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Abstract The high-pressure behavior of manganese-rich carbonate, rhodochrosite, has been characterized
up to 62GPa by synchrotron-based midinfrared spectroscopy and X-ray diffraction. Modifications in both
the infrared spectra and the X-ray diffraction patterns were observed above ~35GPa, indicating the presence
of a high-pressure phase transition at these pressures. We found that rhodochrosite adopts a structure close
to CaCO3-VI with a triclinic unit cell (a=2.87Å, b=4.83Å, c=5.49Å, α=99.86°, β =94.95°, and γ=90.95° at
62GPa). Using first-principles calculations based on density functional theory, we confirmed these observations
and assigned modes in the new infrared signature of the high-pressure phase. These results suggest that
high-pressure metastable phase of calcite may play an important role in carbon storage and transport in the
deep Earth.

1. Introduction

The fate of subducted carbonates has profound implications for the global carbon cycle as they represent the
major carbon-bearing phases that are recycled into our planet’s interior. It is commonly considered that the
lower mantle may be too reduced to host carbonates [McCammon, 2005; Frost and McCammon, 2008;
Rohrbach and Schmidt, 2011]. However, locally carbonate-enriched areas, such as subducting slabs, might
contribute to preserve oxidized carbon-bearing phases in the deep mantle where oxygen fugacity, as
controlled by the local mineral assemblage, can be higher. Knowledge of the high-pressure and high-
temperature behavior of carbonates is thus essential for modeling the deep carbon cycle. At the Earth’s
surface, the major carbonate phases are CaCO3 (calcite), CaMg(CO3)2 (dolomite), and MgCO3 (magnesite). As
a result of reactions between carbonates and silicates such as pyroxenes and bridgmanite, Mg-Fe-bearing
carbonates should represent the dominant oxidized carbon-bearing phase in the deep mantle and have
been the subject of intense research interest [Biellmann et al., 1993; Wood et al., 1996]. Several high-pressure
phases of Ca,Mg,Fe-carbonates have been discovered by experiments and theoretical simulations [Isshiki
et al., 2004; Ono et al., 2005; Oganov et al., 2006, 2008; Ono, 2007; Boulard et al., 2011, 2012], which show
complex, composition-dependent high-pressure behavior.

MnCO3 (rhodochrosite) is one of the major calcite-group carbonates present at the surface of the planet
where it is mainly found as a vein filling phase in hydrothermal ore deposits [Hazen et al., 2013]. To date,
few high-pressure studies have been conducted on rhodochrosite. The Mn2+ radius (0.83 Å) lies between
that of Mg2+ (0.72 Å) and Ca2+ (1 Å), which makes it a candidate for understanding the effect of cation size
on the differences in the high-pressure phase behavior between MgCO3 and CaCO3. Rhodochrosite is also
useful for studying the effect of the substitution of alkaline-earth cations by a 3d transition metal on the
carbonate stability.

At ambient conditions rhodochrosite crystallizes in the calcite structure, which has rhombohedral symmetry
(R-3c space group). The unit cell consists of alternating of layers of cations (Mn2+) in sixfold oxygen coordination
and trigonal planar (CO3)

2� groups. The high-pressure behavior ofMnCO3 is still under debate. A previous study
showed that at room temperature, rhombohedral MnCO3 is stable up to 50GPa [Santillán and Williams, 2004].
At high temperature (2273K), dissociation of MnCO3 intoMn3O4+3C+5/2 O2was observed at 6–8GPa [Liu et al.,
2001]. Another study reported a phase transition into an orthorhombic phase at 50GPa �1500K [Ono, 2007].
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In a more recent study, a series of transitions under compression at room temperature were observed around
15 and 50GPa [Farfan et al., 2013]; however, the new structures could not be determined. Here we combine
new in situ synchrotron midinfrared (IR) spectroscopy and X-ray diffraction (XRD) measurements collected at
high pressure and room temperature with first-principles calculations to resolve the high-pressure behavior
of MnCO3 up to 62GPa.

2. Material and Methods
2.1. Starting Material

Experiments were conducted on a natural rhodochrosite sample from the Sweet Home Mine, Alma, CO.
Although the cation composition is dominated by manganese, it also contains low quantities of iron,
magnesium, and calcium, corresponding to a composition of (Mn0.976 Fe0.012Mg0.004 Ca0.002)CO3 [Farfan
et al., 2013].

2.2. Infrared Spectroscopy

Midinfrared absorption measurements in the 500–4000 cm�1 range were performed using a Bruker Vertex
80/v spectrometer at the side station of the high-pressure IR beamline U2A of the National Synchrotron
Light Source. The spectral resolution was 4 cm�1, and the beam size on the sample was about 20 × 20μm.
A powdered rhodochrosite sample embedded in KBr together with ruby balls was loaded into symmetric
diamond anvil cell (DAC). KBr was used as a pressure medium. One run was performed with a sufficiently
thin sample in order to obtain a good spectral profile by avoiding saturation of the high-intensity band ν3
and a second run with a thicker sample in order to increase absorbance and get good data quality of the
lower intensity bands. Type IIa diamonds anvils with 400μm culets and a sample chamber diameter of
130μm were used for this experiment. Pressures measured before and after IR absorbance data collection,
were determined from the shift of ruby fluorescence line [Dorogokupets and Oganov, 2007]. IR spectra
were collected at room temperature upon compression up to 48.7 GPa and decompression back to
ambient pressure with a pressure step of about 3 GPa. A background spectrum collected from an area
without any sample was used for normalization.

2.3. X-Ray Diffraction

XRD patterns were collected in situ at high pressure and room temperature at beamline 12.2.2 of the
Advanced Light Source (ALS), Lawrence Berkeley National Laboratory. A powdered sample of
rhodochrosite was loaded between two layers of NaCl into a symmetric DAC with 300μm flat diamond
culets and 100μm diameter sample chamber. NaCl was used as both a thermal insulator and a pressure
calibrant [Chall et al., 2000; Fei et al., 2007]. The sample was compressed at ambient temperature up to
62GPa. XRD patterns were collected using a monochromatic incident X-ray beam (λ= 0.4133Å). The
diffraction images were integrated with the Fit2d software [Hammersley et al., 1996]. The one-dimensional
diffraction patterns were then treated with the General Structure Analysis System software package
[Larson and Von Dreele, 2004] using the LeBail method to identify the different phases and refine their
lattice parameters.

2.4. Theoretical Methods

First-principles calculations were carried out on MnCO3 at varying pressures, using the unit cell parameters
determined from our XRD refinements: rhodochrosite at 13GPa (R-3c; 10 atoms per rhombohedral unit cell
with a= 5.616 Å; α=49.59°), the high-pressure phase with the CaCO3-VI structure determined by Merlini
et al. [2012a] and measured at 40GPa (P1; 10 atoms per unit cell with a=2.96 Å; b= 4.92 Å; c= 5.59 Å ;
α=99.67°; β = 92.99°; γ= 91.38°), at 49 GPa (P1; a = 2.92 Å; b = 4.86 Å; c = 5.53 Å; α= 100.09°; β = 92.77°;
γ= 91.64°) and at 60GPa (P1; a = 2.87 Å; b = 4.83 Å; c = 5.49 Å; α=99.86°; β = 94.95°; γ=90.95°). Crystal
structures were calculated using the PWscf code [Giannozzi et al., 2009; http://www.quantum-espresso.org]
using density functional theory (DFT) and the generalized gradient approximation to the exchange-
correlation functional, with the Perdew-Burke-Ernzerhof parameterization [Perdew et al., 1996]. The ionic
cores were described by ultrasoft pseudopotentials from the Garrity-Bennett-Rabe-Vanderbilt library
[Garrity et al., 2014]. The wave functions and the charge density were expanded in plane waves with
60 and 600 Ry cutoffs, respectively, leading to a convergence of the total energy of ~1mRy/atom. For
the electronic integration, the Brillouin zone was sampled according to the Monkhorst-Pack scheme
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[Monkhorst and Pack, 1976], using a shifted 3 × 3 × 3 k-point grid. Calculations were spin-polarized and set up
to the antiferromagnetic structure with magnetic moments free to relax. Rhodochrosite is known to be
antiferromagnetic [Alikhanov, 1959]. For the high-pressure phase of MnCO3, other magnetic structures
were tested but were found to be less favorable energetically. Atomic positions were relaxed until the
residual forces on atoms were less than 10�4 Ry/a.u. After relaxation, the magnetic moment on each Mn
atom is 4.7μB for all structures investigated. In order to model the IR spectra, the harmonic dynamical
matrix and dielectric tensor were calculated at the Brillouin zone center (Γ point), using the linear
response theory [Baroni et al., 2001] as implemented in the PHonon code [Giannozzi et al., 2009; http://
www.quantum-espresso.org]. A similar approach was previously adopted in order to investigate the IR
spectra of the iron oxides hematite and goethite [Blanchard et al., 2008, 2014].

3. Results
3.1. Infrared Measurements

At ambient pressure, the mid-IR spectrum of rhodochrosite displays three main peaks (Figure 1 and Table 1),
resulting from fundamental internal vibrations of the C-O bonds in the carbonate radical. (1) A ν4 band
produced by the in-plane bending vibration of the (CO3)

2� group is observed at 726 cm�1, which is in
good agreement with previous studies [Huang and Kerr, 1960; Böttcher et al., 1992; Lane and Christensen,
1997; Santillán and Williams, 2004]. (2) A ν2 mode due to the out-of-plane bending vibration of the (CO3)

2�

group is observed at 860 cm�1. Previous studies report the position of this band at ~864 cm�1, which is in

Figure 1. In situ mid-IR spectra as a function of pressure during compression and decompression. The arrows and stars
indicate new modes observed at high pressure. The scale bars give the absorbance scale for each panel.

Table 1. Frequency (at 0 GPa) and Pressure Dependence of the Observed IR Vibrational Modes of Rhodochrositea

Frequency (cm�1) Assignment dω/dP (cm�1 GPa�1) γi Santillán and Williams [2004]

726 ν4, in plane bend of CO3
2� a = 2.13(6); b = 0 0.32 dω/dP = 1.31; γi = 0.20

860 ν2 out of plane bend of CO3
2� a =�0.32(7); b = 0 �0.04 dω/dP =�0.03; γi =�0.003

1401 ν3, asymmetric stretch of CO3
2� a = 4.60(35); b =�0.03(1) 0.36 dω/dP = 2.45; γi = 0.19

aBand shifts (dω/dP) were measured between 0 and 39 GPa ((a and b) the coefficients of the second-order polynomial used following ω =ω0 + aP + bP2). γi:
mode Grüneisen parameter defined as: γi = KT/ω0(dω/dP)0, where KT is the isothermal bulk modulus, ω0 is the ambient-pressure mode frequency, and dω/dP is
the mode shift with pressure. We used the bulk modulus determined in this study (K0 = 110 GPa) for calculating the γi.
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a good agreement with this work [Huang and Kerr, 1960; Böttcher et al., 1992; Lane and Christensen, 1997;
Santillán and Williams, 2004]. (3) The strongest band at 1401 cm�1 corresponds to the ν3 band associated
with the asymmetric stretching vibration of the (CO3)

2� group. This band is slightly lower in frequency
than in the previous studies which reported a band at 1433–1450 cm�1 [Huang and Kerr, 1960; Santillán
and Williams, 2004]. This may be explained by a compositional effect (the composition reported in
Santillán and Williams [2004] is of (Mn0.77Fe0.09Ca0.07Mg0.07)CO3). In addition, weaker peaks are observed
at higher frequencies, which result from the combination of the fundamental modes [Huang and Kerr,
1960; Frost et al., 2002; Gunasekaran et al., 2006]: a band at 1802 cm�1 (ν1 + ν4), at 2493 cm

�1 (ν1 + ν3), and
at 2848 cm�1 (2ν3). Finally, unexpected satellite of the ν2 band is observed at 837 cm�1. Such additional
weak band was previously reported for CdCO3 and CoCO3 by Weir and Lippincott [1961] who proposed
that these bands stem from the coupling of modes between adjacent (CO3)

2� ions.

No major modification is observed between 0 and 39GPa (Figure 1). The mid-IR bands were fit with a
Lorentzian function in order to extract the band positions, the intensity, and the bandwidths as a function
of pressure. Figure 2 shows the evolution of mid-IR band position with pressure. The shifts of these modes
were fit with a second-order polynomial, and the results are reported in Table 1; however, the band shifts
of ν4 and ν2 were found to be linear (b= 0). The two bands ν4 and ν3 shift monotonically to higher
frequency with a band shift of 2.13 and 4.38 cm�1/GPa, respectively. The ν2 mode, however, shows a
negative shift in frequency with pressure of �0.32 cm�1/GPa. The two lower frequency carbonate bands,
ν4 and ν2, merge above 42GPa becoming unresolvable at 50GPa. This coincidental degeneracy is not
surprising as it has been also reported in other carbonates FeCO3, MnCO3, and CaCO3 [Kraft et al., 1991;
Santillán and Williams, 2004]. This behavior has been interpreted as due to the increase in the coupling of
neighboring CO3 groups, which results in a negative shift of ν2, while an increase in Mn-O strength
accounts for a positive shift of ν4 [Kraft et al., 1991].

Above 39GPa, several new IR bands appear at 692, 773, 1161, 1513, and 1643 cm�1 (Figures 1 and 2).
Additional lower intensity modes are observed at ~620, 931, and 1036 cm�1 as marked by stars in Figure 1.
The spectral position of the Raman active ν1 after Farfan et al. [2013] is also reported on Figure 2. This
makes it clear that the new mode at 1161 cm�1 stems from the activation of ν1 in IR. Appearance of new
modes and decrease of the rhodochrosite modes’ amplitudes (by a factor of about 2) suggest a phase
transition. The band positions and the pressure shifts of IR bands in the high-pressure phase are reported
in Table 2. With the exception of ν4, reductions in the pressure slope are observed above 39GPa for the
rhodochrosite modes that persist in the high-pressure phase pressure range. In contrast to our results,
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Figure 2. Frequencies of the mid-IR modes as a function of pressure. The new bands are marked by circles. The solid
symbols represent the bands observed during compression, and the open symbols represent the ones observed during
decompression. For comparison, the position of previously reported Raman ν1 band [Farfan et al., 2013] is shown in grey
(the solid and open symbols correspond to the data collected upon compression and decompression, respectively). The
dashed vertical line corresponds to the pressure of the phase transition (39 GPa).
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Santillán and Williams [2004] did not observe any new vibration modes in the IR spectrum of MnCO3 between
0 and 50GPa. A possible explanation for this discrepancy is that our composite sample was effectively thicker
allowing us to observe weak absorption peaks such as the new modes observed above 39GPa.

The IR spectrum collected at room pressure after decompression is consistent with the spectrum before
compression, indicating that the phase transition is reversible. However, upon decompression the new IR
band at 1167 cm�1 persists until 27GPa, demonstrating some hysteresis.

3.2. X-Ray Diffraction

XRD patterns were collected upon compression at room temperature from 0 to 62GPa (Figure 3). The patterns
can be indexed with the carbonate rhombohedral cell R-3c between 0 and ~15GPa. We observed changes in
the diffraction pattern starting at 15GPa, in good agreement with previous observations [Farfan et al., 2013].
While no additional XRD peaks are observed, there is a peculiar evolution of the diffraction peak positions:

d-spacings for the (110) and (012)
diffraction peaks remain constant upon
compression, while other diffraction
peaks such as the (014) continue to
decrease with pressure. A fit of the XRD
patterns collected above 15GPa with a
rhombohedral cell also leads to an error
greater than 13%. We fit the pressure
versus volume data to a second-order
Birch-Murnaghan equation of state
between 0 and 15GPa and obtained
the following parameters: K0 = 110(11)
GPa and V0 = 310(2) A

3. This is slightly
lower than the bulk modulus reported
by Ono [2007] (126GPa), but very close
to the one reported by Zhang and
Reeder [1999] (107GPa), which can be
explained by the pressure range chosen
to refine the bulk modulus in the
different studies: 0–50GPa [Ono, 2007]
and 0–7GPa [Zhang and Reeder, 1999].
Please note that the composition of the
rhodochrosite samples used in both
of these studies is very close to
our starting material. The ambient
condition unit cell parameters could be
confidently extrapolated from our
measurements: a0 = 4.77(1) Å; c0 = 15.68
(3) Å, which are in good agreement
with previous studies [Zhang and
Reeder, 1999; Ono, 2007]. Upon
compression, the c axis is about 4 times

Table 2. Frequency (at 38 GPa) and Pressure Dependence of the Observed IR Vibrational Modes Associated to the
High-pressure Phasea

Frequency (cm�1) Assignment dω/dP (cm�1 GPa�1)

692 HP-phase ν4, in plane bend of CO3
2� 0.88

773 (41 GPa) HP-phase ν4, in plane bend of CO3
2� 1.52

1161 HP-phase ν1, symmetric stretch of CO3
2� 1.94

1513 HP-phase ν3, asymmetric stretch of CO3
2� 1.02

1643 HP-phase ν3, asymmetric stretch of CO3
2� 3.94

aBand shifts (dω/dP) were measured between 39 and 50 GPa with a linear equation.

Figure 3. High-pressure XRD patterns (λ = 0.4133) of MnCO3 collected
during compression up to 62 GPa showing three pressure domains
corresponding to the rhombohedral phase R-3c from 0 to ~15 GPa, the
distorted phase from 15 to 34 GPa, and the high-pressure phase above
34 GPa. Indexing of the peaks for the rhodochrosite and the high-pressure
phase is shown on the XRD pattern collected at 3 GPa and 62 GPa, respec-
tively. XRD peaks of the pressure medium NaCl are indicated in grey.
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more compressible than the a axis. This
anisotropic compression is typical of
rhombohedral carbonates [Ross, 1997;
Zhang and Reeder, 1999; Lavina et al.,
2010a] and reflects the incompressibil-
ity of C-O bonds in the a-b plane com-
pared to Mn-O bonds. The CO3 groups
act as incompressible rigid units, while
the MnO6 octahedra show significant
compression under pressure.

Above ~34GPa, we observed dramatic
modifications in the diffraction pattern.
New diffraction peaks emerged and
increased in intensity under further
compression indicating a phase transi-
tion (Figure 3 and Figure S1 in the sup-
porting information). These changes
occur at a similar pressure to the
first appearance of the new IR modes
described previously. This new phase
persists to at least 62 GPa, the highest
pressure in our study.

4. Discussion

A recent in situ Raman study reported changes in the Raman modes shifts around 17 and 35GPa and
concluded that these changes are not related to an electronic spin transition of Mn2+, such as it has been
observed for Fe2+ in FeCO3 at similar pressure, but to a change in the crystal structure [Farfan et al., 2013].
However, no structures were proposed. Here our in situ IR and XRD experiments confirm the presence of a
structural phase transition near ~35GPa. Ono [2007] reported a phase transition at a slightly higher
pressure (50GPa) after laser heating at ~1500–2000 K and proposed an orthorhombic structure. However,
the structure proposed by Ono [2007] does not fit the XRD patterns measured of our study. In a recent
study on the (Mn,Ca)CO3 solid solution, Shi et al. [2012] reported an increasing linear shift in the pressure
of the transitions CaCO3-I⇒CaCO3-II⇒CaCO3-III with Mn content and predicted that these phase
transitions would take place at 19 and 26GPa for end-member MnCO3. However, the phase observed by in
situ XRD between 15 and 35GPa in the present study is not consistent with the CaCO3-II structure [Merrill
and Bassett, 1975] but may rather be related to a distortion due to nonhydrostatic conditions.

Above 35GPa, the new XRD patterns do not correspond to CaCO3-II or CaCO3-III but instead are consistent
with another calcite high-pressure polymorph: post CaCO3-III [Catalli and Williams, 2005]. The structure of
this polymorph was recently described by Merlini et al. [2012a] from refinement of single crystal XRD
results. They proposed a small triclinic unit cell with Z= 2 and named the phase CaCO3-VI [Merlini et al.,
2012a; Vizgirda and Ahrens, 1982]. This structure has parallel planar CO3 groups, but the layers of cations
do not alternate with the layers of (CO3)

2� as in the calcite structure [Merlini et al., 2012a] (Figure 4). We
found that this structure is consistent with the in situ XRD patterns of the high-pressure MnCO3 phase we
measured above 35GPa (Figure 5a). We obtained a unit cell of V= 74Å3 at 62 GPa (2.87 Å; b= 4.83 Å;
c= 5.49 Å; α=99.86°; β =94.95°; γ= 90.95°). Figure 5b shows the pressure-density data measured on MnCO3

in the present study. From the difference between the density predicted by the equation of state (EOS) of
rhodochrosite at 62GPa and that measured experimentally for the high-pressure phase, we estimated an
increase of density of ~2% at ~35GPa.

In order to interpret the IR spectrum for the high-pressure phase, we carried out first-principles calculations of
the IR spectra of MnCO3 below and above the phase transition. Atomic positions were relaxed at constant
volume, using the experimental unit cell parameters determined here from XRD refinements. Calculated IR
spectra are reported in Figure 6. At 13 GPa, calculations confirm the assignment of the three absorption

Figure 4. Structure of the high-pressure phase related to the CaCO3-VI
phase of calcite [Merlini et al., 2012a]. CO3 groups appear in black, and
Mn2+ atoms are shown as violet spheres.
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bands observed experimentally. The three computed carbonate modes ν4, ν2, and ν3 of rhodochrosite are
at 713, 789, and 1478 cm�1, respectively (Table 3). These theoretical frequencies are lower than the
experimental ones for the bending modes by ~7%, while the stretching mode is well reproduced (<1%)
(Figure 7). While all the C-O bond distances are equal within the (CO3)

2� group in the rhombohedral phase
(1.13 Å at 13 GPa), the C-O interatomic distances split into 1.11, 1.22, and 1.39 Å at 55GPa in the high-
pressure phase. As a result, the doubly degenerate Eu modes corresponding to ν4 and ν3 fundamentals
split to 2A mode components upon this phase transition. This is observed in our calculations, which show
a large splitting of ν4 and ν3 in good agreement with our experimental observations. The A2u (ν2) and A1u (ν1)
modes become A modes. This makes previously inactive A1u (ν1) mode active in IR as it becomes A.
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While the calculated frequencies of bending modes are systematically lower than the experimental
frequencies, it should be noted that the pressure evolution for all of the vibrational modes is in good
agreement with our experimental results. Upon compression, calculations show that the out-of-plane
bending vibration of the CO3 group, ν2, shows a negative shift to lower wavenumbers, while a positive
shift is observed for the in-plane bending vibration ν4 leading to a crossover at about 45 GPa. Experimental
IR spectra were collected only up to the mixing of ν2 and ν4, and a complete crossover was not observed.
In our experimental IR spectra, the ambient phase rhodochrosite modes coexist with these new modes
leading to the presence of multiple modes in the 650–900 cm�1 area. The uncertainty stemming from this
mixture of phases prevented us from determining the position of the new ν2. The lower intensity modes
(marked by stars in Figure 1) may stem from combination modes of fundamentals (ν2 and ν4) and
translational modes. The IR spectrum of CaCO3-VI has been previously described by Catalli and Williams
[2005] for a Ca-bearing carbonate. In a good agreement with our observations, the CaCO3-VI IR spectra show
the presence of a splitting of the ν4 and ν3 IR modes, plus the IR activation of the ν1.

With the decomposition of (Mg,Ca)CO3 (dolomite) into CaCO3 and MgCO3 at mantle conditions [Biellmann
et al., 1993], it is usually assumed that calcite and magnesite and their respective high-pressure polymorphs
are the main oxidized carbon-bearing phases in the Earth’s interior. It has been shown experimentally
that upon compression, CaCO3 adopts the aragonite structure above ~2GPa and then transforms to
postaragonite above 40GPa [Dickens and Bowen, 1970; Ono et al., 2005]. In fact the different polymorphs
CaCO3-II, CaCO3-III, and CaCO3-VI correspond to metastable phases of CaCO3. However, together with a
previous study on dolomite [Merlini et al., 2012a], our study shows that CaCO3-VI may play a role in carbon

Table 3. Calculated IR Vibrational Modes for the High Pressure CaCO3-VI Phase of MnCO3
a

13 GPa 35 GPa 45 GPa 55 GPa dω/dP (cm�1 GPa�1)

ν4 (cm
�1) 654 659 664 0.53

713 740 764 778 1.93
ν2 (cm

�1) 789 767 745 741 �1.33
ν1 (cm

�1) 1107 1121 1145 1.95
ν3 (cm

�1) 1478 1475 1494 1526 2.53
1641 1671 1702 3.05

aThe bands associated with rhodochrosite are shown in italic (13 GPa). The dω/dP of the high-pressure phase modes
were calculated between 35 and 55 GPa.

Figure 7. Theoretical and experimental band positions as a function of pressure. The colored symbols represent the
theoretical calculations, and the black markers represent the experimental measurements. Red: the frequencies of the
modes associated with ν4, light green: ν2, dark green: ν1, and blue: ν3. The lines between the calculated band positions are
guides for the eye. The arrows indicate assignments of the experimental modes. The vertical lines indicate the pressure of
the phase transition (~35 GPa).
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storage and transport in the deep Earth.
Due to the high cation coordination site in
the aragonite structure, the incorporation
of small cations (<1Å, Ca2+) is limited.

Figure 8 shows a summary of the different
phase boundary pressures as a function
of ionic radius from experimental and
theoretical previous studies. The aragonite
structure is indeed observed at ambient
conditions for large cation (>1 Å) composi-
tions such as SrCO3, PbCO3, and BaCO3

and at high pressure in CaCO3 and CdCO3

in which cation sizes are intermediate
(1 and 0.95 Å, respectively) [Dickens and
Bowen, 1970; Liu and Lin, 1997]. The arago-
nite structure has not been observed in
carbonate systems with smaller cations.
Our study shows that it is possible for small
cation-bearing carbonates to adopt the
metastable CaCO3-VI structure. This obser-
vation is not surprising because in this
structure the cation site volume is smaller
than in aragonite, and therefore, it is
more likely to host cations smaller than
Ca2+ (<1Å) [Merlini et al., 2012a]. CaCO3-VI
is also more dense than aragonite
[Merlini et al., 2012a]. In agreement with
our observation, the stability of the meta-
stable CaCO3-II and CaCO3-III type struc-
tures has been recently reported for the
CaMg0.6Fe0.4(CO3)2 dolomite composition
[Merlini et al., 2012b]. Metastable CaCO3

high-pressure structures may represent
oxidized carbon hosts at mantle condition
for carbonate compositions containing
relatively small cations. The smallest cations
(Fe2+ and Mg2+), however, show a different
high-pressure behavior with the stability
of calcite structure being maintained up

to ~70–80 GPa above, which these compositions adopt a tetrahedrally coordinated carbon structure
[Bouibes and Zaoui, 2014; Boulard et al., 2012, 2011; Oganov et al., 2008].

5. Conclusion

The high-pressure behavior of MnCO3 has been studied by in situ XRD and IR spectroscopy up to 62 GPa
and 50 GPa, respectively. Evidence for structural changes are observed above ~35 GPa, where we found
that MnCO3 adopts a CaCO3-VI type triclinic structure. Modeling of the IR spectra based on DFT
calculations supports this conclusion. Although additional experiments are needed at the high
temperature existing in the Earth’s mantle conditions, our study shows that due to its ability to host
small cations and its high density and stability at high pressure, the high-pressure MnCO3 in the CaCO3-VI
structure may represent a potential oxidized carbon-bearing phase for enabling transport of carbon into
the Earth’s deep interior.
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