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Abstract

We have investigated the thermodynamics of mixing between aragonite (orthorhombic CaCO3) and strontianite (SrCO3).
In agreement with experiment, our simulations predict that there is a miscibility gap between the two solids at ambient con-
ditions. All SrxCa1�xCO3 solids with compositions 0.12 < x < 0.87 are metastable with respect to separation into a Ca-rich
and a Sr-rich phase. The concentration of Sr in coral aragonites (x � 0.01) lies in the miscibility region of the phase diagram,
and therefore formation of separated Sr-rich phases in coral aragonites is not thermodynamically favorable. The miscibility
gap disappears at around 380 K. The enthalpy of mixing, which is positive and nearly symmetric with respect to x = 0.5, is the
dominant contribution to the excess free energy, while the vibrational and configurational entropic contributions are small
and of opposite sign. We provide a detailed comparison of our simulation results with available experimental data.
� 2009 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Aragonite is one of the three polymorphs of anhydrous
calcium carbonate (CaCO3), which also include calcite and
vaterite. Although calcite is the most stable CaCO3 phase
at Earth surface conditions, aragonite is still a very common
mineral, of both geological and biological origin. In particu-
lar, aragonite is the major constituent of coral reefs, shells,
pearls and other biominerals, where it grows preferentially
at ambient conditions due to the effect of organic templates
(Morse and Mackenzie, 1990). Strontium is always present
in coral aragonites, and it is well established that the precise
Sr/Ca ratio in the coral skeleton (typically around 9 � 10�3)
exhibits an inverse correlation with the seawater temperature

during its biomineralization (Weber, 1973; Smith et al., 1979;
De Villiers et al., 1994). This correlation has led to the use of
Sr/Ca ratios in scleractinian corals in the estimation of past
sea surface temperatures for the reconstruction of global cli-
mate change (Beck et al., 1992; Guilderson et al., 1994;
McCulloch et al., 1994), but the mechanism of Sr incorpora-
tion in aragonite and the cause of the temperature depen-
dence are not yet clear, which has led to doubts of the
validity of these estimations (Schrag and Linsley, 2002). Beck
et al. (1992) have claimed that the coral Sr/Ca ratio is con-
trolled by the Sr/Ca ratio in seawater (which is practically
constant at �8.6 � 10�3) and the Sr/Ca distribution coeffi-
cient between aragonite and seawater, which depends on tem-
perature. However, recent work by other authors suggest
that the Sr incorporation in aragonite involves more compli-
cated biological mechanisms and therefore is not thermody-
namically controlled (Levi et al., 1998).

It was proposed early on that Sr occupies bulk lattice posi-
tions (substituting Ca) in the aragonite structure (Amiel et al.,
1973). However, X-ray absorption spectroscopy studies by
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Greegor et al. (1997) suggested that in scleractinian corals
with overall Sr/Ca molar ratios of about 8.6 � 10�3, only
60% of the Sr was in the aragonite lattice, while the remaining
40% resided in strontianite (SrCO3), which is iso-structural to
aragonite. As the authors pointed out, the Sr concentration in
the aragonite phase is then within the limits of thermody-
namic stability of the SrxCa1�xCO3 solid solution with re-
spect to phase separation, as determined by Plummer and
Busenberg (1987), who found a miscibility gap in the range
5.8 � 10�3 < x < 0.875 at room temperature. The presence
of strontianite in the coral skeleton has been disputed by
other authors, who have found no evidence of a Sr-rich phase
in a wide range of corals, using similar characterization tech-
niques (Finch and Allison, 2003; Finch et al., 2003; Allison
et al., 2005). The implication of the latter group of studies,
if the miscibility gap determined by Plummer and Busenberg
(1987) is accepted, is that coral aragonite has a metastable Sr/
Ca ratio, which would be kept for millions of years because of
the slow cation diffusion kinetics at ambient conditions. This
is indeed a plausible scenario. However, as discussed below,
thermochemical studies by other authors indicate that the
limit of stable substitutional Sr in aragonite at ambient con-
ditions is much higher, around 0.10–0.14, which would mean
that Sr content in coral aragonite is thermodynamically sta-
ble with respect to phase separation.

In this work we investigate the thermodynamics of Sr
incorporation in aragonite (structure shown in Fig. 1) using
atomistic simulation techniques in combination with statis-
tical mechanics. Our approach is fully predictive, in that no
use of experimental information has been made (except, of

course, in the original derivation of the interatomic force
field). Our main aim is to produce a theoretical estimate
of the maximum Sr content that is thermodynamically sta-
ble in aragonite. Our investigation will also allow us to
reach a microscopic-level understanding of the factors con-
trolling the stability of Sr impurities in the aragonite
structure.

2. METHODOLOGY

2.1. Evaluation of energies and free energies and geometry

predictions

Our energy calculations are based on the Born model of
solids (Born and Huang, 1954) which assumes that the ions
in the crystal interact via long-range electrostatic forces and
short-range forces, including both the repulsions and the
van der Waals attractions between neighboring electron
charge clouds. The electronic polarizability of the ions is in-
cluded via the shell model of Dick and Overhauser (1958),
in which each polarizable ion, in our case the oxygen ion, is
represented by a core and a massless shell, connected by a
spring. The spring constant and the charges of the core
and shell determine the polarizability of the modeled ion.
The functional forms of the interatomic potentials are dis-
cussed elsewhere (e.g. Catlow, 1997). The CaCO3 potential
parameters employed in this study were originally derived
by Pavese et al. (1992), and were slightly modified later
for a better description of the covalent bonding in the car-
bonate ion (Pavese et al., 1996). It was found that they cor-
rectly describe the vibrational and thermal properties of
both calcite and aragonite (Pavese et al., 1992, 1996; Catti
et al., 1993). A compatible SrCO3 potential was derived
by De Leeuw et al. (2002) and was used by these authors
in the simulation of the incorporation of Sr impurities in
calcite surfaces and bulk (see also De Leeuw, 2002). A sum-
mary of all the potential parameters is given in Table 1.

The lattice energies, as defined by the interatomic poten-
tials, were calculated with the GULP code (Gale, 1997,
2005; Gale and Rohl, 2003). In order to make geometry
predictions, the lattice energies are minimized with respect
to the structural parameters, until the forces acting on the
ions are all less than 0.001 eV Å�1. All structures reported
are the result of constant pressure energy minimizations,
where not only the ionic positions but also the cell param-
eters are allowed to vary to find the energy minimum. The
external pressure was set to zero in all calculations. Table 2
shows a comparison of the calculated and experimental cell
parameters for pure aragonite and strontianite. The theo-
retical predictions are within 3% of the experimental values.

Finally, since we aim to simulate the behavior of the
material at finite temperatures, vibrational contributions
to the free energy were also obtained for each relaxed struc-
ture, by calculating the phonon frequencies in a mesh of
points in the Brillouin zone (Dove, 1993), as implemented
in the GULP code. The convergence of the free energy con-
tributions with respect to the reciprocal space partition was
carefully checked for pure aragonite and strontianite. We
found that in both cases a 5 � 5 � 5 mesh of k-points is en-
ough to achieve convergence within 0.2 kJ/mol in the unit

Fig. 1. The orthorhombic unit cell of aragonite (space group
Pnma).
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cells, and we therefore keep the same or higher k-point den-
sities in all our calculations (larger supercells require fewer
k-points to achieve the same mesh density in the reciprocal
space). In principle, it is also possible to account for ther-
mal effects on the structure of each configuration by per-
forming a free energy minimization at each geometry and
temperature, using the quasi-harmonic approximation
(e.g. Taylor et al., 1997; Gale, 1998; Grau-Crespo et al.,
2002). However, considering the large number of configura-
tions treated here and the high computational cost of free
energy minimizations, we have optimized the structures
only with respect to the lattice energy. The vibrational free
energies were then obtained in the harmonic approximation
at the energy-minimized structures, without further optimi-
zation. Although this approach does not account for struc-
tural effects of thermal origin, like thermal expansion, it can
be expected to be adequate for the investigation of the
vibrational energetic contributions to the mixing
thermodynamics.

2.2. Configurational statistics

The distribution of Sr in the aragonite lattice was inves-
tigated utilizing the SOD (Site Occupancy Disorder) code
(Grau-Crespo et al., 2007), which generates the complete
configurational space for each composition in a supercell
of the structure, before extracting the subspace of symmet-
rically inequivalent configurations, which are the ones cal-
culated in GULP. The criterion for the equivalence of
two configurations is the existence of an isometric transfor-

mation that converts one configuration into the other,
where the transformations considered are simply the sym-
metry operators of the parent structure (the structure from
which all configurations are derived via site substitutions).
Once the configurational spectrum is obtained, it is possible
to derive configurational entropies and free energies. The
methodology is based on the assumption that the extent
of occurrence of one particular configuration in the disor-
dered solid can be described by a Boltzmann-like probabil-
ity which can be calculated from the vibrational free energy
Gm of the configuration, and its degeneracy Xm (the number
of times that the configuration is repeated in the complete
configurational space):

P m ¼
1

Z
Xm expð�Gm=kBT Þ ¼ 1

Z
expð�G�m=kBT Þ ð1Þ

where m = 1, . . . , M (M is the number of inequivalent con-
figurations), kB is Boltzmann’s constant (it is formally
equivalent to use the gas constant R instead, but we follow
here the usual notation in statistical mechanics),

Z ¼
XM

m¼1

expð�G�m=kBT Þ ð2Þ

is the partition function, and we have introduced the re-
duced free energy:

G�m ¼ Gm � TS�m ð3Þ

which contains contributions from both the vibrational en-
tropy and from the degeneracy entropy of the
configuration:

Table 1
Interatomic potential parameters used in this work. A cutoff distance of 20 Å was applied to all the short-range potentials.

Species Charge (e) Spring constant (eV Å�2)

Core Shell

Ca, Sr +2.0 — —
C +1.135 — —
O +0.587 �1.632 507.4

Morse potential D (eV) a (Å�1) r0 (Å)
C–Oshell 4.71 3.8 1.18

Buckingham potential A (eV) q (Å) C (eV Å6)
Ca–Oshell 1550.0 0.29700 0.0
Sr–Oshell 1153.5 0.32200 0.0
Oshell–Oshell 16372.0 0.21300 3.47

Three-body potential k (eV rad�2) H0

Ocore–C–Ocore 1.690 120.0

Four-body potential n k (eV rad�2) H0

C–Ocore–Ocore–Ocore 2.0 0.1129 180.0

Table 2
Experimental (De Villiers, 1971) and theoretical cell parameters of orthorhombic aragonite (CaCO3) and strontianite (SrCO3). The angles
a = b = c = 90� are correctly reproduced by the calculations.

Mineral Space group a/Å b/Å c/Å

Exp. Theo. Exp. Theo. Exp. Theo.

Aragonite Pnma (62) 5.740 5.791 4.961 4.831 7.967 7.836
Strontianite Pnma (62) 5.997 6.100 5.090 4.946 8.358 8.110

1322 S.E. Ruiz-Hernandez et al. / Geochimica et Cosmochimica Acta 74 (2010) 1320–1328



Author's personal copy

S�m ¼ kBT ln Xm ð4Þ

The configurational free energy G of the disordered solid
can be obtained directly from the partition function:

G ¼ �kBT ln Z ð5Þ

and any average observable, including the enthalpy H of
the solution, can be estimated using configurational
averaging:

H ¼
XM

m¼1

P mH m ð6Þ

In our case, since no external pressure is considered, the
enthalpy is simply the energy of each configuration. The
configurational entropy at any temperature and composi-
tion can then be obtained as:

S ¼ H � G
T
¼ �kB

XM

m¼1

P m ln P m þ
XM

m¼1

P mS�m ð7Þ

We can therefore obtain the free energy of a solid solu-
tion, including energetic, vibrational and configurational
effects, by obtaining first the configurational spectrum of
energies in the supercell of the structure. The total number
of configurations, and the number of inequivalent ones for
each composition in the 2 � 2 � 1 and the 2 � 2 � 2
supercells are given in Table 3. The number of configura-
tions scales very quickly with the size of the supercell. We
will show below that our results are well converged with
respect to the supercell size, as very similar results are ob-
tained with both supercells. This type of methodology,
with some variations, has been applied successfully in
the simulation of the thermodynamics of mineral solid
solutions (Becker et al., 2000; Lavrentiev et al., 2003;
Todorov et al., 2004) and the investigation of cation distri-
butions in oxide materials (Grau-Crespo et al., 2003, 2004;
Benny et al., 2009).

2.3. Evaluation of the mixing thermodynamic potentials

Having obtained the enthalpy and free energy of the so-
lid solution, it is useful to evaluate the enthalpy of mixing:

DHmix ¼ H ½SrxCa1�xCO3� � ð1� xÞH ½CaCO3�
� xH ½SrCO3� ð8Þ

which can be compared with experimental calorimetric
determinations, and the free energy of mixing:

DGmix ¼ G½SrxCa1�xCO3� � ð1� xÞG½CaCO3�
� xG½SrCO3� ð9Þ

which can also be found experimentally from equilibrium
composition measurements, e.g. using electrochemical cells.
In Eqs. (8) and (9), all the energies are given per formula
unit. DGmixðxÞ quantifies the stability of the mixed solid
with respect to the pure end-members, aragonite (CaCO3)
and strontianite (SrCO3). It is common to report the excess
free energies of the solution, defined as:

GEðxÞ ¼ DGmix � DGideal
mix ð10Þ

where

DGideal
mix ðxÞ ¼ kBT ½x ln xþ ð1� xÞ lnð1� xÞ� ð11Þ

is the free energy of mixing in an ideal solid solution, where
the only contribution comes from the ideal entropy corre-
sponding to a fully disordered solid. The excess free energy
GE therefore contains all the non-ideal contributions to the
mixing free energy: an enthalpy part (DHmix), and an entro-
py part, which contains both the deviation of the configura-
tional entropy from ideality and a contribution from the
vibrational entropy of mixing. Our simulation method al-
lows us to separate all these different contributions.

Excess free energies from experiment are commonly fit-
ted to a polynomial of the mole fraction x in the form given
by Guggenheim (1937):

GE ¼ xð1� xÞ½A0 þ A1ð2x� 1Þ þ � � �� ð12Þ

which can be expanded to higher orders of 2x � 1. Different
types of solid solution behavior can be expressed in terms of
Eq. (12). Ideal solutions, for example, correspond to the
case A0 = A1 = A2 = ��� = 0, while the case where A0 – 0,
A2 = A3 = ��� = 0 is the so-called regular solution (strictly
regular if A0 does not depend on temperature, e.g. Plummer
and Busenberg, 1987; Prieto et al., 2000). We will fit our cal-
culated GE values to this type of polynomials in order to
compare with experimental information. The fitted function
will also allow us to calculate numerically the miscibility
gap in the solid solution, which is marked by two minima
of DGmixðxÞ.

3. RESULTS AND DISCUSSION

The equilibrium geometries and energies of the Sr-
substituted configurations were calculated both without
and including vibrational effects, in the 2 � 2 � 1 (16 cation
sites) and 2 � 2 � 2 (32 cation sites) supercells of the arago-
nite structure. The unit cell of aragonite contains four cat-
ion sites (Fig. 1). A list of calculated configurations is

Table 3
Total number of configurations (N) and number of symmetrically
inequivalent configurations (M) for each composition SrxCa1�xCO3

in the 2 � 2 � 1 ((A,B)16(CO3)16) and 2 � 2 � 2 ((A,B)32(CO3)32)
supercells. A and B stand for either Ca or Sr.

Cell composition x or 1 � x N M

A16(CO3)16 0 1 1
A15B(CO3)16 0.063 16 1
A14B2(CO3)16 0.125 120 9
A13B3(CO3)16 0.188 560 23
A12B4(CO3)16 0.250 1820 82
A11B5(CO3)16 0.313 4368 157
A10B6(CO3)16 0.375 8008 303
A9B7(CO3)16 0.438 11,440 395
A8B8(CO3)16 0.500 12,870 474

A32(CO3)32 0 1 1
A31B(CO3)32 0.031 32 1
A30B2(CO3)32 0.063 496 17
A29B3(CO3)32 0.094 4960 99
A28B4(CO3)32 0.125 35,960 694

Thermochemistry of strontium incorporation in aragonite 1323
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presented in Table 3, where x determines the composition
of the solid solution SrxCa1�xCO3. For the 2 � 2 � 2 super-
cell, other concentrations than those shown were not con-
sidered, due to the prohibitive computational cost. It will
be shown below that the use of a smaller supercell does
not change the results significantly.

Because aragonite and strontianite are iso-structural, the
introduction of impurity cations in either material does not
affect the structure significantly beyond small local relax-
ations. We find that the lowest-energy Sr-doped aragonite
structures are those with shorter Sr–Sr distances, although
the calculated interaction between impurities is small. We
therefore do not expect that Sr impurities will form clusters,
because at the low concentrations of interest here the num-
ber of configurations with more homogeneous Sr distribu-
tions is much larger than those exhibiting impurity
aggregation, and this entropic effect is much stronger than
the weak stabilization provided by the interaction between
impurities. For example, the spectrum of configurations
corresponding to the strontium concentration x = 0.125,
obtained with the 2 � 2 � 2 supercell (Sr4Ca28(CO3)32) at
300 K is shown in Fig. 2, where the zero-level is defined
as the reduced free energy of the most probable configura-
tion. Nearly half of the configurations lie within
kBT = 2.49 kJ/mol, indicating that a great deal of disorder

should be expected in the Sr distribution. However, there is
some deviation from a uniform probability distribution,
which will translate into a reduced configurational entropy
compared with an ideal solid solution.

Fig. 3(a) shows the enthalpies of mixing as a function of
Sr concentration, calculated using Eqs. (6) and (8) for both
the 2 � 2 � 1 and the 2 � 2 � 2 supercells. The formation
of the solid solution from pure aragonite and strontianite
is endothermic in the whole range of compositions, as ex-
pected from the difference in ionic radii (Shannon, 1976) be-
tween Ca2+ (1.18 Å) and Sr2+ (1.31 Å) in ninefold
coordination. Our theoretical values are not far from the
calorimetric measurements by Casey et al. (1996a), espe-
cially when considering the small values involved and the
wide error bars and dispersion of the experimental points.
These authors fitted their data to a symmetric curve in
the form:

DH mix ¼ Wxð1� xÞ ð13Þ

and found W = 13.5 kJ/mol. We will argue below that this
value of W is probably too high, not only in comparison
with our calculations but also in the light of experimental
determinations of mixing free energies by the same and
other authors. Using the same model to fit our data from
the 2 � 2 � 1 supercell leads to W = 5.84 kJ/mol, although
an asymmetric model in the form:

Fig. 2. Configurational spectrum of reduced free energies corre-
sponding to the composition Sr0.125Ca0.875CO3 at 300 K, as
calculated in the 2 � 2 � 2 supercell. P m is the probability of
occurrence of the independent configuration, and G�m is its reduced
free energy.

Fig. 3. Aragonite–strontianite mixing under ambient conditions.
(a) Calculated and experimental enthalpies of mixing and (b)
calculated and experimental excess free energies.
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DH mix ¼ xð1� xÞ½W 0 þ W 1ð2x� 1Þ� ð14Þ

with W0 = 5.84 kJ/mol and W1 = �0.12 kJ/mol provides a
better fit. The slightly asymmetric character of our
DHmix(x) curve, with small and negative W1, means that
the energetic cost of doping aragonite with Sr from stron-
tianite (W0 �W1) is somewhat higher than the cost of dop-
ing strontianite with Ca from aragonite (W0 + W1). This
asymmetry is reasonable, based on the larger ionic radius
of Sr compared to Ca, as the incorporation of Sr would
lead to a larger elastic strain in the lattice of aragonite than
vice versa (McLean, 1957; de Leeuw and Parker, 2000).
Fig. 3(a) also shows that using the larger 2 � 2 � 2 supercell
does not significantly change our predicted mixing enthal-
pies. It should be noted here that, since DHmix is just one
of the contributions to the excess free energy, we make a
distinction between W0 and W1 in Eq. (14), and the A0

and A1 parameters of the Guggenheim expression (Eq.
(12)) for the excess free energy. The connection between
the two sets of parameters will be discussed below.

The calculated excess free energy at 300 K is shown in
Fig. 3(b), together with experimental determinations (fitting
curves) by other authors. Our fitting to a Guggenheim poly-
nomial of first order in 2x � 1 (Eq. (12)) leads to
A0 = 6.43 kJ/mol and A1 = �0.12 kJ/mol, which is practi-
cally symmetric around x = 0.5 (very small A1 value), in con-
trast with the strongly asymmetric curve proposed by
Plummer and Busenberg (1987) to fit their experimental
measurements under ambient conditions. In the picture pro-
posed by these authors, it is much more difficult to dope ara-
gonite with Sr (A0 � A1 = 13 kJ/mol) than strontianite with
Ca (A0 + A1 = 4 kJ/mol). However, our theoretical results
are in very good agreement with experimental data from
other authors. Lippmann (1980), for example, treated the
data obtained by Holland et al. (1963), and suggested a sym-
metric model with A0 = 6.2 kJ/mol. Also, some of the same
authors who published the calorimetric study (Casey et al.,
1996a), reported excess free energy measurements using an
electrochemical cell (Casey et al., 1996b), and their results
in this case are in very good agreement with our data.

A summary of all experimental and theoretical Guggen-
heim parameters is given in Table 4. We also report there
the values obtained from our simulations at 350 and
400 K. It can be seen that, while A1 remains constant and
small, A0 increases slightly with temperature up to
6.70 kJ/mol at 400 K. Using a linear interpolation for A1

we can obtain free energy of mixing curves at temperatures
between 300 and 400 K, as shown in Fig. 4. At ambient
temperature, the free energy of mixing has two minima at
xA = 0.12 and xS = 0.87, which define a miscibility gap be-
tween aragonite and strontianite. Any solid with composi-
tion xA < x < xS is metastable with respect to a
mechanical mixture of phases with composition xA (Sr-
doped aragonite) and xS (Ca-doped strontianite).

The prediction of a miscibility gap in the aragonite–
strontianite system under ambient conditions is in agree-
ment with most experimental studies, and with the absence
of intermediate compositions in natural solid solutions
(Speer, 1983). While all authors basically agree on the
upper limit of the miscibility gap (xS) being around 0.86–
0.90 (our theoretical prediction is 0.87), the lower limit of
the miscibility gap is less clear (see Table 4). Plummer
and Busenberg (1987) predict a low value of equilibrium
Sr content in aragonite (xA = 0.0058) while Lippmann
(1980) and Casey et al. (1996b) predict higher values (0.10
and 0.14). We note that the Sr content of the coral skeleton
(x � 0.01) is intermediate between the two sets of results,
and therefore discrimination between the two types of
behavior is important in order to elucidate the stable or
metastable character of Sr incorporation in coral arago-

Table 4
Summary of fitting parameters for the excess free energy GE ¼ xð1� xÞ½A0 þ A1ð2x� 1Þ�, as obtained experimentally by other authors and
theoretically in this work.

T/K Reference A0/kJ mol�1 A1/kJ mol�1 xA xS

298.15 Experimental—Lippmann (1980) and Holland et al. (1963) 6.2 0 0.14 0.86
Experimental—Plummer and Busenberg (1987) 8.48 �4.51 0.0058 0.88
Experimental—Casey et al. (1996a,b) 6.86 0 0.10 0.90

300 Theory—this work 6.43
(6.93)a

�0.12
(�0.12)a

0.12
(0.09)a

0.87
(0.90)a

349.15 Experimental—Plummer and Busenberg (1987) 7.71 �3.36 0.031 0.83
350 Theory—this work 6.57 �0.12 0.22 0.78

400 Theory—this work 6.70 �0.12 — —

a Values in parenthesis are those calculated without including vibrational contributions.

Fig. 4. Theoretical free energy of mixing as a function of
temperature and composition x in SrxCa1�xCO3. The minima xA

and xS mark the predicted limits of the thermodynamic miscibility
gap between aragonite and strontianite under ambient conditions.

Thermochemistry of strontium incorporation in aragonite 1325
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nites. Our theoretical result (0.12) supports the second set
of values, and therefore suggests that Sr is stable in corals
with respect to phase separation. Fig. 4 also shows that
the predicted miscibility gap becomes narrower with
increasing temperature, and disappears completely at
around 380 K.

Let us now discuss the different contributions to the ex-
cess free energy. It is clear that the small (and temperature-
independent) effect introduced by the parameter A1 in the
excess free energy arises from the asymmetry of the enthal-
py of mixing (A1 = W1). Therefore we will focus on the dif-
ferent contributions to A0. By fitting the excess free energies
obtained with and without vibrational contributions, we
are able to do an approximate decomposition:

A0 ¼ W 0 þ DAconf
0 þ DAvib

0 ð15Þ

where W0 = 5.84 kJ/mol is the enthalpic contribution,
which remains practically constant in the temperature inter-
val of interest here, while DAconf

0 and DAvib
0 are the configu-

rational and vibrational entropic contributions. At 300 K,
DAconf

0 = 1.09 kJ/mol and DAvib
0 = �0.50 kJ/mol. The vibra-

tional contribution lowers the free energies of mixing, as
can be seen in Fig. 5, and the contribution becomes more
negative at higher temperatures. On the other hand, the
configurational contribution to the excess free energy is po-
sitive because the real configurational entropy is lower than
the ideal one corresponding to full disorder, as discussed
above. Therefore, since the two entropic contributions are
relatively small and of opposite sign, the dominant contri-
bution to the excess free energy becomes the enthalpy of
mixing, which accounts for the similarity between the
DHmix(x) and the GE(x) curves in Fig. 3(a) and (b). Thus,
the solid solution is nearly regular, because it has very small
excess entropy. The total excess entropy should be even
lower because the configurational contribution is overesti-
mated here due to the periodicity of the simulation super-
cell, which imposes some constraints on the level of
disorder. The present analysis indicates that the difference
between the calorimetric and the free energy data of Casey
et al. is unlikely to be accounted for by non-ideal entropic
effects. Our theoretical simulations, together with the re-
sults published by Lippmann (1980) and Holland et al.

(1963), add support to their free energy determinations,
rather than to their calorimetric measurements (Fig. 6).

We have also calculated the cell parameters in the arago-
nite–strontianite as a function of composition, assuming a
high temperature (400 K) at which all compositions are sta-
ble. At each composition, the cell parameters are obtained
as configurational averages:

a ¼
XM

m¼1

P mam; b ¼
XM

m¼1

P mbm; c ¼
XM

m¼1

P mcm ð16Þ

where am, bm and cm are the cell parameters of the mth inde-
pendent configuration. Our data do not include thermal
expansion effects as mentioned in Section 2.1. In order to
avoid confusion, we note here that the aragonite and stron-
tianite crystallographic structures are sometimes reported
in the Pmcn space group (No. 62), for which a < c < b

(e.g. Holland et al., 1963), while other authors (e.g. Lu-
cas-Girot et al., 2007) use the Pnma setting of the same
space group, for which b < a < c. Here we will use the latter
setting. Our results show that, as expected from the larger
radius of Sr2+ compared to Ca2+, all the cell parameters in-
crease with x. Small departures from the linear dependences
were reported by Holland et al. (1963), who found that the
a dimension lies slightly above and the c dimension slightly
below the lines joining the end-members. However, in our
calculations all the cell dimensions vary linearly with com-
position, which is in agreement with more recent X-ray dif-
fraction data by Lucas-Girot et al. (2007).

4. CONCLUSIONS

We have performed an atomistic simulation study of
the mixing thermodynamics of aragonite–strontianite solid
solutions in the whole range of compositions SrxCa1�x-

CO3. We have shown that the dominant contribution to
the excess free energy comes from the enthalpy of mixing,
while the vibrational and configurational entropic contri-
butions are small and of opposite sign. These findings, to-
gether with the nearly symmetric character of the mixing
thermodynamic potentials around x = 0.5, mean that the

Fig. 5. Effect of vibrations on the calculated free energies of mixing
at 300, 350 and 400 K.

Fig. 6. Variation of the calculated cell parameters for the
SrxCa1�xCO3 solid solution with composition, in comparison with
experiment.
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aragonite–strontianite mixing behavior is close to the reg-
ular solution model. However, the regular behavior is not
strict in that (a) there is a small asymmetric contribution
to the excess energy and (b) the A0 parameter in the Gug-
genheim expression shows some dependence on
temperature.

Our simulations predict that at room temperature and
up to �380 K, there is a miscibility gap of thermodynamic
origin between aragonite and strontianite. Under ambient
conditions, all SrxCa1�xCO3 solids with compositions
0.12 < x < 0.87 are metastable with respect to separation
into a Ca-rich and a Sr-rich phase, which agrees well with
the results reported by Casey et al. (1996b) and also by
Lippmann (1980) based on measurements by Holland
et al. (1963), but is in contrast with the results of Plummer
and Busenberg (1987), who suggested a much lower misci-
bility limit for Sr in aragonite (0.0058). Our results suggest
that the concentration of Sr in coral aragonite, which is typ-
ically around 0.01, is therefore stable in substitutional posi-
tions in the aragonite lattice, and should not experience
phase separation into strontianite. We should note that,
although Greegor et al. (1997) have suggested that a large
fraction of Sr in coral skeletons resides in strontianite, more
recent experiments have found no evidence of Sr-rich
phases in the coral skeletons (e.g. Allison et al., 2005).
The discussion presented here is important for the interpre-
tation of coral Sr paleothermometry, as the presence of Sr
in other phases than aragonite would complicate the under-
standing of the correlation between coral Sr/Ca ratios and
sea surface temperatures.
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