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aBstRaCt

Knowledge of potential carbon carriers such as carbonates is critical for our understanding of the deep-
carbon cycle and related geological processes within the planet. Here we investigated the high-pressure 
behavior of (Ca,Mn)CO3 up to 75 GPa by synchrotron single-crystal X-ray diffraction, laser Raman 
spectroscopy, and theoretical calculations. MnCO3-rich carbonate underwent a structural phase transi-
tion from the CaCO3-I structure into the CaCO3-VI structure at 45–48 GPa, while CaCO3-rich carbonate 
transformed into CaCO3-III and CaCO3-VI at approximately 2 and 15 GPa, respectively. The equation of 
state and vibrational properties of MnCO3-rich and CaCO3-rich carbonates changed dramatically across 
the phase transition. The CaCO3-VI-structured CaCO3-rich and MnCO3-rich carbonates were stable at 
room temperature up to at least 53 and 75 GPa, respectively. The addition of smaller cations (e.g., Mn2+, 
Mg2+, and Fe2+) can enlarge the stability field of the CaCO3-I phase as well as increase the pressure of 
the structural transition into the CaCO3-VI phase.
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intRoDuCtion

Carbonates are the major, oxidized carbon-bearing phases in 
the Earth’s crust and represent an important carrier of carbon back 
into the mantle. The high-pressure behavior of carbonates is thus 
essential for understanding deep-carbon cycling and storage in the 
Earth’s deep interior (Dasgupta and Hirschmann 2010; Hazen and 
Schiffries 2013). All naturally occurring carbonates in the crust 
can be potentially transported into the deep mantle at subduction 
zones. In particular, CaCO3 is the dominant carbonate phase in the 
Earth’s crust and has been extensively investigated in static and 
dynamic high-pressure studies (e.g., Liu and Mernagh 1990; Wil-
liams et al. 1992; Biellmann et al. 1993; Gillet et al. 1993; Fiquet 
et al. 1994; Suito et al. 2001; Ono et al. 2005, 2007; Oganov et al. 
2006; Merlini et al. 2012b; Shi et al. 2012; Ishizawa et al. 2013). 
CaCO3 adopts a rhombohedral R3c structure at ambient conditions 
(referred to as CaCO3-I) and undergoes a series of structural phase 
transitions upon compression at room temperature into CaCO3-II, 
CaCO3-III, and CaCO3-VI approximately at 1.7, 2–3, and 15 GPa, 
respectively (Suito et al. 2001; Catalli and Williams 2005; Merlini 
et al. 2012b). CaCO3-I, CaCO3-II, and CaCO3-III transform into 
aragonite at elevated temperatures and then become disordered 
calcite when approaching the liquidus (Suito et al. 2001), while 
the phase stability of CaCO3-VI is not well constrained at high 
pressure and temperature (P-T).

At ambient conditions, there is a continuous solid solution be-
tween CaCO3 and MnCO3. MnCO3 occurs in the CaCO3-I structure 

at ambient conditions and its high-pressure behavior has been the 
subject of debate. The dissociation of MnCO3 was observed at 
6–8 GPa and 2273 K (Liu et al. 2001), while other studies found 
MnCO3 to be stable up to ~47 GPa and 2000 K (Santillan and 
Williams 2004) and then to transform into an orthorhombic phase 
at 50 GPa above 1500 K (Ono 2007). Furthermore, a series of 
transitions in MnCO3 at room temperature were observed at 15 
and 50 GPa, respectively (Farfan et al. 2013). In the most recent 
studies, MnCO3 was observed to transform into the CaCO3-VI 
structure at room temperature upon compression, although 
those studies reported a different phase transition pressure of 
either ~35 GPa (Boulard et al. 2015) or 44 GPa (Merlini et al. 
2015). Hereafter the low-pressure (CaCO3-I) and high-pressure 
(CaCO3-VI) phases of MnCO3 will be referred to as MnCO3-I and 
MnCO3-II, respectively, after Merlini et al. (2015). Furthermore, 
the compressibility and vibrational properties of MnCO3-II have 
not been determined. Here we combine synchrotron single-
crystal X-ray diffraction (XRD) and laser Raman spectroscopy, 
together with theoretical calculations to study the high-pressure 
behavior of (Ca,Mn)CO3 up to 75 GPa.

methoDs 
Natural calcite and rhodochrosite starting samples were obtained from Dabie 

Mountain, China. Based on electron microprobe analyses, the composition of calcite 
was determined to be (Ca0.992Mn0.008)CO3 with very minor amounts less than 0.1% 
of Mg and Fe, while the rhodochrosite sample was (Ca0.009Mn0.980Fe0.009Mg0.002)CO3. 
For simplicity, we will herein refer to these two samples as CaCO3 and MnCO3, 
respectively. Both CaCO3 and MnCO3 starting samples exhibit a rhombohedral 
shape, reflecting their R3c structure.
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