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Constraining the flux of carbon in and out of the interior of the Earth due to long-term geological 
processes is important, because of the influence that it has on climate change. On timescales of billions 
of years, host minerals such as carbonate phases could play a significant role in the global carbon cycle, 
transporting carbon into the lower mantle as a component of subducting slabs. We use density functional 
theory based calculations to study the high-pressure, high-temperature phase stability of Mg1-xFexCO3. 
Our results show that iron-rich phases, where carbon is in tetrahedral coordination, are only stable at 
lower mantle conditions due to their magnetic entropy, which is also responsible for the unusual shape 
of their phase boundary. Low-pressure carbonate phases are found to be highly anisotropic, but high-
pressure carbonate phases are not, which has important implications for their seismic detectability. Our 
work confirms that future discussions of the global carbon cycle should include the deep Earth.

© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The global carbon cycle is of great importance, due to its in-
fluence on climate change (Dasgupta and Hirschmann, 2010). It 
describes the distribution and exchange of carbon between major 
reservoirs, such as the atmosphere, crust, mantle and core. Stud-
ies of the global carbon cycle have often focused primarily on the 
atmosphere, oceans, and shallow crustal environments, referred to 
as the “near-surface cycle” (Hazen and Schiffries, 2013). While this 
works well for short time scales, to predict long-term changes in 
the concentration of CO2 in the atmosphere it is necessary to in-
clude exchange between the surface and interior of the Earth. Car-
bon enters the interior of the Earth via subduction of carbonate-
bearing slabs (Dasgupta and Hirschmann, 2010). Carbonates are 
believed to persist into the mantle, provided that a slab follows 
a very cold subduction geotherm (Syracuse et al., 2010), which 
precludes their melting (Kakizawa et al., 2015; Thomson et al., 
2016) or reaction with SiO2 (Drewitt et al., 2019; Kakizawa et 
al., 2015; Maeda et al., 2017). Low solubility of carbon in man-
tle minerals, suggests that, once in the mantle, carbon is stored as 
either carbonates or diamond (Panero and Kabbes, 2008; Shcheka 
et al., 2006), depending on the local oxidation state (e.g. Stagno 
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et al., 2011). Support for this idea comes from reports of carbon-
ates as inclusions in natural diamonds originating from the lower 
mantle (Brenker et al., 2007). In view of this, constraining the high-
pressure stability of carbonates is essential for understanding the 
global carbon cycle.

The most common carbonate minerals on the surface of 
the Earth are calcite (CaCO3), dolomite (CaMg(CO3)2), magnesite 
(MgCO3) and siderite (FeCO3), which adopt the R3c structure at 
ambient conditions, except for dolomite which has the R3 struc-
ture. Theoretical studies indicate that MgCO3 is the probable host 
of carbon in the mantle, since MgCO3+CaSiO3 is more stable than 
CaCO3+MgSiO3 to lower mantle pressures (Oganov et al., 2008; 
Pickard and Needs, 2015; Santos et al., 2019; Zhang et al., 2018). 
The high-pressure phase stability of MgCO3, has been well stud-
ied (Boulard et al., 2011; Isshiki et al., 2004; Maeda et al., 2017; 
Oganov et al., 2008; Pickard and Needs, 2015; Santos et al., 2019; 
Zhang et al., 2018) with the general consensus that the C2/m
structure is stable at lower mantle conditions.

In nature, MgCO3 exists as a solid solution with FeCO3, with 
Mg1-xFexCO3 in eclogite (in the upper mantle) expected to have 
about 0.16 < x < 0.21, while that in peridotite (in the lower 
mantle) expected to have about x = 0.07 (Dasgupta et al., 2004; 
Dasgupta and Hirschmann, 2006; Sanchez-Valle et al., 2011). Most 
previous experimental investigations of Mg1-xFexCO3 have con-
centrated on iron-rich compositions, which exhibit complex high-
pressure chemistry (Boulard et al., 2015, 2012, 2011; Liu et al., 
2015; Merlini et al., 2015). Common features of the main high-
pressure phases observed in these studies are: iron exists as Fe3+
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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and carbon is in tetrahedral coordination (Boulard et al., 2015, 
2012, 2011; Merlini et al., 2015). Three out of four studies report 
(C3O9)6− rings (Boulard et al., 2015, 2012, 2011).

Experimental investigations of pure FeCO3 report that the R3c
structure is stable up to, at least, 130 GPa at 300 K, with a 
pressure-induced spin transition occurring at about 45 GPa (Ceran-
tola et al., 2015; Farfan et al., 2012; Lavina et al., 2010b, 2009; 
Mattila et al., 2007; Weis et al., 2017). In contrast, at 1500 K and 
above, Boulard et al. (2012) observed a high-pressure phase co-
existing with other run products above about 40 GPa. This was 
assigned a Fe4C3O12 composition, but the atomic positions were 
unresolved. Liu et al. (2015) observed a high-pressure phase at 
similar conditions, above about 50 GPa, at 1400 K, but reported 
it to have a FeCO3 composition. Structure refinement showed that 
the Pmm2 space group best fit their X-ray diffraction pattern, but 
the atomic positions were unresolved. In a more recent study by 
Cerantola et al. (2017), FeCO3 was found to break down above 70 
GPa at 1400 K, forming a complex series of decomposition prod-
ucts as temperature and pressure are increased. The first of these 
was found to have the same chemical composition (Fe4C3O12) as 
the high-pressure phase of Boulard et al. (2012) and a structure 
consistent with the X-ray diffraction pattern of the high-pressure 
phase reported by Liu et al. (2015), suggesting that they are the 
same. Furthermore, Cerantola et al. (2017) were able to resolve 
the crystal structure, finding it to be a tetrairon(III) orthocarbon-
ate, containing CO4 tetrahedral units. Despite apparent observation 
of the same high-pressure structure, the phase diagrams of the in-
vestigations differ somewhat. For example, Liu et al. (2015) observe 
the formation of their high-pressure phase at 50 GPa, while at this 
pressure Cerantola et al. (2017) still find FeCO3 (R3c) to be stable. 
Between 70–120 GPa and 1500–2200 K, Liu et al. (2015) only ob-
serve FeCO3 (R3c) and their high-pressure phase, whereas Boulard 
et al. (2012) observe Fe4C3O12 co-existing with diamond and iron 
oxides, and Cerantola et al. (2017) observe various combinations of 
co-existing Fe4C3O12, Fe4C4O13 and iron oxides. In the latter two 
studies the phase boundary was also poorly constrained.

In the present work, we perform density functional theory 
(DFT) calculations to examine the phase relations of Mg1-xFexCO3
at lower mantle conditions. Our results illustrate the importance 
of including temperature when investigating phase behaviour, with 
significant differences found in the results of 0 K and high temper-
ature calculations. In particular, our results indicate that magnetic 
entropy plays a significant role in stabilizing Fe4C3O12 + C (dia-
mond) and is the reason for the unusual shape of its phase bound-
ary. For lower iron concentrations, our results suggest a phase 
transition from the R3c to C2/m structure at about 75 GPa, with a 
small binary phase loop of a few GPa. In addition, we find the cal-
culated seismic anisotropy of the high-pressure phases to be much 
smaller than that of the low-pressure phases, which has implica-
tions for their potential seismic detectability.

2. Calculation details

2.1. Crystal structures

In order to study the high-pressure phase behaviour of MgCO3
and FeCO3, we considered a number of structures. For MgCO3 we 
considered the R3c, C2/m, P 212121, P 21/c and P -1 structures pro-
posed in previous investigations (Oganov et al., 2008; Pickard and 
Needs, 2015; Santos et al., 2019; Zhang et al., 2018). For FeCO3 we 
considered FeCO3 (R3c), FeCO3 (C2/m) proposed by Boulard et al. 
(2012) and Fe4C3O12 recently reported by Cerantola et al. (2017). 
Crystal structures of all phases are shown in Supplementary Mate-
rial Figs. S1–S6.
2.2. First-principles calculations

First-principles calculations were performed using VASP (Kresse 
and Furthmüller, 1996a, 1996b), employing the projector aug-
mented wave (PAW) method (Blöchl, 1994; Kresse and Joubert, 
1999), within the framework of density functional theory. For 
most calculations the PBE exchange-correlation functional was 
used (Perdew et al., 1996), but we also performed some calcula-
tions using a modified version of the HSE06 exchange-correlation 
functional (Krukau et al., 2006), to study reactions containing both 
Fe2+ and Fe3+ (discussed below). The valence electron config-
urations for the potentials were 2p63s2 for Mg, 3d74s1 for Fe, 
2s22p2 for C, and 2s22p4 for O. The kinetic-energy cut-off for the 
plane-wave basis set was set to 850 eV. For calculations of lat-
tice parameters and internal energies unit cells were used and the 
Brillouin zone sampled using the following Monkhorst-Pack grids 
(Monkhorst and Pack, 1976): 6 ×6 × 6 for the R3c structures of 
MgCO3 and FeCO3 (10 atoms), 2 × 2 × 2 for the C2/m, P 212121, 
P 21/c and P -1 structures of MgCO3 and FeCO3 (30–60 atoms), 
2 × 2 × 2 for Fe4C3O12 (38 atoms (primitive cell)) and 6 × 6 
×6 for diamond (2 atoms). The break condition for the electronic 
self-consistent loop and ionic relaxation were 10−6 and 10−5 eV, 
respectively. These parameters ensured that energies were con-
verged to within 1 meV/atom and elastic constants to within a 
few percent.

It is well-known that standard density functional theory can 
fail to predict the correct band structure of transition metal min-
erals and oxides, because of the strongly correlated d electrons 
involved (Anisimov et al., 1991). In order to accurately describe 
the properties of FeCO3 and Fe4C3O12 at high pressure, we em-
ployed the DFT+U method (Anisimov et al., 1997), in particular, 
the simplified scheme of Dudarev et al. (1998) in which only the 
difference between onsite Coulomb interaction parameter U and 
onsite exchange parameter J is meaningful. Throughout the present 
work, U is used to mean U-J. In the present study, U = 2 eV was 
found to give best agreement with experimental values for the spin 
transition pressure of iron and so was adopted for production cal-
culations of FeCO3 and Fe4C3O12.

The DFT+U method implemented in VASP uses a constant U, 
which is inappropriate for studying reactions involving Fe2+ and 
Fe3+ , as iron in different oxidation states requires a different value 
of U, e.g. in (Mg,Fe)SiO3 post-perovskite the value of U for Fe3+
is about 1 eV higher than that for (Fe2+) (Yu et al., 2012). Hybrid 
exchange-correlation functionals offer an alternative, although at a 
higher computational cost. In view of this, for all calculations of 
phase boundaries that involved both Mg1-xFexCO3 and Fe4C3O12, 
we used a modified version of the HSE06 exchange-correlation 
functional (Krukau et al., 2006) to compute internal energies.

The modification involved decreasing the fraction of Hartree-
Fock exchange from 25 to 10 percent, since a recent investigation 
showed that, for FeCO3, this leads to improved agreement with 
experimental observations (Sherman, 2009). The internal energies 
were combined with vibrational free energies calculated using the 
DFT+U method (see below) to determine their Gibbs free ener-
gies. Tests showed that the difference in the vibrational free en-
ergies calculated using the DFT+U method and modified HSE06 
exchange-correlation functional was no more than 10 meV/atom.

2.3. Thermodynamic properties

The thermodynamic properties of each phase were calculated 
using the PHON program (Alfè, 2009), based on the finite displace-
ment method. For lattice dynamics calculations, various cell sizes 
were used. For the MgCO3 phases these were: R3c (2 × 2 × 2 =
80 atoms), C2/m (1 × 1 × 1 = 60 atoms), P -1 (2 × 2 × 1 = 120 
atoms), P 212121 (1 ×1 × 1 = 60 atoms) and P 21/c (1 × 2 ×1 =



Z. Li, S. Stackhouse / Earth and Planetary Science Letters 531 (2020) 115959 3
120 atoms). For the FeCO3 phases these were: R3c (2 × 2 × 2 =
80 atoms), C2/m (1 ×1 × 1 = 60 atoms), Fe4C3O12 (2 × 2 × 2 =
304 atoms) and C (diamond) (4 × 4 × 4 = 128 atoms). For super-
cells with < 100 atoms, the Brillouin zone was sampled using 2 
× 2 × 2 k-points grids generated by the Monkhorst-Pack scheme 
(Monkhorst and Pack, 1976), while for all others only the gamma 
point was considered. These settings ensured that calculated ther-
modynamic properties were converged to within 10 meV per atom. 
In general, thermodynamic values were calculated at about 10 vol-
umes, in the pressure range from −10 to 140 GPa. These were 
fitted to a Birch-Murnaghan equation of state (Birch, 1947).

For minerals containing iron, additional terms need to be in-
cluded in the calculation of the Gibbs free energy (e.g. Tsuchiya et 
al., 2006), due to the magnetic and configurational entropy contri-
butions. The fraction of iron in the low-spin state can be computed 
as

n(P , T ) = 1

1 + m(2S + 1)exp(
�GLS−HS(P ,T )

kB T )
, (1)

where �GLS–HS (P , T ) is the calculated difference in the Gibbs free 
energy of the low-spin and high-spin states, at a particular pres-
sure and temperature. The total volume is

Vtotal = (1 − n) V HS + nV HS, (2)

where V HS is volume of the high-spin state and V LS the volume of 
the low-spin state.

The contribution from magnetic entropy is

Smag = kB(1 − n) ln
(
m(2S + 1)

)
, (3)

where m is the orbital degeneracy, S is the total spin quantum 
number and n is the fraction of iron in the low-spin state. For 
Fe2+ , m = 3 (high-spin) and m = 1 (low-spin), while for Fe3+ , m
= 1 (high-spin) and m = 3 (low-spin). For Fe2+ , S = 2 (high-spin) 
and S = 0 (low-spin), while for Fe3+ , S = 5/2 (high-spin) and S
= 1/2 (low-spin).

In a spin-crossover region, high-spin and low-spin iron is 
treated as a solid solution with configurational entropy

Sconf = −kB
[
(n) ln(n) + (1 − n) ln(1 − n)

]
, (4)

where kB is Boltzmann’s constant and n the fraction of iron in the 
low-spin state. The total Gibbs free energy of a phase is thus

Gtotal(P , T ) = nGLS(P , T ) + (1 − n)GHS(P , T ) − T (Sconf + Smag),

(5)

where P is pressure, T is temperature, GHS (P , T ) the Gibbs free 
energy of the high-spin state, GLS (P , T ) the Gibbs free energy of 
low-spin state, n the fraction of iron in the low-spin state, Smag
the magnetic entropy and Sconf the configurational entropy.

For phase transitions in pure end-members, phase boundaries 
were calculated from the difference in their Gibbs free energies, 
at a given pressure and temperature. For solid solutions they were 
determined from the co-tangent of the Gibbs free energies, in a 
similar manner to the method reported by (Metsue and Tsuchiya, 
2012), making the assumption that we have ideal mixing and that 
the spin transition pressure is independent of composition (Fu et 
al., 2017; Hsu and Huang, 2016; Lavina et al., 2010a; Lin et al., 
2012; Liu et al., 2014; Merlini and Hanfland, 2013; Spivak et al., 
2014).
2.4. Elastic and seismic properties

In order to determine the six independent elastic constants of 
MgCO3 (R3c) and FeCO3 (R3c), one rhombohedral (for c13 and 
c33) and two monoclinic strains (for c11, c12, c14 and c44) were 
applied to the optimized structures. Corresponding stresses were 
computed by relaxing atomic positions in the strained configura-
tions, with the lattice constants kept fixed. Elastic constants were 
then calculated from simple stress-strain relations, by the fitting of 
a second-order polynomial.

It should be noted that MgCO3 (R3c) and FeCO3 (R3c) have 
two settings. One has 10 atoms in the unit cell (rhombohedral 
setting) and another has 30 atoms (conventional setting). For com-
putational efficiency, the rhombohedral setting was used in all cal-
culations. While the total energy is unchanged under coordinate 
transformations, elastic constants do change. For the convenience 
of comparing with previous results, the following cartesian com-
ponents are used:
⎛
⎜⎜⎝

0 aR sin θ
2 aR cos θ

2

−
√

3
2 aR sin θ

2 − 1
2 aR sin θ

2 aR cos θ
2√

3
2 aR sin θ

2 − 1
2 aR sin θ

2 aR cos θ
2

⎞
⎟⎟⎠ , (6)

where aR is the length of arbitrary axis (aR , bR or cR ) since they 
are equal, R means this setting is rhombohedral and θ is the angle 
between two axes.

The relation between lattice parameters in rhombohedral and 
conventional setting is expressed as

ac = 2 × aR × sin
θ

2
, (7)

cc = aR × √
3 × √

1 + 2 × cos θ, (8)

where ac and cc are the lengths of the a and c axes in the conven-
tional setting, respectively. The choices of crystal orientation affects 
the sign of c14 (Golesorkhtabar et al., 2013). In the present study, 
the calculated value of c14 is negative, but in order to compare 
with previous results, it is reported positive.

The elastic constants of MgCO3 (C2/m) were calculated from six 
triclinic strains. The thirteen independent elastic constants were 
divided into six groups (c11, c12, c13, c15; c22, c23, c25; c33, c35; 
c44, c46; c55; and c66), with each group being calculated from one 
strain.

The elastic constants of Fe4C3O12 were calculated using the 
same strains used for MgCO3 (R3c) and FeCO3 (R3c), as it has sim-
ilar R3c symmetry.

The anisotropy factor for V P (A P ) is defined as

A P = 2 × V P ,max − V P ,min

V P ,max + V P ,min
× 100%, (9)

where V P , max and V P , min are the maximum and minimum com-
pressional wave velocities. The analogous polarization anisotropy 
factor for V P (A S ) is defined as

A S = V s1 − V s2

V s
× 100%, (10)

where V S1 and V S2 are the shear wave velocities and V S the ag-
gregate shear-wave velocity.

2.5. Pressure correction

It is well known that GGA exchange-correlation functionals, like 
PBE, overestimate pressure. In order, to account for this, an em-
pirical pressure correction (Oganov et al., 2001), of a few GPa 
is applied to all of our results. A single pressure correction was 
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Fig. 1. Phase diagram of MgCO3. The experimental melting curve (Solopova et al., 
2015) is shown as a grey line, with the dashed portion depicting its extrapolation 
to high pressure. Solid white circles indicate conditions where experimental stud-
ies report MgCO3 (R3c) to be stable (Isshiki et al., 2004). Half-filled circles (Isshiki 
et al., 2004) and squares (Boulard et al., 2011) indicate conditions where a high-
pressure phase was observed. The black dashed line is a mantle geotherm (Stixrude 
and Lithgow-Bertelloni, 2011).

calculated for all MgCO3 phases and all FeCO3 phases, based on 
experimental data for the R3c structure. For more details please 
see Supplementary Material Table S1.

3. Results and discussion

3.1. Phase diagram of MgCO3

Our computed phase diagram for MgCO3, based on the cal-
culated Gibbs free energies of the R3c, P -1, C2/m, P 21/c and 
P 212121 phases is shown in Fig. 1. In agreement with the work 
of Zhang et al. (2018), we find a direct transition from the R3c
structure to the C2/m structure at about 75 GPa at all tempera-
tures above 1000 K, with the P -1 structure being stable over a 
short pressure range at lower temperature. The phase boundary 
at 75 GPa is in agreement with the predictions of Oganov et al. 
(2008) and observations of Boulard et al. (2011) and Maeda et al. 
(2017), but conflicts with the work of Isshiki et al. (2004), who 
found the R3c phase to be stable above 100 GPa at 2000 K. In 
contrast to Zhang et al. (2018), we find the P 21/c structure to be 
stable in a small region at about 130 GPa, below about 500 K. 
However, the difference in the Gibbs free energies of the P 21/c
and C2/m structures is only a few meV/atom at these conditions. 
The P 212121 phase is found to be stable at pressures higher than 
those expected in the lower mantle, as reported by others (Pickard 
and Needs, 2015; Zhang et al., 2018).

Comparison of the sequence of phase transitions predicted at 
lower temperature, with that expected along a geotherm (Stixrude 
and Lithgow-Bertelloni, 2011) reveals some significant differences. 
In particular, the P -1 and P 21/c structures, which are stable at 0 
K, are unstable above about 700 K. This shows the importance of 
including temperature in studies of phase stability. Our calculations 
indicate that it is the C2/m phase that is stable in the lowermost 
mantle. The C2/m structure comprises (C3O9)6− rings, similar to 
those reported in high-pressure phases of iron-rich compositions 
(Boulard et al., 2015, 2012, 2011), discussed next.

3.2. Spin state of iron in FeCO3 and Fe4C3O12

In order to investigate the phase diagram of FeCO3 it is essen-
tial to first determine the correct spin state of iron in the various 
Fig. 2. Calculated enthalpy difference between high-spin and low-spin FeCO3 (R3c) 
at 0 K, using PBE, DFT+U (U = 2 eV) and DFT+U (U = 4 eV). Using the same 
approximation, ferromagnetic and antiferromagnetic FeCO3 (R3c) exhibit almost 
identical spin transition pressures. Inclusion of U shifts the spin transition to higher 
pressure, as expected. (For interpretation of the colours in the figure(s), the reader 
is referred to the web version of this article.)

phases being considered. In the present work, we consider FeCO3
(R3c) and the Fe4C3O12 phase reported by Cerantola et al. (2017). 
In addition, we consider FeCO3 (C2/m), as the iron end-member of 
the most stable MgCO3 phase at lower mantle conditions.

Our calculated 0 K enthalpy differences between high-spin and 
low-spin FeCO3 (R3c) are shown in Fig. 2. Calculations were per-
formed with the PBE exchange-correlation functional (Perdew et 
al., 1996) and with the addition of a Hubbard U correction (Anisi-
mov et al., 1997; Dudarev et al., 1998) (DFT+U), using effective 
U values of 2 eV and 4 eV. At 0 GPa, both PBE, and DFT+U 
(U = 2 eV) predict a ferromagnetic ground state, while DFT+U 
(U = 4 eV) predicts an antiferromagnetic ground state. The true 
ground state is antiferromagnetic (Badaut et al., 2010). To obtain 
an antiferromagnetic ground state using standard DFT function-
als, spin-orbit coupling (SOC) must be included in the calculations 
(Badaut et al., 2010). Since the enthalpy difference between the 
ferromagnetic and antiferromagnetic states is small (3 meV/atom 
at 0 GPa) and physical properties of the ferromagnetic and anti-
ferromagnetic structures are almost identical (Supplementary Ma-
terial Table S2), neglect of SOC should not affect our results and is 
therefore not included in our calculations.

Using PBE we calculate a high-spin to low-spin transition pres-
sure of about 20 GPa (Fig. 2). Inclusion of U shifts the spin transi-
tion to higher pressures, about 40 GPa for U = 2 eV and 70 GPa for 
U = 4 eV, as expected. The difference in the spin transition pres-
sures calculated for ferromagnetic and antiferromagnetic structures 
is, at most, 2 GPa. Experimental and theoretical studies of FeCO3
(R3c), report a spin transition pressure of about 45 GPa (Ceran-
tola et al., 2015; Farfan et al., 2012; Hsu and Huang, 2016; Lavina 
et al., 2010b, 2009; Mattila et al., 2007; Weis et al., 2017). Studies 
of a wide range of compositions of Mg1-xFexCO3 (x = 0.05-1) re-
port similar spin transition pressures, in the range 40-52 GPa (Fu 
et al., 2017; Hsu and Huang, 2016; Lavina et al., 2010a; Lin et al., 
2012; Liu et al., 2014; Merlini and Hanfland, 2013; Spivak et al., 
2014), confirming suggestions that the concentration of iron has 
little effect on spin transition pressure.

Shi et al. (2008) report a spin transition pressure of 28 GPa for 
FeCO3 (R3c), using DFT+U (U = 4 eV), which is much smaller than 
our value of 70 GPa. The reason for this difference is not clear. Far-
fan et al. (2012) report a spin transition pressure of 44 GPa using 
PBE, which is much higher than our value of 20 GPa. This could 
be because they allowed spin to vary freely during their structural 
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relaxations, allowing the magnetic moment to decrease gradually 
as the spin transition pressure is reached, before undergoing mag-
netic collapse.

Temperature shifts the spin transition to higher pressure and 
leads to a mixed-spin region, where high-spin and low-spin iron 
co-exist (Hsu and Huang, 2016; Liu et al., 2014) (Supplementary 
Material Fig. S7). Our calculated spin transition pressure at 300 K 
(defined as the pressure at which n = 0.5, where n = fraction of 
low-spin iron) is about 44 GPa, in good agreement with previous 
studies (Cerantola et al., 2015; Farfan et al., 2012; Hsu and Huang, 
2016; Lavina et al., 2010b, 2009; Mattila et al., 2007; Weis et al., 
2017). The width of the mixed-spin region (defined as the pres-
sure range over which 0.05 < n < 0.95) is about 4 GPa at 300 K 
and about 13 GPa at 1200 K, in good agreement with Liu et al. 
(2014), who report a width of about 4 GPa at 300 K and about 
10 GPa at 1200 K. Since DFT+U (U = 2 eV) leads to good agree-
ment with experiment, we adopt this value for all calculations of 
thermodynamic and elastic and seismic properties.

Calculated 0 K enthalpies for the high-spin and low-spin states 
of Fe4C3O12 [+ C (diamond)] and FeCO3 (C2/m) (Supplementary 
Material Fig. S8 and Table S3), indicate that they are in a high-
spin state at lower mantle pressures. Since spin transition pressure 
only increases with temperature, no spin transition is expected in 
these phases at lower mantle conditions. This supports the results 
of Cerantola et al. (2017) for Fe4C3O12, but disagrees with those of 
Liu et al. (2015). For Fe4C3O12, a mixed-spin state is more stable 
than the low-spin state at all pressures. In this mixed-spin state, 
iron atoms situated on the threefold axis are in a high-spin state, 
while all others are in a low-spin state.

3.3. Phase diagram of FeCO3

Liu et al. (2015) observed a transition from FeCO3 (R3c) struc-
ture to a high-pressure phase at about 50 GPa and 1400 K. They 
were able to resolve the space group of this new phase, but not 
atomic positions. However, more recent experimental work (Ceran-
tola et al., 2017) indicates that the high pressure phase of FeCO3
reported by Liu et al. (2015) is Fe4C3O12. Cerantola et al. (2017) re-
port a complex series of decomposition products for FeCO3 (R3c) 
between 70 GPa and 110 GPa, as temperature is increased. The 
first of these is Fe4C3O12, observed as a single phase at about 
1400 K and with other phases up to about 2250 K. The forma-
tion of Fe4C3O12 can be described by the reaction: FeCO3 (R3c) =
Fe4C3O12 + C (diamond), which we investigate here.

Calculated 0 K enthalpies for the high-spin and low-spin states 
of FeCO3 (R3c), Fe4C3O12 + C (diamond) and FeCO3 (C2/m) (Sup-
plementary Material Fig. S8 and Table S3), indicate that at 0 K 
low-spin FeCO3 (R3c) is the most stable phase, at lower mantle 
pressures. Below about 20 GPa the Fe4C3O12 structure reported 
by Cerantola et al. (2017) is found to undergo an iso-symmetric 
phase transition to a different structure identified by using FIND-
SYM (Stokes and Hatch, 2005) (Supplementary Material Table S4), 
but it is less stable than high-spin FeCO3 (R3c) in this pressure 
range. The situation is different at lower mantle temperatures.

Our calculated phase boundary between FeCO3 (R3c) and 
Fe4C3O12 + C (diamond), indicates that Fe4C3O12 + C (diamond) 
is more stable than FeCO3 (R3c) at lowermost mantle conditions 
(Fig. 3). The phase boundary was calculated using both the DFT+U 
method and a modified version of the HSE06 exchange-correlation
functional to compute internal energies. The latter should be more 
reliable for reactions where there is a change in oxidation state, as 
it does not require specification of a U value, which may vary 
with oxidation state. The phase boundary calculated using the 
modified version of the HSE06 exchange-correlation functional fits 
the experimental data well, marking the edge of the pressure-
temperature space where high-pressure phases have been ob-
Fig. 3. Phase boundary between FeCO3 (R3c) and Fe4C3O12 + C (diamond). The 
solid red line shows the phase boundary calculated using a modified version of 
the HSE06 exchange-correlational functional. The dashed red line shows the anal-
ogous phase boundary calculated using the DFT+U method, for comparison. Both 
solid white circles (Liu et al., 2015) and squares (Cerantola et al., 2017) indicate 
conditions where experimental studies report FeCO3 (R3c) is stable. Solid black cir-
cles indicate conditions where an unknown high-pressure phase is observed, while 
half-filled circles indicate conditions where FeCO3 (R3c) and the unknown high-
pressure phase coexist (Liu et al., 2015). Solid black squares indicate conditions 
where Fe4C3O12 is reported to be stable, while chequered squares (Cerantola et 
al., 2017) and diamonds (Boulard et al., 2012) indicate conditions where Fe4C3O12

coexists with other run products. The colour map indicates the fraction of low-spin 
iron in the stable phase. The white dashed line is a mantle geotherm (Stixrude and 
Lithgow-Bertelloni, 2011).

served (Cerantola et al., 2017; Liu et al., 2015). The good agreement 
with the phase boundary of Liu et al. (2015), supports the idea that 
the phase they observed was Fe4C3O12. The phase boundary calcu-
lated using DFT+U, also match reasonably well, but is about 500 K 
lower than experiments. The spin transition in FeCO3 (R3c), cal-
culated using the modified HSE06 exchange-correlation functional, 
is about 10 GPa lower than that calculated with DFT+U and ex-
periment (Cerantola et al., 2015; Farfan et al., 2012; Lavina et al., 
2010b, 2009; Mattila et al., 2007; Weis et al., 2017), highlighting 
that it is not a perfect approximation. However, both methods pre-
dict the formation of Fe4C3O12 + C (diamond) at about 50 GPa, 
along the mantle geotherm.

The unusual shape of the phase boundary and the driving force 
for the formation of Fe4C3O12 is magnetic entropy (Fig. 4). At pres-
sures above the spin transition, FeCO3 (R3c) is in a low-spin state, 
which means that its magnetic entropy is zero regardless of the 
temperature. On the other hand, Fe4C3O12 is in a high-spin state 
at all pressures considered, which means its magnetic entropy in-
creases with temperature, eventually stabilizing it with respect to 
FeCO3 (R3c), even though it has a higher lattice enthalpy. This 
is seen at 120 GPa, where the formation of Fe4C3O12 + C (dia-
mond) occurs at about 1500 K if magnetic entropy is accounted 
for, but does not occur up to 3000 K if it is neglected (Fig. 4(a)). 
The same thing is also observed for FeCO3 (C2/m). The magnetic 
entropy of FeCO3 (C2/m) increases faster than that of Fe4C3O12 +
C (diamond), since it contains ferrous iron rather than ferric iron, 
and it becomes more stable above 3000 K. The phase boundary be-
tween FeCO3 (R3c) and FeCO3 (C2/m) has a similar form to that of 
Fe4C3O12, but is about 500 K higher. Following a mantle geotherm, 
Fe4C3O12 + C (diamond) becomes stable following the onset of the 
spin transition in FeCO3 (R3c), where it loses its magnetic entropy 
(Fig. 4(b)). The unusual importance of magnetic entropy arises due 
to the high concentration of iron in the phases and the high tem-
peratures in the mantle.

Cerantola et al. (2017) report the co-existence of Fe4C4O13 with 
Fe4C3O12 above 70 GP and 1600 K, and as a single phase above 
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Fig. 4. Relative Gibbs free energy of FeCO3 (R3c), FeCO3 (C 2/m) and Fe4C3O12 + C (diamond): (a) as a function of temperature at 120 GPa and (b) along a mantle geotherm 
(Stixrude and Lithgow-Bertelloni, 2011). The dashed lines show values without the magnetic entropy contribution (shaded region). FeCO3 (R3c) has no magnetic entropy 
at 120 GPa, since iron is in a low-spin state. Following a mantle geotherm, the magnetic entropy of FeCO3 (R3c) decreases as the spin transition progresses, reaching zero 
at about 80 GPa. In contrast, the magnetic entropy of FeCO3 (C 2/m) and Fe4C3O12 + C (diamond) increases with temperature, even at high pressure, as iron remains in a 
high-spin state. This means that FeCO3 (C 2/m) and Fe4C3O12 + C (diamond) are more stable than FeCO3 (R3c) at high temperature, at pressures above the spin transition.
Fig. 5. Binary phase loop for the R3c to C 2/m phase transition, for a 
Mg0.81Fe0.19CO3 composition. Solid white circles indicate conditions where exper-
imental studies report MgCO3 (R3c) to be stable (Isshiki et al., 2004). Half-filled 
circles (Isshiki et al., 2004) and squares (Boulard et al., 2011) indicate conditions 
where a high-pressure phase was observed. The black dashed line is a mantle 
geotherm (Stixrude and Lithgow-Bertelloni, 2011).

3000 K, but it was not observed by Liu et al. (2015), which sug-
gests that, perhaps, different starting materials or experimental 
procedures can lead to the formation of different high-pressure 
phases. Determining the stability of the Fe4C4O13 phase is out of 
the scope of the present work.

3.4. Phase diagram of Mg1-xFexCO3

Previous investigations of high-pressure phases of Mg1-xFexCO3
have tended to focus on iron-rich compositions. While these may 
exist in some parts of the mantle where iron enrichment has taken 
place, it is expected that in eclogite 0.16 < x < 0.21 and in peri-
dotite x = 0.07 (Dasgupta et al., 2004; Dasgupta and Hirschmann, 
2006; Sanchez-Valle et al., 2011). Using our calculated Gibbs free 
energies for the magnesium and iron end-members of the R3c and 
C2/m phases, we determine the binary phase loop for the R3c
to C2/m transition for (Mg0.93Fe0.07)CO3 (Supplementary Material 
Fig. S9) and (Mg0.81Fe0.19)CO3 (Fig. 5). These show that iron has 
a small effect, reducing the R3c to C2/m phase transition pres-
sure by 3–5 GPa and opening up a binary phase loop of 3–5 GPa. 
One would, therefore, expect the phase transition in natural iron-
bearing carbonates, which have not undergone iron enrichment, to 
Fig. 6. Phase boundaries between Mg0.35Fe0.65CO3 (R3c), Mg0.35Fe0.65CO3 (C 2/m) 
and (0.35 MgCO3 (C 2/m) + 0.1625 (Fe4C3O12 + C (diamond))), neglecting the 
phase loop. Solid white circles indicate conditions where Mg0.35Fe0.65CO3 (R3c) 
is stable (Liu et al., 2015), while solid white squares indicate conditions where 
Mg0.6Fe0.4CO3 (R3c) is stable (Boulard et al., 2012). Half-filled circles indicate con-
ditions where a high-pressure phase, that was later identified as Fe4C3O12 (Ceran-
tola et al., 2017) is stable, while half-filled squares indicate conditions where a 
high-pressure phase of Mg0.6Fe0.4CO3 consistent with a C 2/m structure is stable 
(Boulard et al., 2012). The black dashed line is a mantle geotherm (Stixrude and 
Lithgow-Bertelloni, 2011).

occur at a similar depth in the lower mantle as that for MgCO3
(Fig. 1).

To compare our results with experimental studies of iron-rich 
compositions, we calculate the Gibbs free energies of
Mg0.35Fe0.65CO3 (R3c) and Mg0.35Fe0.65CO3 (C2/m) and consider 
their potential transformation to (0.35 MgCO3 (C2/m) + 0.1625 
(Fe4C3O12 + C (diamond))). For simplicity, the phase loop between 
the two Mg0.35Fe0.65CO3 phases, which is only about 5 GPa, is ne-
glected. The calculated boundary between the phases is plotted 
in Fig. 6. Our results indicate that above about 60 GPa and 1800 
K, Mg0.35Fe0.65CO3 (R3c) transforms to Mg0.35Fe0.65CO3 (C2/m), 
whereas at lower temperatures it transforms to MgCO3 (C2/m), 
Fe4C3O12 and C (diamond). In their study of an Mg0.35Fe0.65CO3
composition, Liu et al. (2015) reported the presence of Siderite-
II, later identified as Fe4C3O12 (Cerantola et al., 2017), close to 
our predicted phase boundary. However, they did not observe 
MgCO3 (C2/m). In another experimental study of an Mg0.6Fe0.4CO3
composition, Boulard et al. (2012) detected the formation of 
HP-(MgFe)CO3 (as well as ferropericlase, a high-pressure mag-
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Fig. 7. Elastic properties of MgCO3 (R3c). Experimental results are shown as solid white up-pointing triangles (Fiquet et al., 2002), down-pointing triangles (Litasov et al., 
2008), squares (Sanchez-Valle et al., 2011) and circles (Yang et al., 2014).
netite phase and diamond), above about 75 GPa and 2600 K. 
HP-(MgFe)CO3 is the phase reported in one of their earlier stud-
ies (Boulard et al., 2011), which is consistent with the C2/m
space group, and fits with our phase diagram. Our results indi-
cate that Fe4C3O12 will only be present along a mantle geotherm 
for Mg1-xFexCO3 (with x > 0.7), forming in an intermediate layer 
comprising (1-x) MgCO3 (C2/m) + (x/4) (Fe4C3O12 + C (diamond)) 
(Supplementary Material Fig. S10).

3.5. Elastic and seismic properties

The elastic properties of carbonate phases can be used to pre-
dict the seismic properties of mantle assemblages, which are im-
portant for constraining the global carbon cycle and carbon stor-
age. In particular, the seismic anisotropy of Mg1-xFexCO3 is re-
ported to be significant (Marcondes et al., 2016; Sanchez-Valle et 
al., 2011; Stekiel et al., 2017; Yao et al., 2018) and could be used as 
a diagnostic tool in regions of subduction of lithosphere. The elas-
tic constants of MgCO3 (R3c) have been measured to about 14 GPa 
(Yang et al., 2014) and calculated to 150 GPa at 0 K (Marcondes 
et al., 2016; Stekiel et al., 2017) and to 90 GPa at high tempera-
ture (Yao et al., 2018). Calculated values have also been reported 
MgCO3 (C2/m) to 150 GPa at 0 K (Marcondes et al., 2016). In 
contrast, much less is known about the elastic properties of iron-
bearing carbonate phases. The elastic constants of Mg0.35Fe0.65CO3
have been measured to 70 GPa (Fu et al., 2017), while those of 
the iron end-member FeCO3 have only been measured at ambient 
conditions (Sanchez-Valle et al., 2011). Calculated values for FeCO3
have been reported to 60 GPa, with measurements of c33 and c44
(Stekiel et al., 2017). These are insufficient for discussions on their 
seismic detectability in the mantle.

Our calculated 0 K elastic constants of MgCO3 (R3c) are plot-
ted in Fig. 7 and listed in Supplementary Material Table S5, and 
are in excellent agreement with the low pressure experimental re-
sults of Fiquet et al. (2002), Litasov et al. (2008), Sanchez-Valle et 
al. (2011), Yang et al. (2014) and calculations of Marcondes et al. 
(2016), Stekiel et al. (2017) and Yao et al. (2018). The electronic 
spin transition in FeCO3 leads to unusual pressure-dependence. 
Our calculated 0 K elastic constants for FeCO3 (R3c), plotted in 
Fig. 8 and listed in Supplementary Material Table S6, are consis-
tent with measurements for a Mg0.35Fe0.65CO3 composition (Fu et 
al., 2017) and calculations and measurements of FeCO3 (Stekiel et 
al., 2017). c12 and c13 soften to such an extent that they become 
negative above 40 GPa. c11 and c33 are also both significantly soft-
ened. In contrast, c44 increase by 65% and c14 increases by 19%. 
The elastic constants of MgCO3 (C2/m) are listed in Supplemen-
tary Material Table S5, with those of Fe4C3O12 in Supplementary 
Material Table S6.

Fig. 9 shows a comparison of the V P , V S , and density of MgCO3
(R3c), MgCO3 (C2/m), FeCO3 (R3c), Fe4C3O12 and other major 
mantle minerals as a function of pressure, at 0 K. At pressures cor-
responding to the upper mantle and transition zone, the seismic 
velocities of MgCO3 (R3c) are very similar to those of forsterite, 
although its density is much lower. Inclusion of iron reduces its 
seismic velocities and increases density, meaning that the seismic 
velocities of FeCO3 (R3c) are much lower and its density much 
higher than those of forsterite, wadsleyite and ringwoodite. In the 
lower mantle, the seismic velocities and density of MgCO3 (C2/m) 
are most similar to those calculated for periclase and bridgmanite. 
Inclusion of iron reduces velocities and increases density.

Using calculations based on low pressure elastic constants of 
MgCO3 (R3c) and estimated volume fractions, previous investiga-
tions (Sanchez-Valle et al., 2011; Yang et al., 2014) showed that the 
differences in velocities of carbonated and non-carbonate eclog-
ite and peridotite are about 1% or less, making the detection of 
carbonated lithologies from seismic velocities difficult. However, 
they did not consider a possible high-pressure phase transition. 
Our calculations predict a phase transition from MgCO3 (R3c) to 
MgCO3 (C2/m) at 75 GPa. If we make a first-order approxima-
tion and neglect temperature, based on our 0 K elastic constants, 
seismic discontinuities of about +4% in V P and +9% in V S are 
expected across the phase transition. However, given that the vol-
ume fraction of MgCO3 in carbonated eclogite and peridotite is 
expected to be less than 15 vol% (Dasgupta et al., 2004; Dasgupta 
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Fig. 8. Elastic properties of FeCO3 (R3c). Experimental results for FeCO3 (R3c) are shown as solid white squares (Sanchez-Valle et al., 2011), while those for Mg0.35Fe0.65CO3

(R3c) are shown as solid white circles (Fu et al., 2017).

Fig. 9. Compressional wave velocity (V P ), shear wave velocity (V S ) and density of various phases of MgCO3, FeCO3 and Fe4C3O12, compared with those of other major mantle 
minerals. Solid lines represent the results of 0 K theoretical calculations: forsterite (da Silva et al., 1997), ringwoodite (Kiefer et al., 1999), wadsleyite (Kiefer et al., 2001), 
MgO (Karki et al., 1997) and MgSiO3 (Kiefer, 2002). Experimental results for MgCO3 (R3c) are shown as solid white squares (Sanchez-Valle et al., 2011) and circles (Yang et 
al., 2014) with a red edge, while those for FeCO3 (R3c) are shown as solid white squares (Sanchez-Valle et al., 2011) with a black edge and those for Mg0.35Fe0.65CO3 (R3c) 
as solid white circles (Fu et al., 2017) with a black edge.
and Hirschmann, 2006; Sanchez-Valle et al., 2011), it is likely that 
these discontinuities are undetectable.

From our calculated 0 K elastic constants for FeCO3 (R3c), we 
predict velocity anomalies across the spin transition of 45% in V P

and 25% in V S . Their magnitude will decrease with iron-content 
and their sharpness decrease with temperature (Hsu and Huang, 
2016). At 47 GPa and 0 K, V P of FeCO3 (R3c) and Fe4C3O12 differ 
by about 6%, while their V S differ by about 14%.

Using our 0 K elastic constants (Supplementary Material Table 
S5 and S6), we estimate the anisotropy factor for V P (A P ) and 
polarization anisotropy factor for V S (A S ) for MgCO3 (R3c), MgCO3

(C/2m), low-spin FeCO3 (R3c) and Fe4C3O12 (Fig. 10). The centre 
of each figure is the direction perpendicular to the ab-plane, which 
is orthogonal to the page. We note that our 0 K elastic constants 
do not account for temperature. Yang et al. (2014) reported that 
the influence of temperature on the seismic anisotropy of MgCO3

is weak, but their study was performed over a limited temperature 
range and should be confirmed.

We find that at 75 GPa, A S has a maximum value of 52% 
for MgCO3 (R3c). This supports previous low pressure studies 
(Sanchez-Valle et al., 2011; Yang et al., 2014), which report that 
MgCO3 (R3c) exhibits greater anisotropy than other major mantle 
minerals. In contrast, for the high-pressure phase, MgCO3 (C2/m), 
A S has a maximum value of 27%. This suggests that the R3c to 
C2/m phase transition leads to a significant decrease in seismic 
anisotropy. For low-spin FeCO3 (R3c), A S has a maximum value of 
48% at 75 GPa, while that of the high-pressure phase, Fe4C3O12, 
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Fig. 10. Seismic anisotropy of MgCO3 (R3c), MgCO3 (C /2m), FeCO3 (R3c), and 
Fe4C3O12 at 75 GPa. The centre of each figure is the direction perpendicular to 
the ab-plane, which is orthogonal to the page. Maximum and minimum values are 
marked by solid black squares and circles. Low-pressure phases (MgCO3 (R3c) and 
FeCO3 (R3c)) exhibit a very high degree of seismic anisotropy, compared to the 
high-pressure phases (MgCO3 (C /2m) and Fe4C3O12). Made using the MATLAB Seis-
mic Anisotropy Toolkit (MSAT) (Walker and Wookey, 2012).

is 11%. This implies that the transformation of FeCO3 (R3c) to 
Fe4C3O12 (diamond), will also result in a decrease in anisotropy.

Previous studies (Sanchez-Valle et al., 2011; Yang et al., 2014) 
argued that carbonates could develop a high degree of lattice pre-
ferred orientation and the large anisotropy of MgCO3 (R3c) and 
FeCO3 (R3c), could be used as a diagnostic feature to detect highly 
carbonated regions in the upper mantle. Our results support this, 
showing that, the large anisotropy of MgCO3 (R3c) and FeCO3
(R3c), persists at lower mantle pressures. In contrast, our predicted 
high-pressure phases, MgCO3 (C2m) and Fe4C3O12, exhibit much 
weaker anisotropy, making it likely impossible to detect carbon-
ated minerals in the lowermost mantle.

3.6. Outstanding issues

Experimental studies show that carbonates react with SiO2 to 
produce silicates + C + O2 (Drewitt et al., 2019). The conditions at 
which this reaction takes place is debated. One study indicates that 
the reaction will not occur along a very cold slab geotherm (Maeda 
et al., 2017), permitting the subduction of carbonates down to 
the core-mantle boundary. In contrast, another investigation sug-
gests that reaction should occur above 1500 km, regardless of slab 
geotherm (Drewitt et al., 2019), meaning no carbonates will per-
sist below this depth. If the former study is correct, Mg1-xFexCO3
(C2/m) and Fe4C3O12 could be present in the lowermost mantle, 
with formation of the latter providing an alternative explanation 
for super-deep diamonds (Wirth et al., 2014). If the latter study 
is correct, Mg1-xFexCO3 (C2/m) is unlikely to present in the low-
ermost mantle. The reaction between Fe4C3O12 with SiO2 remains 
to be investigated and it may be stable to greater depths.
Despite many studies of iron-rich carbonates (Boulard et al., 
2015, 2012, 2011; Cerantola et al., 2017; Liu et al., 2015; Mer-
lini et al., 2015), none have demonstrated that iron-enrichment 
will occur, since the starting materials for the experiments did not 
contain other phases. It has been postulated that the spin transi-
tion in Mg1-xFexCO3 could induce iron enrichment (Cerantola et al., 
2015; Liu et al., 2015), in a similar manner to that observed during 
the spin transition in ferropericlase (Muir and Brodholt, 2016). Ac-
cording to our calculations the degree of iron enrichment needed 
for Fe4C3O12 to form in the lower mantle, is Fe/(Mg+Fe) > 0.7, 
which is much greater than the maximum of Fe/(Mg+Fe) = 0.35 
calculated for Mg1-xFexO (Muir and Brodholt, 2016). Further work 
is required to investigate iron partitioning to determine if such a 
degree of iron enrichment is possible, and explore the reason why 
the Fe4C4O13 phase reported by Cerantola et al. (2017) was not 
observed in other studies (Boulard et al., 2012; Liu et al., 2015).

Our study has only considered the MgCO3-FeCO3 system and 
neglected the role of CaCO3. There have been several studies of the 
structure and stability of CaCO3 at lower mantle pressures (Oganov 
et al., 2008; Pickard and Needs, 2015; Santos et al., 2019; Zhang 
et al., 2018). The most recent investigation (Zhang et al., 2018) 
indicates that CaCO3 readily reacts with SiO2 and so is unlikely 
to be a major host of carbon in the lower mantle. However, more 
work is needed to investigate the MgCO3-CaCO3-FeCO3 system.

4. Conclusions

To summarise, we have performed ab initio calculations to 
determine the thermodynamic and elastic properties of various 
phases of MgCO3 and FeCO3, Fe4C3O12 and C (diamond), in or-
der to establish the stable phases in the lower mantle and their 
possible seismic detectability.

Based on our calculations, we predict that Mg1-xFexCO3 (with 
x < 0.7) undergoes a transition from R3c to C2/m structure at 
conditions corresponding to a depth of about 1800 km in the 
lower mantle. Inclusion of iron at these concentrations leads to 
a narrow binary phase loop of only a few gigapascals. For higher 
iron concentrations, Mg1-xFexCO3 (with x > 0.7), we predict an 
additional intermediate layer comprising (1-x) MgCO3 (C2/m) +
(x/4) (Fe4C3O12 + C (diamond)), the thickness of which increases 
with iron content. In agreement with recent experimental work 
(Cerantola et al., 2017), we show that FeCO3 (R3c) undergoes 
self-oxidation-reduction at conditions corresponding to a depth of 
about 1300 km in the lower mantle, to form Fe4C3O12 + C (dia-
mond). The unusual shape of the phase boundary for the reaction 
is governed by the oxidation and spin state of iron in the two 
phases, which leads to different magnetic entropies at high tem-
perature.

Similar to a number of previous studies (Marcondes et al., 2016; 
Sanchez-Valle et al., 2011; Stekiel et al., 2017; Yao et al., 2018), 
our calculations indicate that the seismic anisotropy of MgCO3
(R3c) and FeCO3 (R3c) is extremely high, meaning it might be 
possible to use it as a diagnostic tool in regions of subduction 
of lithosphere. In contrast, we find the seismic anisotropy of the 
corresponding high-pressure phases, MgCO3 (C2/m) and Fe4C3O12
(R3c), to be considerably weaker, meaning that if carbonates do 
persist into the lowermost mantle, they are likely not seismically 
detectable.

Our work highlights the importance of accounting for magnetic 
entropy in calculations of iron-rich phases in planetary interiors 
and complex chemistry of iron-bearing minerals, arising from their 
unpaired d-electrons. Magnetic entropy can also influence phase 
transitions at lower temperatures (Zhou et al., 2014). Our original 
investigation began using crystal structure prediction software to 
predict the high-pressure phase of FeCO3. This did not take mag-
netic entropy into account and could not find a structure with a 
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lower enthalpy than FeCO3 (R3c). It may be possible to include an 
expression, similar to Eq. (3), in crystal structure prediction calcu-
lations, to act as a first-order approximation for magnetic entropy, 
when comparing the stability of phases with different magnetic 
states.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Acknowledgements

The authors thank the anonymous reviewer, whose comments 
greatly improved the manuscript. This work was supported by 
NERC grant number NE/K006290/1. This work was undertaken on 
ARC2 and ARC3, part of the High Performance Computing facilities 
at the University of Leeds, UK. ZL thanks Andrew Walker and John 
Brodholt for helpful comments on his Master’s Dissertation, which 
formed the basis of this manuscript. ZL also thanks Elena Bykova 
for providing the crystallographic structure file of Fe4C3O12.

Appendix A. Supplementary material

Supplementary material related to this article can be found on-
line at https://doi .org /10 .1016 /j .epsl .2019 .115959.

References

Alfè, D., 2009. PHON: a program to calculate phonons using the small displacement 
method. Comput. Phys. Commun. 180, 2622–2633. https://doi .org /10 .1016 /j .cpc .
2009 .03 .010.

Anisimov, V.I., Aryasetiawan, F., Lichtenstein, A.I., 1997. First-principles calculations 
of the electronic structure and spectra of strongly correlated systems: the LDA 
+ U method. J. Phys. Condens. Matter 9, 767–808. https://doi .org /10 .1088 /0953 -
8984 /9 /4 /002.

Anisimov, V.I., Zaanen, J., Andersen, O.K., 1991. Band theory and Mott insulators: 
Hubbard U instead of Stoner I . Phys. Rev. B 44, 943–954. https://doi .org /10 .
1103 /PhysRevB .44 .943.

Badaut, V., Zeller, P., Dorado, B., Schlegel, M.L., 2010. Influence of exchange correla-
tion on the symmetry and properties of siderite according to density-functional 
theory. Phys. Rev. B 82, 205121. https://doi .org /10 .1103 /PhysRevB .82 .205121.

Birch, F., 1947. Finite elastic strain of cubic crystals. Phys. Rev. 71, 809–824. https://
doi .org /10 .1103 /PhysRev.71.809.

Blöchl, P.E., 1994. Projector augmented-wave method. Phys. Rev. B 50, 17953–17979. 
https://doi .org /10 .1103 /PhysRevB .50 .17953.

Boulard, E., Gloter, A., Corgne, A., Antonangeli, D., Auzende, A.-L., Perrillat, J.-P., 
Guyot, F., Fiquet, G., 2011. New host for carbon in the deep Earth. Proc. Natl. 
Acad. Sci. 108, 5184–5187. https://doi .org /10 .1073 /pnas .1016934108.

Boulard, E., Menguy, N., Auzende, A.L., Benzerara, K., Bureau, H., Antonangeli, D., 
Corgne, A., Morard, G., Siebert, J., Perrillat, J.P., Guyot, F., Fiquet, G., 2012. Exper-
imental investigation of the stability of Fe-rich carbonates in the lower mantle. 
J. Geophys. Res., Solid Earth 117, B02208. https://doi .org /10 .1029 /2011JB008733.

Boulard, E., Pan, D., Galli, G., Liu, Z., Mao, W.L., 2015. Tetrahedrally coordinated car-
bonates in Earth’s lower mantle. Nat. Commun. 6, 631. https://doi .org /10 .1038 /
ncomms7311.

Brenker, F.E., Vollmer, C., Vincze, L., Vekemans, B., Szymanski, A., Janssens, K., Sza-
loki, I., Nasdala, L., Joswig, W., Kaminsky, F., 2007. Carbonates from the lower 
part of transition zone or even the lower mantle. Earth Planet. Sci. Lett. 260, 
1–9. https://doi .org /10 .1016 /j .epsl .2007.02 .038.

Cerantola, V., Bykova, E., Kupenko, I., Merlini, M., Ismailova, L., McCammon, C., 
Bykov, M., Chumakov, A.I., Petitgirard, S., Kantor, I., Svitlyk, V., Jacobs, J., Han-
fland, M., Mezouar, M., Prescher, C., Rüffer, R., Prakapenka, V.B., Dubrovinsky, L., 
2017. Stability of iron-bearing carbonates in the deep Earth’s interior. Nat. Com-
mun. 8, 15960. https://doi .org /10 .1038 /ncomms15960.

Cerantola, V., McCammon, C., Kupenko, I., Kantor, I., Marini, C., Wilke, M., Ismailova, 
L., Solopova, N., Chumakov, A., Pascarelli, S., Dubrovinsky, L., 2015. High-pressure 
spectroscopic study of siderite (FeCO3) with a focus on spin crossover. Am. Min-
eral. 100, 2670–2681. https://doi .org /10 .2138 /am -2015 -5319.

da Silva, C., Stixrude, L., Wentzcovitch, R.M., 1997. Elastic constants and anisotropy 
of forsterite at high pressure. Geophys. Res. Lett. 24, 1963–1966. https://doi .org /
10 .1029 /97GL01756.
Dasgupta, R., Hirschmann, M.M., 2010. The deep carbon cycle and melting in Earth’s 
interior. Earth Planet. Sci. Lett. 298, 1–13. https://doi .org /10 .1016 /j .epsl .2010 .06 .
039.

Dasgupta, R., Hirschmann, M.M., 2006. Melting in the Earth’s deep upper man-
tle caused by carbon dioxide. Nature 440, 659–662. https://doi .org /10 .1038 /
nature04612.

Dasgupta, R., Hirschmann, M.M., Withers, A.C., 2004. Deep global cycling of carbon 
constrained by the solidus of anhydrous, carbonated eclogite under upper man-
tle conditions. Earth Planet. Sci. Lett. 227, 73–85. https://doi .org /10 .1016 /j .epsl .
2004 .08 .004.

Drewitt, J.W.E., Walter, M.J., Zhang, H., McMahon, S.C., Edwards, D., Heinen, B.J., Lord, 
O.T., Anzellini, S., Kleppe, A.K., 2019. The fate of carbonate in oceanic crust sub-
ducted into earth’s lower mantle. Earth Planet. Sci. Lett. 511, 213–222. https://
doi .org /10 .1016 /j .epsl .2019 .01.041.

Dudarev, S.L., Botton, G.A., Savrasov, S.Y., Humphreys, C.J., Sutton, A.P., 1998. 
Electron-energy-loss spectra and the structural stability of nickel oxide: an 
LSDA+U study. Phys. Rev. B 57, 1505–1509. https://doi .org /10 .1103 /PhysRevB .
57.1505.

Farfan, G., Wang, S., Ma, H., Caracas, R., Mao, W.L., 2012. Bonding and structural 
changes in siderite at high pressure. Am. Mineral. 97, 1421–1426. https://doi .
org /10 .2138 /am .2012 .4001.

Fiquet, G., Guyot, F., Kunz, M., Matas, J., Andrault, D., Hanfland, M., 2002. Struc-
tural refinements of magnesite at very high pressure. Am. Mineral. 87 (8–9), 
1261–1265. https://doi .org /10 .2138 /am -2002 -8 -927.

Fu, S., Yang, J., Lin, J.-F., 2017. Abnormal elasticity of single-crystal magnesiosiderite 
across the spin transition in Earth’s lower mantle. Phys. Rev. Lett. 118, 036402. 
https://doi .org /10 .1103 /PhysRevLett .118 .036402.

Golesorkhtabar, R., Pavone, P., Spitaler, J., Puschnig, P., Draxl, C., 2013. ElaStic: a 
tool for calculating second-order elastic constants from first principles. Comput. 
Phys. Commun. 184, 1861–1873. https://doi .org /10 .1016 /j .cpc .2013 .03 .010.

Hazen, R.M., Schiffries, C.M., 2013. Why deep carbon? Rev. Mineral. Geochem. 75, 
1–6. https://doi .org /10 .2138 /rmg .2013 .75 .1.

Hsu, H., Huang, S.-C., 2016. Spin crossover and hyperfine interactions of iron in 
(Mg,Fe)CO3 ferromagnesite. Phys. Rev. B 94, 060404. https://doi .org /10 .1103 /
PhysRevB .94 .060404.

Isshiki, M., Irifune, T., Hirose, K., Ono, S., Ohishi, Y., Watanuki, T., Nishibori, E., Takata, 
M., Sakata, M., 2004. Stability of magnesite and its high-pressure form in the 
lowermost mantle. Nature 427, 60–63. https://doi .org /10 .1038 /nature02181.

Kakizawa, S., Inoue, T., Suenami, H., Kikegawa, T., 2015. Decarbonation and melting 
in MgCO3–SiO2 system at high temperature and high pressure. J. Mineral. Petrol. 
Sci. 110, 179–188. https://doi .org /10 .2465 /jmps .150124.

Karki, B.B., Stixrude, L., Clark, S.J., Warren, M.C., Ackland, G.J., Crain, J., 1997. Struc-
ture and elasticity of MgO at high pressure. Am. Mineral. 82, 51–60. https://
doi .org /10 .2138 /am -1997 -1 -207.

Kiefer, B., 2002. Elasticity of (Mg,Fe)SiO3-perovskite at high pressures. Geophys. Res. 
Lett. 29, 34. https://doi .org /10 .1029 /2002GL014683.

Kiefer, B., Stixrude, L., Hafner, J., Kresse, G., 2001. Structure and elasticity of wad-
sleyite at high pressures. Am. Mineral. 86, 1387–1395. https://doi .org /10 .2138 /
am -2001 -11 -1207.

Kiefer, B., Stixrude, L., Wentzcovitch, R., 1999. Normal and inverse ringwoodite 
at high pressures. Am. Mineral. 84, 288–293. https://doi .org /10 .2138 /am -1999 -
0311.

Kresse, G., Furthmüller, J., 1996a. Efficiency of ab-initio total energy calculations for 
metals and semiconductors using a plane-wave basis set. Comput. Mater. Sci. 6, 
15–50. https://doi .org /10 .1016 /0927 -0256(96 )00008 -0.

Kresse, G., Furthmüller, J., 1996b. Efficient iterative schemes for ab initio total-energy 
calculations using a plane-wave basis set. Phys. Rev. B 54, 11169–11186. https://
doi .org /10 .1103 /PhysRevB .54 .11169.

Kresse, G., Joubert, D., 1999. From ultrasoft pseudopotentials to the projector 
augmented-wave method. Phys. Rev. B 59, 1758–1775. https://doi .org /10 .1103 /
PhysRevB .59 .1758.

Krukau, A.V., Vydrov, O.A., Izmaylov, A.F., Scuseria, G.E., 2006. Influence of the ex-
change screening parameter on the performance of screened hybrid functionals. 
J. Chem. Phys. 125, 224106. https://doi .org /10 .1063 /1.2404663.

Lavina, B., Dera, P., Downs, R.T., Prakapenka, V., Rivers, M., Sutton, S., Nicol, M., 2009. 
Siderite at lower mantle conditions and the effects of the pressure-induced 
spin-pairing transition. Geophys. Res. Lett. 36, L23306. https://doi .org /10 .1029 /
2009GL039652.

Lavina, B., Dera, P., Downs, R.T., Tschauner, O., Yang, W., Shebanova, O., Shen, G., 
2010a. Effect of dilution on the spin pairing transition in rhombohedral car-
bonates. High Press. Res. 30, 224–229. https://doi .org /10 .1080 /08957959 .2010 .
485391.

Lavina, B., Dera, P., Downs, R.T., Yang, W., Sinogeikin, S., Meng, Y., Shen, G., Schiferl, 
D., 2010b. Structure of siderite FeCO3 to 56 GPa and hysteresis of its spin-
pairing transition. Phys. Rev. B 82, 064110. https://doi .org /10 .1103 /PhysRevB .82 .
064110.

Lin, J.-F., Liu, J., Jacobs, C., Prakapenka, V.B., 2012. Vibrational and elastic proper-
ties of ferromagnesite across the electronic spin-pairing transition of iron. Am. 
Mineral. 97, 583–591. https://doi .org /10 .2138 /am .2012 .3961.

https://doi.org/10.1016/j.epsl.2019.115959
https://doi.org/10.1016/j.cpc.2009.03.010
https://doi.org/10.1016/j.cpc.2009.03.010
https://doi.org/10.1088/0953-8984/9/4/002
https://doi.org/10.1088/0953-8984/9/4/002
https://doi.org/10.1103/PhysRevB.44.943
https://doi.org/10.1103/PhysRevB.44.943
https://doi.org/10.1103/PhysRevB.82.205121
https://doi.org/10.1103/PhysRev.71.809
https://doi.org/10.1103/PhysRev.71.809
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1073/pnas.1016934108
https://doi.org/10.1029/2011JB008733
https://doi.org/10.1038/ncomms7311
https://doi.org/10.1038/ncomms7311
https://doi.org/10.1016/j.epsl.2007.02.038
https://doi.org/10.1038/ncomms15960
https://doi.org/10.2138/am-2015-5319
https://doi.org/10.1029/97GL01756
https://doi.org/10.1029/97GL01756
https://doi.org/10.1016/j.epsl.2010.06.039
https://doi.org/10.1016/j.epsl.2010.06.039
https://doi.org/10.1038/nature04612
https://doi.org/10.1038/nature04612
https://doi.org/10.1016/j.epsl.2004.08.004
https://doi.org/10.1016/j.epsl.2004.08.004
https://doi.org/10.1016/j.epsl.2019.01.041
https://doi.org/10.1016/j.epsl.2019.01.041
https://doi.org/10.1103/PhysRevB.57.1505
https://doi.org/10.1103/PhysRevB.57.1505
https://doi.org/10.2138/am.2012.4001
https://doi.org/10.2138/am.2012.4001
https://doi.org/10.2138/am-2002-8-927
https://doi.org/10.1103/PhysRevLett.118.036402
https://doi.org/10.1016/j.cpc.2013.03.010
https://doi.org/10.2138/rmg.2013.75.1
https://doi.org/10.1103/PhysRevB.94.060404
https://doi.org/10.1103/PhysRevB.94.060404
https://doi.org/10.1038/nature02181
https://doi.org/10.2465/jmps.150124
https://doi.org/10.2138/am-1997-1-207
https://doi.org/10.2138/am-1997-1-207
https://doi.org/10.1029/2002GL014683
https://doi.org/10.2138/am-2001-11-1207
https://doi.org/10.2138/am-2001-11-1207
https://doi.org/10.2138/am-1999-0311
https://doi.org/10.2138/am-1999-0311
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1063/1.2404663
https://doi.org/10.1029/2009GL039652
https://doi.org/10.1029/2009GL039652
https://doi.org/10.1080/08957959.2010.485391
https://doi.org/10.1080/08957959.2010.485391
https://doi.org/10.1103/PhysRevB.82.064110
https://doi.org/10.1103/PhysRevB.82.064110
https://doi.org/10.2138/am.2012.3961


Z. Li, S. Stackhouse / Earth and Planetary Science Letters 531 (2020) 115959 11
Litasov, K.D., Fei, Y.W., Ohtani, E., Kuribayashi, T., Funakoshi, K., 2008. Thermal equa-
tion of state of magnesite to 32 K and 2073 K. Phys. Earth Planet. Inter. 168 
(3–4), 191–203. https://doi .org /10 .1016 /j .pepi .2008 .06 .018.

Liu, J., Lin, J.-F., Mao, Z., Prakapenka, V.B., 2014. Thermal equation of state and 
spin transition of magnesiosiderite at high pressure and temperature. Am. Min-
eral. 99, 84–93. https://doi .org /10 .2138 /am .2014 .4553.

Liu, J., Lin, J.-F., Prakapenka, V.B., 2015. High-pressure orthorhombic ferromagnesite 
as a potential deep-mantle carbon carrier. Sci. Rep. 5, 7640. https://doi .org /10 .
1038 /srep07640.

Maeda, F., Ohtani, E., Kamada, S., Sakamaki, T., Hirao, N., Ohishi, Y., 2017. Diamond 
formation in the deep lower mantle: a high-pressure reaction of MgCO3 and 
SiO2. Sci. Rep. 7, 40602. https://doi .org /10 .1038 /srep40602.

Marcondes, M.L., Justo, J.F., Assali, L.V.C., 2016. Carbonates at high pressures: pos-
sible carriers for deep carbon reservoirs in the Earth’s lower mantle. Phys. Rev. 
B 94. https://doi .org /10 .1103 /PhysRevB .94 .104112.

Mattila, A., Pylkkänen, T., Rueff, J.-P., Huotari, S., Vankó, G., Hanfland, M., Lehtinen, 
M., Hämäläinen, K., 2007. Pressure induced magnetic transition in siderite FeCO3

studied by X-ray emission spectroscopy. J. Phys. Condens. Matter 19, 386206. 
https://doi .org /10 .1088 /0953 -8984 /19 /38 /386206.

Merlini, M., Hanfland, M., 2013. Single-crystal diffraction at megabar conditions 
by synchrotron radiation. High Press. Res. 33, 511–522. https://doi .org /10 .1080 /
08957959 .2013 .831088.

Merlini, M., Hanfland, M., Salamat, A., Petitgirard, S., Müller, H., 2015. The crystal 
structures of Mg2Fe2C4O13, with tetrahedrally coordinated carbon, and Fe13O19, 
synthesized at deep mantle conditions. Am. Mineral. 100, 2001–2004. https://
doi .org /10 .2138 /am -2015 -5369.

Metsue, A., Tsuchiya, T., 2012. Thermodynamic properties of (Mg,Fe2+)SiO3 per-
ovskite at the lower-mantle pressures and temperatures: an internally con-
sistent LSDA+U study. Geophys. J. Int. 190, 310–322. https://doi .org /10 .1111 /j .
1365 -246X .2012 .05511.x.

Monkhorst, H.J., Pack, J.D., 1976. Special points for Brillouin-zone integrations. Phys. 
Rev. B 13, 5188–5192. https://doi .org /10 .1103 /PhysRevB .13 .5188.

Muir, J.M.R., Brodholt, J.P., 2016. Ferrous iron partitioning in the lower mantle. Phys. 
Earth Planet. Inter. 257, 12–17. https://doi .org /10 .1016 /j .pepi .2016 .05 .008.

Oganov, A.R., Brodholt, J.P., Price, G.D., 2001. Ab initio elasticity and thermal equa-
tion of state of MgSiO3 perovskite. Earth Planet. Sci. Lett. 184, 555–560. https://
doi .org /10 .1016 /S0012 -821X(00 )00363 -0.

Oganov, A.R., Ono, S., Ma, Y., Glass, C.W., Garcia, A., 2008. Novel high-pressure struc-
tures of MgCO3, CaCO3 and CO2 and their role in Earth’s lower mantle. Earth 
Planet. Sci. Lett. 273, 38–47. https://doi .org /10 .1016 /j .epsl .2008 .06 .005.

Panero, W.R., Kabbes, J.E., 2008. Mantle-wide sequestration of carbon in silicates and 
the structure of magnesite II. Geophys. Res. Lett. 35, L14307. https://doi .org /10 .
1029 /2008GL034442.

Perdew, J.P., Burke, K., Ernzerhof, M., 1996. Generalized gradient approxima-
tion made simple. Phys. Rev. Lett. 77, 3865–3868. https://doi .org /10 .1103 /
PhysRevLett .77.3865.

Pickard, C.J., Needs, R.J., 2015. Structures and stability of calcium and magnesium 
carbonates at mantle pressures. Phys. Rev. B 91, 104101. https://doi .org /10 .1103 /
PhysRevB .91.104101.

Sanchez-Valle, C., Ghosh, S., Rosa, A.D., 2011. Sound velocities of ferromagnesian 
carbonates and the seismic detection of carbonates in eclogites and the mantle. 
Geophys. Res. Lett. 38, L24315. https://doi .org /10 .1029 /2011GL049981.

Santos, S.S.M., Marcondes, M.L., Justo, J.F., Assali, L.V.C., 2019. Stability of calcium 
and magnesium carbonates at Earth’s lower mantle thermodynamic conditions. 
Earth Planet. Sci. Lett. 506, 1–7. https://doi .org /10 .1016 /j .epsl .2018 .10 .030.

Shcheka, S.S., Wiedenbeck, M., Frost, D.J., Keppler, H., 2006. Carbon solubility in 
mantle minerals. Earth Planet. Sci. Lett. 245, 730–742. https://doi .org /10 .1016 /
j .epsl .2006 .03 .036.

Sherman, D.M., 2009. Electronic structures of siderite (FeCO3) and rhodochrosite 
(MnCO3): oxygen K-edge spectroscopy and hybrid density functional theory. 
Am. Mineral. 94, 166–171. https://doi .org /10 .2138 /am .2009 .3012.

Shi, H., Luo, W., Johansson, B., Ahuja, R., 2008. First-principles calculations of the 
electronic structure and pressure-induced magnetic transition in siderite FeCO3. 
Phys. Rev. B 78, 155119. https://doi .org /10 .1103 /PhysRevB .78 .155119.

Solopova, N.A., Dubrovinsky, L., Spivak, A.V., Litvin, Y.A., Dubrovinskaia, N., 2015. 
Melting and decomposition of MgCO3 at pressures up to 84 GPa. Phys. Chem. 
Miner. 42, 73–81. https://doi .org /10 .1007 /s00269 -014 -0701 -1.

Spivak, A., Solopova, N., Cerantola, V., Bykova, E., Zakharchenko, E., Dubrovinsky, 
L., Litvin, Y., 2014. Raman study of MgCO3–FeCO3 carbonate solid solution 
at high pressures up to 55 GPa. Phys. Chem. Miner. 41, 633–638. https://
doi .org /10 .1007 /s00269 -014 -0676 -y.

Stagno, V., Tange, T., Miyajima, N., McCammon, C.A., Irifune, T., Frost, D.J., 2011. The 
stability of magnesite in the transition zone and the lower mantle as func-
tion of oxygen fugacity. Geophys. Res. Lett. 38, L19309. https://doi .org /10 .1029 /
2011GL049560.

Stekiel, M., Nguyen-Thanh, T., Chariton, S., McCammon, C., Bosak, A., Morgen-
roth, W., Milman, V., Refson, K., Winkler, B., 2017. High pressure elasticity 
of FeCO3–MgCO3 carbonates. Phys. Earth Planet. Inter. 271, 57–63. https://
doi .org /10 .1016 /j .pepi .2017.08 .004.

Stixrude, L., Lithgow-Bertelloni, C., 2011. Thermodynamics of mantle minerals – 
II: phase equilibria: mantle thermodynamics. Geophys. J. Int. 184, 1180–1213. 
https://doi .org /10 .1111 /j .1365 -246X .2010 .04890 .x.

Stokes, H.T., Hatch, D.M., 2005. FINDSYM: program for identifying the space-group 
symmetry of a crystal. J. Appl. Crystallogr. 38, 237–238. https://doi .org /10 .1107 /
S0021889804031528.

Syracuse, E.M., van Keken, P.E., Abers, G.A., 2010. The global range of subduction 
zone thermal models. Phys. Earth Planet. Inter. 183, 73–90. https://doi .org /10 .
1016 /j .pepi .2010 .02 .004.

Thomson, A.R., Walter, M.J., Kohn, S.C., Brooker, R.A., 2016. Slab melting as a bar-
rier to deep carbon subduction. Nature 529, 76–79. https://doi .org /10 .1038 /
nature16174.

Tsuchiya, T., Wentzcovitch, R.M., da Silva, C.R.S., de Gironcoli, S., 2006. Spin tran-
sition in magnesiowüstite in Earth’s lower mantle. Phys. Rev. Lett. 96, 198501. 
https://doi .org /10 .1103 /PhysRevLett .96 .198501.

Walker, A.M., Wookey, J., 2012. MSAT—a new toolkit for the analysis of elastic and 
seismic anisotropy. Comput. Geosci. 49, 81–90. https://doi .org /10 .1016 /j .cageo .
2012 .05 .031.

Weis, C., Sternemann, C., Cerantola, V., Sahle, C.J., Spiekermann, G., Harder, M., Forov, 
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