini, 2003; Kube et al., 2007). Mg
being essential to most of these cellular processes, altered
biological activity in salinity-stressed organisms could in-
crease uptake fluxes of dissolved Mg from the hemolymph
or the EPF. However, such a relationship between
D26MgPhysiol and metabolic processes is difficult to assess
with our data and more detailed studies are certainly re-
quired. One possible investigation could be to combine a
detailed, time-resolved, profile of shell D26MgPhysiol with
conventional chemical parameters and a detailed analysis
of growth dynamics.

5. CONCLUSIONS

This study of the principal compartments involved in the
biomineralisation process of a bivalve reveals that Mg iso-
topes are fractionated along their incorporation pathway
from surrounding seawater to the shell. A first fractionation
step takes place between the body fluids (hemolymph and
EPF) and the solid organic samples. Fractionation factors
D26Mgsoft tissue-seawater of 0.42 ± 0.12& to 0.76 ± 0.12&

were calculated and we propose that heavy isotope enrich-
ments in the soft tissues are related to the transfer of Mg at
the cell membrane interface. By contrast, hemolymph and
EPF are on average isotopically identical to seawater sug-
gesting (1) a predominant seawater origin for Mg in body
fluids and (2) a relatively passive transfer route at the two
successive epithelial barriers constituted by the IME and
the OME. However, few EPF and hemolymph samples
yield measurable fractionation with D26Mghemolymph-seawater =
�0.41 ± 0.09& or D26MgEPF-seawater = �0.37 ± 0.14&

which could be consistent with a limited Mg removal to
the soft tissues combined with other unresolved fraction-
ation processes.
The two components of the aragonitic shell (nacreous
and prismatic) exhibit the lightest and the largest variations
of the dataset, with d26Mg ranging from �1.89 ± 0.07& to
�4.22 ± 0.06&. Shell d26Mg are proposed to result from a
combination of abiotic and biologically-driven fraction-
ation processes. Abiotic controls include the mineral-fluid
fractionation occurring during aragonitic precipitation,
which has been estimated of �1.18 ± 0.28& at 15 �C on
the basis of the temperature calibration of Wang et al.
(2013). Deviations from this inorganically-precipitated ara-
gonite expressed as D26MgPhysiol vary from 0.03& to
�2.20& in the clam shell. These argue for variable levels
of physiological isotopic effects affecting the two compo-
nents of the aragonitic shell. Shell can be deposited either
under close-to equilibrium conditions in terms of Mg iso-
topes (D26MgPhysiol close to zero), or under a strong physi-
ological influence that could occur in self-contained spaces
located close to calcification sites.

Physiological effects demonstrate a strong dependence
on salinity regime. They preferentially affect individuals liv-
ing in brackish water conditions. We propose that these ef-
fects could be related to the altered metabolic activity in
salinity-stressed bivalves, which could involve protein syn-
thesis, enzymatic activity, cell volume regulation, or ATP
synthesis and activation. As outlined from earlier studies
of Mg isotopes in biominerals and regarding the large phys-
iological isotopic effects, Mg isotopic compositions in ara-
gonitic bivalve shells offer limited if any potential as a
proxy of temperature or even seawater Mg isotopic compo-
sition. On the other hand, sensitivity of Mg isotopic frac-
tionation to salinity regime may pave the way for
tracking changes in clam metabolism in estuarine
environment.
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