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Abstract As an important component of carbonates in the mantle, CaCO3 is a major carrier of carbon from
the surface to the deep interiors. In recent years, new varieties of CaCO3 polymorphs have been continuously
predicted by first principles simulations and verified by experiments. The findings of these polymorphs
open the possibility of stabilizing CaCO3 component in the lowermost mantle. Here, through extensive first
principles simulations, we inspect the stability and reactions of high-pressure CaCO3 polymorphs at high
temperatures. Systematic errors from approximations to the exchange-correlation functional in density
functional theory have been essentially eliminated with a generalized rescaling method to increase the
predictability of the simulations. We find temperature has important effects on the stabilities and the
reactions of CaCO3 polymorphs with mantle minerals. In particular, the tetrahedrally structured CaCO3-
polymorph (space group P21/c) is found to be sensitive to temperature with a positive Clapeyron slope of
15.81(6) MPa/K. Reacting with MgSiO3, CaCO3 is shown to be less stable than MgCO3 over the whole mantle
pressures (to ~136 GPa) above ~1500 K. And CaCO3 is demonstrated to readily react with SiO2 even in the
cold subduction slabs. Thus, high temperature greatly increases the tendency of partitioning calcium into the
silicates, and CaCO3 is not likely to be the major host of carbon in the Earth’s deep mantle.

1. Introduction

CaCO3 is a common component in rocks at the Earth’s surface and in the marine sediments. Through the
transport of altered oceanic lithosphere and carbonaceous sediments in subduction zones, it can be cycled
into the mantle and may have impacts as far down to the transition zone or lower mantle as inferred from
inclusions in the sublithospheric minerals and diamonds (Brenker et al., 2007; Kaminsky, 2012; Zedgenizov
et al., 2016). As a vital proxy of carbon (Keppler et al., 2003; Luth, 1999), CaCO3 is important not only in con-
necting the surficial volatiles with those in the Earth’s interiors (Luth, 1999, 2014), but also in the melting in
the mantle (Hammouda & Keshav, 2015), and may be closely related with the formation of super-deep dia-
monds (Walter et al., 2011). The phase relations of CaCO3 and its reactions with other minerals are indispen-
sable to quantitatively understand the roles played by CaCO3 in the deep mantle.

Through decades of experimental and theoretical efforts, current knowledge of phase relations in carbonate sys-
tems advance significantly (see Shatskiy et al., 2015, and references therein). For the end-member CaCO3, recent
studies at high pressures demonstrate that it shows more complex structures and has a greater variety of poly-
morphs than expected. Besides the well-known calcite (and relatedmetastable phases calcite I–III) and aragonite
(Suito et al., 2001), compressed polymorphs of CaCO3 have been predicted by ab initio simulations (Oganov
et al., 2006, 2008) and verified by high pressure experiments (Merlini et al., 2012; Ono et al., 2007). Pickard and
Needs (2015) carried out calculations using ab initio random structure searching technique anddiscovered some
additional monoclinic CaCO3-polymorphs that are more stable at the pressures of the topmost and lower part
of the lower mantle. Through state-of-the-art in situ experimental techniques, these new phases or their ana-
logues have been observed in several most recent studies (Gavryushkin et al., 2017; Li et al., 2018; Lobanov
et al., 2017). Despite the findings of these high-pressure polymorphs, there are still significant uncertainties
as to the stability of CaCO3-polymorphs at simultaneously high pressures and high temperatures and remark-
able discrepancies still exist in the phase boundaries constrained from different approaches (Li et al., 2018).
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The greater variety of CaCO3-polymorphs as compared with other carbonate components increases the pos-
sibility that CaCO3 may be stable at high pressures in the lower mantle (Oganov et al., 2008; Pickard & Needs,
2015). Considering the major minerals in the lower mantle and basaltic subduction slabs, three typical reac-
tions are relevant (Oganov et al., 2008):

CaCO3 þMgO ¼ CaOþMgCO3;(R1)

CaCO3 þMgSiO3 ¼ CaSiO3 þMgCO3;(R2)

CaCO3 þ SiO2 ¼ CaSiO3 þ CO2 or CaCO3 þ SiO2 ¼ CaSiO3 þ Cþ O2:(R3)

Previous theoretical calculations find that the reactants in reactions (R1) and (R3) are more stable relative to
the products over the mantle pressures (Oganov et al., 2008; Pickard & Needs, 2015). They also show that the
stability of CaCO3 over MgCO3 in reaction (R2) can be achieved above ~100 GPa (Pickard & Needs, 2015).
Thus, CaCO3 could be restabilized and become the main host of carbon in the lowermost mantle. This is
opposed to extrapolations from experiments at modest pressures (Biellmann et al., 1993; Li et al., 2018).
Since these previous simulations were carried out under static conditions (T = 0), it is unclear whether or
not the predicted restabilization of CaCO3 still hold at high temperatures.

To inspect the stability and reactions of CaCO3 polymorphs in the Earth’s deep mantle, especially at high
temperatures, we systematically investigated the phase boundaries of the CaCO3 and the reaction lines
of ((R1)–(R3)) over mantle T–P conditions in this study. Extensive first principles lattice dynamics (LD)
and molecular dynamics (MD) simulations have been carried out to comprehensively clarify the tempera-
ture effects. Our calculations in this study demonstrate that CaCO3 readily reacts with silicates even along
the temperature profiles in cold subduction slabs and therefore cannot be the major host of carbon in
the deep mantle.

2. Methods
2.1. Candidate Phases and Nomenclatures

Based on previous theoretical studies (Oganov et al., 2006, 2008; Pickard & Needs, 2015) and experiments
(Merlini et al., 2012; Ono et al., 2005, 2007), we consider eight high pressure polymorphs of CaCO3 that are
relevant to the mantle conditions in this study, namely aragonite (space group Pmcn), “aragonite-II” (space
group P21/c), “postaragonite” (space group Pmmn), “CaCO3-P21/c-l,” “CaCO3-Pnma-h,” “CaCO3-P21/c-h,”

“pyroxene-type” (space group C2221), and “CaCO3-VI” (space groupP1). Since most of these polymorphs have
no official names yet, we use the same nomenclatures (nonofficials with quotation marks) as in the previous
studies for better references. In particular, the aragonite-II phase is a distorted structure of aragonite pro-
posed by Gavryushkin et al. (2017); the postaragonite phase corresponds to that examined in the experi-
ments by Ono et al. (2005) and simulations by Oganov et al. (2006); the phases of CaCO3-P21/c-l, CaCO3-
Pnma-h, and CaCO3-P21/c-h are those predicted by Pickard and Needs (2015), among which the CaCO3-
P21/c-l phase is similar to the CaCO3-VII phase observed by Gavryushkin et al. (2017) and Li et al. (2018)
and the CaCO3-P21/c-h phase is closely related with that detected by Lobanov et al. (2017); the pyroxene-type
phase corresponds to the phase I predicted by Oganov et al. (2006) andmay be relevant to that found by Ono
et al. (2007); and finally the CaCO3-VI phase, as found by Merlini et al. (2012), is similar to the phase II predicted
by Oganov et al. (2006). For convenience, all these structures are provided in the supporting information Data
Set S1 in the form of crystallographic information files.

2.2. Simulations

First principles simulations are carried out with VASP with the projector-augmented-wave method (Kresse &
Joubert, 1999). We focus on the Local Density Approximation (LDA) in this study and eliminate the systematic
errors through the well-established rescaling method proposed in our previous studies (Zhang et al., 2013;
Zhang & Liu, 2015). The core radii are 2.3 au for Ca (with [Ne] core), 1.5 au for C (with [He] core), and
1.52 au for O (with [He] core).

Lattice constants and internal coordinates in the unit cells of the CaCO3 polymorphs at static condi-
tions are fully relaxed with an energy cutoff of 1,000 eV for the plane wave basis set and a
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convergence criterion of 10�8 eV for the electronic self-consistent loop. We use a Brillouin zone sam-
pling grid of spacing 0.3 Å�1, which is well converged as revealed by our benchmarks with finer spa-
cing of 0.2 Å�1.

LD simulations are carried out through finite displacement method with the aid of the package Phonopy
(Togo & Tanaka, 2015). The interatomic force constants are calculated by setting a displacement amplitude
of 0.01 Å for each atom. The supercell is defined with the length of each lattice vector larger than 8 Å and
therefore contains 80–160 atoms (details of the constructed supercells and number of atoms for the eight
polymorphs are listed in Table S1). To evaluate the vibrational density of state, a 32 × 32 × 32 mesh is used
for the q-point sampling in the first Brillouin zone. In the framework of quasi-harmonic approximation theory,
we can conveniently obtain various thermodynamic properties at finite temperatures through options pro-
vided by Phonopy. The generated parameters for the Birch-Murnaghan equation of state (EOS) from 300
to 900 K can be found in Data Set S2.

We have also carried out extensive MD simulations from 1000 to 3500 K to account for possible anharmoni-
city that may be important at high temperatures (Zhang et al., 2013). The equivalent supercells used in the
above-mentioned phonon calculations are constructed for the MD simulations. At each time step (1 fs inter-
val), the electronic structure is calculated at the Brillouin zone center with an energy cutoff of 500 eV and
iteration convergence criterion of 10�6 eV. MD trajectories are propagated in the NVT ensemble with the
Nosé thermostat for 5–10 ps, with the first 3 ps discarded for pre-equilibrium. Larger supercells and longer
durations generate unchanged properties within the statistical uncertainties. We carefully inspect the simu-
lated structures in the MD trajectories to ensure that the phase is maintained without transitions during the
calculations of the thermodynamic properties. These MD simulation results are regressed with the following
Mie-Gruneisen EOS:

P V; Tð Þ ¼ PC V ; T sð Þ þ γ
V
CV T � T sð Þ; (1)

where PC is the reference isotherm at Ts = 900 K (also serve as the switching temperature as men-
tioned in section 3.1) that can be accurately reproduced with the Birch-Murnaghan EOS, γ is the
Gruneisen parameter and we simplify it to be linear with V by γ = γa + γb*(V � Vs0)/Vx (Vs0 is the
volume at zero pressure and Ts; Vx is an arbitrary auxiliary parameter, which is chose here to be
40.1873 cm3/mol as consistent with our previous study; Zhang & Liu, 2015), and CV is the isochoric
heat capacity. Keeping the parameters at Ts the same as those by LD simulations, we regress the pres-
sures and internal energy differences with respect to those at Ts and get the parameters as listed in
Table S2.

2.3. Correction to the Simulation Results

It is well known that LDA typically over-binds structures and therefore usually underestimates the volumes in
a wide variety of systems. As discussed in our previous studies (Zhang et al., 2013; Zhang & Liu, 2015), a gen-
eralized rescalingmethod can be used to effectively eliminate the systematic errors in the simulated volumes.
The rescaling provides results that are essentially independent of the choice of exchange-correlation func-
tional, and is needed for obtaining experimentally accurate results. If we choose the aragonite phase as a
reference phase and 300 K as a reference temperature (T0 = 300 K), and by assuming the systematic errors
depend only on the volume and are the same for all phases, we get the following relationships for the
Helmholtz free energy and pressure:

F V ; Tð Þ ¼ FLDA V ; Tð Þ � FLDAarag V; T0ð Þ þ Farag V; T0ð Þ; (2)

P V; Tð Þ ¼ PLDA V ; Tð Þ � PLDAarag V ; T0ð Þ þ Parag V ; T0ð Þ: (3)

The left-hand side is the corrected value for the phase of interest at V and T, and the first term on the right-
hand side is the calculated value for the same phase at the same V and T. The next two terms make up the
correction to the LDA results based on the calculated (LDA) and expected properties of aragonite, respec-
tively. The expected results of Farag and Parag at T0 can be further evaluated by rescaling the corresponding
simulated results:
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Farag V; T0ð Þ ¼ Farag Vexp
0 ; T0

� �

þ Vexp
0 Kexp

0

VLDA
0 KLDA

0

FLDAarag V
VLDA
0

Vexp
0

; T0

� �
� FLDAarag VLDA

0 ; T0
� �� �

; (4)

Parag V ; T0ð Þ ¼ Kexp
0

KLDA
0

PLDAarag V
VLDA
0

Vexp
0

; T0

� �
; (5)

where subscript 0 refers to properties of aragonite at zero pressure and
300 K and K is the isothermal bulk modulus. Note that in equation (4)
there is still an unknown parameter of Farag Vexp

0 ; T0
� �

for deriving the
absolute free energy. For the calculations of a one-component phase
diagram, as presented in the next section, only the relative magnitude
of the free energy is needed so that we can arbitrarily choose it to be
FLDAarag VLDA

0 ; T0
� �

. The choices of other parameters in these formulas are
described in the caption of Figure 1.

3. Results and Discussion
3.1. Phase Diagram of CaCO3

Many experimental measurements have been accumulated for arago-
nite, which facilitates a comparison with our simulations. We show in
Figure 1a that the simulations with the LDA underestimate the pressures
by about 3–5 GPa over the T–P regime involved in the presently available
experiments for aragonite. These volume-dependent systematic errors
can be essentially eliminated through our above-mentioned rescaling
corrections, even for higher-temperature conditions (as revealed in the
inset plot of Figure 1a) and for other higher-pressure polymorphs (as
shown in Figure 1b). The success for the achieved accuracies in high
pressure polymorphs is remarkable and important since most other
polymorphs considered in this study have few or even no experimental
data, especially at very high temperatures and pressures.

With a closer inspection over the high temperature data of the cor-
rected results in the inset plot of Figure 1a, it can be found that the
LD simulations predict slightly higher pressures at large volumes while
those simulated by MD are in very good agreement with the experi-
ments; this implies an increasingly prominent influence of anharmoni-
city. To combine the merits of both approaches, we choose a switching
temperature (Ts) of 900 K, below which we adopt the LD simulation
results to accurately account for the quantum effects and above which
we use the thermal properties (respect to Ts) by MD simulations to
implicitly account for the possible anharmonicity. While it is possible
to adopt more rigorous calculations for the anharmonicity at high tem-
peratures (i.e., Monserrat et al., 2013; Zhang et al., 2014), the simple way
of combining the LD and MD simulations would be adequate for the
purpose of this study.

The relative stabilities of the polymorphs considered in this study were
evaluated from their Gibbs free energies. Applying the corrections to
the systematic errors, we obtain the free energy curves relative to that

of aragonite, as shown in Figure 2. At 300 K, aragonite transforms to the CaCO3-P21/c-l phase at 23.6 GPa and
then to the postaragonite phase at 45.2 GPa. When pressure is further increased to 56.4 GPa, the CaCO3-P21/
c-h phase becomes stable and persists to higher pressures. Increasing temperature to 2000 K slightly lowers
the pressure of the first two phase transitions to about 19.4 and 42.1 GPa but significantly broadens the phase
regime of the postaragonite phase to 87.4 GPa. The other four phases are unstable over the pressure and

(a)

(b)

Figure 1. Comparisons between the simulations in this study and the experi-
ments in the literature (Gavryushkin et al., 2017; Li et al., 2015; Li et al., 2018;
Litasov et al., 2017; Lobanov et al., 2017; Martinez et al, 1996; Merlini et al., 2012;
Ono et al., 2005; Ono et al., 2007): (a) aragonite at 300 and 973 K (inset); (b) other
polymorphs at 300 K. The dashed curves and open stars (at 973 K) are the raw
results by LD simulations and MD simulations, respectively. We apply the
rescaling corrections to these raw results and obtain the solid curves and filled
stars. The parameters for the rescaling (equations (2)–(5)) are V0

exp = 34.20 cm3/
mol and K0

exp = 67.1 GPa (from Ono et al., 2005); V0
LDA = 32.75 cm3/mol and

K0
LDA = 75.0 GPa. In (b), we plot the data (experiments with points and simula-

tions with lines) for polymorphs in different colors: “CaCO3-VI” in blue, “arago-
nite-II” in black, “CaCO3-P21/c-l” in red, “postaragonite” in purple and “pyroxene-
type” in cyan. Data for the “CaCO3-P21/c-h” phase, which is closely similar with
the pyroxene-type phase, are also shown in magenta. Note that the pressures of
the experiments by Ono et al. (2005, 2007) are recalculated with a more accurate
pressure-scale proposed by Fei et al. (2007). LD = lattice dynamics;
MD = molecular dynamics.
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temperature range considered in this study. Among them, the
aragonite-II phase is only marginally unstable relative to the stable
phase with a minimum free energy difference of only about 0.4 kJ/mol
(i.e., 0.8 meV per atom) in the vicinity of 30–40 GPa at 300 K. It should be
noted that Gavryushkin et al. (2017) find the stability of aragonite-II
phase in similar pressure range at 0 K. The apparent discrepancy can
be ascribed to the different simulation details and also such small ener-
getic differences. At 2000 K, the energy difference increases to larger
than 2.5 kJ/mol (i.e., 5 meV per atom), which means the aragonite-II
phase becomes increasingly unstable at high temperatures. The
CaCO3-Pnma-h phase similarly approaches quite near the stable phase
right around the phase transition from the CaCO3-P21/c-l phase to the
postaragonite phase with minimum free energy differences of about
1.0 and 4.0 kJ/mol at 300 and 2000 K, respectively. The CaCO3-VI phase
also approaches the stable phase at around 24 GPa, where the arago-
nite begins to be unstable, with minimum free energy differences of
about 2.4 and 3.3 kJ/mol at these two temperatures. The pyroxene-type
phase, which resembles the CaCO3-P21/c-h phase with fourfold coordi-
nated carbon atoms, seems to be quite unstable with a free energy sig-
nificantly higher than that of the stable phases by over 13.5 kJ/mol.

By connecting the intersections of the free energy curves, we obtain
the phase diagram of CaCO3 in Figure 3. The transition pressures
between the phase CaCO3-P21/c-l and its neighborhoods (aragonite
at the lower pressure side and postaragonite at the higher pressure
side) are relatively insensitive to temperature. The Clapeyron slopes
of the boundaries are slightly negative and are around �1.97(4) MPa/
K, which is quite close to the most recent experimental measurements
(Li et al., 2018). The upper phase boundary of the postaragonite phase,
on the other hand, is very sensitive to temperature, with an average
Clapeyron slope of 15.81(6) MPa/K. Compared with the transition
slopes, the absolute positions of the phase boundaries have more
uncertainty since the free energy differences between the adjacent
phases are small around the transition points. We have evaluated the
uncertainties of the phase boundaries by considering a typical error
of 2 kJ/mol in the calculated free energy contrast of the coexisting
phases. As shown in Figure 3, within the uncertainties, the predicted
phase regions agree quite well with those experimentally determined
for the postaragonite phase (Ono et al., 2005). For the CaCO3-P21/c-l
phase, its upper boundary is predicted in good agreement with recent
experiments (Gavryushkin et al., 2017; Li et al., 2018), while its lower

boundary is slightly lower than that determined by Li et al. (2018) and remarkably lower than that observed
by Gavryushkin et al. (2017). The recent experimental observation of the CaCO3-P21/c-h phase (Lobanov et al.,
2017) lies right at the predicted phase regime in this study, while the onset of the transition pressure
(~103 GPa at ~2000 K) is higher than the predicted boundary here (~87.4 ± 6.6 GPa).

3.2. Kinetic Effects for the Stability of CaCO3

Compared with silicates, carbonates show much complexity with more varieties of reversible metastable
transitions, which introduces challenges for experimental measurements and theoretical predictions.
Through our calculations in this study, we have found that the free energy differences among adjacent poly-
morphs are very small. As mentioned above, the CaCO3-VI phase excluded from the phase diagram in
Figure 3 is actually only slightly unstable relative to the stable phases (Figure 2). Therefore, its presence in
high pressure experiment from ~15 to ~40 GPa (Merlini et al., 2012) may be explained either by possible
uncertainties in our calculations or by kinetic barriers of equilibrium phase transitions often encountered

Figure 2. Gibbs free energies of CaCO3 polymorphs relative to that of aragonite
at (a) 300 and (b) 2000 K. The thermodynamic stable phase with the lowest Gibbs
free energy is marked with shaded red line. Insets are the focused plots within
the pressure regime of 20–60 GPa to show the small free energy differences
more clearly.
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in the experiments (Ono et al., 2005, 2007). The observations of the
aragonite-II phase in the recent experiment by Gavryushkin et al.
(2017) can be explained in the same manner.

Another noticeable deviation of our calculated phase diagram from
the experiments is that the predicted stable phase at highest pres-
sures (to over 140 GPa) is not in accordance with the experimentally
observed one by Ono et al. (2007). As pointed out by Pickard and
Needs (2015), the limited resolution of the experimental spectrum
at these extreme pressures may not allow a good discrimination
between the pyroxene-type phase claimed by Ono et al. (2007)
and the energetically much more stable CaCO3-P21/c-h phase.
Alternatively, it is possible that the discrepancy may be ascribed to
the energy barriers along the possible phase transition routes taken
by the experiments. Although quantitative evaluations of the kinetic
reaction barriers are out of the scope of this study, the compression
of CaCO3 seems to follow two different phase transition routes with
high barriers in between: one is the orthorhombic phase transition
route from aragonite to postaragonite and finally to the pyroxene-
type phase, while the other is the monoclinic phase transition route
from the CaCO3-P21/c-l phase to the CaCO3-P21/c-h phase. The
energy barriers for the phase transitions along either of these routes
are likely to be small as compared to those for the phase transitions
between the two routes. Indeed, the CaCO3-P21/c-l phase is found to
spontaneously collapse to the CaCO3-P21/c-h phase at around 70–
80 GPa without any energy barrier. And the recent study of
Lobanov et al. (2017) proved that the barrier height between postar-
agonite and CaCO3-P21/c-h is large. In this sense, it seems to be plau-
sible that two additional metastable phase transition boundaries may
be more relevant to the experiments interfered by the kinetic barrier
problem in this pressure range. In Figure 3, the blue dashed line
marked with P1 is for the transition from the aragonite to postarago-
nite, and that marked with P2 is for the transition from the postara-
gonite to pyroxene-type phase. The Claypayon slopes of these two
phase transitions are similar to those of the phase transitions
CaCO3-P21/c-l-postaragonite and postaragonite-CaCO3-P21/c-h,
respectively. Within the uncertainties, the experimental findings by
Ono et al. (2007) can be reasonably explained in this way.

3.3. Reactions (R1) and (R2)

In these two reactions, five polymorphs of MgCO3 have been included
in our extensive MD and LD simulations, namely, conventional magne-

site (space group R3c ), “MgCO3-phase II” (space group C2/m) and
MgCO3-phase III (space group P21) as predicted by Oganov et al.

(2008), “MgCO3 � P1 ” and “MgCO3-P212121” as predicted by Pickard
and Needs (2015). These structures are also included in Data Set S1.
Using the same approach as for CaCO3 described above, we obtain a
phase diagram for MgCO3 composition as shown in Figure 4. The
MgCO3-phase III andMgCO3-P212121 are found to be closely equivalent
in energy and are stable above ~144 GPa. Therefore, in the inset plot of

Figure 4, only three polymorphs are involved and the MgCO3 � P1
phase finds its stability in a limited regime, which explains the recent
experiments that magnesite transforms directly to MgCO3-phase II at
high temperatures (Maeda et al., 2017).

Figure 3. Phase diagram of CaCO3 based on previous experimental measure-
ments and current first principles simulations. The three black solid curves are
the predicted phase boundaries of the stable polymorphs as indicated with bold
colored texts. The blue dashed curves are the predicted pseudo phase boundary
between the aragonite and postaragonite (marked as P1) and that between the
postaragonite and “pyroxene-type” phases (marked as P2), as discussed in sec-
tion 3.2. The shadows around these curves show the effects of uncertainties in
the free energy (illustrated with a typical 2 kJ/mol here) on the predicted phase
boundaries. For the experimental data, the half-filled symbols are on the phase
boundaries while the filled symbols are in the one-phase field (in purple for
postaragonite, in magenta for “CaCO3-P21/c-h” and in blue for pyroxene-type, in
red for “CaCO3-P21/c-l”). The olive curve is the melting curve determined by
Spivak et al. (2012), while the half-filled green diamonds are the melting curve
measured by Li et al. (2017). The cyan straight lines are the phase boundaries for
the CaCO3-P21/c-l as estimated by Li et al. (2018). The phase boundaries for
calcite are shown with three sets of experiments (Huang & Wyllie, 1976; Irving &
Wyllie, 1973; Suito et al., 2001).

Figure 4. Relative stability of CaCO3 and MgCO3 from the Gibbs free energy
change (ΔG) of reaction (R2). The vertical dotted line corresponds to ~25 GPa
above which bridgmanite and CaCO3-perovskite become stable. Simulated
phase relations of MgCO3 polymorphs up to 140 GPa and 3500 K are shown in
the inset plot.

10.1029/2018JB015654Journal of Geophysical Research: Solid Earth

ZHANG ET AL. 6



For the silicates and oxides in these two reactions, we calculated their
free energies in the framework of quasi-harmonic approximation the-
ory by considering the following polymorphs: MgSiO3 in bridgmanite
and “postperovskite” structures (Oganov & Ono, 2004; Zhang et al.,
2013); CaSiO3 in tetragonal perovskite I4/mcm structure (Stixrude
et al., 2007); MgO in rocksalt structure; CaO in B1 (NaCl) and B2 (CsCl)
structures. The core radii are 2.3 au for Ca (with [Ne] core), 2.0 au for
Mg (valence configuration with p semicore valence state, 2p63s2),
1.5 au for C (with [He] core), 1.6 au for Si (with [Ne] core), and 1.52 au
for O (with [He] core). The supercells and number of atoms for these
phases are listed in Table S1. The other simulation settings for
MgCO3, MgSiO3, CaSiO3, MgO, and CaO are essentially identical with
those for CaCO3, with LDA and projector-augmented-wave implemen-
tation of VASP and also with the aid of Phonopy.

All the simulated properties of reactants and products in these reactions
are corrected using the rescaling method, with the reference free ener-

gies at standard condition (F Vexp
0 ; T0

� �
in equation (4)) selected from the

self-consistent thermodynamic data base compiled by Holland et al.
(2013). The rescaling parameters for all the relevant compositions can
be found in Table S3 (MgCO3 from Fiquet and Reynard (1999), CaO from
Oda et al. (1992) and the other components from Stixrude and Lithgow-
Bertelloni (2011), as noted in Table S3). From the derivedΔG (free energy
change) of the reaction (R1), we find the CaCO3 + MgO are much more
stable than CaO + MgCO3 over the temperature and pressure ranges
interested in this study, which means the athermal stability of the reac-
tants as predicted by Oganov et al. (2008) and Pickard and Needs (2015)
still hold at high temperatures. The ΔG of reaction (R2), on the other
hand, shows more complex variations as revealed in Figure 4.

It is clear from Figure 4 that the products of the reaction (R2) are significantly more stable than the reactants
from ~20 to ~50 GPa, which is in agreement with previous experimental observations over similar pressure
range (Biellmann et al., 1993). At lower pressures, the trend shown in Figure 4 agrees with the experimental
findings of more calcic carbonates with decreasing pressure (Luth, 1999), although this may only be regarded
as illustrative since the bridgmanite and CaSiO3-perovskite we considered in our calculations are only stable
above ~25 GPa in the mantle (vertical dotted line). At higher pressures, the higher density of the CaCO3-poly-
morph relative to the MgCO3-polymorph greatly diminishes the free energy change of reaction (R2), espe-
cially at pressures above ~70 GPa at low temperatures. The CaCO3 would be finally stabilized relative to
the MgCO3 at ~100 GPa at 300 K, which agrees with the calculations by Pickard and Needs (2015). On the
other hand, the pressure-induced restabilization of CaCO3 is found to be hindered by the entropic effects
of temperature and the field of MgCO3 + CaSiO3 opens toward higher pressures with increasing temperature.
If we further take into account the phase transformation and noticeable anharmonicity of CaSiO3-perovskite
(as compared with MgSiO3 polymorphs; Stixrude et al., 2007), the stability region of MgCO3 in reaction (R2)
would be even more expanded.

3.4. Reaction (R3)

As shown in Figure 5 with the bold solid line, the reaction line of (R3) has already been tightly constrained up
to over 50 GPa in our recent measurements with synchrotron X-ray diffraction in laser-heated diamond anvil
cells (Li et al., 2018). To extend this line to even higher pressures without the need of modeling CO2 and O2,
which are still inadequate and challenging (Litasov et al., 2011, 2017), we find the following reaction exam-
ined by Maeda et al. (2017)

MgCO3 þ SiO2 ¼ MgSiO3 þ CO2 or MgCO3 þ SiO2 ¼ MgSiO3 þ Cþ O2(R4)

can be closely related to reaction (R3) by

Figure 5. Schematic reaction line of ((R3)) based on the recent experimental
constraints and simulated data in this study. The phase diagram of the
MgCO3-SiO2 system, with measured reaction line of ((R4)) (in green) and phase
boundaries of relevant phases (St: Stishovite; CS: CaCl2-type SiO2; se: Seifertite;
mgs: Magnesite; MgsII: Magnesite-phase II; Brd: Bridgmanite; PPv: MgSiO3-post-
perovskite), follows that proposed by Maeda et al. (2017). Phase boundaries of
CaCO3 polymorphs predicted in this study are included with light-gray solid
lines. The reaction line of ((R3)) below 60 GPa (in bold solid line) is the measured
curve in our recent study (Li et al., 2018) and that above 60 GPa (in bold dashed
line) is extended by considering the phase boundaries and the free energy
change of reaction (R3) (ΔGR3) along the reaction line of ((R4)) (ΔGR4 = 0), as
plotted on the top of the figure. The reaction line of ((R2)) (ΔGR2 = 0) is shown in
red. Geotherms of subducted slabs are shown after Maeda et al. (2017).
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ΔGR3 ¼ ΔGR2 þ ΔGR4: (6)

Since ΔGR2 < 0 over the mantle conditions as mentioned above, it can
be inferred that the reaction line of (R3) should lie below (i.e., at lower
temperature than) that of (R4), which is in accord with our measure-
ments (Li et al., 2018). If we calculate the ΔG of reaction (R3) along
the reaction line of (R4) (denoted as ΔGR3∣ΔGR4¼0 ), which equals ΔGR2

according to equation (6) since ΔGR4 = 0, we find it approximately var-
ies in three stages: first increases quickly from ~40 to ~75 GPa, then
slightly decreases to ~120 GPa, and then further increases and finally
approaches zero, as shown at the top of Figure 6. Assuming ΔG would
be in proportion to the temperature (since the entropic difference (ΔS)
of the reactions are relatively insensitive to the pressure), the opposite
trends between the slopes of the two reactions (R3) and (R4) at rela-
tively lower pressures can be plausibly explained by the initial increase
of ΔGR3∣ΔGR4¼0 . Then the slight decrease of ΔGR3∣ΔGR4¼0 in the second
stage may result in a slightly departing but almost parallel extension
of both reaction lines. The further increase in the third stage would gra-
dually lead to an intersection point where the three reactions meet.
With these constraints and considering the possible phase transforma-
tions of each component, using the geometric method of
Schreinemakers (Zen, 1966), we finally obtain the reaction line of (R3)
as shown in Figure 5.

It should be noted that this indirect way of extending the reaction line of (R3) may involve noticeable uncer-
tainty, mostly from that of the reaction line of (R4). AlthoughMaeda et al. (2017) constrains the decarbonation
reaction boundaries of MgCO3 much more precisely with increased number of high T–P measurements as
compared with its previous studies (e.g., Seto et al., 2008), the temperature and pressure uncertainties for
each data point are still remarkable (up to 10 GPa and 370 K, see Figure 2 and Table S1 of Maeda et al.,
2017). The steep gradient of decomposition boundary of CO2 as shown in Figure 5, in particular, should be
highly uncertain and is apparently inconsistent with the previous estimations (Litasov et al., 2011). On the
other hand, since we have precise estimations of the reaction boundary up to ~60 GPa, and the decomposi-
tion slope of CO2 seems to reach a consensus to be negative (see Figure 4 in Litasov et al., 2011), the higher
pressure extension of the reaction line would not significantly deviate from that depicted in Figure 5, as
demonstrated in Figure S1.

3.5. Implications for the Fate of CaCO3 in the Deep Mantle

From the new constraints obtained in this study and taking into account the solidi of carbonate systems
(Litasov et al., 2013; Thomson et al., 2014), as shown in the integrated diagram in Figure 6, we may obtain
a clearer picture on the fate of CaCO3 in the deep mantle.

First, a large proportion of CaCO3 component would be transported and melted along with the other carbo-
nate components in many slabs up to the top region of the lower mantle (~20 GPa, rarely to ~50 GPa, as
enclosed by the solidi of the CaCO3-MgCO3 system and alkaline carbonate). As noticed by Litasov (2011)
and Kakizawa et al. (2015), possible melting reactions of CaCO3 andMgCO3 with silicates in the pressure range
of 6–30 GPa may also take effects. Rapidly percolating through the surrounding mantle and moving upward
due to their buoyancy (Hammouda & Laporte, 2000), the generated calcic carbonatitemelts are closely related
with the formation of diamond (Hammouda & Keshav, 2015; Rohrbach & Schmidt, 2011; Thomson et al., 2016).

Second, a few CaCO3 component survived frommelting in the cold slabs would readily react withMgSiO3 and
SiO2. Due to the temperature effects, calcium prefers to be partitioned into the silicates as CaSiO3 (e.g.,
through reactions (R2) and (R3)). Different from redoxmelting and freezing (Rohrbach & Schmidt, 2011), these
reactions of CaCO3 provide alternative route to produce deep diamonds or deep volatiles of CO2 or O2.

Third, when CaCO3 is transported in the very cold slabs with very low temperatures, the free energy changes
of reactions (R2) and (R3) are small. Taking into account the sluggish kinetics in solid phases, the occurrences

Figure 6. An integrated diagram for the reactions and meltings of CaCO3 and
MgCO3 in the Earth’s deep mantle. Besides the reaction lines of (R2)–(R4), two
solidi of carbonate systems (CaCO3-MgCO3 marked as Ca-Mg, Thomson et al.,
2014, and (K,Na)2Ca4(CO3)5 marked as Ca-K-Na, Litasov et al., 2013,) are included
here for discussions.
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of CaCO3-bearing solid solutions with other carbonate components in these slabs cannot be fully excluded
but should be highly specific.

4. Conclusions

In this study, we have calculated the thermodynamic properties of CaCO3 with extensive first principles simu-
lations over wide range of temperatures and pressures. The rescaling method we proposed to eliminate the
systematic errors in the simulated results shows its success in predicting various properties that are in good
agreement with experiments and facilitates the precise comparisons among different data sets. The combi-
nation of LD and MD simulations provides a simple way to calculate the free energy with anharmonicity and
increases the accuracy of calculated properties at high temperatures.

Based on these methods, we derive the phase diagram of CaCO3 that is in accord with most recent experi-
ments and suggest that kinetic effects may influence the experimental determined phase transitions. The
phase boundaries of sp3 bonding tetrahedrally structured high pressure polymorphs (the CaCO3-P21/c-h
phase and the pyroxene-type phase) are found to be sensitive to temperature. These results clarify the strong
temperature effects that have not been systematically explored before and provide new constraints on the
stability of CaCO3 under deep mantle conditions.

Finally, we find that high temperature greatly increases the tendency of partitioning calcium of CaCO3 into
the silicates and produce CaSiO3. From both the reactions with MgSiO3 and SiO2, CaCO3 turns out to be less
stable relative to the other forms of carbon (MgCO3, CO2, or C) over mantle conditions. Different from the
findings of previous theoretical predictions, CaCO3 cannot be restabilized even in the cold slabs and thus
is not the major host of carbon in the Earth’s deep mantle.
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