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Abstract 14 

The structural evolution of carbonate minerals with increasing pressure is essential to decoding 15 

the role of Earth’s mantle in the global carbon cycle and long-term climate change. Here, we 16 

carried out synchrotron single-crystal x-ray diffraction measurements on the natural sample of 17 

manganese dolomite [kutnohorite, Ca1.11Mn0.89(CO3)2] in a diamond-anvil cell up to 51.2 GPa at 18 

room temperature with neon as a pressure-transmitting medium. The manganese dolomite 19 

sample remains stable in the rhombohedral crystal structure from 1 bar to ~13.3 GPa. The 20 

equation of state of the Ca1.11Mn0.89(CO3)2 sample was determined: V0 = 334.06±0.29 Å3, K0 = 21 

99.9±4.7 GPa, and 𝐾଴ᇱ = 4.3±0.9; when 𝐾଴ᇱ is fixed at 4.0, V0 = 334.04±0.24 Å3 and K0 = 22 

101.4±1.5 GPa. Upon further compression at room temperature, the split and disappearance of 23 

diffraction spots were observed. That is, the rhombohedral structure of manganese dolomite 24 

becomes highly distorted to lose the long-range order at 13.3–51.2 GPa at room temperature. 25 

Moreover, our single-crystal x-ray diffraction results decode the mechanisms of the reported 26 

lattice and internal Raman mode splits of the same manganese dolomite sample approximately at 27 

13 and 24 GPa, respectively. These results suggest manganese-bearing carbonates could play a 28 

distinct role in the deep carbon cycle. 29 

Keywords: High pressure; manganese dolomite; x-ray diffraction; deep carbon cycle 30 
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Introduction 32 

Carbonate minerals are the important forms of carbon carriers from shallow subduction zones 33 

to the deep mantle (Plank and Manning, 2019). Those carbonate minerals could account for the 34 

major constituent of the global carbon fluxes, about 100 megatons of deep carbon entering the 35 

Earth’s interior via subducting slabs each year (Dasgupta and Hirschmann, 2010; Farsang et al., 36 

2021). Little to none carbon can be incorporated into the crystal lattice of mantle silicate 37 

minerals, leading to the deep carbon being mostly stored and transported as carbonates, together 38 

with graphite, diamond and carbides (Shcheka et al., 2006). The physical, chemical, and 39 

transport properties of the deep mantle could be significantly influenced by the presence of 40 

carbonates involving the crust-mantle interactions (Lavina et al., 2009; Lin et al., 2012; Dorfman 41 

et al., 2018). In particular, it still remains enigmatic how those carbonate minerals evolve in 42 

subducted slabs. This holds the key to better decode the global carbon cycle, long-term climate 43 

dynamics, as well as mantle dynamics (Kelemen et al., 2011; Sanchez-Valle et al., 2011; Malusà 44 

et al., 2018). 45 

Thus far, the structural evolution and chemical reactions of carbonate minerals have been 46 

investigated by a battery of probes under high-pressure and high-temperature conditions (e.g., 47 

Boulard et al., 2011; Zhao et al., 2020). Calcium carbonate (e.g., calcite and aragonite) could 48 

react with pyroxene to form the dolomite group minerals [CaM(CO3)2 with M = Mg, Fe, Mn, etc.] 49 

under relatively shallow depths of 100–150 km (Kushiro, 1975). Dolomite minerals exhibit a 50 
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rhombohedral structure (space group R3ത ) in which MO6 and CaO6 units alternate along the c 51 

axis. The dolomite group minerals undergo a series of high-pressure phase transformations 52 

including dolomite-II, -III, -IIIc, -IV, and -V (e.g., Santillan et al., 2003; Mao et al., 2011; 53 

Merlini et al., 2012; Merlini et al., 2017; Wang et al., 2022). Dolomite minerals and their 54 

high-pressure polymorphs likely occupy up to half of the Earth’s accessible carbonate reservoirs 55 

(Binck et al., 2020). Among all the dolomite group minerals investigated under high pressures, 56 

the high-pressure behavior of manganese dolomite [CaMn(CO3)2] is least constrained in the 57 

literature. Palaich et al. (2015) reported the bulk modulus and phase stability of a natural 58 

manganese dolomite sample [Ca0.76Mn1.24(CO3)2] (hereinafter referred to as “Ca76”) in the 59 

Ne-NaCl pressure-transmitting medium. Notably, varying pressure-transmitting media (e.g., 60 

NaCl, Ar, Ne and He) can have distinct effects on the structural transition paths and electronic 61 

states with increasing pressure (Efthimiopoulos et al., 2017; Merlini et al., 2017; Efthimiopoulos 62 

et al., 2018; Binck et al., 2020; Zhao et al., 2021). The use of NaCl generally induces a very large 63 

deviatoric stress of > 5–10 GPa in a diamond-anvil cell (DAC), whereas Ne can keep the sample 64 

under relatively hydrostatic conditions that more closely resemble the deep mantle (Klotz et al., 65 

2009). It is noted that the ideal manganese dolomite CaMn(CO3)2 (hereinafter referred to as 66 

“Ca100”) may feature separated CaO6 and MnO6 layers alternating along the c axis. Compared 67 

with the Ca100, the Ca76 has a lower calcium content and features CaO6 and MnO6 octahedra 68 

mixed in the same layer (Palaich et al., 2015). That is, varying manganese contents would 69 

change the degree of cation ordering in manganese dolomite minerals. In particular, the different 70 
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sizes between Mn2+ and Ca2+ would induce rotation and distortion of the CaO6 and MnO6 71 

octahedra in the same layer to some extent, which definitely influences the manganese 72 

dolomite’s behavior under high pressures. Therefore, manganese content shall also be evaluated 73 

for constraining the structural transformation of manganese dolomite under Earth’s mantle 74 

pressures. 75 

In this work, we carried out synchrotron x-ray diffraction measurements on a natural 76 

single-crystal manganese dolomite mineral Ca1.11Mn0.89(CO3)2 (hereinafter referred to as 77 

“Ca111”) under high pressures up to 51.2 GPa at room temperature. Our manganese dolomite 78 

sample has a calcium content slightly deviating from the ideal manganese dolomite (Ca100). 79 

Together with neon serving as a pressure-transmitting medium, this study aims to investigate 80 

how varying chemical compositions influence the structural evolution of manganese dolomite 81 

under high pressures. It is found that our Ca111 sample exhibits enhanced incompressibility with 82 

respect to the Ca76 sample reported by Palaich et al. (2015). Upon further compression at room 83 

temperature, a new set of splitting diffraction spots emerged at pressures greater than 13.3 GPa, 84 

including {110}, {116} and {128} planes. Meanwhile, the diffraction intensity of the splitting 85 

diffraction spots diminished approximately from 22.4 to 51 GPa, suggesting that the manganese 86 

dolomite structure becomes highly distorted at > 13.3 GPa and partially loses the long-range 87 

order at > 22.4 GPa at room temperature. These results provide a better understanding of the 88 

structural behavior of manganese-bearing carbonates at mantle pressures. 89 

 90 
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Experimental Methods 91 

The starting material was the single-crystal Ca111 sample, one natural manganese dolomite 92 

(i.e., kutnohorite) from the Sterling Hill, New Jersey, USA. Back-scattered electron images and 93 

elemental maps (Ca, Mn, C and O) were collected for the Ca111 sample by using a scanning 94 

electron microscopy/energy dispersive x-ray spectroscopy (SEM/EDS, JOEL JSM-7900F). The 95 

accelerating voltage is 10 kV with a beam current of 10 nA. The Ca111 sample was coated with 96 

Pt. The chemical homogeneity of the starting material was confirmed as illustrated in Fig. 1. We 97 

note that the high-pressure laser Raman spectroscopy of this sample has been investigated up to 98 

56 GPa by Wang et al. (2022), where the chemical composition of this sample was determined to 99 

be Ca1.11Mn0.89(CO3)2 with minor trace amounts of Mg and Fe by using electron probe 100 

microanalyzer (JEOL JXA-8200). In addition, the rhombohedral crystal structure (space group: 101 𝑅3ത) was confirmed for the Ca111 sample with lattice parameters of a = 4.8644±0.0010 Å, c = 102 

16.294±0.003 Å, and the unit cell volume V = 333.90±0.15 Å3, by using an in-house 103 

single-crystal x-ray diffractometer (Brucker D8 VENTURE) at the Center for High Pressure 104 

Science and Technology Advanced Research (HPSTAR, Beijing). The diffractometer was 105 

equipped with a Mo Kα x-ray source and operated at the voltage of 50.0 kV with a current of 1.4 106 

mA and a wavelength of 0.71073 Å. The x-ray beam was focused to the full width at half 107 

maximum (FWHM) of ~100 μm at the sample position, and the diffraction patterns were 108 

collected using a MAR CCD detector. The x-ray diffraction patterns of CeO2 powder were 109 

collected for the calibration of laboratory x-ray diffractometer. 110 
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Symmetric diamond-anvil cells were employed to generate high pressures through squeezing 111 

the two opposing diamond anvils with a flat culet of 200 μm. A hole of 110 μm in diameter and 112 

22−25 μm thick was drilled at the center of a pre-indented tungsten gasket and served as a 113 

sample chamber. A small platelet of the single-crystal Ca111 sample was deliberately selected 114 

with a thickness of 7–8 µm and 40–45 µm in diameter, and then it was loaded into the sample 115 

chamber. One ruby ball of 7–8 µm in diameter and a piece of platinum foil of approximate 15 116 

μm in diameter were placed next to the Ca111 sample for pressure calibration. Neon was 117 

employed as a pressure-transmitting medium and loaded into the sample chamber by using the 118 

high-pressure gas loading system at HPSTAR. The use of neon can ensure the quasi-hydrostatic 119 

conditions at least up to 50 GPa, avoiding the influence of severe deviatoric stress inside the 120 

sample chamber (Klotz et al., 2009). The pressure and its uncertainty were calculated by multiple 121 

measurements of the ruby fluorescence before and after each x-ray diffraction measurement, 122 

together cross-checked by the equation of state (EOS) of platinum under high pressures at room 123 

temperature (Fei et al., 2007; Shen et al., 2020).  124 

High-pressure single-crystal x-ray diffraction experiments were performed at beamline 125 

13BM-C of the GeoSoilEnviroCARS (GSECARS) at the Advanced Phonon Source, Argonne 126 

National Laboratory. A monochromatic x-ray beam was employed with a wavelength of 0.4340 127 

Å. The incident x-ray beam was focused down to 15 μm at the full width at half maximum on the 128 

sample position. A MAR165 CCD detector was used to record x-ray diffraction images while the 129 

sample was rotated from -19° to +20° about the x-ray beam direction for a total exposure time of 130 
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10 s. In addition, lanthanum hexaboride (LaB6) powder was used to calibrate the 131 

sample-to-detector distance and the tilting and rotation of the image plate with respect to the 132 

incident x-ray beam. The sample-to-detector distance was calibrated to be 208.20 mm, and x-ray 133 

diffraction patterns were processed to determine the lattice parameters of the Ca111 sample and 134 

platinum (pressure calibrant) with increasing pressure using the GSE_ADA/RSV software 135 

packages and Dioptas software (Dera et al., 2013; Prescher and Prakapenka, 2015). 136 

 137 

Results and Discussion 138 

Synchrotron x-ray diffraction patterns were collected on the single-crystal Ca111 sample at 139 

room temperature up to 51.2 GPa via an interval of approximately 2–10 GPa. At 1.9 GPa, 10 sets 140 

of diffraction planes were recorded at the d-spacing values ranging from 4.0650 Å to 1.2135 Å, 141 

including {104}, {110}, {202}, {116}, {210}, {214}, {208}, {0210}, {128}, and {220} planes 142 

(Fig. 2a). The d-spacing values of these planes systematically decreased with increasing pressure 143 

while their diffraction spots shifted to higher degrees in x-ray diffraction patterns. Notably, all 144 

these diffraction spots remained pretty sharp and round under high pressures up to 13.3 GPa, 145 

indicating that the Ca111 sample was in good single-crystal quality in neon pressure medium 146 

(Fig. 2b). Upon further compression, the diffraction spots became elongated and split at 147 

pressures greater than 13.3 GPa (Fig. 2c). The dramatic decline in diffraction intensity was 148 

observed at > 22.4 GPa, largely due to the fact that the Ca111 sample underwent octahedral 149 

distortion/rotation to lose the long-range order, which has also been reported in Ca-Mg dolomite 150 
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under high pressures (Santillan et al., 2003). This suggests the manganese dolomite symmetry is 151 

broken approximately at > 13.3–22.4 GPa and room temperature. It is consistent with the 152 

previous Raman spectroscopic study on the same Ca111 sample at room temperature, revealing 153 

that several new T and L Raman modes of 150−450 cm-1 emerged at ~13 GPa and the splitting of 154 

the ν1 mode at ~23−25 GPa (Wang et al., 2022). 155 

The pressure-volume (P-V) experimental data between 1 bar and 13.3 GPa were fitted to the 156 

third-order Birch-Murnaghan equation of state (EoS) (Table 1 and Fig. 3):  157 

𝑃 =  ଷଶ 𝐾଴ ቈቀ௏బ௏ ቁళయ − ቀ௏బ௏ ቁఱయ቉ ቊቈ1 +  ଷସ (𝐾଴ᇱ − 4)(ቀ௏బ௏ ቁమయ − 1)቉ቋ , 158 

where P is pressure, V0 and K0 are the unit-cell volume (V) and bulk modulus (K) at ambient 159 

conditions, and 𝐾଴ᇱ is the pressure derivative of K0. With all the parameters fitted, we derived V0 160 

= 334.06±0.29 Å3, K0 = 99.9±4.7 GPa, and 𝐾଴ᇱ = 4.3±0.9 for the Ca111 sample; with the V0 161 

fixed at the value of 333.90 Å3 measured at ambient conditions, the K0 and 𝐾଴ᇱ values were 162 

calculated to be 101.8±3.4 GPa and 4.1±0.6, respectively; with the 𝐾଴ᇱ  fixed at 4.0, V0 = 163 

334.04±0.24 Å3 and K0 = 101.4±1.5 GPa. We note that the P-V experimental data at >13.3 GPa 164 

were not included for deriving the EoS of the Ca111 sample in this study, due to the splits of 165 

diffraction spots (Table 1). 166 

Compared to the Ca76 sample reported by Palaich et al. (2015), the unit-cell volume of our 167 

Ca111 sample is greater over the entire pressure range. Their Ca76 data exhibit a clear scattering 168 

above 15 GPa; hence, we refitted their data at 0.4–11.4 GPa using a 3rd BM EoS and derived the 169 
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V0, K0 and 𝐾଴ᇱ values to be 331.88(27) Å3, 93.4(77) GPa and 2.7(1.5), respectively; with the 𝐾଴ᇱ 170 

fixed at 4.0, the V0 and K0 values are 332.03(19) Å3 and 87.4(13) GPa, respectively. As we can 171 

see, the bulk modulus of the Ca76 sample is consistently smaller than our Ca111 sample, 172 

evidencing that the Ca76 is more compressible than the Ca111 under high pressures. However, 173 

this observation is counterintuitive because our Ca111 sample contains much more Ca2+ than the 174 

Ca76. It is expected that the Ca111 is more compressible than the Ca76 on the basis of 175 

comparative crystal chemistry (Hazen et al., 2000). This contradiction might be resolved from 176 

the fact that the Ca111 sample is closer to the ideal composition of manganese dolomite Ca100, 177 

while the Ca76 deviates from the ideal Ca100 composition to a greater degree. The Ca76 sample 178 

could accumulate larger lattice strain (i.e., microstrain) due to the greater rotation and distortion 179 

inside the cation layers at a given pressure and room temperature, originating from different sizes 180 

of CaO6 and MnO6 units in the same layer (Palaich et al., 2015). How Ca2+ and Mn2+ cations are 181 

arranged in the MO6 layers reflect the degree of cation ordering, which should be highly 182 

associated with calcium contents of manganese dolomite. The degree of cation ordering has also 183 

been frequently related to the phase stability of dolomite minerals. For instance, the ordered 184 

CaMg(CO3)2 enters the disordered state approximately at 620–1100 ℃ upon compression and 185 

further breaks down into MgCO3 and CaCO3 at higher temperatures (Morlidge et al., 2006; 186 

Hammouda et al., 2011). As we can see, the structural transformation and compressiblity of 187 

carbonate minerals highly depend upon both the degree of cation ordering. Additionally, it is 188 

worth noting that the stress field within the sample chamber might also contribute to the 189 
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observed different compressibility between the Ca76 and Ca111 samples. Recently, it has been 190 

unraveled how the quasi- and non-hydrostatic conditions influence the structural evolution and 191 

compressibility of carbonate minerals as the pressure rises (Fiquet and Reynard, 1999; Zhao et 192 

al., 2021). 193 

The nature and state of carboante minerals are largely related to the radii of cations (e.g., 194 

Ca2+, Mg2+, Fe2+, and Mn2+) under high presssures. Fig. 3 and Table 2 show that calcite (CaCO3) 195 

exhibts the largest unit-cell volume (V) and the least bulk modulus at ambient conditons among 196 

all single and double carbonate minerals with the chemical compositon of (Ca,Mn,Fe,Mg)CO3 197 

(Redfern and Angel, 1999; Redfern, 2000). Intriguingly, rhodochrosite (MnCO3) exhibits the 198 

greatest bulk modulus among all the (Ca,Mn,Fe,Mg)CO3 carbonates, though its V value is much 199 

larger than siderite (FeCO3) and magnesite (MgCO3) at ambient conditons (Fiquet and Reynard, 200 

1999; Liu et al., 2015; Liu et al., 2016; Zhang et al., 1998). Moreover, the V values of the 201 

dolomite group minerals CaM(CO3)2 (M = Mn, Fe, and Mg) are in between rhodochrosite and 202 

calcite under high pressures (Fig. 3). Interestingly, CaMg0.92Fe0.08(CO3)2 and CaMg0.6Fe0.4(CO3)2 203 

exhibit the similar V values with increasing pressure (Martinez et al., 1996; Mao et al., 2011; 204 

Merlini et al., 2012). In other words, iron substitution appears to have minimal effects on the V 205 

of CaMg(CO3)2 at least up to 13 GPa at room temperature. However, manganese substitution 206 

presents distinct effects. The V values of the Ca76 and Ca111 are much larger than that of 207 

CaMg(CO3)2 under high pressures (Fig. 3). Unlike iron-bearing CaMg(CO3)2, the V values of 208 

manganese dolomite are highly related to manganese concentration. In general, manganese can 209 
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more readily replace calcium in manganese dolomite while iron moslty substitutes magnesium in 210 

Ca-Mg dolomite. This is largely because the radius of Ca2+ (1.00 Å) is much larger than that of 211 

Mg2+ (0.72 Å) and Fe2+ (0.78 Å in the high-spin state and 0.61 Å in the low-spin state) in the 212 

octahedral configuration (Shannon, 1976). 213 

Further, the relative compressiblity of carbonate minerals can be demonstrated evidently as a 214 

function of the V/V0 ratio against pressure. Fig. 4 shows the three features regarding how the 215 

V/V0 ratio decreases with increasing pressure. First, all the single and double divalent metal 216 

carbonates (Ca,Mn,Fe,Mg)CO3 exhibit the similar values that reach ~0.985 at 2 GPa, except 217 

calcite-type CaCO3. Secondly, the single divalent metal carbonates of (Mn,Fe,Mg)CO3 in the 218 

calcite-type structure have the V/V0 ratios greater than the double divalent metal carbonates of 219 

(Ca,Mn,Fe,Mg)CO3 in the dolomite-type structure at > 2 GPa. Third, the Ca111 sample has the 220 

V/V0 ratios greater than iron-bearing dolomite CaMg(CO3)2 at 0–13 GPa. These differences 221 

diminish with increasing pressure, and the Ca111, Ca76 and iron-bearing dolomite samples all 222 

could share the same V/V0 ratios at ~15 GPa as illustrated in Fig. 4. Additioanlly, it is worth 223 

noting that the magnitude of deviation from the ideal calcium content of the Ca100 may control 224 

the evolution of V/V0 and c/c0 ratios of manganese dolomite minerals with increaseing pressure 225 

as shown in Figs. 4–5 (Palaich et al., 2015). On the contrary, the a/a0 ratios between the Ca76 226 

and Ca111 samples are almost the same as the pressure rises (Fig. 5). More importantly, all the 227 

single and double carbonate minerals share comparable a/a0 ratio values under high pressures. In 228 

other words, all those carbonates have the simialr response of the a axis unpon compresion. It is 229 
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primarily because of the relatively rigid CO3
2- planar configurations aligning perpendicular to the 230 

c axis. In other words, the type and size of MO6 octahedra have little influence on the a axial 231 

compressiblity of carbonate minerals. 232 

Interesingly, the c/c0 ratios exhibit a more diverged feature than the a/a0 ratios (Fig. 5). This 233 

intrisically reflects the MO6 octahedra (M = Ca, Mn, Fe, and Mg) are more compressible than the 234 

CO3
2- units. MnCO3 has the greatest c/c0 ratios at 0–15 GPa at room temperature (Liu et al., 2016; 235 

Palaich et al., 2015). However, this tendancy is changed with increasing pressure (Fig. 5). In 236 

particular, MnCO3 and (Mg,Fe)CO3 single divalent metal carbonates have nearly the same c/c0 237 

ratios at 15–20 GPa. Moreover, unlike the a/a0 ratios of those carbonates, the c/c0 ratios of single 238 

divalent metal carbonates appear to be much more larger than that of double carbonates under 239 

high pressures (Fig. 5). In principle, the larger effective cation radius features longer bonding 240 

lengths and weaker interactions between the CO3
2- group and metal cations (Hazen et al., 2000). 241 

In particular, the c axial compressibilibty of those carbonates are highly related to the effective 242 

cation radii in the MO6 octahedral configurtion under high pressures. As to manganese dolomite, 243 

Mn2+ can largely substitute Ca2+, and the c axis compressibility is signficantly affected by the 244 

coexisting MnO6 and CaO6 octahedra with different sizes and distortion/rotation in the same 245 

layer. 246 

By the same logic, the c/a ratios are also sensitive to the relative size of effective cation radii 247 

in those carboantes as shown in Fig. 6. The difference in the c/a ratios could be as large as 5% 248 

between calcite and magnesite (Fiquet and Reynard, 1999; Redfern and Angel, 1999). Notably, 249 
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the c/a ratios of manganese dolomite lie between calcite and magnesite at ambient conditions. 250 

Additionally, the differene in the c/a ratios between single and double carbonates decreases with 251 

increasing pressure, principally ascribed to the relatively greater compressibility of CaO6 252 

octahedra along the c axis, with respect to MnO6, MgO6, and FeO6 octahedra under high 253 

pressures (Palaich et al., 2015). Meanwhile, MO6 octahedra may distort and rotate with 254 

increasing pressure, as demonstrated by the c/a ratio slope of carbonates (Fig. 7). Except 255 

magnesite (MgCO3), other single divalent metal carbonates remain a relatively stable and low 256 

slope with increasing pressure (Palaich et al., 2015). Remarkably, double carbonates feature 257 

abrupt changes in the c/a ratio slope, likely associated with the extent of MO6 octahedral 258 

distortion and rotation (Fig. 7). It is worth noting that both the Ca111 and Ca76 show a dramatic 259 

change in the c/a ratio slope at ~ 8 GPa, which might be an intrinsic high-pressure behavior 260 

common for manganese dolomite minerals upon compression at room temperature. Furthermore, 261 

the Ca111 has the absolute values of the c/a ratio slope samller than the Ca76 at < 13.3 GPa, 262 

reflecting the Ca111 less compressible than the Ca76 (Fig. 7). 263 

The evolving distortion/rotation of CaO6 and MnO6 octahedra in the same layer may hold the 264 

key to decode the splits of single-crystal diffraction spots observed in the Ca111 sample with 265 

increasing pressure (Fig. 2). The high-angle diffraction spots such as {128} became slightly 266 

elongated at 13.3 GPa while the low-angle diffraction spots were still pretty round (Fig. 2b). This 267 

change reflects the lattice distortion is accumulating to be visible initially via the deformation of 268 

the high-angle diffraction spots. We note that the splits of the lattice modes were observed at 269 
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pressures greater than 10.5 GPa in the Raman spectra of the Ca111 sample when being 270 

compressed in neon (Wang et al., 2022). Compared with x-ray diffraction measurements, the use 271 

of the same pressure-transmitting medium indicates that laser Raman spectroscopy is a more 272 

sensitive probe to detect the lattice distortion of carbonates. Additionally, Wang et al. (2022) 273 

pointed out that the use of helium serving as a pressure-transmitting medium would postpone the 274 

splits of the lattice Raman modes to 13.7 GPa for the Ca111 sample. It is principally because 275 

deviatoric stress accumulates slower in helium than neon. Upon further compression in neon, the 276 

splits of high-angle diffraction spots were visible at 14.7 GPa while the splits of low-angle 277 

diffraction were until 17.5 GPa for the single-crystal Ca111 sample (Fig. 2c). This is largely due 278 

to the higher spatial resolutions at the higher angles in x-ray diffraction patterns. The diffraction 279 

split magnitudes of {104}, {110}, and {116} planes are comparable to each other and they could 280 

be as large as 0.040±0.002 Å at 22.4 GPa (Fig. 2d). 281 

The diffraction intensities dramatically decreased at 28.1 GPa and vanished with increasing 282 

pressure to 51.2 GPa. Such changes in diffraction intensities reflect the significant adjustments in 283 

the atomic positions of Ca2+ and Mn2+ for the Ca111 sample at pressures greater than 22.4–28.1 284 

GPa. At the same time, the splits of the internal modes occurred in the single-crystal Ca111’s 285 

Raman spectra at approximately 24 GPa, including the symmetric stretching (ν1), out-of-plane 286 

bending (ν2) and in-plane bending (ν4) (Wang et al., 2022). These internal Raman modes are 287 

originated from the vibrations of the CO3
2- group. Thus, the reported Raman peak splits are 288 

intrisically related to the dramatic changes in the bonding environments of the CO3
2- group, 289 
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corresponding to the dolomite-III phase of Ca111 assigned by Wang et al. (2022) approximately 290 

at 24–50 GPa. In other words, the dramatic adjustments in atomic positions not only break up the 291 

long-range order of the cation layers of MnO6 and CaO6 causing the blurred diffraction spots and 292 

vanished intensities, but also alter the bonding environments of the CO3
2- group in the Ca111 293 

sample at ≥ 24 GPa. In addition, the Ca111 sample features the splits of the lattice modes in 294 

Raman spectra at 13.3–22.4 GPa while the internal modes of the CO3
2- group remain unaffected, 295 

corresponding to the dolomite-II phase in Wang et al. (2022). 296 

Together with the x-ray diffraction results in this study, it is convincing to conclude that the 297 

lattice distortion is mainly accumulated in the cation layers of CaO6 and MnO6 octahedra in the 298 

dolomite-II phase of Ca111. It appears to minimally influence the rigid CO3
2- group. Moreover, 299 

Figs. 2d–2e vividly demonstrate that Ca111 might contain two domains that were subjected to 300 

different lattice strains at 17.5 and 22.4 GPa. When the d-spacing difference between the two 301 

domains exceeded 0.040 Å at 28.1–51.2 GPa, no characteristic diffraction with moderate-strong 302 

intensities could be observed in the Ca111 sample (Figs. 2e–2f). Therefore, the dolomite-III 303 

phase has the lattice much more distorted than the dolomite-II phase for Ca111 as shown in 304 

Raman spectra collected by Wang et al. (2022). Additionally, those high-pressure phase 305 

transitions are reversible and the recovered Ca111 sample did not feature the characteristic 306 

Raman peaks of CaCO3 and MnCO3 at ambient conditions, evidencing that the manganese 307 

dolomite would not decompose up to 60 GPa at room temperature. 308 

 309 
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Implications 310 

Carbonates are key deep carbon-bearing phases in the Earth’s interior and it is essential to 311 

decode how carbonate structure evolves with respect to varying cations as pressure rises. 312 

Compared with the Ca76 sample investigated by Palaich et al. (2015), our Ca111 sample exhibits 313 

higher bulk moduli as its Ca2+ content is more close to the ideal manganese dolomite Ca100 314 

composition having 50% cations to be Ca2+. We note that there might be diffraction splits in the 315 

polycrystalline Ca76 at 11.4–19.1 GPa in Palaich et al. (2015). Polycrystalline x-ray diffraction 316 

patterns generally feature broadened peaks, which may conceal the diffraction splits. More 317 

importantly, diffraction splits may be a common high-pressure behavior of the dolomite group 318 

minerals. Santillan et al. (2003) reported the split and disappearance of x-ray diffraction peaks 319 

for polycrystalline CaMg(CO3)2 at pressures greater than ~20 GPa at room temperature, with a 320 

16:3:1 mixture of methanol:ethanol:water serving as the pressure-transmitting medium. 321 

Compared with the Ca111 sample, the elevated transition pressure for CaMg(CO3)2 is mainly 322 

because the effective radius of Mg2+ is much smaller than that of Mn2+. Similarly, the {104} and 323 

{116} diffraction peaks of polycrystalline CaMg(CO3)2 split into two components and this 324 

doublet could remain stable approximately to 50 GPa at room temperature. Santillan et al. (2003) 325 

suggested that the dolomite-II phase of CaMg(CO3)2 likely has a doubled unit cell relative to the 326 

calcite-III structure, but this feature could not be well resolved based on their powder diffraction 327 

patterns. Here with the help of single-crystal diffraction patterns in this study, the splits of all 328 

diffraction spots of our manganese dolomite sample are highly associated with the magnitude of 329 
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lattice distortion (microstrain) accumulated with increasing pressure. Furthermore, Wang et al. 330 

(2022) revealed that the rigid CO3
2- group in highly-distorted CaMg(CO3)2 is subjected to more 331 

complex bonding environments than the Ca111 sample at 50 GPa and room temperature. In other 332 

words, chemical variations can modulate the bonding environments in the highly-distorted 333 

dolomite group minerals under high pressures as illustrated in iron-bearing carbonates (Hu et al., 334 

2023). The structural evolution of the dolomite group minerals can be further complicated when 335 

the distorted CaO6 octahedra enter the regime of distorted polyhedra of CaOn (7≤n≤9) (Binck et 336 

al., 2020). 337 

Subducting slabs contain some amount of manganese-bearing carbonate minerals, 338 

considering that Mn substitution for Mg, Fe, and Ca is ubiquitous in natural minerals (Richard J. 339 

Reeder, 1989; Rividi et al., 2010; Efthimiopoulos et al., 2017). Besides, inclusions in super-deep 340 

diamonds embrace manganese-bearing dolomite minerals, evidencing the undisputed presence of 341 

manganese-bearing carbonates in the deep mantle (Brenker, 2007; Logvinova et al., 2019). The 342 

incorporation of manganese into mantle carbonates may alter their structural evolution when 343 

being subjected to deep mantle conditions. Thus far, the high-pressure polymorphs of 344 

(Mg,Fe)-dolomite have been considered to be potential carbon carriers in the deep mantle (Mao 345 

et al., 2011; Merlini et al., 2012). Mn2+ has an effective radius larger than Fe2+ and Mg2+ 346 

throughout the entire mantle pressures (Shannon, 1976). Hence, the substitution by Mn2+ could 347 

exert a relatively larger chemical strain to the carbonate lattice, which would generally lower the 348 

phase transition pressure. Recently, Lv et al. (2021) propsoed a reversal of carbonate-silicate 349 
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cation exchange of Ca2+ and Mg2+ in cold slabs at lower-mantle conditions. However, it still 350 

remains unclear how the presence of Mn2+ influences the structural evoltion of carbonate 351 

minerals and its interactions with mantle silicates. Further, high temperature plays an important 352 

role in the stability and dynamics of mantle carbonates and places another dimension to be 353 

constrained for decoding the deep carbon cycle (e.g., Boulard et al., 2011; Cerantola et al. 2017; 354 

Hou et al., 2019; Lv et al., 2021; Gui et al., 2023). It is worth noting that there is still no 355 

agreement on whether MnCO3 decomposes into diamond under high temperatures at > 12 GPa 356 

(Liu et al., 2001; Ono, 2007). Therefore, further work is demanded for elucidating the nature and 357 

state of Mn-bearing carbonate minerals at lower-mantle conditions in these regards. 358 

  359 
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Figure Captions 517 

 518 

 519 
Figure 1. Representative back-scattered electron image and energy dispersive x-ray 520 

spectroscopy (EDS) elemental maps (Ca, Mn, C and O) of manganese dolomite at ambient 521 

conditions. 522 
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 524 

Figure 2. Representative x-ray diffraction patterns of manganese dolomite under high pressures 525 

at ambient temperature. X-ray diffraction images collected during a rotation from -19° to +20° 526 

about the x-ray beam direction, showing the sharp, round diffraction spots of Ca1.11Mn0.89(CO3)2 527 

at 1.9 and 13.3 GPa, respectively. The diffraction rings in the aforementioned patterns come 528 

from the tungsten gaskete, the pressure calibrant of platinum, and/or the pressure medium of 529 

nenon. The diffraction images were illustrated by the DIOPTAS program (Prescher and 530 

Prakapenka, 2015). The symbol D represents the diffraction spots of diamond anvils. Insets: The 531 

enlarged images of diffraction spots by 10 times vertivally and horizontally, respectively. 532 

  533 
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 534 
Figure 3. The pressure-volume relations of carbonate minerals at room temperature. Diamond 535 

symbols represent the unit-cell volme for Ca1.11Mn0.89(CO3)2 from this study while circle 536 

symbols for Ca0.76Mn1.24(CO3)2 by Palaich et al. (2015). Solid (red) and dashed (purple) curves: 537 

BM EoS fits to the experimental data of the two kutnohorite samples, respectively. Error bars 538 

smaller than diamond symbols are not shown for clarity for Ca1.11Mn0.89(CO3)2. We note that the 539 

open dimond symbols represent the values after diffraction splits, which shall be used with 540 

caution (see Table 1 for more details). Inset: The optical microscopy image of the DAC smaple 541 

chamber, showing that one ruby ball of 7–8 µm in diameter and a piece of platinum foil of 542 

approximate 15 μm in diameter were placed next to the sample for pressure calibration. 543 

  544 



 

28 

 545 

Figure 4. The V/V0 values of carbonate minerals with increasing pressure at room temperature. 546 

Error bars smaller than symbols are not shown for clarity. We note that the open dimond 547 

symbols represent the values after diffraction splits of Ca1.11Mn0.89(CO3)2., which shall be used 548 

with caution (see Table 1 for more details). 549 
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 551 

Figure 5. The axial ratios of carbonate minerals with increasing pressure at room temperature. 552 

Solid and open symbols represent a/a0 and c/c0, respectively. Error bars smaller than symbols are 553 

not shown for clarity. We note that the half-filled dimond symbols represent the values after 554 

diffraction splits of Ca1.11Mn0.89(CO3)2., which shall be used with caution (see Table 1 for more 555 

details). 556 

 557 
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 558 

Figure 6. The c/a ratio values of carbonate minerals with increasing pressure at room 559 

temperature. Error bars smaller than symbols are not shown for clarity. We note that the open 560 

dimond symbols represent the values after diffraction splits of Ca1.11Mn0.89(CO3)2., which shall 561 

be used with caution (see Table 1 for more details). 562 
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 563 

Figure 7. The c/a ratio slope of carbonate minerals with increasing pressure at room temperature. 564 

Vertical ticks represent one standard deviation of the c/a ratio slope values.  565 
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Table 1. Lattice parameters of of Ca1.11Mn0.89(CO3)2 and the pressure calibrant (platinum) at 567 
high pressure and room temperature with the use of neon as a pressure-transmitting medium. 568 

Ca1.11Mn0.89(CO3)2  Pt 
a (Å) c (Å) V (Å3)  a (Å) V (Å3) P (GPa)* 

4.8644(10) 16.294(3) 333.90(15)  3.9231(3) 60.379(14) 0.0001 
4.8517(10) 16.121(7) 328.63(20)  3.9143(5) 59.974(23) 1.9(1) 
4.8149(11) 15.735(9) 315.92(23)  3.8967(8) 59.169(36) 6.0(2) 
4.8058(9) 15.613(7) 312.28(18)  3.8892(8) 58.828(36) 7.7(2) 

4.7973(10) 15.547(7) 309.85(19)  3.8843(12) 58.605(54) 8.9(3) 
4.7877(9) 15.443(7) 306.56(18)  3.8779(21) 58.316(95) 10.5(5) 

4.7763(11) 15.355(8) 303.36(21)  3.8717(20) 58.037(90) 12.1(5) 
4.7677(10) 15.286(8) 300.92(20)  3.8671(15) 57.830(67) 13.3(4) 

4.7569(11) # 15.161(8) # 297.11(21) #  3.8618(11) 57.593(49) 14.7(3) 
4.7523(11) # 15.101(8) # 295.36(21) #  3.8589(14) 57.463(63) 15.5(4) 
4.7409(13) # 15.015(9) # 292.27(24) #  3.8564(18) 57.352(80) 16.2(5) 

– – –  3.8517(12) 57.142(53) 17.5(3) 

# These values shall be used with caution because of diffraction splits. 569 
* The pressure was determined according to platinum’s equation of state reported by Fei et al. (2007). 570 
The digits in parentheses are the uncertainty, to the precision of the same number of least significant 571 
digits. 572 
  573 
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Table 2. The bulk modulus of carbonate minerals at high pressure and room temperature. 574 

Carbonates Bulk modulus (GPa)  
Ca1.11Mn0.89(CO3)2 101.4(15) This study 
Ca0.76Mn1.24(CO3)2 85(6) Palaich et al., 2015 

CaMgCO3 90.7(7) Martinez et al., 1996 
CaMg0.918Fe0.078Mn0.016 94.1(4) Mao et al., 2011 

CaCO3 73.46(27) Redfern and Angel, 1999 
MnCO3 122(3) Liu et al., 2016 
MgCO3 115(1)  Fiquet and Reynard, 1996 
FeCO3 117(1) Zhang et al., 1998 

The digits in parentheses are the uncertainty, to the precision of the same number of least significant 575 
digits. 576 




