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aSorbonne Université, UPMC Université Paris 06 – Institut de Minéralogie, de Physique des Matériaux et de Cosmochimie (IMPMC),

UMR CNRS 7590, UMR IRD 206, MNHN, 4 place Jussieu, 75252 Paris cedex 05, France
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Abstract

The stable isotope composition of biogenic apatite is an important geochemical marker that can record environmental
parameters and is widely used to infer past climates, biomineralization processes, dietary preferences and habitat of
vertebrates. In this study, theoretical equilibrium isotopic fractionation of oxygen, carbon and calcium in hydroxyapatite
and carbonate-bearing hydroxyapatite is investigated using first-principles methods based on density-functional theory and
compared to the theoretical isotopic fractionation properties of calcite, CO2 and H2O. Considering the variability of apatite
crystal-chemistry, special attention is given to specific contributions of crystal sites to isotopic fractionation. Significant
internal fractionation is calculated for oxygen and carbon isotopes in CO3 between the different structural sites occupied
by carbonate groups in apatite (typically 7‰ for both 18O/16O and 13C/12C fractionation at 37 �C). Compared with
calcite-water oxygen isotope fractionation, occurrence of A-type substitution in apatite structure, in addition to the main
B-type substitution, could explain the larger temperature dependence of oxygen isotope fractionation measured at low
temperature between carbonate in apatite and water. Theoretical internal fractionation of oxygen isotopes between carbonate
and phosphate in B-type carbonated apatite (�8‰ at 37 �C) is consistent with experimental values obtained from modern and
well-preserved fossil bio-apatites. Concerning calcium, theoretical results suggest a small fractionation between apatite and
calcite (�0.17‰ at 37 �C). Internal fractionation reaching 0.8‰ at 37 �C occurs between the two Ca sites in hydroxyapatite.
Furthermore, the Ca isotopic fractionation properties of apatite are affected by the occurrence of carbonate groups, which
could contribute to the variability observed on natural samples. Owing to the complexity of apatite crystal-chemistry
and in light of the theoretical results, measurements of site-specific isotopic fractionation properties could improve our
understanding and the interpretation of isotopic records in apatites.
� 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Apatite (Ca5(PO4)3X, X = OH, F, Cl) is the most com-
mon phosphate mineral (McConell, 1973). It frequently
contains minor amounts of carbonate, occurring naturally
in substitution of phosphate (B site) and channel ions (A
site) in the crystal structure (e.g. Fleet, 2009). While sedi-
mentary deposits of carbonated fluorapatite yield the
world’s major phosphorus resources (Knudsen and
Gunter, 2002), carbonated hydroxyapatite is the major
inorganic component of vertebrate skeletons (Elliott,
2002). Stable isotope compositions of biogenic apatites,
and in particular the isotope composition (d13C, d18O) of
structural carbonate groups, are widely used to reconstruct
past climates, past environments and dietary preferences of
vertebrates (e.g. Kohn and Cerling, 2002; Roche et al.,
2010; Roche et al., 2013; Pack et al., 2013; Reynard and
Balter, 2014). For example, the carbon stable isotope com-
position of carbonate-bearing bio-apatites reflects that of
ingested food and is used to infer dietary preferences of ver-
tebrates in a variety of paleoecological studies (Lee-Thorp
and van der Merwe, 1987; Quade et al., 1992). More
recently, carbonate clumped isotopes (i.e. D47) have gener-
ated a great interest (e.g. Schauble et al., 2006; Stolper
and Eiler, 2015; Wacker et al., 2016) for their use as a
geothermometer tool revealing formation temperatures of
carbonate bearing minerals and, in particular, body temper-
ature of vertebrates. The stable oxygen isotope composition
of bioapatite is linked to the body water which depends on
climatic and ecophysiological factors (Longinelli, 1984;
Kohn et al., 1996). Beyond d18O measurements, high-
precision triple oxygen isotope analysis (i.e. D17O) of car-
bonate minerals and structural carbonate in bioapatites is
now also used to reconstruct past water compositions and
has been suggested as a possible tracer for diagenetic alter-
ation of fossil bones and teeth (Gehler et al., 2011; Passey
et al., 2014).

Beside traditional isotopes, recent analytical advances
have allowed the rapid development of Ca stable isotope
composition analysis on bioapatites. Skulan et al. (1997)
first reported the importance of biological calcium isotopic
fractionation within the global calcium geochemical cycle
and the possibility of calcium isotopic composition of fos-
sils to record information on diet and environment. Cal-
cium isotope fractionation in carbonate minerals has been
widely investigated (Lemarchand et al., 2004; Marriott
et al., 2004; Gussone et al., 2005). Several studies investi-
gated carbonated bioapatites (Skulan and DePaolo, 1999;
Heuser et al., 2009, 2011; Reynard et al., 2010; Tacail
et al., 2016), providing reference values for d44Ca in bio-
genic apatite. Though marine carbonate sediments are the
phase most commonly used for the reconstruction of cal-
cium isotopic composition of seawater through time
(Skulan et al., 1997; De La Rocha and DePaolo, 2000),
the possibility of using other proxies such as foraminifera
(Heuser et al., 2005) and phosphorites (Soudry et al.,
2004) has been explored. Soudry et al. (2006) investigated
the use of carbonated fluorapatite formed in marine sedi-
ments as a potential candidate for long term reconstruc-
tions of isotopic composition of seawater Ca2+. Farkas
et al. (2007) compiled records from various biogenic car-
bonates and authigenic phosphates to discuss the calcium
isotope budget over Phanerozoic times. Calcium isotope
fractionation might however vary depending on the type
of phosphate deposit, e.g. sedimentary peloidal phosphates
or phosphorite crusts (Arning et al., 2009). Considering the
importance of understanding the oceanic mass balance of
calcium and its impact on the regulation of carbon dioxide
concentration in the atmosphere, the potentiality for cal-
cium phosphate too to be used as a proxy for investigating
past changes in Ca fluxes has to be determined. Despite this
growing interest, the mechanisms and magnitude of calcium
isotopic fractionation are still under debate.

The oxygen isotopic composition of biogenic apatite can
also provide important information on paleotemperatures,
its interpretation relying on the knowledge of apatite iso-
topic fractionation properties. Since the pioneering empiri-
cal studies of Longinelli (1965) and Kolodny et al. (1983),
several experimental oxygen isotope fractionation relations
have been established between bioapatite phosphate and
water (Pucéat et al., 2010) and between dissolved phosphate
and water (Chang and Blake, 2015). In low temperature
systems the isotopic equilibrium cannot be achieved
through efficient diffusion-mediated exchange between the
relevant phases. In the case of phosphate, inorganic pro-
cesses are not efficient enough to drive the system to equi-
librium (Lécuyer et al., 1999). However it has been shown
that enzymatic catalysis either related to microbial activity
or intracellular metabolism enhances oxygen exchange
between phosphate groups and water and could account
for equilibrium exchange and temperature dependence
observed in bioapatites and sedimentary apatites (Blake
et al., 2005; Chang and Blake, 2015). An equation for oxy-
gen isotope fractionation between carbonate groups in car-
bonated hydroxyapatite and water has also been
determined from controlled experiments (Lécuyer et al.,
2010). Uncertainties remain however, due to possible out-
of-equilibrium isotope fractionation during crystal growth,
slow isotope exchange rates and the variability of the apa-
tite crystal-chemistry (Rakovan and Pasteris, 2015). Addi-
tional difficulties may also arise when non-conventional
stable isotopes are investigated due to the small magnitude
of isotopic fractionation factors (e.g. Blanchard et al.,
2017). Experimental equilibrium fractionation laws may
therefore be affected by large uncertainties at low
temperatures.

Alternatively, equilibrium fractionation factors can be
determined theoretically from the computation of vibra-
tional properties. The advantages of calculating fractiona-
tion factors within first principles methods are to provide
independent equilibrium fractionation laws, over a wide
range of temperatures, from which comparison with exper-
imental data may help understand deviations from equilib-
rium values and kinetic effects. Theoretical computation of
isotopic fractionation properties can also be applied to non-
conventional isotopes for which experimental measure-
ments are difficult or lacking. A variety of isotopes and
minerals have been investigated using first-principles meth-
ods based on density functional theory (DFT), such as
stable isotopes O and C in carbonates (Schauble et al.,
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2006), and H, O and Si in silicates (Méheut et al., 2007).
Theoretical studies of calcium isotopic fractionation have
also been conducted on sulfates (Griffith et al., 2008) and
carbonates (Rustad et al., 2010; Wang et al., 2017). In addi-
tion, theoretical approaches make it possible to determine
the isotopic fractionation properties of specific sites in the
crystal structure (e.g. Méheut et al., 2007; Rustad and
Zarzycki, 2008; Zheng, 2016).

The aim of the present study is to provide a theoretical
framework for equilibrium isotopic fractionation in apatite
and to assess possible isotopic fractionation arising from
carbonate substitution in different sites of the apatite crystal
lattice. Isotopic fractionation properties of apatite are com-
pared to that of other phases of interest in order to discuss a
variety of geochemical contexts. In this work, we use the
same first-principles approach as Méheut et al. (2007) to
determine the stable isotopic fractionation of oxygen, car-
bon and calcium in the hydroxyapatite, calcite, water and
CO2 system. In addition, the equilibrium isotopic fraction-
ation properties of three energy-minimized theoretical mod-
els for carbonate substitution in apatite whose structural
and vibrational properties were discussed in Yi et al.
(2014) are also investigated.
Table 1
Hydroxyapatite and calcite calculated and experimental lattice
parameters.

Hydroxyapatite This work Expa

a (Å) 9.567 9.417
c (Å) 6.890 6.875

Calcite This work Expb

a (Å) 6.444 6.375
c (�) 46.03 46.08

a Hughes et al. (1989).
b Graf (1961).
2. METHODS

2.1. Equilibrium isotopic fractionation factors

The equilibrium isotopic fractionation factor aða; b; Y Þ
of an element Y between two phases a and b is defined as
the ratio of isotope ratios (atomic fraction) in phase a com-
pared to phase b. It can also be written as the ratio of the
reduced partition function ratios:

aða; b; Y Þ ¼ bða; Y Þ
bðb; Y Þ ð1Þ

where bða; Y Þ is the reduced partition function ratio of
phase a. This b-factor can be seen as the equilibrium iso-
tope fractionation factor between phase a and a perfect
gas of Y atoms. The reduced partition function ratio can
be calculated from the harmonic vibrational frequencies
(Bigeleisen and Mayer, 1947) as follows:

bða;Y Þ ¼
Y3Nat

i¼1

Y
fqg

mq;i
m0q;i

expð�hmq;i=2kBT Þ
1� expð�hmq;i=kBT Þ

1� expð�hm0q;i=kBT Þ
expð�hm0q;i=2kBT Þ

" #1=ðNqNÞ

ð2Þ
where mq;i and m0q;i are the phonon frequencies of the two iso-

topologues (the prime symbol refers to the light isotope of
the element Y) identified by a wavevector q and a branch
index i ¼ 1; 3Nat. Nat is the number of atoms in the crystal
unit cell, h is the Planck’s constant, kB Boltzmann’s con-
stant and T the temperature. The second product is per-
formed on a sufficiently large grid of Nq q-vectors in the
Brillouin zone. In Eq. (2) the three translational modes with
mq;i ¼ 0 are not considered. N is the number of exchanged
sites for the Y element in the unit cell. Eq. (2) takes into
account the Teller-Redlich rule (Redlich, 1935) which
imposes limT!1b ¼ 1.
2.2. Modelling approach and density-functional theory

calculations

The phonon frequencies necessary to calculate the
reduced partition function ratios (Eq. (2)) are computed
from first-principles methods within density functional the-
ory (DFT) (Hohenberg and Kohn, 1964; Kohn and Sham,
1965). All calculations reported here are performed with the
generalized-gradient approximation (GGA) for the
exchange-correlation functional as proposed by Perdew,
Burke and Ernzerhof, abbreviated PBE (Perdew et al.,
1996). The structural and vibrational calculations are per-
formed using the PWscf and PHonon codes of the Quan-
tum Espresso package (Giannozzi et al., 2009). The ionic
cores of Ca, P, O, F, C, and H are described by optimized
norm-conserving Vanderbilt (ONCV) pseudopotentials
(Hamann, 2013). Electronic wave functions and charge
density are expanded in plane waves using 80 Ry and
800 Ry cut-offs respectively so that total energies are con-
verged within 1 mRy/atom. Electronic integration is per-
formed by sampling the Brillouin zone with a 2 � 2 � 2
k-points grid for hydroxyapatite and a 3 � 3 � 3 k-point
grid for calcite according to the Monkhorst and Pack
(1976) scheme. Atomic positions are obtained after relax-
ation until the residual forces are less than 10�4 Ry/au.
For the pure crystal phases, the residual pressure over the
relaxed cell is smaller than 0.02 kbar.

The lattice parameters of DFT relaxed structures of
hydroxyapatite and calcite compare well with their experi-
mental counterparts (Table 1) and previous theoretical mod-
elling at the PBE level (Balan et al., 2011). In both cases,
calculated lattice parameters are overestimated by �1%,
which is a systematic error in density functional theory cal-
culations performed using GGA PBE functionals. Models
of carbonated apatite have been built, starting from defect
structures previously obtained by Yi et al. (2014). In the
present study, B-type carbonated hydroxyapatite
(Ca10(PO4)5(CO3F)(OH)2) and A-type carbonated apatite
(Ca10(PO4)6(CO3)) were considered. To test the chemical
effect of F� ions located in channel sites, an additional
B-type model was also considered by exchanging F� ions
for the channel OH groups, leading to a carbonated-
fluorapatite composition (Ca10(PO4)5(CO3F)F2). For all
these models, the atomic positions were optimized while
the cell parameters were kept fixed to those of pure
hydroxyapatite (constant-volume relaxation) and using a
2 � 2 � 2 k-points grid. Note that only a direct chemical
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effect of channel fluorine on the carbonate models was tested
whereas the reduction of the cell volume observed in pure
fluorapatite with respect to hydroxyapatite was not consid-
ered in the present study. A cubic cell (a = 15.87 Å) was used
to build periodic models of isolated H2O and CO2molecules.
In addition, a periodic model of the isolated [Ca(H2O)6]

2+

molecule was also calculated using the same cubic cell to
benchmark our calcium isotopic fractionation calculations.
In these cases, the Brillouin zone sampling for the electronic
integration is restricted to the C-point.

Phonon frequencies are computed using density func-
tional perturbation theory (DFPT) (Baroni et al., 2001).
Interatomic force constants are obtained from the dynami-
cal matrices first computed exactly within DFPT on a reg-
ular m � m � m grid of q-vectors (m ¼ 3 for calcite and
hydroxyapatite). Vibrational frequencies for the two iso-
topologues are then obtained by diagonalising the dynami-
cal matrices computed with the two different atomic masses
on a n� n� n grid obtained by Fourier interpolation of the
interatomic force constants. The vibrational partition func-
tion is converged by performing the product on a 3� 3� 3
grid for hydroxyapatite and 4� 4� 4 for calcite (Table S1).
For the models of carbonate bearing apatites, phonon fre-
quencies, and related b-factors, were obtained at the centre
of the Brillouin zone only (C point). The results will be dis-
cussed in terms of logarithmic b-factors, ln (b), and loga-
rithmic fractionation factors, ln (a), expressed in parts per
thousands (‰). Polynomial fits of the b-factors are reported
in Table S3.

The comparison between theoretical and actual equilib-
rium isotopic fractionation factors is affected by the various
assumptions and approximations used in the modelling
approach. As previously discussed by Méheut et al. (2007,
2009) and Dupuis et al. (2015), theoretical reduced partition
function ratios are systematically affected by the choice
of the functional used to compute the electronic structure
of the system (here the PBE functional) and the neglect of
anharmonic effects. The theoretical frequencies computed
at the centre of the Brillouin zone of crystals can be com-
pared to their experimental counterparts (Table S2). An
overall �5% underestimation of calculated phonon fre-
quencies is observed, a systematic error associated with
the overestimation of lattice parameters seen in DFT calcu-
lations performed with a PBE approximation (Favot and
Dal Corso, 1999). Such underestimation is expected to lead
to a relative underestimation of logarithmic b-factors rang-
ing between �5 and �10% (Méheut et al., 2007, 2009). In
order to correct the systematic errors encountered with
PBE approximation, a uniform scaling of the calculated
PBE frequencies could be used to match the experimental
ones (e.g. Schauble et al., 2006). This approach however
depends on the availability and accuracy of spectroscopic
data recorded on molecular and crystalline systems, poten-
tially introducing additional uncertainties. For this reason,
it was not used in the present study. The b-factors were
obtained solely from the raw theoretical harmonic frequen-
cies computed within DFT.

A different source of uncertainty affecting the compar-
ison of the theoretical data and experimental measurements
arises from the strategy used to model the carbonate defects
in the apatite crystal host. Although the theoretical carbon-
ate concentration (�4.4 wt% of CO2) is consistent with the
concentrations observed in biogenic samples (4.8 wt% of
CO2 in bone, Elliott, 2002), the periodic models do not
account for the random character of substitutions affecting
equivalent sites in minerals. A relaxation of the cell-
parameters of the defect model would prejudicially increase
this character by constraining the full system symmetry to
that locally imposed by the defect. A theoretical relaxation
of atomic positions using experimental cell-parameters
would also introduce an unconstrained inconsistency in
the model. In the present study, all the defect models were
thus built by keeping the cell parameters identical to that of
pure hydroxyapatite. Sensitivity tests were however per-
formed on the A and B carbonate models using an isotropic
relative contraction of the cell parameters of 0.7% (corre-
sponding to the relaxed volume of the defects models).
They lead to 1.5‰, 0.8‰ and 0.8‰ increases in oxygen,
carbon and calcium b-factors at 300 K, respectively. For
the models of carbonate bearing apatites, oxygen, carbon
and calcium b-factors were also determined from phonon
frequencies calculated at the special point of the hexagonal
lattice (Chadi and Cohen, 1973). They are systematically
higher by 0.5‰, 0.4‰ and 0.35‰ at 300 K respectively,
in all carbonate-bearing apatites, than b-factors determined
from phonon frequencies calculated at the C point. Because
these variations are consistent for all carbonated apatites,
they would not alter the fractionation factors related to dif-
ferent schemes of carbonate incorporation in apatite.

3. RESULTS

3.1. Oxygen 18O/16O equilibrium fractionation properties

For the investigated phases, oxygen b-factors at 25 �C
vary from 60‰ to 110‰ (Fig. 1a). This significant variabil-
ity is mostly due to the different nature of bonds with cova-
lent character involving oxygen in these phases (O-H, P-O
and C-O), which leads to differences in interatomic force
constants. In the case of hydroxyapatite, oxygen atoms
are either bound to phosphorus atoms or hydrogen atoms,
a different behaviour regarding isotopic fractionation is
therefore expected between phosphate and hydroxyl sites.
Site-specific oxygen b-factors in hydroxyapatite were com-
puted by either substituting the oxygen atoms belonging
to hydroxyl groups (OH), or the oxygen atoms belonging
to phosphate groups (PO4), or both (Table S3).

At equilibrium, phosphate oxygens are enriched in 18O
relative to hydroxyl oxygens (Fig. 1b) and the phosphate
oxygen b-factor is close to the total oxygen b-factor in
hydroxyapatite. Nearly all the fractionation takes place in
the internal vibration of the PO4 tetrahedron, with m2, m4,
m1 and m3 PO4 modes contributing to about 8‰, 15‰,
13‰ and 30‰ respectively. Smaller b-factors are observed
for OH-groups compared to total oxygen b-factors
(Table 2). The oxygen b-factor of hydroxyl groups is dom-
inated by their stretching mode (Fig. 2a). Overall, the OH
groups only weakly contribute to the total oxygen b-
factor of hydroxyapatite, with 0.97‰ and 0.07‰
respectively.



Fig. 1. (a) Oxygen isotope b-factors for: gas H2O (isolated molecule), gas CO2 (isolated molecule), calcite, hydroxyapatite, and three
theoretical models for carbonate substitution in apatite: B-type carbonated fluorapatite (as proposed by Yi et al. (2013)) Ca10(PO4)5(CO3F)F2,
B-type carbonated hydroxyapatite Ca10(PO4)5(CO3F)(OH)2 and A-type carbonated apatite (Ca10(PO4)6(CO3)). Oxygen b-factors of calcite
(solid diamonds) determined using DFT calculations performed by Schauble et al. (2006), and CO2 and H2O (open upwards and downwards
triangles respectively) calculated using experimental molecular constants and anharmonic calculations by Richet et al. (1977). (b) Oxygen
b-factors for hydroxyapatite (OH): oxygen atoms belonging to a hydroxyl group in hydroxyapatite, hydroxyapatite (PO4): oxygen atoms
belonging to a phosphate group, hydroxyapatite (tot): total oxygen b-factor in hydroxyapatite.

Table 2
Logarithm of site-specific oxygen b-factors (‰) for hydroxyapatite, B-type carbonated hydroxyapatite, B-type carbonated fluorapatite and
A-type carbonated apatite at T = 300 K.

1000 ln b All O sites PO4 sites OH sites CO3 sites

Hydroxyapatite 80.4056 83.1800 47.0975 –
B-type carbonated hydroxyapatite 80.6355 82.3141 48.7959 90.6614
B-type carbonated fluorapatite 83.0130 81.8706 – 90.6244
A-type carbonated apatite 85.1984 83.6017 – 97.9628

Fig. 2. (a) Cumulative contributions to the reduced partition function ratio (given as b18/16O – 1, following the representation given by Rustad
et al. (2010)), for 18/16O in hydroxyapatite, hydroxyl (OH) and phosphate (PO4) groups in Hap at 300 K. (b) Cumulative contributions to the
reduced partition function ratio given as b 18/16O – 1, for 18/16O in carbonate sites in carbonated fluorapatite and carbonated apatite at 300 K.
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Depletion in 18O relative to calcite is observed for all
oxygen sites in hydroxyapatite and carbonated apatite
phases. Total oxygen b-factors in carbonate-bearing apa-
tites (Fig. 1a) vary depending on the carbonate substitution
site, with A-type carbonate substitution leading to enrich-
ment in 18O relative to B-type substitution. Site-specific
oxygen b-factors were calculated for the three carbonate
defect models and results are shown at 300 K in Table 2.
Distinctive isotopic fractionation behaviours are observed
from one oxygen site to another, depending on the type
of atom, H, P or C, bound to oxygen (Table 2). The pres-
ence of B-type carbonate groups decreases the oxygen b-
factors of structural phosphates by 0.9–1.3‰ at 300 K. In
contrast, occurrence of A-type carbonate leads to a smaller
increase of 0.4‰. Oxygen is heavier in structural carbonate
of apatites than in phosphate, regardless of the substitution



62 J. Aufort et al. /Geochimica et Cosmochimica Acta 219 (2017) 57–73
site (A or B). However, the isotopic fractionation behaviour
of oxygen in carbonate groups differs depending on the sub-
stitution site for carbonate in apatite. Carbonate substi-
tuted to hydroxyl (A-type) is richer in 18O than is
carbonate substituted to phosphate (B-type). The differ-
ences in oxygen fractionation between A-type and B-type
substituted carbonate in apatites (Table 2) arise mainly
from the m3 CO3 mode (Fig. 2b). Other CO3 modes con-
tribute to about the same amount in both A-type and B-
type carbonates whereas m3 contributes to 27‰ and 22‰
respectively, making up for �70% of the enrichment in
18O in A-type CO3 relative to B-type (Fig. 2b). The differ-
ences observed among experimental vibrational spectra of
B-type carbonate in hydroxyapatite, bioapatite, and sedi-
mentary carbonate-rich fluorapatite (also known as ‘fran-
colite’) are smaller than those observed between A-type
and B-type carbonate spectra. The m2 CO3 bending mode
are observed at �865 cm�1 in ‘francolite’ (Regnier et al.,
1994; Fleet, 2009) and �873 cm�1 for B-site carbonates,
whereas the two anti-symmetric stretching m3 CO3 modes
correspond to relatively broad bands at �1430 and
�1450 cm�1 and at �1410 and �1450 cm�1, respectively
(Yi et al., 2014b). The observed differences arise from a dif-
ferent charge compensation mechanism of the carbonate
for phosphate substitution which involves a nearby fluoride
ion in the ‘francolite’ defect (Yi et al., 2013). Accordingly,
the carbonated fluorapatite model investigated in this work
can be considered a good proxy for studying isotopic frac-
tionation properties related to B-type carbonate in apatite.

At 25 �C the oxygen b-factor is 61.8‰ for the isolated
H2O molecule (Fig. 1a), this corresponds to a logarithmic
difference of less than 1‰ with previous harmonic calcula-
tions based on DFT models (PBE functional; Méheut et al.,
2007) or anharmonic calculation based on experimental
molecular constants (Richet et al., 1977). In the case of
water, harmonic frequencies calculated with the PBE func-
tional are underestimated with respect to their experimental
counterparts and almost coincide with the experimental
(anharmonic) values (Table S2). A cancellation of errors
(Balan et al., 2007), i.e. underestimation of the OH bonds
harmonic frequencies in water and lack of anharmonicity
in Eq. (2) fortuitously yields the good agreement observed
between the calculated and experimental b-factors.

The oxygen b-factor of calcite is lower (by 6‰ at 25 �C)
than that reported by Schauble et al. (2006). This is mostly
due to the frequency scaling introduced by Schauble et al.
(2006) to better match the experimentally measured fre-
quencies. Our calculations for CO2 differ from Richet
et al. (1977) by �2.5‰ at 25 �C (for a b-factor of �110‰).

3.2. Carbon 13C/12C equilibrium fractionation properties

Carbon b-factor values are higher than oxygen b-factors
and vary from 170 to 180‰ at 25 �C in the investigated
phases, with smaller relative variations from one phase to
the other than what was observed for oxygen fractionation
(Fig. 3), reflecting that carbon only occurs as a carbonate
group. As in the case of oxygen, the isotopic fractionation
behaviour of carbon in carbonate groups differs depending
on the substitution site, A or B, for carbonate in apatite.
The occupation of the structural channels in B-type carbon-
ated apatite by hydroxyl or fluoride ions has no effect on
carbon b-factor as both curves are superimposed. Carbon-
ate substituted to channel ions (A-type substitution) is
enriched in the heavy isotope (13C) compared to carbonate
substituted for phosphate, with an 8‰ difference at 300 K.
Unlike oxygen fractionation, carbon in calcite is lighter
than that of CO3 in A-type carbonated apatite at
equilibrium.

3.3. Calcium 44Ca/40Ca equilibrium fractionation properties

Logarithmic values of calcium b-factors are one order of
magnitude smaller than those of carbon and vary from 10.9
to 12.1‰ at 25 �C in the investigated phases (Fig. 4a).
Values for calcite from theoretical calculations performed
by Rustad et al. (2010) on molecular clusters are higher
than our calculations by �4‰ at 300 K. This is to be
expected because the computational method is different,
involving molecular clusters instead of crystal cell and the
B3-LYP hybrid functional instead of PBE. For compar-
ison, similar calculations of [Ca(H2O)6]

2+calcium b-factor
at the PBE level lead to a 10.96‰ value at 37 �C, which
is lower by 2.5‰ than the B3-LYP calculations of
Moynier and Fujii (2017). This also shows that caution
must be taken not to derive fractionation factors from b-
factors computed with different parameters and methods
when comparing with experimental measurements. Simi-
larly to oxygen and carbon isotopic fractionation, calcium
b-factors vary depending on the carbonate substitution site,
with A-type carbonated apatite displaying the heaviest Ca
isotopic composition.

With the growing interest in fossil bio-apatite calcium
isotope composition for paleoenvironmental reconstruc-
tions, an increasing number of studies provide d-Ca values,
mainly d44/40Ca and d44/42Ca. The mass difference for
44Ca/40Ca is double compared to 44Ca/42Ca. The mass-
dependent isotope fractionation ratio of the former should
therefore be about twice the isotope ratio for the latter but
the exact relationship between the two depends on the frac-
tionation mechanism involved, equilibrium or kinetic. We
calculated the factor between our theoretical 44/40Ca and
44/42Ca b-factors for calcite and hydroxyapatite. In both
cases, a 2.10 factor (d44/40Ca = 2.10 � d44/42Ca) is obtained
from theoretical computation of calcium b-factors, identi-
cal to the equilibrium value previously obtained by

Young et al. (2002) using the formula
1=m44Ca

�1=m40Ca

1=m44Ca
�1=m42Ca

. It differs

from the 2.05 factor obtained for a kinetic isotope fraction-
ation mechanism (Young et al., 2002; Gussone et al., 2016).

Calcium atoms in apatite exist in two coordination poly-
hedra (Hughes et al., 1989, 1990). Ca(I) resides at the centre
of a trigonal prism involving 9 oxygen atoms whereas Ca
(II) is bound to 6 oxygen atoms and one column anion
(OH�, F�). Site-specific calcium isotopic fractionation
was investigated (Fig. 4b) and shows that while Ca(II) is
more susceptible to enrichment in heavy isotope in
hydroxyapatite, the presence of carbonated groups affects
the isotopic fractionation properties of nearby Ca sites.
The Ca(II) is still heavier than Ca(I) in B-type carbonated



Fig. 3. Carbon isotope b-factors in calcite, B-type carbonated hydroxyapatite, B-type carbonated fluorapatite, A-type carbonated apatite and
CO2. Carbon b-factor of calcite (solid diamonds) determined using DFT calculations performed by Schauble et al. (2006).

Fig. 4. (a) Calcium isotope (44Ca/40Ca) b-factors in calcite, hydroxyapatite, B-type carbonated fluorapatite, B-type carbonated
hydroxyapatite and A-type carbonated apatite. Solid triangles correspond to calcite-type molecular cluster calculated using the B3-LYP
functional (Rustad et al., 2010). (b) Calcium (44Ca/40Ca) b-factors in calcite and for Ca(I) and Ca(II) sites in hydroxyapatite, B-type
carbonated fluorapatite, B-type carbonated hydroxyapatite and A-type carbonated apatite between 10 �C and 40 �C.
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fluorapatite whereas A-type carbonate substitution leads to
a preference of the Ca(I) sites for the heavy isotopes. From
hydroxyapatite to B-type carbonated hydroxyapatite, the
difference in b-factor between Ca(II) and Ca(I) remains
about the same, with carbonate substitution lowering both
values equally. Replacement of structural channel
hydroxyls by fluoride ions reduces the difference between
Ca(II) and Ca(I) by half.

4. DISCUSSION

4.1. Equilibrium isotopic fractionation of oxygen 18O/16O

4.1.1. Carbon dioxide/liquid water oxygen isotope

fractionation

As direct calculation of the reduced partition function
ratio of liquid water is computationally very demanding
(e.g. Pinilla et al., 2014), we used the same hybrid approach
as Méheut et al. (2007) and calculated the CO2/liquid water
fractionation from the theoretical CO2/water vapour frac-
tionation and the experimental liquid/vapour fractionation
for water determined by Horita and Wesolowski (1994).
Theoretical oxygen isotopic fractionation between carbon
dioxide and liquid water (Fig. 5) differs by �3‰ from
experimental measurements (Bottinga and Craig, 1969)
and calculations from Richet et al. (1977) at 25 �C, an error
arising from the �2.5‰ lower theoretical b-factor value
obtained for CO2 (Fig. 1). The hybrid approach involving
experimental liquid/vapour fractionation thus yields sound
comparison between our calculations and experimental val-
ues, and the same approach was used to obtain oxygen frac-
tionation between mineral phases and liquid water.

4.1.2. Mineral/liquid water oxygen isotope fractionation:

calcite and structural phosphate in apatite

Two different empirical bio-apatite phosphate-water
equations have been reported in the literature (Kolodny
et al., 1983; Pucéat et al., 2010). The �2‰ offset between
the equation of Pucéat et al. (2010) and previous determina-
tion by Kolodny et al. (1983) is related to differences in



Fig. 5. Theoretical oxygen isotope fractionation factor between gaseous carbon dioxide and liquid water (solid line). Experimental oxygen
fractionation factors measured by Bottinga and Craig 1969 (solid downward triangle). Oxygen fractionation factor between CO2 and H2O
determined from b-factors calculated using experimental molecular constants and anharmonic calculations by Richet et al. (1977) (open
upward triangle) and Urey (1947) (open circle) at 25 �C.

Fig. 6. Theoretical oxygen isotopic fractionation factor between calcite or hydroxyapatite phosphate (solid lines) and liquid water H2O(l) for
temperatures below Tc, the critical temperature of liquid water. Experimental calcite-water equation (Kim and O’Neil, 1997) in open circles,
phosphate-water equation from Kolodny et al. (1983) in solid diamonds and Pucéat et al. (2010) in solid triangles between 10 and 40 �C.
Vertical arrows facilitate the visual comparison by pointing to the corresponding experimental values.
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analytical methods (modern analysis of Ag3PO4 replaced
fluorination of BiPO4) and in values used for the NBS
SRM 120c standard. The deviation observed between
these equations and our calculation for hydroxyapatite
phosphate – liquid water fractionation (�7‰ compared
to Kolodny et al., 1983 and �8.5‰ compared to Pucéat
et al., 2010) is similar to that observed for the calcite-
water fractionation (Fig. 6). Between 10 and 40 �C the
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difference between calculation and measurements of oxygen
isotope fractionation between calcite and liquid water (Kim
and O’Neil, 1997) is about 6.5‰ (Fig. 6). This suggests that
these differences are systematic and mostly related to the
underestimation of frequencies of the vibrational modes in
the solid phase calculated using the PBE functional. This
sustains the model by which equilibrium between dissolved
phosphate, apatite and water at low temperatures would
be driven by catalytic mechanisms (Blake et al., 2005;
Liang and Blake, 2007). Note that the fractionation between
dissolved phosphate and apatite at low temperatures could
also depend on the different dissolved phosphate species
(e.g. H2PO4

�, HPO4
2�) in solution with respect to pH.

Zheng (2016) also calculated apatite phosphate – water frac-
tionation using an increment method based on the correla-
tion between bond strength and isotopic fractionation. The
related values are however different since the assumptions
made are not comparable with that of DFT calculations.

4.1.3. Oxygen isotope fractionation between structural

carbonate in apatite and liquid water

The slope for experimental calcite – liquid water frac-
tionation measured by Kim and O’Neil (1997) between 10
and 40 �C (Fig. 7a) is well reproduced by the theoretical cal-
culations. An offset of 6.5‰ allows for the theoretical frac-
tionation values to match the absolute experimental values
(Fig. 7b). Oxygen isotope fractionation between B-type car-
bonated apatite and liquid water is close to that of calcite
and water. The occupancy of the structural channels in B-
type carbonated apatite by either OH� or F� ions does
not affect the B-type carbonate/liquid water fractionation.
Fractionation factors for A-type carbonated apatite are
about 6‰ higher than those of B-type. As a result, both
theoretical A-type carbonated apatite fractionation and
experimental calcite-water fractionation curves seem to
coincide but this is merely due to a compensation of the off-
set. If all theoretical fractionation curves are shifted by
+6.5‰ so that theoretical and experimental calcite – liquid
Fig. 7. (a) Theoretical oxygen isotopic fractionation factor between car
compared to experimental fractionation between inorganic hydroxyapa
calcite-water equation (Kim and O’Neil, 1997) in the range 10–40 �C. (b
apatite phases (A-type carbonated hydroxyapatite, B-type carbonated hyd
by +6.5‰.
water fractionation curves coincide, a situation shown in
Fig. 7b, theoretical B-type carbonated apatite – liquid water
fractionation then matches very well the measurement of
Lécuyer et al. (2010) at 40 �C. At 10 �C, however, the calcu-
lated equilibrium fractionation is then �3‰ lower than the
experimental value. Based on the equilibrium fractionation
factors, we calculate that the equilibrium fractionation fac-
tor coinciding with the value of Lécuyer et al. (2010) at 10 �
C can be obtained for a carbonate-bearing apatite with
roughly one third A-type and two thirds B-type carbonates.
At 20 �C the experimental value is matched for a carbonate-
bearing apatite with one quarter A-type and three quarters
B-type carbonates. Accordingly, a possible explanation for
the steeper slope observed by Lécuyer et al. (2010) in com-
parison to other experimental carbonate/water equations
(Kim and O’Neil, 1997) and our theoretical equation, could
be the variation of the A/B carbonate ratio with tempera-
ture. Note that these A/B ratios are consistent with the
dominant nature of B-type substitution in natural
carbonate-bearing bioapatites.

4.1.4. Hydroxyapatite oxygen internal fractionation

Internal fractionation of oxygen isotopes between sites
belonging to a hydroxyl group and sites belonging to a
phosphate group was computed from site specific
b-factors in hydroxyapatite and in B-site carbonated
hydroxyapatite (Fig. 8). Note that some uncertainties of
the theoretical models are expected to be more efficiently
compensated when calculating internal fractionation fac-
tors (i.e. isotopic fractionation between two different sites
in the same material). The theoretical fractionation between
non hydroxyl and hydroxyl sites, 36.5‰ at 25 �C, is
significantly more important in hydroxyapatite than in
kaolinite, for which Méheut et al. (2007) calculated a
12‰ fractionation factor at 25 �C. In B-type
carbonate-bearing models, phosphate is lighter than in
non-carbonated hydroxyapatite, resulting in a smaller
internal fractionation with hydroxyl (cf Table 2).
bonate in calcite or in carbonate-bearing apatites and liquid water
tite carbonate and water (Lécuyer et al., 2010) and the inorganic
) Theoretical oxygen isotope fractionation curves between various
roxyapatite and B-type carbonated fluorapatite) and H2O(l) shifted



Fig. 8. Theoretical phosphate/hydroxyl oxygen intracrystalline fractionation factor in hydroxyapatite (solid line) and in B-type carbonated
hydroxyapatite (dash-dot line).

Fig. 9. Theoretical internal oxygen isotope fractionation factor between oxygen atoms belonging to carbonate sites only (CO3) and oxygen
atoms belonging to phosphate sites only (PO4) in B-type carbonated fluorapatite (dashed line), in B-type carbonated hydroxyapatite (dash-dot
line) and in A-type carbonated apatite (dotted line). Theoretical oxygen isotope fractionation factor between calcite and hydroxyapatite with
all oxygen sites (OH and PO4) taken into account. Experimental high temperature oxygen isotope fractionation between calcite and inorganic
hydroxyapatite by Fortier and Lüttge (1995) (solid triangles) and linear regression through the origin of high temperature data from Fortier
and Lüttge (1995) by Chacko et al. (2001) (black solid line). Experimental isotope fractionation factors between phosphate and structural
carbonate determined from bone and tooth samples of modern mammals at 37 �C by Bryant et al. (1996) (solid circle) and Iacumin et al.
(1996) (open diamond). Experimental isotope fractionation factors between phosphate and structural carbonate determined at 10 �C and 37 �
C using carbonate values from Lécuyer et al. (2010) and phosphate values from Kolodny et al. (1983) (solid triangles).
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4.1.5. Oxygen isotope fractionation between structural

carbonates and phosphates in apatite

High temperature theoretical oxygen isotope fractiona-
tion between calcite and hydroxyapatite differs by less than
0.7‰ from values of Fortier and Lüttge (1995) (Fig. 9).
Carbonate substituted to channel ions is isotopically heav-
ier than carbonate substituted to phosphate, leading to a
higher oxygen intracrystalline isotopic fractionation with
phosphate, by �6‰ at 300 K. Theoretical carbonate –
phosphate fractionation in carbonated fluorapatite at 37 �
C, 8.47‰, compares with the measurements of Bryant
et al. (1996) and Iacumin et al. (1996) on biogenic apatites,
8.56‰ and 8.86‰ respectively. This further sustains the use
of the B-type carbonated apatite model investigated in this
work as a representative proxy for investigating the isotopic
properties of natural B-type carbonate-bearing bio-apatites.
Phosphate oxygen isotope ratio is considered less suscepti-
ble to diagenetic alteration than carbonate isotope ratio
since the oxygen in P–O bonds is very resistant to inorganic
isotopic exchange with aqueous fluids (Lécuyer et al., 1999;
Sharp et al., 2000; Zazzo et al., 2004b). In contrast, during
biologically-mediated reactions, the kinetics of microbially-
induced oxygen isotope exchange between phosphate and
water is faster than between carbonate and water (Zazzo
et al., 2004b). Oxygen isotope fractionation between phos-
phate and carbonate in apatite is thus thought to be a test
for diagenetic alteration (Iacumin et al., 1996; Zazzo et al.,
2004a), with samples deviating from the mean carbonate-
phosphate fractionation ratio considered to be diageneti-
cally altered. The commonly mean value reported in the lit-
erature for carbonate – phosphate fractionation in modern
and preserved fossil bio-apatites, D18OC-P � 9‰ (Martin
et al., 2008), is consistent with the 8.5‰ fractionation factor
calculated here at 37 �C between carbonate and phosphate
in carbonated fluorapatite. The carbonate-phosphate rela-
tionship displays a natural variability (e.g. inter-species dif-
ferences, inter-laboratory differences) and Pellegrini et al.
(2011) advise caution in using a constant offset between
carbonate and phosphate, especially when converting
bioapatite d18OC to d18OP. Indeed, Tutken (2014) found
D18OC-P offsets ranging from 7 to 10‰ in a series of Eocene
well-preserved vertebrate fossils. Lécuyer et al. (1999) found
a mean D18OC-P � 8‰ in a series of recent phosphorites but
observed deviations from the mean value with increasing
age that could possibly be related to diagenesis.

Carbonate/phosphate fractionation factors calculated
from carbonate (Lécuyer et al., 2010) and phosphate
(Kolodny et al., 1983) equations at 37 �C and 10 �C imply
a stronger temperature dependence of the carbonate/phos-
phate fractionation than what our calculations suggest for
equilibrium fractionation in this temperature range. As dis-
cussed above on the basis of mineral-water fractionation
curves, this effect could be due to the temperature depen-
dent incorporation of a fraction of carbonate groups in A
sites.

4.2. Equilibrium isotopic fractionation of carbon 13C/12C

High temperature carbon isotope fractionation values
between carbon dioxide and calcite can be compared with
data from Chacko et al. (1991). The inflexion point of the
fractionation curve is calculated at around T = 430 �C. At
low temperatures, calculated carbon isotope fractionation
factors are higher than experimentally determined values
(Romanek et al., 1991) (Fig. 10). Here, it can be noticed that
in this specific system, the cross-over between the CO2 and
calcite b-factor curves may amplify the relative discrepancy
between theoretical and experimental fractionation factors.

Carbon isotope fractionation between calcite and
carbonate-bearing apatite phases is �4‰ at 300 K. B-type
carbonated apatites are depleted in 13C while A-type car-
bonated apatite is enriched in 13C relative to calcite
(Fig. 11). Once again the substitution site for carbonate in
apatite affects the isotopic properties of the apatite – calcite
system. A major question pertains to the alteration mecha-
nisms of bio-apatite, particularly whether they involve dis-
solution – recrystallization of biogenic apatites in favour of
a phase approaching carbonated fluorapatite or rather
leaching of channel ions and their replacement by fluoride
(Kolodny et al., 1996; Zazzo et al., 2004a, 2004b; Pasteris
and Ying, 2009; Trueman and Tuross, 2002; Kohn, 2008;
Kohn and Moses, 2013). Results shown in Fig. 11 suggest
that, ionic exchange at A-site and leaching of channel car-
bonate could deplete apatite in the heavy isotope.

4.3. Equilibrium isotopic fractionation of calcium 44Ca/40Ca

Calcium isotope fractionation between apatite phases
and calcite is very small and falls within 1.5‰ (Fig. 12a).
Interestingly, hydroxyapatite and B-type carbonated apa-
tites are depleted in heavy isotope while A-type carbonated
apatite is to a small extent enriched in 44Ca relative to cal-
cite. Though Ca is not as closely related to the carbonate
group as oxygen and carbon, the substitution site for car-
bonate in apatite still has an impact on the calcium isotope
fractionation properties of apatite. If the equilibrium
fractionation between Ca2+(aq) and calcite is almost nil, as
suggested by Fantle and DePaolo, 2007, theoretical
equilibrium fractionation factors between apatite and
calcite should match those of apatite and aqueous calcium.
At equilibrium, the fractionation factor between
hydroxyapatite and calcite is also weak (�0.17‰ at 37 �
C, �0.21‰ at 10 �C). The variability of calcium
fractionation factors calculated at T = 37 �C (Table 3)
may contribute to the range of d44/40Ca measured in verte-
brates modern and fossil bio-apatite samples, between +0.7
and �2.7‰ (Gussone et al., 2016). Schmitt et al. (2003)
showed similar Ca isotopic trends in Miocene marine
calcium phosphates and carbonates with a small positive
fractionation between hydroxyapatite and calcite (<0.2‰
for the recent samples). A small magnitude of Ca isotopic
fractionation between apatite and calcite is therefore sus-
tained by both theoretical modelling and measurements
on natural samples.

Calcium isotope fractionation between hydroxyapatite
and [Ca(H2O)6]

2+ is close to zero (Table S4), which differs
from the enrichment in 44Ca in phosphates relative to free
Ca2+calculated by Moynier and Fujii (2017). The presently
calculated fractionation factor between B-type carbonated
apatite and [Ca(H2O)6]

2+, �0.78‰ at 37 �C, is consistent



Fig. 10. Theoretical carbon isotope fractionation factor between carbon dioxide and calcite (solid line). Experimental carbon fractionation
factors at low temperatures by Romanek et al. (1991) in solid diamonds and calculated carbon isotope fractionation factors from Chacko
et al. (1991) (dashed line) and Bottinga (1967) (dotted line).

Fig. 11. Theoretical carbon isotope fractionation factor between B-type carbonated fluorapatite, B-type carbonated hydroxyapatite or A-type
carbonated apatite and calcite.
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with enrichment in 44Ca observed in blood relative to bone,
on average �0.7‰ (Skulan and DePaolo, 1999; Tacail
et al., 2014). However, long-range solvation effects and
potential contribution of hepta-coordinated Ca species in
solution could decrease the reduced partition function ratio
of Ca with respect to that of the [Ca(H2O)6]

2+ cluster
(Rustad et al., 2010; Moynier and Fujii, 2017). In addition,
theoretical results only involve inorganic equilibrium iso-
topic fractionation and their extrapolation to biological
processes involving a complex biomaterial such as bone
should be subject to caution. The present results also indi-
cate that long range periodicity should be taken into



Fig. 12. (a) Theoretical calcium isotope fractionation factor between the various apatite models (hydroxyapatite, B-type carbonated
fluorapatite, B-type carbonated hydroxyapatite and A-type carbonated apatite) and calcite. (b) Theoretical calcium b-factor values at 273 K of
Ca(I) and Ca(II) sites in hydroxyapatite and for each Ca atom in B-site carbonated hydroxyapatite, B-site carbonated fluorapatite and A-site
carbonated apatite.

Table 3
Logarithm of calcium isotope fractionation factors (‰) between
hydroxyapatite, B-type carbonated hydroxyapatite, B-type carbon-
ated fluorapatite or A-type carbonated apatite and calcite at
T = 37 �C.

1000 lna (apatite, calcite, Ca)

Hydroxyapatite �0.17‰
B-type carbonated hydroxyapatite �0.55‰
B-type carbonated fluorapatite �0.93‰
A-type carbonated apatite +0.14‰
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account for the modelling of the isotopic fractionation
properties of minerals while the use of clusters could
provide a more appropriate description of ionic and molec-
ular structures in solution.

In hydroxyapatite, higher fractionation takes place at
the sevenfold coordinated Ca(II) site than at the ninefold
coordinated Ca(I) site. This is consistent with the work of
Colla et al. (2013) who observed a correlation between cal-
cium isotope fractionation and coordination number
between solvated calcium ions and their solid hydrates, con-
cluding that low-coordination environments result in heav-
ier isotopic compositions, in agreement with the general
rule of thumb (Schauble, 2004; Blanchard et al., 2017). In
the carbonate-bearing models, the presence of the carbon-
ate group affects both the Ca(I) and Ca(II) sites
(Fig. 12b). Although the B-type substitution affects the
average values of reduced partition function ratio of Ca
in the H-apatite model by less than 0.6‰ (Fig. 4b), a site-
by-site analysis reveals a range of variation exceeding 3‰.
A similar range of variation is observed in the F-bearing
model, with a decrease in the reduced partition function
ratio of the Ca(II) site reaching 1.25‰. This stronger vari-
ation may be due to the presence of two fluorine atoms in
the coordination polyhedron of Ca(II) in B-type carbon-
ated fluorapatite. In A-type carbonated apatite, the range
of variation of the Ca reduced partition function ratio
reaches 4.5‰. This is due to the relatively high values of
the reduced partition function ratios (>16.5‰) observed
for the two Ca(I) sites not located in the same plane as
the C atom (z = 1/2) but on the z = 0 plane. Because of
the steric hindrance due to the addition of one oxygen
belonging to the carbonate group, the distances between
the Ca atom and the oxygen atoms located in the trigonal
prism of their ninefold coordination polyhedron are shorter
than in pure hydroxyapatite (2.37 Å vs 2.42 Å, respec-
tively). As shorter bonds tend to be stiffer this could favour
enrichment in heavy isotopes. Although it is difficult to
extract definite trends from the present theoretical results,
carbonate substitution in the apatite structure has an effect
on the Ca isotopic fractionation properties of apatite and
could contribute to the variability measured in natural sam-
ples. In any case, the present results suggest that the use of
phosphates as a record of seawater Ca isotope composition
should be supported by a detailed assessment of their
crystal-chemical characteristics to reduce the related vari-
ability in isotopic fractionation factors. Rather than dis-
missing calcium phosphate as a proxy when discrepancies
arise, interpreting differences in a multi-proxy approach
may actually unravel information about the Ca cycle
(Fantle and Tipper, 2014) and encourage to investigate
Ca isotopic records in phosphates as well as carbonates.

5. CONCLUSION

In the present study, we have theoretically investigated
the equilibrium isotopic fractionation properties of apatite
which could help to discuss equilibrium vs. kinetic effect
in the record of the isotopic composition associated with
processes involving solids and aqueous solutions. The theo-
retical results revealed differences in oxygen, carbon and
calcium isotope fractionation depending on the substitution
site for carbonate in apatite. A-type and B-type substitution
of carbonates (channel ion substitution and phosphate ion
substitution respectively) are distinguishable by their iso-
topic properties, the A-type carbonate model being com-
paratively enriched in heavy isotopes (18O, 13C, 44Ca).
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Beside the inter-site isotopic fractionation potentially
occurring during the formation of minerals, this also
demonstrates the importance of investigating site-specific
isotopic fractionation alongside substitution and mineral
transformation mechanisms (e.g. Putnis, 2009) during dia-
genesis in order to assess the degree of preservation of the
original isotopic signal in apatite, an important limitation
for successful paleoenvironmental and paleoclimatic studies
based on stable isotope analysis of fossils.

ACKNOWLEDGMENTS

This work was performed using HPC resources from GENCI-
IDRIS (Grants i2106041519). This work was supported by French
state funds within the framework of the Cluster of Excellence
MATISSE led by Sorbonne Universités and also by CNRS TelluS
INSU 2017 INTERRVIE. We thank three anonymous reviewers
and associate editor Ruth E. Blake for their thoughtful comments.

APPENDIX A. SUPPLEMENTARY MATERIAL

Supplementary data associated with this article can be
found, in the online version, at https://doi.org/10.1016/j.
gca.2017.09.020.

REFERENCES

Arning E., Lückge A., Breuer C., Gussone N., Birgel D. and
Peckmann J. (2009) Genesis of phosphorite crusts off Peru.
Mar. Geol. 262, 68–81.

Balan E., Lazzeri M., Delattre S., Méheut M., Refson K. and
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Mineralogical Society of America, Washington, p. 65.

Schauble E. A., Ghosh P. and Eiler J. M. (2006) Preferential
formation of 13C–18O bonds in carbonate minerals, estimated
using first-principles lattice dynamics. Geochim. Cosmochim.

Acta 70, 2510–2529.
Schmitt A.-D., Stille P. and Vennemann T. (2003) Variations of the

44Ca/40Ca ratio in seawater during the past 24 million years:
evidence from d44Ca and d18O values of Miocene phosphates.
Geochim. Cosmochim. Acta 67, 2607–2614.
Sharp Z. D., Atudorei V. and Furrer H. (2000) The effect of
diagenesis on oxygen isotope ratios of biogenic phosphates.
Am. J. Sci. 300, 222.

Skulan J., DePaolo D. J. and Owens T. L. (1997) Biological control
of calcium isotopic abundances in the global calcium cycle.
Geochim. Cosmochim. Acta 61, 2505–2510.

Skulan J. and DePaolo D. J. (1999) Calcium isotope fractionation
between soft and mineralized tissues as a monitor of calcium
use in vertebrates. Proc. Nat. Acad. Sci. 96, 13709–13713.

Soudry D., Segal I., Nathan Y., Glenn C. R., Halizc L., Lewy Z.
and VonderHaar D. L. (2004) 44Ca/42Ca and 143Nd/144Nd
isotope variations in Cretaceous-Eocene Tethyan francolites
and their bearing on phosphogenesis in the southern Tethys.
Geology 32, 389–392.

Soudry D., Glenn C. R., Nathan Y., Segal I. and VonderHaar D.
L. (2006) Evolution of Tethyan phosphogenesis along the
northern edges of the Arabian-African shield during the
Cretaceous-Eocene as deduced from temporal variations of
Ca and Nd isotopes and rates of P accumulation. Earth Sci.

Rev. 78, 27–57.
Stolper D. A. and Eiler J. M. (2015) The kinetics of solid-state

isotope exchange reactions for clumped isotopes: a study of
inorganic calcites and apatites from natural and experimental
samples. Am. J. Sci. 315, 363–411.

Tacail T., Albalat E., Télouk P. and Balter V. (2014) A simplified
protocol for measurement of Ca isotopes in biological samples.
J. Anal. At. Spectrom. 29, 529–535.

Tacail T., Télouk P. and Balter V. (2016) Precise analysis of
calcium stable isotope variations in biological apatites using
laser ablation MC-ICPMS. J. Anal. At. Spectrom. 31, 152–162.

Trueman C. N. and Tuross N. (2002) Trace elements in recent
fossil bone apatite. Rev. Mineral. Geochem. 48, 489–521.

Tutken T. (2014) Isotope compositions (C, O, Sr, Nd) of vertebrate
fossils from the Middle Eocene oil shale of Messel, Germany:
implications for their taphonomy and palaeoenvironment.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 416, 92–109.
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Yi H., Balan E., Gervais C., Ségalen L., Blanchard M. and Lazzeri
M. (2014a) Theoretical study of the local charge compensation
and spectroscopic properties of B-type carbonate defects in
apatite. Phys. Chem. Miner. 41, 347–359.

Yi H., Balan E., Gervais C., Ségalen L., Roche D., Person A.,
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