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Carbonates at high pressures: Possible carriers for deep carbon reservoirs
in the Earth’s lower mantle
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The high-pressure structural and elastic properties of MgCO;, CaCO3, and MgCa(CO3), have been investigated
with density functional theory. By computing the isotropic elastic constants, we found that the bulk and shear
acoustic wave velocities are smaller in carbonates than in their respective silicates for a wide range of pressure.
In terms of geophysics, these results provide strong evidence that the low-velocity zones, near the bottom of
the Earth’s lower mantle, could be associated with the presence of carbon element in the form of carbonate
minerals. This is a different model, associated with chemical differentiation, to explain those low-velocity zones,
in addition to several other recent ones proposed in the literature.
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I. INTRODUCTION

Carbon is a unique chemical element, present in a large
number of systems, which plays a major role in many fields,
such as chemistry, biology, physics, and geophysics [1].
Within a fundamental point of view, the widespread interest
in this element stems from the rich chemical nature of its
interatomic interactions, particularly the possibility of getting
stable structures in several hybridizations and microscopic
configurations. Carbon could be found in nature in a number
of structures, such as diamond, graphite, polymers, fullerenes,
and diamondoids, as well as many others. Specifically, the
development of high pressure-high temperature processes to
grow synthetic diamond has paved the way for intensive
research in those extreme thermodynamic conditions [2].

Over the last few years, carbon has attracted great interest
in geophysics and, consequently, in other celestial bodies [3].
Carbon is present in mild concentrations on the Earth’s surface,
being a crucial chemical element for life. Considering the
current knowledge of the chemical composition of the solar
system, based on data from meteorites that have hit the Earth,
it has been established the amount of carbon that should be
present on the Earth. Since carbon is the fourth most abundant
element in the solar system, the major conclusion is that
a considerable amount of carbon is missing on the Earth’s
crust, and it should be stored on its mantle or core [4]. This
conclusion is substantiated by results that showed the presence
of CO, in magmas [5,6] and mantle mineral inclusions in
natural diamonds [7].

Within a geophysics perspective, there is an extensive list
of open questions on deep carbon that remain to be addressed
[3]. One of the greatest challenges is to understand the carbon
cycle on the Earth, i.e., the transport of carbon from surface to
deep interior and vice versa. In order to build a more precise
compositional model of the Earth’s interior, it is important to
determine the amount of carbon stored in the mantle and core,
as how it is stored there, segregated or dissociated within major
mantle minerals [3]. Since carbon solubility is low in silicates
(MgSi0O; and CaSiOs3), carbon could be stored in the form of
carbonates, such as MgCO; and CaCOs.
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Many of those questions could be addressed by exploring
the properties of the Earth’s minerals and their alloys, by ex-
periments with high pressure-high temperature measurements
or by theory with self-consistent thermodynamic models com-
bined with atomistic simulations. This theoretical framework
may provide elements to improve knowledge of properties
of minerals at high pressures and high temperatures, such as
the properties of carbon at those thermodynamic conditions
[1]. Quantum mechanics atomistic simulations represent a
powerful tool to inspect the physical properties of materials
[8,9]. Notably in geophysics, such methodologies have been
extensively used to study a number of mineral systems [10].

Here, we performed a first principles investigation on the
structural and elastic properties of magnesium (MgCO;),
calcium (CaCOs3), and magnesium-calcium [MgCa(COs3),]
carbonates at high pressures. Although the structural properties
of those minerals have been explored by some theoretical
investigations [11-13], the literature lacks broader researches
on their elasticity, which is crucial to understand the role
of carbon on mantle properties. This paper is organized as
follows. Section II presents the theoretical model. Sections III,
IV, and V present, respectively, the properties of MgCOj,
CaCO3, and MgCa(COs), and the geophysical implications of
those results.

II. METHODOLOGY

The calculations were performed using the Quantum
ESPRESSO computational package [9]. The electronic inter-
actions were described within the density functional theory,
considering the exchange-correlation potential based on the
LDA (local density approximation) [14] or the GGA (general-
ized gradient approximation) [15] functionals. The electronic
wave functions were expanded using the PAW (projected
augmented wave) method [16], with a plane wave cutoff of
90 Ry. Brillouin zones for electronic states were sampled by a
displaced 4 x4 x4 k mesh. For each pressure, from —15 to 150
GPa, the structures were optimized using the damped variable
cell shape molecular dynamics method [17,18]. Then, a second
order Birch-Murnaghan equation of state was used to fit the
compression data.

In order to calculate the elastic coefficients (C;;x;) of each
mineral at a certain pressure P, negative and positive strains
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FIG. 1. Equation of state of MgCOj in the R3c (red lines) and
C2/m (blue lines) phases, computed with the LDA (full lines) and
GGA (dashed lines) functionals. Experimental data (LJ) are from
Ref. [21].

of 1% were applied. The stress tensor was calculated with the
stress theorem of Nielsen and Martin [19] and the C;;; with
the generalized Hooke’s law:

0ij — Péij = Cijuen » 1))

where o;; is the stress and €, the strain. The bulk (K) and
shear (u) isotropic elastic moduli of aggregates were extracted
from the elastic tensor, using the Voigt-Reuss-Hill averaging
scheme [20]. Having the elastic coefficients, the acoustic
wave velocities in each crystallographic direction could be
calculated with the Christoffel equation:

[Cijianjni — pv*8ulpe =0, )

where 7 is the versor in the j direction, p is the density, v is
the velocity, and py is the wave polarization.

III. PROPERTIES OF MgCO;

MgCO; may assume several crystalline forms, in which
each magnesium atom has six nearest neighboring oxygen
atoms and each carbon atom has three nearest neighboring
oxygen atoms. At ambient conditions, it has a rhombohedral
structure (magnesite), belonging to the R3c spacial group,
which could be represented by a rhombohedral or a hexagonal
lattice. The hexagonal lattice has a basis of 30 atoms and is
more convenient for the analysis of experimental data, while
the rhombohedral one has a basis of 10 atoms, being best
suitable for theoretical investigations.

The material was simulated for pressures between —15
and 150 GPa, and the volume versus pressure results were
fitted to a Birch-Murnaghan equation of state, shown in
Fig. 1. Table I presents the structural parameters computed
with both the LDA and GGA functionals, obtained out of
the respective equations of state. According to the table,
when compared to available experimental data [21], the
LDA functional underestimates lattice parameters by about
1-2%, while the GGA one overestimates them by about
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TABLE 1. Structural properties of MgCO, (R3c¢), CaCOs (R3c),
MgCa(COs), (R3), and MgSiO; (Pbnm) at P = 0. Lattice parameters
(a, b, and c) are given in A, volume (Vp) in A3, bulk moduli (Kg) in
GPa, and bulk moduli derivative (K{) are dimensionless.

a b C V() K() K6
MgCO;, LDA 4.61 14.58 26834 122 4.44
GGA 4.70 1520 290.77 100 4.48
Expt.* 4.63 15.02 279.28 119 4.02
CaCO; LDA 496 16.53 35245 72 3.65
GGA 5.05 17.29 382.16 68 3.46
Expt 4.99 17.07 368.11 73 4.00
MgCa(CO3), LDA 4.77 15.51 305.18 107 4.01
GGA 4.87 16.21 33259 86 4.08
Expt.® 4.81 16.00 320.25 102 3.94
MgSiO; LDA 474 490 6.85 159.01 261 3.88
GGA 483 498 698 168.13 231 3.93
Expt. 4.78° 4.94° 691° 163.17° 2649 4.10

2Reference [21].
PReferences [22,23].
‘Reference [24].
dReference [25].

1-3%. It should be stressed that the theoretical values were
obtained from static calculations, representing the condition
of T =0 K, except for the zero-point effect. On the other
hand, experimental data were obtained at room temperature.
The differences between theoretical and experimental lattice
parameters are not associated with thermal effects, consid-
ering the small thermal expansion coefficients of magnesite
(15.9 x 107°°C~!) [26]. However, considering that the
LDA functional underestimates the lattice parameters, it ap-
pears to be a better model to describe this material as compared
to the GGA one, since thermal effects would increase the LDA
lattice parameters, getting closer to experimental values.

In terms of the bulk modulus, an inverse behavior was
observed between the LDA and GGA results, when compared
to experimental data. Again, the static results from the LDA
functional provide a better comparison to room temperature
experimental data, since thermal effects tend to soften the
material, which would reduce the bulk modulus, getting
LDA results closer to experimental values. All such trends
and limitations of both LDA and GGA functionals are
well documented in the literature for several other minerals
[10]. Figure 1 shows that the LDA and GGA function-
als, respectively, underestimate (~3.9%) and overestimate
(~4.1%) the materials volume, within the pressure range used
here, as compared to available experimental data [21].

High pressure experiments suggest that MgCOj is stable
in the R3¢ phase up to 80 GPa [21,27]. Other experiments,
based on x-ray diffraction, observed a transition to an unknown
phase at pressures above 115 GPa and temperatures of 2100—
2200 K [28], which is likely the C2/m phase [12,13]. A theo-
retical investigation has identified a phase transition from R3¢
to C2/m at 91 GPa [12]. Another recent theoretical investiga-
tion proposed that MgCOj is stable in the R3¢ phase for P <
85 GPa, in the P1 one between 85 and 101 GPa, and in the
C2/m one for pressures up to 140 GPa [13]. Other phases have
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FIG. 2. Relative enthalpies (A H) of MgCO;, computed with the
LDA functional, for the C2/m (blue line), C2/c (orange line), and
C222, (green line) phases, with respect to the R3¢ one (red line).

also been identified, but none of them has been found stable for
pressures lower than 140 GPa [13], which is the pressure range
of geophysical interest. The results of all those investigations
agree that, at low pressures, MgCO; stays in the R3c phase
and at higher pressures in the C2/m one.

The MgCO; in the C2/m phase has a basis with 30
atoms, in which the neighboring oxygen atoms form a
tetrahedron around a carbon atom, while magnesium ones
have coordinations of eight or ten. The relative stability of
this phase, with respect to the R3c, was here determined by
the computation of the enthalpy of both phases at several
pressures. Figure 2 shows the enthalpy of several MgCO;
phases, as computed with the LDA functional. According to
the figure, there is a phase transition at P = 76 GPa from
the R3c to C2/m phase, and the material stays in that phase
at least up to 150 GPa. Calculations with GGA functional
found the R3c to C2/m transition at P = 90 GPa, in good
agreement with available experimental [27,28] and theoretical
[12] results. This investigation also explored two additional
(C2/c and C222,) phases, which have been suggested in other
investigations [29]. The results indicated that those two phases
are not stable, for either LDA or GGA functionals, within the
pressure range explored.

Figure 1 also shows the equations of state of the C2/m
phase as obtained with LDA and GGA functionals. Consider-
ing the results on enthalpy, shown in Fig. 2, in the pressure
of the phase transition (76 GPa) there is a large crystal
compression of about 6.6% with LDA and 6.5% with GGA.
This pressure range is of great geophysical interest, especially
because they correspond to depths near the middle of the lower
mantle. If MgCO; is present, even in mild concentrations in
the lower mantle, such large volume variation could impact the
velocities of acoustic waves propagating across the mantle.

Determining the elasticity of the Earth’s minerals is crucial
to understand the properties of its interior, particularly in
terms of its chemical composition and the propagation of
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seismic acoustic waves. We investigated the elasticity of
MgCO;, in the R3¢ and C2/m phases, by computing the
material elastic tensor with a set of deformations around the
respective equilibrium configurations at pressures from 0 to
150 GPa. In the R3¢ phase, MgCO; belongs to the crystal class
3m and, consequently, has six independent elastic constants.
Table II presents the elastic constants of the material, obtained
with the LDA functional, at null pressure in the R3¢ phase.
When compared to experimental data, the results indicated
that theoretical values are about 10% overestimated, consistent
with trends observed for the bulk modulus. Such a comparison
should take into account that the experimental data were
obtained at room temperature, while theoretical calculations
provided static values. Since increasing temperature, the trend
is to soften the material and, therefore, reduces the strength
of the elastic constants; a major part of this difference comes
from thermal effects. If the high temperature behavior of the
elastic coefficients and the bulk modulus are similar, it could be
estimated that the theoretical elastic constants would reduce
by about 5% at 300 K due to thermal effects, getting much
closer to the respective experimental values. Such thermal
effects on elastic constants were determined by computing
the Gibbs free energy, with contributions of vibrations within
the quasiharmonic approximation [36,37].

Table II presents the elastic constants of MgCOj;, in the
C2/m phase, obtained with the LDA functional. We observed
that elastic constants in both (R3¢ and C2/m) phases increase
almost linearly with increasing pressure, at least within the
pressure range investigated here. Table II also presents the
variation of the elastic constants for the 0 < P < 150 GPa
range, with a linear fitting C;;(P) = C;;(0) + «;;P, where
Qi = BC,]/BP

The elastic constants of a material allow us to understand
how it responds to external loads. On the other hand, from
a geophysical point of view, the isotropic elastic constants
determine how an isotropic mineral aggregate responds to an
acoustic seismic wave. Those isotropic constants are generally
computed with the Voigt-Reuss-Hill averages [20], using
the computed elastic constants. Table II also presents those
isotropic elastic constants for the R3¢ and C2/m phases.

By comparing the independent elastic constants of MgCO;
with the respective ones of MgSiOj; in the perovskite structure
(Pbnm), it is possible to observe that elastic constants of
MgCOj; are considerably smaller than those in MgSiO;. Those
results suggest that incorporation of carbon atoms in a MgSiO,
matrix, in substitutional Si sites, softens the material, and
could be a favorable process under high pressure conditions.
Therefore, carbon incorporation in a MgSiO; aggregate should
be energetically favorable in the lower mantle, and carbon
could be dissociated within a MgSiO; matrix.

Figure 3 shows the acoustic wave velocities of MgCO;
along several crystalline directions in the R3¢ and C2/m
phases, at the transition pressure (P = 76 GPa). According to
the results, variations of the acoustic wave velocities for the two
phases differ substantially, which indicates that there are major
differences in their acoustic wave propagation, which may
be quantified by the respective anisotropies. The anisotropy
is obtained by the variations in the P and S acoustic wave
velocities [38]. Figure 4(a) displays the anisotropy of MgCO;
in the R3¢ and C2/m phases. Overall, anisotropy is larger

104112-3



PHYSICAL REVIEW B 94, 104112 (2016)

M. L. MARCONDES, J. F. JUSTO, AND L. V. C. ASSALI

6L8°0 6S 9 L8L'] 96 v8Y°1 LE 9% 6£6°0 97 o ¥8E°1 86 8IT'1 8L 68 €8¢l LLY 181 7
Y6L'E 101 1€l TeLe WL 9ESH 1L 16 (49N 6L L6 ST9°¢ L81  LO6E 611 651 6FYE 9T +9T 3
070 4 o)

SEV0 ¥ €

88€°0 6¢ )

8€Y'T 3% SOLY 4% 19 89L°C 611 YT 9Pl €61 )

01S°0 vl ! $90°0 43 15
609°0 0T ¥T 0€E'1 0T ¥4 9pL0 0T ST e}
IS¥°¢ 8¢ €L SI8¢C IS ¥S8'1 8T 6¢ ST8Y S L T60°€ 69 wor'e 09 IL 8Y€°T Lyl 9¢1 €1
0cr'e 1L 8 798°1 €8 LLY'Y 09 SL 60t'S 8¢ 8L (1S a4 9¢1  peeE YL S8 LEEE  tPI 91 D
0€S°0 €l 661°C ot 61 LST'T (44 STo'l L¥1 961 97

LYl L1 €101 T 8T 008°0 €01 8780 98I €L )

0£9°0 o 9% 6€1°C 99 020°1 6¢ Ly TS0°1 e 6¢ IST°1 6S €Il 8¢ 9 9% Yoo  coc "D
788°C 121 €Il 6979 €€€ T99°¢ 86 0Tl L90°€ 8 6 LYL'S 9¢¢ WOV 8SI 991  +8S°S S8y vy D
9169 €8C  StI'L  OIl vel €96t 81t N9 LES  ¥PS D

867°S S0T 87T 1¥1°9 0Tl ¥96'L L1 0Ic 85§59 81 LLT SISt €Pe 08¢ 192 €8T  IS9¢ w8y 6Ly D

WO ad w0 WP gD @ D wd P ) wd P D P D gd P )
(€¥) “(*0D)eDISIN (uuw g ) £0De) (uud) t0Ded (o¢¥) £0D'D (w/72) *008IN (o£¥) *00SIN (wugd) OSSN

*SSQ[UOISUSUWIIP JB SOAT)BALIOP
112y} pue ‘BdD UI USAIS dre sjueIsuod onseld “([S¢] Jou) “OISTIN pue ‘([pe ce] "sjod) YE0D)BDSIN “([2e‘ 1€l sjod) €00eD “([0€] Jo¥) “OD3IN 10§ Cmov sonfea [ejuowLIadxa d[qe[reAe pue
(de/ N.mom = Nmav armssa1d gIIm SIUEISUOD JNSE[S JO UONELIEA 3y} sjuasaid Os[e S[qe) YL, ‘[euonouny V] yiam pajndwod se ‘amssard yirm JOIABYaq 1Y) pue () = 4 e (sseyd wuq ur) OISV

pue “(aseyd €y ur) YEOD)DSIN “(soseyd g pue ‘uoutg ‘ogy ur) LoD ‘(sdseyd w /g pue gy ur) QDS Jo (1 pue ) (npow onserd pue () SIueIsUod dnserd I ATAVL

104112-4



CARBONATES AT HIGH PRESSURES: POSSIBLE ...

16
R3c —

14 } C2/m— i
— %
L 12} -
&
< 10 F [
- P
=
8 st} ]
©
> 7%

6 >< T

4t %)

001 (010) (100) (001) (111)

Direction

FIG. 3. Acoustic wave velocities of MgCO; in R3c (red lines)
and C2/m (blue lines) phases, along several crystalline directions, at
the transition pressure P = 76 GPa.
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FIG. 4. Anisotropy of the acoustic wave velocities (Vp, Vs;, and
Vs2): (a) MgCOj in the R3c (red lines) and C2/m (blue lines) phases;
(b) CaCOj in the R3c (red lines), Pmcn (green lines), and Pmmn
(orange lines) phases.
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FIG. 5. (a) Isotropic elastic constants (K and w) and (b) density
(p) of MgCO; (red lines), CaCO; (green lines), and MgCa(COs3),
(blue lines) in several stable phases.

in the R3¢ phase than in the C2/m one. The anisotropy of
MgCO; in those two phases are considerably different in the
transition pressure (P = 76 GPa). Therefore, there is a major
reduction in the overall anisotropy of the MgCOj as it follows
such phase transition. Those results could have important
geophysical implications [39].

Once having the isotropic elastic constants and densities
at any pressure, shown in Fig. 5, it is possible to obtain the
respective isotropic acoustic wave velocities. Figure 6 shows
those velocities in MgCO; aggregates, in the pressure ranges
of stability of the R3¢ and C2/m phases. According to the
figure, the isotropic wave velocities (Vp and Vs) increase with
pressure. The figure also shows, as a reference, the respective
isotropic wave velocities of MgSiO; aggregates, in perovskite
(Pbnm) and post-perovskite (Cmcm) phases. The Vp and Vg
acoustic wave velocities are considerably smaller in MgCO;
than in MgSiO; at any pressure. Such behavior is a result
of the smaller elastic constants of MgCO; as compared to
those of MgSiO;, despite also smaller densities. Particularly
in the phase transition pressure of MgCO; (P = 76 GPa),
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FIG. 6. Isotropic acoustic wave velocities (Vp and Vs) of MgCO,
(red lines), CaCOj; (green lines), and dolomite MgCa(CO;), (blue
lines) aggregates. For reference, the wave velocities of MgSiO,
aggregates (black lines) are also shown. The full and dashed lines
represent the velocities for a mineral in its stable phase at each
pressure. For MgSiO;: Pbnm (full lines) and Cmcm (dashed lines)

phases; for MgCO5: R3c (full lines) to C2/m (dashed lines), and for
CaCOs: Pmcn (full lines) to Pmmn (dashed lines).

there is a variation of 2.4% and 6.6% in the Vp and Vg
acoustic velocities, respectively. Those small variations across
the phase transition of MgCO; hamper an identification of such
transition, by observing the acoustic waves in this mineral. In
terms of geophysics, this transition may not be observed in the
lower mantle. Considering the possible mild concentrations of
MgCO;, when compared to major mantle minerals MgSiO;
and MgO, this change on wave velocities would be minimized.
Additionally, there are several other important phenomena
occurring in the lower mantle at the depths associated with
this pressure range, such as the spin transition on those major
mantle minerals [40].

A comparison of the isotropic acoustic wave velocities
between MgCO; and MgSiO; aggregates at pressures over
100 GPa, presented in Fig. 6, may shed some light on
the physical and chemical properties of the deep layers
of the lower mantle. At those pressures, MgCOj; is stable
in the C2/m phase while MgSiO; is either in the per-
ovskite (P < 100 GPa) or post-perovskite (P > 100 GPa)
phase [41]. It is well established in the literature that there
are regions in the bottom of the lower mantle, close to the
core mantle boundary, in which slow acoustic waves are
observed [42]. Those regions, which have distinct properties,
are labeled as ultra-low velocity zone (ULVZ), large low shear
velocity provinces (LLSVP), or D” [42,43]. The ULVZ is
characterized by a major reduction on the S and P acoustic
wave velocities. Several models have been proposed to explain
the properties of those regions in the lower mantle, with
suggestions of partial melting, high iron concentrations, iron
partitioning, presence of water, and even another phase for the
main mantle constituent MgSiO; (post-perovskite) [41,44].

PHYSICAL REVIEW B 94, 104112 (2016)

The nature of those regions are considerably distinct, with
different physical or chemical origins, and even different
temperature profiles. Considering the profile of some of those
low velocity zones, particularly their sharp boundaries, it is
clear that only differences in thermodynamic properties could
not explain their properties. Some chemical differentiation
should be evoked to explain those properties [45].

In the light of our results, we explore the possibility that
some of those low-velocity regions could be associated with
the presence of carbonates near the core-mantle boundary.
Those deep regions in the mantle are associated with pressures
in the 100-130 GPa range. According to Fig. 6, for that
pressure range, a MgCO; aggregate has seismic velocities
considerably smaller than those of MgSiO;, by more than 10%
in the S waves and about 5% in the P waves. Therefore, those
results suggest that MgCO; could be present in the deep lower
mantle, and it could be the mineral responsible for the low
velocities observed at those depths. Moreover, those results
also provide an additional evidence that carbon could be stored
in deep Earth as a carbonate mineral.

IV. PROPERTIES OF CaCO;

Along with MgSiO; and MgO, CaSiO; is a major mineral
in the Earth’s lower mantle. However, the evidence of presence
of carbon in the mantle raises the question on how it would be
incorporated within those major minerals. While the previous
section discussed the physical properties of MgCO;, this
section discusses the physical properties of CaCOj3, another
mineral in which carbon could be incorporated in the lower
mantle. This mineral has a structure that is considerably
more complex than the one of MgCO;, having several stable
polymorphous for pressures in the range of the Earth’s mantle.

Although CaCOj; can be stabilized at the aragonite structure
(Pmcn) at ambient conditions, calcite (R3c) is the energeti-
cally favorable phase [13]. Calcite transforms into aragonite at
2.4 GPa and stays in this phase up to about 40 GPa, where
there is a phase transition to the post-aragonite (Pmmn)
structure. CaCO; has also other polymorphs, such as the
vaterite structure.

Calcite belongs to the spacial group R3c, similar to the
magnesite structure, in which each calcium atom has six
nearest neighboring oxygen atoms and each carbon atom
has three nearest neighboring oxygen ones. Therefore, calcite
is expected to have structural and elastic properties similar
to magnesite, only taking into account the difference in
their covalent radii (Ryg = 150 pm and Rc, = 180 pm).
The equation of state of each CaCO3; phase was established
by searching for the equilibrium configuration for pressures
ranging from —15 to 150 GPa, using both LDA and GGA
functionals. Then, the structural parameters for null pressure
were determined by fitting the results to a Birch-Murnaghan
equation of state.

Table I presents the structural parameters of CaCOj in the
R3¢ structure at equilibrium conditions (P = 0), obtained
with LDA and GGA functionals. All structural parameters
are within 3% from experimental data [22,23]. The lattice
parameters of CaCOj; are about 10% larger than those of
MgCO;, which is consistent with the larger covalent radius
of Ca atoms as compared to Mg ones. In terms of the bulk
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(orange line) phases, with respect to R3¢ one (red line).

modulus of the R3¢ phase, the LDA and GGA functionals
give results in good agreement with the experimental value.
According to the results, CaCOj; is considerably softer than
MgCO;.

For high pressures, CaCO; may follow several structural
phase transitions. Therefore, in order to explore the elastic
properties of this mineral at high pressures, it is impor-
tant to determine the stable structures at those pressures.
Figure 7 shows the relative enthalpy of several CaCO; phases
for pressures up to 150 GPa, as computed with LDA and GGA
functionals. For the LDA functional, our results indicated that
the aragonite (Pmcn) is already stable at P = 0. In fact, the
LDA functional predicts a phase transition from calcite (R3c)
to aragonite (Pmcn) at P = —2 GPa, while experimental
data indicates that this transition occurs at P =2.4 GPa
[46]. Additionally, this functional predicts a transition from
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FIG. 8. Equation of state of CaCOs; in the aragonite (Pmcn)
phase, computed with the LDA (full lines) and GGA (dashed lines)
functionals. Experimental data are from Refs. [48] () and [49] (V).

aragonite (Pmcn) to post-aragonite (Pmmn) at P = 38 GPa,
which is in good agreement with experimental results [47]. On
the other hand, the GGA functional predicts those transitions,
respectively, at 4 GPa and 40 GPa, also in good agreement
with experimental data.

Figure 8 shows the equation of state of aragonite, compared
to experimental results in the pressure range in which it is
stable. The LDA functional underestimates the volume by
about 6.0% and the GGA one overestimates it by about 3.0%.
Although the GGA functional provides a better description
on the structural properties and phase transition of CaCOs,
as compared to experimental data, the following paragraphs
present its elastic properties using the LDA functional. This
is motivated by the fact that the major focus is on the high
pressure properties of CaCOj3, associated with those found in
the Earth’s lower mantle, in which the LDA functional provides
consistent results in terms of phase stability. Furthermore,
the results obtained with the LDA functional allow a better
comparison with the elastic properties of MgCO;, also
computed with LDA functional, and presented in the previous
section.

Table II presents the elastic constants of CaCOs. In calcite
phase (R3c), CaCOj has six independent elastic constants, and
in aragonite (Pmcn) phase it has an orthorhombic structure
with nine independent elastic constants. As expected, the LDA
functional overestimates all elastic constants, as compared to
experimental values [31,32]. The table also presents the elastic
constants of CaCOs in the post-aragonite (Pmmn) phase,
indicating that the elastic constants of the post-aragonite phase
are larger than those in the aragonite one.

Figure 4(b) shows the anisotropy of CaCOj3 in the R3c,
Pmcn, and Pmmn phases. Clearly, there are considerable
differences in anisotropy for those phases, particularly at low
pressures. Additionally, the results indicate that CaCO3 is more
anisotropic than MgCO; in the pressure range investigated
here.
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Figure 5 shows the isotropic elastic constants of CaCOj3
aggregates in the R3¢, Pmcn, and Pmmn phases, and Fig. 6
shows the respective isotropic acoustic wave velocities. The
figure also shows, as a reference, the isotropic wave velocities
of MgSiO; and MgCO; aggregates. First of all, in the Pmcn
to Pmmn phase transition (at P = 38 GPa), there is a
large increase in the Vp and Vg isotropic wave velocities of
CaCOs. Additionally, the wave velocities are considerably
smaller in CaCOs than in MgSiO; and MgCO; aggregates,
which results from its smaller elastic constants. Those results
are particularly important for the region of about 100 to
120 GPa, which corresponds to the bottom of the lower
mantle. The CaCOj3 aggregates, which would be stable in the
post-aragonite phase (Pmmn) at those pressures, have acoustic
wave velocities (Vp and Vi) that are much smaller than those
of the major lower mantle constituent MgSiO;. Therefore,
the presence of CaCO; aggregates could also explain the
existence of low velocity regions in the bottom of the lower
mantle.

V. PROPERTIES OF MgCa(CO3),

There is an additional carbonate phase that deserves
attention from a perspective of minerals that could be present
in the lower mantle. Since in CaCO; (MgCOs;) there are
two types of Ca (Mg) sites, in the primitive cell, the
replacement of a Ca (Mg) atom by a Mg (Ca) atom generates
the dolomite, with the chemical symbol MgCa(COs3),. It is
well documented in the literature that dolomite decomposes
in aragonite plus magnesite at high pressures [50,51]. By
comparing the enthalpies of MgCa(CO3), in the dolomite
phase with that of the mix of CaCOj; in the magnesite phase
plus MgCO; in the calcite phase, computed with the LDA
functional, we found that MgCa(CO3), is stable only up to
40 GPa, decomposing into CaCOj; plus MgCO; at higher
pressures. Although at high pressures dolomite breaks up
into aragonite plus magnesite [51-53], experimental studies
have shown that these minerals should be stable at upper
mantle conditions [50,51,53]. Therefore, it is still interesting
to explore its physical properties.

Dolomite was simulated for pressures from —15 to 150
GPa, and the results were fitted to a Birch-Murnaghan equation
of state. Dolomite has a rhombohedral crystalline structure
and belongs to the R3 spatial group, where each Ca or Mg
atom has eight nearest neighboring oxygen atoms. Table I
displays the results of the equation of state obtained with
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LDA and GGA functionals, which show trends equivalent to
those presented by the other minerals. Comparing the results
of the lattice parameters and bulk modulus of MgCa(CO3),
with those of CaCO; and MgCO;, they lie between the
respective ones of magnesite and calcium carbonate minerals.
In terms of elasticity, dolomite has seven independent elastic
constants. Table II presents the theoretical elastic constants
of dolomite, computed with the LDA functional, which are
compared to experimental values [33,34]. Figures 5 and 6
show, respectively, isotropic elastic constants and isotropic
acoustic wave velocities of dolomite. The wave velocities in
this mineral are considerably smaller than those in the MgSiO;
aggregates, at any pressure, remarkably for pressures up to
40 GPa.

VI. SUMMARY

In summary, we performed a first principles investiga-
tion on the structural and elastic properties of MgCO;,
CaCO3, and MgCa(CO3), minerals at high pressures (up to
150 GPa), computed with LDA and GGA functionals. All the
theoretical results for those minerals were in good agreement
with available experimental data. The results allowed us to
establish the elasticity of those minerals at high pressures.
Particularly, the elastic constants allowed us to compute the
isotropic acoustic wave velocities at high pressures. The results
indicated that the S and P acoustic wave velocities in those
carbonates are considerably smaller than the respective ones in
MgSiO;. Since MgSiO; is the main lower mantle constituent,
these results indicated that the presence of regions rich in
carbonates, either MgCO; or CaCOs3, in the lower mantle
would cause a reduction on the acoustic wave velocities.
This represents an additional model to explain the presence
of several low-velocity zones in the lower mantle, observed
near the core-mantle boundary. Those results also offer an
additional model to explain where carbon could be stored in
the deep mantle.
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