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Abstract Mollusk shells contain many isotopic clues about
calcification physiology and environmental conditions at
the time of shell formation. In this review, we use both
published and unpublished data to discuss carbon isotopes
in both bivalve and gastropod shell carbonates. Land snails
construct their shells mainly from respired CO2, and shell
δ13C reflects the local mix of C3 and C4 plants consumed.
Shell δ13C is typically >10‰ heavier than diet, probably
because respiratory gas exchange discards CO2, and retains
the isotopically heavier HCO3

−. Respired CO2 contributes
less to the shells of aquatic mollusks, because CO2/O2 ratios
are usually higher in water than in air, leading to more
replacement of respired CO2 by environmental CO2. Fluid
exchange with the environment also brings additional
dissolved inorganic carbon (DIC) into the calcification site.
Shell δ13C is typically a few‰ lower than ambient DIC, and
often decreases with age. Shell δ13C retains clues about
processes such as ecosystem metabolism and estuarine
mixing. Ca2+ ATPase-based models of calcification physiol-
ogy developed for corals and algae likely apply to mollusks,
too, but lower pH and carbonic anhydrase at the calcification
site probably suppress kinetic isotope effects. Carbon
isotopes in biogenic carbonates are clearly complex, but
cautious interpretation can provide a wealth of information,
especially after vital effects are better understood.

Introduction

Over the past half century, isotopic geochemists have
extracted a plethora of information on paleotemperatures
and hydrological processes from the oxygen isotope
compositions (δ18O) of biogenic carbonates (e.g., Emiliani
1954, and many others since). The carbon isotopic
compositions (δ13C) of shell and bone carbonates have
also yielded useful information, but uncertainty concerning
the origins of carbonate carbon has remained a problem.
When does calcification draw mainly from respired CO2,
derived from food? When does inorganic carbon from
ambient air or water dominate? How does carbon reach the
calcification site? Does the phylogenetic position, physiol-
ogy, or ecology of the calcifying animal matter? Resolving
such questions will improve reconstructions of past CO2

levels, the mixing of marine and fresh waters, animal diets,
upwellings, ecological upheavals, and many other aspects
that geochemists, paleontologists, ecologists, and archae-
ologists study using biogenic carbonate δ13C.

This analysis focuses on mollusks. But just as mice,
nematodes and bacteria provide insights into human
physiology and medicine, so too do non-mollusks provide
insights into mollusks. Scientists will also want to apply
insights gained from mollusks to other animals. Numerous
comparisons between mollusks and other organisms are
therefore included, but we always return to mollusks to
discuss the strengths and weaknesses of the evidence in this
group.

Mollusks make attractive environmental recorders be-
cause of their abundance in diverse environments, and their
sequential skeletal deposition. Developmental or ontoge-
netic changes can, however, affect isotopic fractionations.
This opens opportunities for monitoring the animal, but
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complicates environmental monitoring. Understanding ‘vi-
tal’ effects is therefore important for distinguishing phys-
iological from environmental factors. Recent insights have
emerged from detailed measurements on common animals,
plus examination of animals from unusual environments.
Subtle differences in calcification physiology now appear to
account for markedly different isotopic outcomes.

Respired CO2 and ambient inorganic carbon both
contribute to mollusk shells, and the relative importance
of each source will determine whether shell δ13C records
mainly dietary δ13C, or the δ13C of ambient inorganic
carbon. McConnaughey et al. (1997) suggested that land
snails and other air-breathing animals build their carbonates
mainly from respired CO2, while aquatic animals build their
shells mainly from ambient inorganic carbon. We reexam-
ine this issue, discuss some physiological environmental
factors that affect the balance of carbon sources, and offer
new insights into the observed isotopic fractionations.

This paper emphasizes generalizations that work for
large parts of nature, the processes that give rise to these
generalizations, and reasons why they sometimes fail.
Many fundamental issues have not been settled. Highlight-
ing these uncertainties may help geochemists, paleontolo-
gists, and archaeologists to recognize and avoid some
common pitfalls, and will hopefully encourage basic
research. Carbon isotopes in biogenic carbonates are clearly
complex, but cautious interpretation can provide a wealth of
information.

Calcification physiology

Various mollusks construct their shells of calcite, aragonite,
or both (Fig. 1a). Calcification occurs from the extrapallial
fluid (EPF), which is often divided into inner and outer
sections (Wilbur and Saleuddin 1983; Wheeler 1992).
Sampling these fluids is technically difficult due to their
small volumes, and most chemical measurements have been
made from the inner EPF (Crenshaw 1972; Wada and
Fujinuki 1976; Lécuyer et al. 2004; Ip et al. 2006), rather
than the outer EPF (Lorens 1978). The inner EPF produces
the inner shell layer, and geochemical studies have
concentrated on the outer shell layer for better time-
resolved records (see Vander Putten et al. 2000). Outer
EPF fluids have not been sampled for isotopes, although
there is one report of oxygen isotopes from inner EPF
(Lécuyer et al. 2004). Nevertheless, Gillikin et al. (2005a)
found similar δ13C and δ18O in the inner and outer shell
regions. Rapid calcification from the EPF indicates that it is
significantly supersaturated with respect to CaCO3. Hence,
mollusks presumably add Ca2+ or CO3

=, or both to the EPF.
Studies have observed only minor differences between

inner EPF fluids, hemolymph fluids, and ambient seawater
with respect to Ca2+ levels, and ratios of Ca2+ to Mg2+,
Sr2+, and Ba2+ (Wada and Fujinuki 1976; Lorrain et al.
2004a; Gillikin 2005; Gillikin et al. 2006a). This seems
consistent with passive conduction of ions to the calcifica-
tion site, perhaps by pericellular routes through the mantle,

Fig. 1 a Cross section through a mussel shell (morphology from
Vander Putten et al. 2000), showing likely transport routes for calcium
and inorganic carbon. bModel depicting Ca2+ and CO3

= concentrations,
and aragonite saturation level Ω in seawater, modified by Ca2+/2H+

exchange and CO2 dissolution. CO3
==K1K2[CO2]/{H

+}2, Ca2+ calcu-
lated from alkalinity. c Fractions of skeletal carbon supplied as CO2

from mantle, and Ca2+ pumped from the mantle cells, calculated for
seawater (pH 8, pCO2=atmospheric), and for freshwater Crystal Pool
NV (pH 7.3, pCO2=23×atmospheric). The balance of skeletal carbon
and calcium presumably derives from fluid exchange with ambient
waters, by leakage around the edge of the shell, or through mantle
tissues. Based on the model of Cohen and McConnaughey (2003)
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or through the periostracum (Fig. 1a). Ca2+ likewise seems
to be only slightly elevated at the calcification site in corals
(Al-Horani et al. 2003a, b), and the calcareous alga Chara
(McConnaughey and Falk 1991). If high Ca2+ concen-
trations do not cause high CaCO3 supersaturations, then
CO3

= accumulations presumably do.
Alkalinization can elevate CO3

= levels. Bivalves raise
pH in the EPF under calcifying conditions (e.g., Crenshaw
and Neff 1969), and in the giant clam Tridacna squamosa,
the inner EPF is more alkaline (pH∼7.8) than in the clam
tissues (pH∼7.4–7.5; Ip et al. 2006). CO3

= potentially
derives from several sources. HCO3

− may enter the EPF by
fluid exchange around the periostracum (Fig. 1a), and by
transport through the mantle. It will then be deprotonated in
the alkaline EPF to yield CO3

=. CO2 will also diffuse from
the mantle tissues into the EPF, and react with H2O and
OH− to produce CO3

=. Biological membranes are highly
permeable to CO2 (Gutknecht et al. 1977), so some CO2

contribution appears inevitable.
At chemical equilibrium, CO3

= increases linearly with
CO2, and inversely with the square of proton activity:
{CO3

=}=K1K2{CO2}/{H}
2, where K1 and K2 are the first

and second ionization constants of CO2 (Fig. 1b). Conse-
quently, if the EPF and adjacent tissues are in CO2

equilibrium, CO3
= will concentrate in the alkaline EPF

by the factor CO¼
3

� �
EPF

.
CO¼

3

� �
Tissue

¼ 10^ 2 pHEPF�ð½
pHTissueÞ�. For the Tridacna pH data given above, the EPF
might concentrate CO3

= by factors of 4–6 compared to
adjacent tissues.

Several known ion transporters could theoretically
extract protons from the calcification site, of which Ca2+

ATPase is the ion pump most frequently associated with
biological calcification. Fan et al. (2007) have localized this
enzyme on molluscan calcifying epithelia. Ca2+ ATPase
comes in numerous versions. At least two mammalian
isolates expel Ca2+ from the cell in exchange for 2H+

(Niggli et al. 1982; Dixon and Haynes 1989). ATP-driven
Ca2+/2H+ exchange also appears to raise pH at the
calcifying surfaces of the alga Chara (McConnaughey and
Falk 1991). Hence, Ca2+ ATPase would raise the pH of the
EPF, while also adding Ca2+. As pH increases, CO2

converts to HCO3
−, and the reduction of CO2 sets up a

diffusion gradient that brings in more CO2 into the EPF.
With modest pH elevations, this CO2 influx becomes the
driving factor behind CO3

= accumulation (Fig. 1b), the major
carbon input to the skeleton (Fig. 1c), and the major cause
of CaCO3 supersaturation (Cohen and McConnaughey
2003).

From the limited data currently available, mollusks
appear to alkalinize the inner EPF by perhaps 0.5 pH units
(e.g., Crenshaw and Neff 1969; Ip et al. 2006). For
comparison, some foraminifers achieve >0.5 pH units

alkalinization (Erez 2003), corals >1 pH units (Al-Horani
et al. 2003a, b), and the calcareous alga Chara in low-Ca2+

media >2 pH units (McConnaughey and Falk 1991). The
rate of CO2 hydroxylation (CO2+OH

−→HCO3
−) increases

linearly with OH−, and therefore exponentially with pH.
Thus, mild alkalinization results in slow HCO3

− production.
Mollusks apparently accelerate the reaction using catalysis
by the enzyme carbonic anhydrase (CA). Miyamoto et al.
(1996, 2005) found that the mollusk shell protein nacrein,
which acts as a negative regulator of calcification, contains
a CA domain. Coupling CA to the calcification inhibitor
nacrein may improve control over how, and where crystals
grow. Bivalves often produce ordered, dense, plate-like,
fracture-resistant nacreous crystals, unlike the fans of
aragonite needles in corals.

The hydration, and especially hydroxylation of CO2 at
the alkaline calcification site underlies McConnaughey’s
(1989, 2003) ‘kinetic’ explanation for sub-equilibrium 13C
and 18O levels in coral skeletons (Fig. 2a), and in many
calcareous algae. Isotopic features reminiscent of kinetic
effects, including positive δ13C–δ18O correlations, and
heavy isotope depletions compared to apparent equilibrium,
occasionally show up mollusks, such as fossil belemnites
(Spaeth et al. 1971). Nevertheless, mollusks generally do
not show kinetic isotope effects. This appears to result from
the relatively mild alkalinization of the calcification site and
use of CA, which reduce the importance of CO2 hydrox-
ylation and accelerate isotopic equilibration.

Mollusks therefore appear to use fairly conventional
calcification physiology: they pump protons from the
calcification site, largely through Ca2+/2H+ exchange
catalyzed by Ca2+ ATPase. The alkaline fluid then absorbs
CO2, and accumulates CO3

=. This is compatible with
additional ion transport, including leakage from the
hemolymph, or fluid exchange around the periostracum.
The chemical modeling in Fig. 1b, c assumes that the EPF
initially contains environmental fluids. In Ca2+-rich media
such as seawater, fluid exchange can supply most of the
Ca2+ to the shell, using less energy than Ca2+ pumping, as
well as all of the other chemical constituents of ambient
waters (Carré et al. 2006). But fluid exchange does not
increase the CaCO3 saturation state above ambient levels,
and that is why additional active ion transport, particularly
proton transport, is important.

Carbon isotope mixtures for the shell

Calcification physiology provides multiple routes for
environmental carbon to reach the calcification site.
Respired carbon, derived from dietary organic carbon, will
also contribute to the shell. A simple model (Eq. 1) treats
the shell as an isotopic derivative of blood DIC, containing
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a mixture of R parts respired carbon, and (1−R) parts of
environmental carbon:

Rd13COrg þ 1� Rð Þd13CAmbient ¼ d13CBlood DIC

¼ d13CShell � $

ð1Þ

where Δ is the isotopic fractionation between blood DIC
and the shell, and δ13COrg and δ13CAmbient the isotopic
signatures of respired carbon and ambient carbon (air or
DIC), respectively.

Even this simple model contains a surprising number of
pitfalls. DIC speciation is deliberately unspecified. McCon-
naughey et al. (1997) equated δ13CAmbient with the δ13C of
ambient DIC, but CO2 diffuses much faster than HCO3

−

across biological membranes (Gutknecht et al. 1977), and
CO2 often appears to supply much of the carbon for
biological calcification (Fig. 1c; McConnaughey 2003;
Cohen and McConnaughey 2003). It might then be
reasonable to relate all isotopic fractionations to molecular
CO2. Nor is it clear when the final term δ should represent
an equilibrium fractionation. Clearly it is not when strong
‘kinetic’ isotope effects are present. Finally, blood DIC may
become 13C enriched compared to the mixture given above.
This is because CO2–HCO3

− equilibration in the blood will
preferentially concentrate 12C in the CO2, and

13C in the
HCO3

−. As the animal circulates blood through its lung or
gill, the isotopically light CO2 will preferentially escape,
leaving isotopically heavy HCO3

− in the blood.
A more complete model (Eq. 2), developed for fish

otoliths (Solomon et al. 2006), examined intermediate
carbon reservoirs including diet (D), ambient DIC (A),
blood DIC (B), calcification site DIC (C), and finally the

skeleton (S), where 13C enrichment factors ‘ɛ’ are approx-
imated by "X�Y � d13CX � d13CY:

R d13CD þ "B�D

� �þ 1� Rð Þ d13CA þ "B�A

� �

¼ d13CS � "S�C � "C�B

ð2Þ

Isotopic estimates of R must ultimately agree with the
basic physiology. To a first approximation, CO2 fluxes
across biological membranes are passive and proportional
to CO2 levels. The outward CO2 flux (JOut) is therefore
proportional to blood pCO2: JOutαpCO2Blood. Similarly, the
passive inward CO2 flux (JIn) is proportional to the ambient
pCO2 level: JInαpCO2Ambient. The difference between these
fluxes equals net respiration, and the fraction R of respired
CO2 in the blood should equal (Eq. 3):

R¼ JOut � JInð Þ=JOut ¼ 1� JIn=JOut ¼ 1� pCO2Ambient=pCO2Blood

ð3Þ
Net CO2 fluxes are furthermore approximately equal and

opposite to O2 fluxes, due to the net stoichiometry of
respiration. For respiration of a carbohydrate, this can be
simplistically represented as CH2O+O2=CO2+H2O. It
should therefore be possible to relate CO2 fluxes to O2

fluxes, and ultimately to relate this to blood δ13C, and
ultimately to shell δ13C.

Shell δ13C values will, however, enjoy only limited use
in geochemical, ecological, and archaeological studies if
detailed assessments of all such factors must be undertaken
in every instance. On the other hand, if broad general-
izations apply to large parts of nature, then shell δ13C may
indeed become an informative parameter.

Fig. 2 Kinetic effects: strong in
corals, absent in giant clams.
a δ18O and δ13C in giant
clams from the western Pacific
(Watanabe et al. 2004), com-
pared to photosynthetic (Pav-
ona) and non-photosynthetic
(Tubastrea) corals from Galapa-
gos (McConnaughey 1989).
Aragonite isotopic equilibrium
is estimated for Galapagos;
equilibrium δ18O is lower for
much of the western Pacific.
b Four years of δ18O and δ13C
for a fossil giant clam from
Japan (Watanabe et al. 2004).
Both isotopes approach isotopic
equilibrium. Note winter δ13C
spikes and that δ18O scale
is inverted in b (also, t=temper-
ature and p=possible
photosynthesis)
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Land snails build their carbonates mainly from respired
CO2

Land snails generally have internal CO2 levels considerably
higher than the CO2 levels in ambient air. The partial
pressure of CO2 (pCO2) in the hemolymph (blood) of the
land snail Helix, for example, is more than 30 times normal
atmospheric (Michaelidis et al. 1999, 2007). By Eq. 3, the
fraction of respired CO2 in the blood of a land snail should
therefore be R=1−1/30=97%. Respired CO2 should then
comprise a similar fraction of skeletal carbonates. A
comprehensive analysis by Balakrishnan and Yapp (2004)
likewise concludes that the pCO2 ratio between the snail
and its environment affects shell incorporation of respired
CO2.

Isotopic data from the shells of land snails (Fig. 3)
confirm the dominance of respired CO2. Shell δ

13C more or
less parallels the δ13C of snail diet or shell organic matter,
offset by anywhere from 8–19‰. The offsets are greatest
when organics diverge most strongly from atmospheric
CO2, suggesting that atmospheric CO2 does contribute to
shell carbon. Simple graphical analysis suggests the
magnitude of R. The slope of the shell vs. organic δ13C
regression line should equal 1 if respired CO2 makes up
100% of shell carbon, or zero if respired CO2 makes no
contribution to the shell. Stott (2002) calculates a slope of
0.74 for Helix aragonite δ13C plotted against diet δ13C, and
a slope of 0.95 plotted against soft tissue δ13C. According-
ly, 74–95% of shell carbon may derive from respiration.
Similarly, Rabdotus snails analyzed by Goodfriend and
Ellis (2002) yield a slope of 0.78, plotted against shell
organics.

The δ13C enrichments in snail shells, compared to diet,
result partly from the loss of isotopically light CO2 during
respiratory gas exchange. Respired CO2 reacts internally

with water to form HCO3
−, which comprises >90% of the

DIC at the pH of snail hemolymph fluids (7.75 in Helix;
Michaelidis et al. 1999, 2007). HCO3

− is about 8‰ heavier
than molecular CO2 at isotopic equilibrium at 20°C,
ε≈δHCO3

−–δCO2=10.78–0.141 (T°C) (Zhang et al.
1995). By conservation of isotopes, DIC retains the isotopic
signature of respired organic matter, while molecular CO2

is about 7‰ lighter, and HCO3
− about 1‰ heavier than the

respired food carbon.
Blood traversing the lung or gill then loses the iso-

topically lighter CO2, and retains the isotopically heavier
HCO3

−. In humans, exhaled CO2 is
13C-depleted compared

to blood DIC by about 5‰ (Dangin et al. 1999; Panteleev
et al. 1999). This is close to the equilibrium fractionation
for a body temperature of 37°C. The full equilibrium
fractionation between exhaled CO2 and retained HCO3

−

may not be expressed if blood substantially equilibrates
with air during transit through the lung, and loses much of
its HCO3

−. The 13C enrichment in blood DIC therefore
depends on how thoroughly the blood loses CO2, and hence
on the blood–air pCO2 gradient (Eq. 3). Each time blood
recirculates through the lung or gill, it loses more of its
isotopically light CO2, and the remaining blood DIC
becomes heavier than suggested by Eqs. 1 and 2. This
heavier blood DIC then provides carbon for calcification.

The snail shell appears to precipitate close to isotopic
equilibrium with blood DIC. This is easiest to see when
food δ13C≈air δ13C, as all carbon sources entering the
blood then have the same value. The δ13C of atmospheric
CO2 is currently about −8.2‰, and is dropping about 0.03‰
per year. At isotopic steady state, CO2 exiting the blood
must have the same δ13C value as CO2 entering the blood,
and HCO3

− that is isotopically equilibrated with blood CO2

will be 8‰ heavier, near −0.2‰. Aragonite precipitating in
isotopic equilibrium with the blood will be about 2.7‰
heavier (Romanek et al. 1992), or around +2.5‰. This is
typical of observed values. When dietary δ13C is much
lighter than atmospheric CO2, however, the snail shell
becomes as much as 19‰ heavier than diet, indicating that
atmospheric CO2 contributes significantly to the shell.

Other air-breathing animals produce isotopically similar
carbonates. Bird eggshells (Von Shirnding et al. 1982) and
mammalian bone carbonates (Sullivan and Krueger 1981;
Schoeninger and DeNiro 1984; Lee-Thorp 2002) approxi-
mately line up with snail shells in Fig. 3, but with slopes
closer to 1. This is consistent with higher internal pCO2

levels in birds and mammals, usually exceeding 100 times
ambient, yielding values of R>99% by Eq. 3.

CO2 exchange between an animal and its environment is
then a two-way process, and the complete isotopic balance
includes atmospheric CO2 that invades the blood during
respiratory gas exchange. For a land snail, bird, or mammal,
in which blood pCO2 remains well above ambient, the

Fig. 3 δ13C in shell aragonite vs. shell organic matter, or diet of land
snails. Helix aspersa vs. food (Stott 2002). Rabdotus spp. vs. shell
organics (Goodfriend and Ellis 2002). Vallonia and Gastrocopta vs.
litter organics (Balakrishnan and Yapp 2004). Ostrich eggshells and
mammal bone carbonates for comparison. Regression lines for Helix
and Rabdotus spp
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invading CO2 flux is small compared to internal CO2

generation through respiration, and only slightly affects
blood or carbonate δ13C.

How are such carbonate δ13C values useful? For land
snails, carbonate δ13C reflects diet. This might depend on
the local mix of C3 and C4+CAM plants, which in turn
reflects climate. Similar considerations apply to bird egg-
shells, and the bone carbonates of mammalian grazers and
browsers. Marine and terrestrial plants can also be
isotopically distinct, and these isotopic clues about primary
producers are transmitted up the food chain (Fry and Sherr
1984), and to the skeletal parts of higher consumers.

Carbonate and organic phases of a shell provide similar
isotopic insights into diet, for air-breathing animals. What
advantages might there be in analyzing one phase, the
other, or both? Stott (2002) concluded that land snail shell
carbonates recorded diet somewhat more accurately than
did shell organics. At a minimum, carbonates confirm
information gleaned from organic phases, and the quality of
sample materials. Potentially, the carbonates also permit
faster and easier analysis than do organics, plus simulta-
neous information about oxygen isotopes. And with aquatic
animals, as discussed below, the isotopic composition of the
carbonate phase may provide information on the isotopic
content of ambient DIC, while dietary information can be
obtained from organics (O'Donnell et al. 2003).

Aquatic mollusks build their carbonates largely
from ambient DIC

Aquatic mollusks tend to have lower internal pCO2 levels
than do land snails, so by Eq. 3, they should incorporate
less respired CO2 in their shells. Measured hemolymph
CO2 values for bivalves, expressed as the ratio of internal to
external pCO2 during periods of immersion in water,
include 5.2 for the oyster Crassostrea gigas (Michaelidis
et al. 2005), 6.6–6.9 for the freshwater clam Corbicula
fluminea and the unionid Carunculina texasensis (Byrne
and Dietz 1997), as low as ∼2 in the unionid Anodonta
grandis (Byrne and McMahon 1991), and 5.2–8.6 in the
zebra mussel Dreissena polymorpha (Byrne and Dietz
2006). These values were usually obtained in non-feeding
bivalves, and since bivalves feed with their gills, it is
possible that feeding would increase gas exchange. Ambi-
ent pCO2 levels were taken as atmospheric. With such
caveats, Eq. 3 estimates of the fraction of respired CO2 in
the blood (and shell) as 40–90%. While still considerable,
this is less than in air-breathing land snails, birds, and
mammals, where Eq. 3 always yields values of R approaching
100%.

Equation 3 assumes that respiration elevates tissue CO2

levels, but other causes such as acidification might
contribute. Tissue or hemolymph pH are around 7.4–7.6

in oysters (Littlewood and Young 1994; Michaelidis et al.
2005) and giant clams (Ip et al. 2006). This is about half a
pH unit below ambient seawater. If a bivalve internalized
and acidified seawater by half a pH unit, it would triple the
pCO2 levels. Acidification may account for nearly as much
of the elevation of blood pCO2 as does respiratory CO2

generation in marine bivalves.
Nor is CO2 the only vehicle for inorganic carbon

exchange in aquatic settings. CO2 diffuses across biological
membranes far faster than HCO3

− or CO3
= (Gutknecht et al.

1977), but HCO3
− might be >100 times more abundant.

Membranes often transport anions, too, and probably more
significantly, fluid pathways between the EPF and ambient
waters probably exist, both around the periostracum
(Fig. 1a), and between cells of the mantle tissues. Such
fluid pathways likely account for the chemical resemblance
between inner EPF fluids and ambient waters. Such
pathways will increase the amount of DIC exchange
between the EPF and the ambient environment, and
decrease the respired CO2 fraction of shell carbon.

The multiple forms of DIC in water (CO2, HCO3
−, and

CO3
=), and their distinct isotopic compositions complicate

isotopic calculations of R. The following discussion
compares shell δ13C with total DIC. This choice produces
consistent results when R is calculated from 13C (by Eq. 1)
and 14C datasets, while using molecular CO2 would
sometimes produce negative values of R. Internal DIC will
also approach isotopic equilibrium with external DIC in
aquatic animals due to the addition of HCO3

− exchange,
and the reduced CO2 gradient.

The isotopic evidence regarding shell incorporation of
respired CO2 in aquatic mollusks is mixed and controver-
sial. Early observational studies generally considered
ambient DIC as the primary carbon source for shell
formation (e.g., Craig 1953; Keith et al. 1964; Mook
1971). Fritz and Poplawski (1974) raised freshwater aquatic
snails in water of which the DIC was isotopically modified
to produce a range of δ13C values. The resulting snail shells
isotopically resembled DIC (Fig. 4 inset), not snail foods.
Paull et al. (1989) found that shells of abyssal methano-
trophic mussels had 13C and 14C contents similar to
ambient DIC, rather than clam tissues or the methane
(Fig. 4). McConnaughey et al. (1997) estimated R from
both 13C and 14C data at around 10%. Gillikin et al.
(2006b) also estimated R at 10% or less for the estuarine
mussel, Mytilus edulis, as did Lorrain et al. (2004b) in the
scallop Pecten maximus.

Other marine invertebrates yield similar results. Griffin
et al. (1989) found that abyssal corals produce skeletons of
which the Δ14C content reflects abyssal DIC, not the Δ14C
content of coral tissues or likely foods. Adkins et al. (2003)
confirmed this, and suggested that abyssal corals might
incorporate 4–10% respired CO2 into their skeletons. Spero
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and Lea (1993) concluded that foraminifer shells contain
about 8% respired CO2. For the estuarine crab Callinectes
sapidus, carapace δ13C was ca. −3.5‰ in seawater, where
δ13CDIC was ∼0‰, but in the isotopically lighter Hudson
River, carapace δ13C was ca. −7‰ (Gillikin, unpublished
data). Environmental DIC therefore appears to control shell
δ13C, and R appears to be around 30%.

Several studies have, however, suggested higher values of
R (e.g., Dillaman and Ford 1982). For example, Tanaka et al.
(1986) estimated R>50% for several species, based on 13C
and 14C data. Nevertheless, there was little consistency
between δ13C and 14C estimates, and little consistency
between animals. Heterogeneous 14C pollution of the estuary
most likely jeopardized the 14C estimates. Furthermore,
different ways of calculating R from δ13C data, and
subsequent examinations of specimens of the same species
have yielded estimates of R less than 10% (Gillikin et al.
2006b). Yet, Dettman et al. (1999) also found offsets from
−1.3‰ up to −9‰ from equilibrium in freshwater mussels.
However, they suggested that the largest disequilibrium may
be associated with the hatching and brooding of young in the
marsupial of the mussel.

Gillikin et al. (2007a) compared the δ13C content of shells
and hemolymph DIC for the estuarine clam Mercenaria
(Fig. 5). Equation 1, with equilibrium fractionations com-
pared to ambient DIC, estimates R at 8–37% in clam shells,
with larger (older) clams yielding the highest R values. He-
molymph DIC yielded lower R values (0–10%), calculated
as R ¼ d13CHemolymph DIC�

�
d13CAmbient DICÞ

�
d13COrganic�
�

d13CAmbient DICÞ. Larger clams again yielded larger values

of hemolymph R than did smaller clams, but less than a third
of the R values calculated from the shells.

Contrary to equilibrium fractionations, Mercenaria shells
are then 13C depleted compared to hemolymph DIC. This
might suggest a ‘kinetic’ effect, but that seems improbable—
among other reasons, the shells are close to δ18O equilibrium
with ambient water. Or perhaps sampling hemolymph DIC
from the abductor muscle missed higher contributions from
respired CO2 in the mantle tissues. Although unlikely, it is
also possible that sediment interstitial waters, with high
concentrations of isotopically light DIC due to sediment
respiration (McCorkle et al. 1985), may contribute signifi-
cantly to the EPF and to the shell, but not much to the
hemolymph. Fluid exchange around the edge of the shell, as
shown in Fig. 1b, might produce this outcome. Decreased
shell δ13C in larger clams might then result from deeper
burial in the sediments, or greater conductivity between the
EPF and ambient waters. Various arguments can be raised
for, and against the interstitial water scenario. For example,
infaunal bivalves are sometimes isotopically lighter than are
epifaunal bivalves (Krantz et al. 1987). However, an isotopic
transect along a growth line of a single clam shell showed
little variability (Kingston et al. 2008), suggesting that depth
of burial is not relevant here (i.e., the part of the shell buried
deepest in the sediment is similar to the section buried less
deep). Only further research will settle the matter.

In summary, the hemolymph δ13C data of Gillikin et al.
(2007a) suggest that the clam shell does not necessarily
precipitate in isotopic equilibrium with hemolymph DIC,
and may be several ‰ lighter. If the δ13C of hemolymph
DIC reflects its contribution from respired CO2, then
respired CO2 contributes less than 10% to hemolymph
DIC, and therefore to the shell. For larger clams in
particular, alternative isotopically light carbon sources
and/or isotopic fractionations must then contribute signifi-
cantly to the shells.

Fig. 5 δ13C in clam shells (circles) compared to hemolymph DIC
(hearts) and ambient DIC (−0.77‰) for Mercenaria mercenaria,
analyzed by Gillikin et al. (2007a). Separate %R scales on the right
for clam shells (Eq. 1), and for hemolymph DIC, R=(δ13CH–δ

13CA)/
(δ13CO–δ

13CA), where H, A, and O refer to hemolymph DIC, ambient
DIC, and organics, respectively

Fig. 4 δ13C and 14C in Bathymodiolus mussels from an abyssal
methane seep, analyzed by Paull et al. (1989). Mussel shells appear to
be built mainly from ambient DIC, while tissue carbon derives mainly
from methane. Inset: shell δ13C≈DIC δ13C in aquatic snails;
experiment by Fritz and Poplawski (1974)
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Respiratory gas exchange model

McConnaughey et al. (1997) constructed a simple gas
exchange model to accommodate both the high levels of
respired CO2 in the shells of terrestrial animals, and lower
levels in aquatic animals. This model deals with respiratory
gas exchange, but not the importation of ambient water
containing DIC into the calcification site. CO2 fluxes across
respiratory membranes occur by passive diffusion, consis-
tent with high CO2 solubility in lipids, and high perme-
ability through lipid bilayer membranes (Gutknecht et al.
1977). HCO3

− and CO3
= remain behind in solution.

The model assumes that animals ventilate only enough
to obtain the O2 they need. This might underestimate
respiratory gas exchange for bivalves, which use their gills
for feeding. The animal also absorbs environmental CO2

proportionally to the environmental CO2/O2 ratio. High
ambient CO2 levels increase CO2 influx, diluting respired
CO2 and reducing the shell fraction R. Low ambient O2

levels stimulate breathing, which increases the efflux of
respired CO2, and increases the influx of environmental
CO2. The ratio of environmental (1–R) to respired (R)
carbon in the skeleton therefore depends on the ambient
molar CO2/O2 ratio (Eq. 4):

1� Rð Þ
.
R ¼ CO2½ �A

.
O2½ �A*PC=PO*ð1� O2½ �B

�
O2½ �AÞ�1

ð4Þ
Respiratory physiology is roughly parameterized. The

ratio of CO2 to O2 permeabilities (PC/PO) depends mainly
on gas solubilities in lipid-rich biological membranes, but is
also affected by stagnant boundary layers of air or water
that overlie the respiratory surfaces. Oxygen-binding
proteins like hemoglobin, and efficient blood circulation,
speed oxygen transport to the tissues and allow animals to
tolerate low ratios of blood to ambient O2 ([O2]B/[O2]A).
With reduced respiratory gas exchange, their bodies
accumulate more respired CO2.

Air contains relatively little CO2 (about 0.038% in 2008,
less in pre-industrial times), but a lot of O2 (20.95%).
Terrestrial animals therefore absorb relatively little ambient
CO2. Higher CO2/O2 ratios in water alter the balance. CO2 is
more soluble than O2 in water, and the CO2/O2 ratio in warm
seawater, in equilibrium with the atmosphere, is about 30
times higher than in air.

Making some broad generalizations, calculated values of
R range from >90% in air-breathing vertebrates, to about
10% in aquatic invertebrates (Fig. 6). Distinguishing
‘vertebrates’ from ‘invertebrates’ clearly oversimplifies
biological O2 and CO2 transport, just as ‘air’ and ‘water’
simplifies CO2/O2 ratios especially in aquatic habitats. With
such caveats, land snails and other air breathers build their
carbonates mostly from respired CO2, while aquatic inver-

tebrates use mainly environmental CO2. Land snails actually
have blood O2 levels lower than shown (Michaelidis et al.
1999, 2007), which should increase R. Pulmonate aquatic
snails and other air-breathing aquatic mollusks, possibly
including bivalves that ‘gape’ and ventilate with air at low
tide (e.g., Littlewood and Young 1994), might also produce
R values higher than for typical aquatic animals (McCon-
naughey et al. 1997).

Fish occupy the ambiguous middle ground, and isotopic
data suggest that their otoliths incorporate variable levels of
respired CO2 (Kalish 1991). Gauldie (1996), Schwarcz et
al. (1998), Wurster and Patterson (2003), and others
attribute trends in otolith δ13C to metabolism. Sherwood
and Rose (2003) found that morphological adaptations for
active swimming correlated with decreased otolith δ13C.
Solomon et al. (2006) used δ13C data to suggest a range of
0–40% respired carbon in fish otoliths. Direct experiments
yielded 17% in goldfish (Tohse and Mugiya 2004) and
rainbow trout (Solomon et al. 2006). Solomon et al. (2006)
conducted particularly thorough experiments in which the
δ13C of ambient DIC and food varied independently, and
blood, endolymph, and otolith δ13C were all measured.
Their most consistent experiments, using food enriched to
>100‰ δ13C and unspiked water, suggested that respired
CO2 contributed 14%, 6%, and 12% of the carbon to the
otoliths, blood, and endolymph, respectively.

Variations in ambient CO2/O2 ratios

The ambient CO2/O2 ratio is particularly important in the
above model. Air has a CO2/O2 ratio of about 0.0018, and
water equilibrated with the air has a ratio about 30 times
higher. Temperature and salinity affect gas solubilities, and
pH affects DIC speciation. An excess of ecosystem

Fig. 6 Respired CO2 in animal carbonates, based on respiratory gas
exchange model
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respiration over photosynthesis can elevate aquatic CO2/
O2 ratios to infinity, when O2 is exhausted. Rapid
breathing under low oxygen conditions should cause
animals to exchange away more of their internal respired
CO2 for environmental CO2. Conversely, intense photo-
synthesis reduces CO2/O2 ratios. Warm surface seawater
(25°C, salinity=35) in equilibrium with the atmosphere
contains about 10 μMol/Kg of molecular CO2, and
206 μMol/Kg of O2, giving it a CO2/O2 ratio of about
0.05. If photosynthesis consumes 25% of the DIC, pH
rises to 8.6, CO2 falls to 1.3 μMol/Kg, and O2 rises to
620 μMol/Kg. The CO2/O2 ratio drops to 0.002,
approaching the 0.0017 ratio of air. Aquatic invertebrates
might then approach the R values typical of air breathers.
But this requires strong photosynthesis.

The estuary where Gillikin et al. (2007a) collected
Mercenaria (Fig. 5) had a molar CO2/O2 ratio of about
0.08, so R<10% for hemolymph DIC is reasonable,
leaving the low δ13C values in the larger clam shells
enigmatic. Mussels (Mytilus edulis) from the Sheldt
estuary in The Netherlands all produced shell R values
less than ∼10%, using Eq. 1 with equilibrium fractiona-
tions into the shell (Gillikin et al. 2006a; equilibrium
fractionations according to Romanek et al. 1992). Mussels
living near the marine end of the estuary, with CO2/O2

ratios ∼0.06, yielded R∼10%, while upstream mussels,
with CO2/O2 ratios around 0.23, yielded R∼3.5%. Thus,
ambient CO2/O2 ratios may have influenced shell δ13C.
This analysis does not, however, explain why the lowest
apparent values of R (<2%) occurred in the mid-range of
the estuary. Perhaps a combination of elevated CO2/O2

ratios coupled with higher metabolic rates caused by
increased wave action at the marine site caused the higher
R here (comparable to what Sherwood and Rose (2003)
found in fish otoliths).

Some studies have suggested that respired CO2 com-
prises the bulk of skeletal carbon even in high CO2

environments. Kaandorp et al. (2003), for example,
examined unionid bivalves from the Amazon river, where
ambient pH was around 6. Mussel shells had δ13C values
near the δ13C of ambient DIC. This appears compatible
with fairly quantitative precipitation of (alkalinized) DIC,
and with low values of R. Prosobranch aquatic snails living
in CO2-rich springs in Nevada also appear to produce low R
values of 0–3% (Shanahan et al. 2005). However, the
unionid bivalves analyzed by Dettman et al. (1999) were up
to 4‰ more negative than DIC in a stream where pH levels
would create low ambient CO2 levels. This may be due to
brooding of young in some unionid species. Geist et al.
(2005) suggested that freshwater mussels shells were made
mainly from metabolic carbon, but assumed the stream was
in equilibrium with the atmosphere, an unlikely scenario
(see Schöne et al. 2006 for more comments on this paper).

Isotopic variability

Isotopic fluctuations including downward trends in shell
δ13C with age are common in both marine and freshwater
mollusks (Krantz et al. 1987; Klein et al. 1996; Dettman et
al. 1999; Kennedy et al. 2001; Keller et al. 2002; Aucour
et al. 2003; Elliot et al. 2003; Kaandorp et al. 2003;
Lorrain et al. 2004b; Geist et al. 2005; Fenger et al. 2007;
Gillikin et al. 2007a; Goewert et al. 2007; Kingston et al.
2008; Gillikin et al. 2007b). Figures 5 and 7 illustrate such
features. Changing respiration may play a role (Lorrain et
al. 2004b), as may changing calcification physiology, or
hydrology.

Among the giant clams of the genus Tridacna, skeletal
δ13C sometimes remains fairly constant for decades,
sometimes decreases gradually, sometimes decreases
abruptly, and sometimes fluctuates around a stable baseline
(Romanek and Grossman 1989; Aharon 1991; Watanabe et
al. 2004). Figure 2b illustrates recurrent wintertime δ13C

Fig. 7 An ∼20 year old Saxidomus giganteus shell from Old Harbour,
Kodiak Island, Alaska, USA. Using the inverted δ18O data as a
temperature proxy, it is evident that δ13C values drop after the 9th year
sampled (dotted line). δ18O data are from Gillikin et al. (2005b); δ13C
data have not previously been published

Fig. 8 Isotopic change following transplantation of a mussel, Mytilus
edulis, from a marine site (salinity∼35) to an estuarine site
(salinity∼20). Sampling may smooth the isotopic transition. Data are
from Gillikin et al. (2006b)
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spikes. Their causes remain unknown, but by analogy to
photosynthetic corals (McConnaughey 2003), higher skel-
etal δ13C may result from stronger photosynthesis by the
clam's symbiotic algae. If so, then increased wintertime
photosynthesis might result from increased nutrient levels.
However, symbiont photosynthesis clearly raises skeletal
δ13C more in corals than in giant clams. This may result
partly from different geometries: DIC traverses the photo-
synthetic tissues on its way to the skeleton to a greater
degree in corals than in giant clams.

Environmental monitoring using shell δ13C values

Mollusks provide many opportunities for environmental
monitoring. They are common and widespread, often live
for decades or longer, calcify rapidly, generate lots of
material for skeletal sampling, and can be dated by
sclerochronological and isotopic techniques. Their δ18O
thermometers often approach 1°C accuracies (e.g., Dettman
et al. 1999; Chauvaud et al. 2005; Wanamaker et al. 2007).
Despite many complexities, shell δ13C also reflects envi-
ronmental conditions.

Shell δ13C can, for example, provide a proxy for salinity.
Fluvial DIC is often isotopically lighter than oceanic DIC,
due to the input of CO2 derived from the decomposition of
terrestrial plants. As rivers enter the ocean, mollusk shells
pick up the mixture of fluvial and marine DIC, and shell
δ13C reflects the mixture (e.g., Mook and Vogel 1968;
Gillikin et al. 2006b). Figure 8, for example, shows a shift
to lower shell δ13C when a mussel was transplanted from
marine into estuarine conditions. Shell δ18O may also
reflect freshwater inputs to the ocean, especially at higher
latitudes, and together the two isotopes can provide a
consistent picture of the mixing regime (for example, see
Andrus and Rich 2008, this issue). If the waters differ
greatly in DIC content, however, then plots of δ13C versus
δ18O or salinity would show curvature (e.g., Fry 2002).
Finally, by providing an estimate of freshwater input, shell
δ13C potentially provides a means of correcting paleotem-
perature estimates derived from δ18O, or at least provide an
indication of δ18OWater changes.

Because mollusks seldom show strong kinetic isotope
effects, mollusk shell δ13C and δ18O data can also be used
to estimate isotopic equilibrium, and thereby calibrate non-
equilibrium isotopic systems such as calcareous algae and
corals.

Conclusions

Mollusks probably use much the same calcification
physiology as corals and algae. The lack of kinetic effects

in mollusks likely results from milder alkalinization, and
the presence of carbonic anhydrase in the calcification site.

Shell carbon in land snails derives mainly from respired
CO2. Shell δ13C is generally >10‰ higher than dietary
carbon, however, probably due largely to the loss of
isotopically light CO2, and retention of isotopically heavy
HCO3

− during respiratory gas exchange.
Shell carbon in aquatic mollusks derives mainly from

ambient DIC. This is partly because aquatic CO2/O2 ratios
tend to be higher than those in air, causing aquatic animals
to exchange away more of their respired CO2 for
environmental CO2 during respiratory gas exchange.
Environmental DIC might possibly also reach the calcifi-
cation site through fluid pathways, including pericellular
pathways through the mantle tissues, and gaps between the
shell and the periostracum (see Hickson et al. 1999).

Shell carbon does not necessarily precipitate in isotopic
equilibrium with hemolymph DIC. The causes remain
uncertain, and need to be explored further.

The proper interpretation of shell δ13C records depends
on context. In some situations, shell δ13C may provide a
fairly straightforward recorder of salinity. In others, shell
δ13C may respond to variables such as the environmental
CO2/O2 ratio, DIC content, or the animals' physiology.
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