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Abstract: The transport of calcium carbonate (CaCO3) into the Earth’s interior through subduction is

12

one of the key processes in the global cycling of carbon. For developing a better understanding of the

13

CaCO3 structural chemistry during subduction processes, the phase transitions among CaCO3-I

14

(calcite), CaCO3-II, III/IIIb and aragonite under pressure-temperature (P-T) conditions up to 2.5 GPa

15

and 600°C, in hydrous and anhydrous environments, were investigated using a hydrothermal

16

diamond anvil cell. One displacive and two reconstructive processes during the phase transitions

17

among CaCO3 polymorphs were confirmed from the results as obtained from in-situ observations

18

and Raman spectroscopic measurements, meanwhile the effect of Ca-substitutional metal cations

19

(e.g., Mg2+) in CaCO3 and the presence of an aqueous fluid on the phase transition processes have

20

been determined. Specifically, the CaCO3-I ↔ II phase transition is a displacive process, occurring

21

instantly at pressures varying from 1.6 GPa at room temperature to 1.5 GPa at 500°C with the phase
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equilibrium boundary having a minimum P-T point at approximately 1.4 GPa at 300°C, and is

23

completely reversible upon cooling and decompression. The CaCO3-II → III phase transition is a

24

reconstructive process, observed at P-T conditions increasing from 2.0 GPa at room temperature to

25

2.5 GPa at 150°C, and is accomplished by solid recrystallization starting from CaCO3-II,

26

transitioning through an intermediate CaCO3-IIIb, and ending at the CaCO3-III crystal structure. The

27

phase transition between CaCO3-I or II and aragonite, which is also a reconstructive process, was

28

found to occur by progressive solid recrystallization under high P-T hydrous and anhydrous

29

conditions, or alternatively, via dissolution-precipitation under low P-T hydrous conditions,

30

depending upon the presence of aqueous fluids and the heating rate of the system. The substitution

31

for Ca2+ by other metal cations (e.g., Mg2+, Mn2+, Fe2+) in CaCO3 results in significant increase in the

32

pressures for the displacive and solid recrystallization reconstructive phase transitions, but has no

33

detectable influence on the CaCO3-I/II ↔ aragonite transformation via a dissolution-precipitation

34

process under hydrous conditions. Our results show that the presence of Ca-substitutional metal

35

cations in CaCO3 is a key factor controlling the stability of the CaCO3 crystal structures under high

36

P-T conditions, and suggest that aragonite should be the predominant crystal structure in the upper

37

mantle in subduction zones where the heating rate is very low and slab dehydration is prevalent.

38
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Introduction

41

Calcium carbonate (CaCO3) is one of the most important carbon-bearing substances on our

42

planet. It determines the residence time of carbon in the deep ocean and sedimentary rocks, and acts

43

as the major carrier for carbon during the transfer of subducted oceanic crust into the deep earth

44

(Wallmann and Aloisi, 2012). Despite major portions of subducted carbonates becoming assimilated

45

by basaltic magmas (Carter and Dasgupta, 2015; Seto et al., 2008; Spandler et al., 2012), inclusions

46

from diamonds demonstrate that part of the carbonates may survive and be transported into the deep

47

mantle (Brenker et al., 2007; Gao et al., 2017; Martirosyan et al., 2019). Studying the phase

48

transitions of CaCO3 and the structural chemistry of high P-T CaCO3 phases are of fundamental

49

importance for predicting the occurrence states of carbon in the deep earth (Dasgupta and

50

Hirschmann, 2010; Litasov and Ohtani, 2009), and their contributions to the anomalies in the

51

physicochemical properties (e.g., buoyancy) of subducted slabs (Li et al., 2015; Litasov et al., 2017).

52

To date, at least ten crystal structures of CaCO3 have been known to exist, among which CaCO3-I

53

(generally known as calcite) is consensually recognized as the stable phase on the earth’s surface and

54

in the shallow crust, and CaCO3-VII as the stable phase at P-T conditions corresponding to the

55

bottom of the earth’s upper mantle and post aragonite in the earth’s lower mantle, respectively

56

(Bagdassarov and Slutskii, 2010; Bayarjargal et al., 2018; Bridgman, 1938; Davis, 1964; Irving and

57

Wyllie, 1973; Li et al., 2018; Liu and Mernagh, 1990; Merlini et al., 2012; Mirwald, 1976; Oganov et

58

al., 2006; Ono et al., 2005; Suito et al., 2001).

59

However, the phase relations among CaCO3-I, II, III/IIIb and aragonite are still controversial:

60

According to the results from thermodynamic simulations, the CaCO3-I ↔ aragonite equilibrium
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phase boundary extends from ~0.4 GPa at room temperature to ~1.0 GPa at 500°C at a slightly

62

increasing positive ∂P/∂T slope (Johannes and Puhan, 1971; Redfern et al., 1989). However, during

63

high pressure experiments CaCO3-I was generally preserved under pressures above the CaCO3-I ↔

64

aragonite phase boundary, then transformed into a CaCO3-II structure at pressures varying from

65

around 1.6 GPa under room temperature to 2.1 GPa at 650°C through a minimum point at about 1.3

66

GPa and 300°C (Bridgman, 1938; Kondo et al., 1972; Pippinger et al., 2015). With increase in

67

pressure CaCO3-II transformed to CaCO3-III/IIIb at 2.0 GPa and further to a CaCO3-VI structure at

68

15 GPa and ambient temperature conditions (Bridgman, 1938; Liu and Mernagh, 1990; Merlini et al.,

69

2012; Pippinger et al., 2015; Yuan et al., 2018). Since their P-T stability fields lie within those of

70

aragonite and CaCO3-II and III/IIIb have lower densities than aragonite under the same P-T

71

conditions, these structures are generally considered to be metastable phases (Bayarjargal et al., 2018;

72

Merlini et al., 2012; Merrill and Bassett, 1975). The basis for their occurrence in the P-T stability

73

space of aragonite has not yet been properly established.

74

The P-T conditions for the phase transitions among CaCO3 polymorphs are also affected by the

75

incorporation of metal cations into CaCO3. For instance, with progressive substitution for Ca2+ by

76

metal cations having smaller radii (e.g., Mg2+, Mn2+, Fe2+) in calcite, the P-T stability field of the

77

CaCO3-I structure is increased and the solid solution may transform directly into CaCO3-VI without

78

going through the CaCO3-II and III structures (Liu et al., 2016; Shi et al., 2012). The CaCO3-I ↔

79

aragonite transformation rate has been shown to be kinetically hindered, with particularly slow rates

80

at temperatures below 200°C, and to be dependent, in addition to temperature, upon crystallite size

81

and presences of volatiles (Davis and Adams, 1965; Hacker et al., 1992; Liu and Yund, 1993;
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Perdikouri et al., 2008). These developments notwithstanding, the phase transition mechanisms

83

among CaCO3-I, II, III/IIIb and aragonite and, in particular, the impact of aqueous fluids and

84

Ca-substitutional metal cations on the transformation processes, need to be fully elucidated. In this

85

paper, we present the results from in-situ microscopic observations and Raman spectroscopic

86

measurements of the phase transitions among CaCO3-I, II, III/IIIb and aragonite under P-T

87

conditions up to 2.5 GPa and 600°C, and in hydrous and anhydrous environments. By combining our

88

findings with those from previous studies, we establish a comprehensive understanding of the phase

89

relations among the CaCO3 polymorphs, which can be applied in predicting the structural

90

transformations of CaCO3 during subduction processes.

91

Experimental methods

92

The starting materials for the experiments of this study include natural transparent calcite and

93

aragonite monocrystals which were collected from Guangxi province in southwest China, and white

94

marble containing ~4 mol% MgCO3 from Xinjiang in northwest China. The chemical compositions

95

of the carbonate samples, which were obtained by using an ICP-OES analyzer upon dissolving 0.05

96

g of each sample in 10 ml hydrochloric acid (10 wt%) at 80°C, are listed in Table 1. Carbonate

97

mineral fragments measuring 50 – 100 μm in length and width and ~30 μm in thickness were

98

selected and loaded into the sample chamber of a Bassett type (Bassett et al., 1993) hydrothermal

99

diamond anvil cell (HDAC, Type V), which was configured by sealing two opposed

100

low-fluorescence diamond anvils with 800 μm diameter culets against a 400 μm-in-diameter hole in

101

the center of a 150 μm thick rhenium gasket. In order to investigate the effect of aqueous fluid on the

102

CaCO3 phase transitions, two hydrous (deionized water and 1.0 mol/L NaCl solution) and one
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anhydrous (4:1 methanol-ethanol mixture) fluids were used as the pressure transmitting media in our

104

study. Temperature of the samples was measured by using two K-type thermocouples attached to

105

each of the diamond anvils, to accuracies of ±1 and ±2°C from the set point at temperatures below

106

and above 300°C, respectively (Yuan et al., 2016). In order to avoid potential reactions between

107

CaCO3 and traditional Raman pressure sensors (e.g., quartz, zircon) under high temperature

108

conditions, pressure inside the sample chamber was calculated by using the EOS of water (including

109

liquid-vapor equilibrium pressure for a two-phase fluid and isochoric pressure for a one-phase fluid)

110

under low pressure (e.g., < 0.2 GPa) conditions (Presser et al., 2008), and from the Raman peak

111

position shift of the symmetric stretching vibration (ν1) of aragonite (Facq et al., 2014), or the

112

spacing between the transitional (T mode) and librational (L mode) lattice vibrations (Δ = νL – νT) of

113

dolomite under high pressure (e.g., > 0.2 GPa) conditions (Yuan et al., 2020). Based on the attainable

114

accuracy of ±0.1 cm-1 in the measured Raman peak positions, the uncertainty in pressure calibration

115

was estimated to be ±0.1 GPa.

116

The Raman spectra of all carbonate samples were measured using a Renishaw inVia

117

micro-Raman spectrometer installed at Institute of Mineral Resources, Chinese Academy of

118

Geological Sciences. The spectrometer is equipped with a 100 mW 514.5 nm Ar+ laser, an 1800

119

gr/mm grating and a Leica 10× long-working distance objective (N.A. 0.25), providing a spectral

120

pixel resolution of 1.5 cm-1. Each Raman spectrum was acquired using an acquisition time of 20

121

seconds in the 100 – 1200 cm-1 spectral region, and by accumulation of 3 repeated collections. In

122

order to achieve an accuracy of ±0.1 cm-1 or better in Raman peak position measurement under

123

ambient and elevated temperatures, a combination of external source calibration and precision peak
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fitting procedures were utilized. The spectral calibration was achieved by introducing an

125

external-source emission peak occurring at 639.42 cm-1 in the measured Raman spectra, which was

126

generated from a 532 nm frequency doubled Nd:YAG laser. Precision peak fitting procedures of each

127

select Raman peak was made using a Gauss + Lorentz or Pearson type IV amplitude function,

128

depending on the peak symmetry (Yuan and Mayanovic, 2017), through a PeakFit v4.12 software

129

package (SYSTAT Software Inc.).

130

Results

131

Phase transition between CaCO3-I and CaCO3-II

132

Representative Raman spectra measured from the carbonate samples from ambient to high P-T

133

conditions, which were used to delineate the phase transitions among the CaCO3 polymorphs, are

134

shown in Fig. 1. The phase transition between CaCO3-I and II was identified from the characteristic

135

split of the symmetric (or in-plane) bending Raman vibration of the CO3 triangular unit (ν4) into two

136

bands, and the emergence of new lattice vibrations occurring between 100 and 300 cm-1 (marked by

137

stars in Fig. 1) (Fong and Nicol, 1971; Liu and Mernagh, 1990; Suito et al., 2001). During the phase

138

transition from CaCO3-I to II, which generally occurs at pressures above 1.5 GPa (Bridgman, 1938;

139

Pippinger et al., 2015), no perceptible changes in the calcite sample appearance were observed at

140

temperatures below 400°C. However, at P-T conditions exceeding 450°C and 1.5 GPa, the calcite

141

samples were observed to transform from initially thick plates having quadrilateral outlines and

142

sharp corners, into thin parallelogrammic CaCO3-II plates (Fig. 2), while using deionized water as

143

the pressure transmitting medium. Upon cooling and decompression, CaCO3-II transformed back to

144

CaCO3-I at the same P-T points as determined upon heating, with CaCO3-II crystal appearance being
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preserved in the P-T stability field of CaCO3-I (pseudomorph). Our results show that the CaCO3-I ↔

146

II phase transition is reversible and accomplished without hysteresis, as was observed from previous

147

studies (Fong and Nicol, 1971; Liu and Mernagh, 1990).

148

By controlling the density of the aqueous fluid in the HDAC sample chamber at room

149

temperature, we were able to investigate the full extent of the CaCO3-I ↔ II phase transition

150

boundary in P-T space upon heating the sample. As shown in Fig. 3, our results indicate that the

151

CaCO3-I ↔ II phase equilibrium boundary exhibits a negative ∂P/∂T slope at temperatures below

152

300°C and then a positive ∂P/∂T slope above this temperature. The P-T points for the phase

153

transition between CaCO3-I and II are 1.6 GPa at 25°C, 1.5 GPa at 95°C, 1.4 GPa at 210 and 345°C,

154

and 1.5 GPa at 500°C (Fig. 3). The phase transition pressure values in the present study are

155

consistent with the results obtained by Bridgman (1938) and Wang (1968) at low temperatures (<

156

200°C), and are lower than those from Kondo et al. (1972) by about 0.1 GPa in the 25 – 500°C

157

temperature range, which is likely caused by the discrepancies in the experimental procedures used

158

to measure the phase transition and/or in pressure calibration. The experiments were subsequently

159

repeated by using hydrous (deionized water and 1.0 mol/L NaCl solution) and anhydrous (a 4:1

160

methanol-ethanol fluid) pressure transmitting media, whereupon consistent phase transition pressures

161

were obtained for all three fluids. This suggests that the nature of the fluid has no measurable effect

162

on the CaCO3-I ↔ II phase transition pressure under ambient and elevated temperature conditions.

163

For the marble sample containing ~ 4 mol% MgCO3, the substitution of Mg for Ca results in an

164

increase in the phase transition pressures by about 0.7 GPa within the 25 – 200°C temperature range.

165

Investigation of the CaCO3-I → II phase transition pressure for the marble sample under higher
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temperatures was unsuccessful, as the sample commonly transformed to aragonite at P-T conditions

167

above 2.0 GPa and 200°C while using an aqueous pressure transmitting medium. Otherwise,

168

pressure of the samples could not be calibrated effectively as intense fluorescence was generated by

169

the 4:1 methanol-ethanol fluid at temperatures above 200°C.

170

Phase transitions among CaCO3-II, III and IIIb

171

The phase transition from CaCO3-II to III and IIIb is characterized with pronounced changes in

172

the measured Raman spectra, including splitting of the C–O vibrations (ν1 and ν4) and breaking up of

173

the lattice vibrations into weakly-separated bands (Pippinger et al., 2015; Yuan et al., 2018), as

174

marked by upward and downward arrows, respectively, in Fig. 1. In addition, visible micro-cracks

175

can be observed in the samples during the transformation from CaCO3-II or IIIb to III (Yuan et al.,

176

2018). The phase transition pressures and phase relations among CaCO3-II, III and IIIb at ambient

177

temperature have been determined in our previous study (Yuan et al., 2018), where CaCO3-II was

178

observed to transform simultaneously to CaCO3-III and IIIb at 1.97 GPa, with CaCO3-IIIb acting as

179

an intermediate metastable phase that persists momentarily during the CaCO3-II → III

180

transformation.

181

Our present experimental results show that the pressure values for the CaCO3-II → III/IIIb phase

182

transition, as determined from the spacing between the T and L Raman vibrations (Δ = νL – νT) of

183

dolomite, increase from 2.0 GPa at room temperature to 2.1 GPa at 50°C, 2.3 GPa at 100°C and 2.5

184

GPa at 150°C (Fig. 3). Consistent phase transition pressure values were obtained while using

185

hydrous and anhydrous fluids as the pressure transmitting media. However, in contrast to the

186

occurrence of CaCO3-IIIb in the 2.0 – 3.4 GPa pressure range for more than 72 hours (Yuan et al.,
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2018), the Raman vibrations of CaCO3-IIIb can hardly be detected during the CaCO3-II → III

188

transformation at temperatures beyond 75°C, which suggests that the CaCO3-IIIb structural stability

189

decreased significantly with increasing temperature. The substitution of Mg for Ca in the marble

190

sample results in an increase by about 1.3 GPa in the CaCO3-II → III phase transition pressure

191

values within the 25 – 150°C temperature range. We have also made attempts but failed in

192

determining the pressure values for the CaCO3-II → III phase transition under higher temperatures,

193

for the same reason as indicated for investigating the CaCO3-I → II phase transition pressure for the

194

marble samples at temperatures above 200°C. In agreement with the results from previous studies

195

(Liu and Mernagh, 1990; Pippinger et al., 2015), both the CaCO3-III and IIIb phases were preserved

196

in metastable states upon decompression over the P-T stability field of CaCO3-II, and then

197

re-transformed directly to CaCO3-I at pressures lower than that of the CaCO3-I ↔ II phase boundary.

198

Transformations between CaCO3-I/II and aragonite

199

Two distinct transformation processes were distinguished during the phase transitions between

200

CaCO3-I/II and aragonite in the present study. In the first experiment, calcite and marble samples

201

were loaded into the HDAC sample chamber together with an aragonite fragment and deionized

202

water (Fig. 4a). The system was compressed to ~1.2 GPa and heated at a slow rate of ~ 5°C/min, and

203

acicular aragonite was observed to have initially formed on the surface of all three fragments at

204

155°C and 1.8 GPa (Fig 4b). The system was subsequently cooled down to 100°C (1.6 GPa) and

205

further to 80°C (1.5 GPa), where all aragonite specimens continued growing at a reduced rate (Figs.

206

4c and 4d). In order to exclude the possibility that the observed growth of aragonite resulted from

207

recrystallization (e.g., thinning and elongation) of the initial aragonite fragment, the CaCO3-I and
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marble fragments were retrieved and individually reloaded into the HDAC together with some

209

aragonite microcrystals and deionized water (Fig. 4e). As marked by black arrows in Figs. 4f – 4h,

210

the growth of acicular aragonite (including one specimen distributed at the edge of the sample

211

chamber and without contact with the calcite sample) occurred sporadically upon compressing and

212

heating, and simultaneously with depletion of the calcite fragment. A similar process was observed

213

for the marble sample while loaded with the calcite sample (Figs 4a – d) and subsequently reloaded

214

individually into the HDAC. This suggests that the incorporation of Mg does not have observable

215

influence on the calcite → aragonite transformation. However, this transformation process cannot be

216

observed under similar P-T conditions while using the anhydrous pressure transmitting medium.

217

These clues lead us to conclude that the CaCO3-I/II → aragonite phase transition occurs first by

218

dissolution of calcite into the aqueous fluid, followed by precipitation of aragonite from the Ca2+ and

219

CO32- in the fluid, i.e., via a dissolution-precipitation process.

220

Additional experiments were made to test the effect of increased heating rates (10 – 30°C/min)

221

on the transformation from CaCO3-I/II to aragonite in water via the dissolution-precipitation process.

222

The results show that the phase transition from CaCO3-I/II to aragonite occurs at higher temperatures

223

and is accomplished more quickly (within a few to tens of seconds) under high heating rate

224

conditions. In addition, we also observed that the shape of the aragonite aggregates varied from

225

acicular at temperatures below 100°C, through rectangular columnar at around 200°C, to granular

226

under temperatures above 300°C (Figs. 4i – 4l). This suggests that the aragonite crystal morphology

227

is closely related to the phase transition temperature and crystallization rate, which has the potential

228

to be used as a rough indicator/geothermometer.
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The solid recrystallization phase transition process for the CaCO3-II → aragonite transformation

230

was observed in an experiment carried out at P-T conditions above 500°C and 1.7 GPa (Fig. 5). A

231

sample containing one fragment of calcite and another of dolomite were loaded with deionized water

232

in the HDAC. The system was heated at ~90°C/min and the pressure of the sample (upon CaCO3-I

233

→ II transformation) was increased steadily while the temperature was held in the 500 – 520°C

234

range. In this process, the transformation was observed to start at one corner of the CaCO3-II sample

235

and to proceed as a moving visible curved phase boundary line across the crystal (Fig. 5c). Unlike in

236

dissolution-precipitation, the solid recrystallization, which involves the breaking and reforming of

237

the Ca-O bonds and rearrangement of the Ca2+ cations relative to the CO32- units (McTigue and

238

Wenk, 1985), was found to occur only within the extent of the CaCO3-II fragment in the sample.

239

Furthermore, the transformation from CaCO3-II to aragonite via solid recrystallization observed in

240

our hydrous experiments at high P-T conditions is consistent both in transformation rate and in how

241

it is manifested with the same transformation observed in high P-T experiments made under

242

anhydrous conditions (Antao and Hassan, 2010; Hacker et al., 1992; Sotin and Madon, 1988).

243

We have also made experiments on the aragonite → CaCO3-I transformation under hydrous and

244

anhydrous conditions. Here, both dissolution-precipitation and solid recrystallization processes were

245

observed under high temperature and low pressure conditions (Fig. 6). The aragonite → CaCO3-I

246

dissolution-precipitation transformation, which began at ~ 400°C and 110 MPa by formation of

247

several CaCO3-I nucleates (Fig. 6b), followed by continuous growth of CaCO3-I microcrystals at the

248

expense of aragonite (Figs. 6c and 6d). The dissolution-precipitation transformation was observed at

249

P-T conditions down to 350°C and 0.2 GPa during short time scales (several hours). As was noted
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above, it has been observed previously that as the time scale increases to weeks, the aragonite →

251

CaCO3-I transformation via dissolution-precipitation can be observed at temperatures as low as

252

180°C (Perdikouri et al., 2011; Perdikouri et al., 2008). The aragonite → CaCO3-I transformation via

253

recrystallization was observed to start at 490°C under anhydrous conditions, which was characterized

254

by formation of CaCO3-I on the surface of and along the micro-cracks in the aragonite fragment (Fig.

255

6f). The formation of the micro-cracks occurs because of the release of stress due to structural

256

volume expansion (~8%) upon transformation from aragonite to CaCO3-I (Merlini et al., 2012).

257

Thereafter, the visible aragonite → CaCO3-I transition boundary was observed to migrate until the

258

entire aragonite crystal was replaced by CaCO3-I microcrystals (Figs. 6g – 6h). The phase transition

259

rate (accomplished within ~10 minutes) for the solid recrystallization transformation was also found

260

to be comparable to the values obtained from previous studies (Davis and Adams, 1965; Sotin and

261

Madon, 1988).

262

Discussion

263

Mechanisms of the phase transitions among CaCO3 crystal structures

264

All of the CaCO3 crystal structures investigated in the present study (CaCO3-I, II, III, IIIb and

265

aragonite) have layered structures with alternate stacking of Ca and CO3 layers (Merlini et al., 2012;

266

Merrill and Bassett, 1975; Oganov et al., 2006; Ukita et al., 2016). In CaCO3-I, which has the

267

trigonal R3𝑐 structure, the CO3 triangle units arrange along the same orientation in a single layer and

268

opposite orientations in nearby layers. By contrast, as first detailed by Merrill and Bassett (1975),

269

CaCO3-II has the monoclinic P21/c structure and a similar atomic arrangement yet involves slight

270

rotations of the CO3 units by 11°. Accordingly, the transformation between CaCO3-I and II is a
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second-order displacive transition that involves rotations of the CO3 units and has no volume

272

discontinuity. In CaCO3-III, which has the triclinic P1 structure, the CO3 units are no longer

273

coplanar with each other and the cation sites vary in size and consist of two large, two intermediate

274

and one small sites (Merlini et al., 2012). Accordingly, the transformation from CaCO3-II to III is a

275

first-order reconstructive process that involves rotations and tilts of the CO3 units and displacements

276

of the Ca cations. The CaCO3-IIIb has the same P1 structure but is a simpler version than that of

277

CaCO3-III, with two instead of five non-equivalent Ca coordination polyhedra, and four instead of

278

ten formula units in each primitive unit cell (Merlini et al., 2012). The CaCO3-IIIb is

279

thermodynamically metastable and has a higher energy than the CaCO3-III phase. During the

280

CaCO3-II → III phase transition occurring at 1.97 GPa under ambient temperature, coexistence of

281

CaCO3-III and IIIb was observed in the same crystal fragment, which was followed by progressive

282

replacement of CaCO3-IIIb by III at higher pressure conditions (Yuan et al., 2018). Therefore, the

283

CaCO3-II → III phase transition is in fact spanned by the transformation to CaCO3-IIIb in two

284

reconstructive sub-stages, i.e., from CaCO3-II to IIIb and from CaCO3-IIIb to III (Yuan et al., 2018).

285

This partitioning of overall phase transition helps to bridge the energy gap between the CaCO3-II and

286

III crystal structures and enables the phase transition to occur more readily under ambient and low

287

temperature conditions.

288

Aragonite has an orthorhombic Pnma structure. Unlike in CaCO3-II or III/IIIb, the CO3 units in

289

aragonite are located on two distinct planes between two nearby Ca layers, as viewed along the c axis

290

(Oganov et al., 2006; Ukita et al., 2016). Furthermore, the O coordination surrounding each Ca ion is

291

octahedral in CaCO3-II and III/IIIb, whereas Ca is nine-fold coordinated by O in aragonite. Therefore,
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the phase transition from CaCO3-I/II/III to aragonite cannot be accomplished by simple

293

readjustments of the Ca cation positions or rotations and tilts of the CO3 units. Instead, it requires

294

breaking and reformation of the Ca-O chemical bonds. This process can be accomplished directly

295

under high P-T conditions (e.g., above 450°C and 1.5 GPa), which corresponds to the solid

296

recrystallization processes as illustrated in Figures 5 and 6e – 6h. As an indication of the energy

297

required in the recrystallization process, an activation enthalpy of 141 kJ/mol. was reported for the

298

marble → aragonite phase transition (Hacker et al., 1992) and a considerably smaller value of ~90

299

kJ/mol. for a single calcite crystal to aragonite transformation (Brar and Schloessin, 1979; Rubie and

300

Thompson, 1985). The CaCO3-I ↔ aragonite phase transition can also occur at lower temperatures

301

(e.g., 100 – 300°C), provided it occurs in an aqueous fluid environment (see the isolines of

302

minute-scale CaCO3-I ↔ aragonite transformation in Fig. 3) and is heated at a low heating rate (e.g.,

303

<10°C/min). This is because the presence of the aqueous fluid enables the lowering of the activation

304

energy required for Ca-O bond breaking and, dissolution of calcite followed by precipitation of

305

aragonite (Fig. 4) or vice versa (Figs. 6a – d). Thus, the CaCO3-I ↔ aragonite transition proceeding

306

via a dissolution-precipitation process can occur at significantly lower P-T conditions (Fig. 3) and

307

occurs at a substantially faster rate (by several orders of magnitude) than that for the solid

308

recrystallization processes (e.g., Hacker et al., 1992; Sotin and Madon, 1988).

309

Influence of metal cations on the stabilities of CaCO3 crystal structures

310

Natural calcite occurring in sedimentary rocks (e.g., limestone) typically contains minor

311

amounts of metal (M) cations (Mg2+, Mn2+, Fe2+ etc.) other than Ca2+. These metal cations have the

312

same electrovalence but generally smaller radii than those of Ca2+ (Balarew et al., 1985).
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Correspondingly, the substitution for Ca2+ by such metal cations in calcite leads to an increase in the

314

interatomic M-O bond strength, resulting in a concomitant increase in the vibrational frequencies

315

(Perrin et al., 2016). Furthermore, stronger M-O bond strengths also result in higher phase transition

316

pressures among the CaCO3 crystal structures under ambient and high temperature conditions. For

317

example, Shi et al. (2012) reported that progressive substitution of Ca by Mn in synthetic calcite

318

results in an increase in the CaCO3-I → II → III transformation pressures under ambient temperature

319

by 0.19 and 0.26 GPa/mol%, respectively, over the 5 to 40 mol% MnCO3 composition range. Similar

320

results were obtained in the present study: The marble sample containing 4 mol% MgCO3

321

transformed to CaCO3-II at 2.3 GPa and further to CaCO3-III at 3.3 GPa at 25°C, which are higher

322

than the transformation pressures of the pure calcite sample by 0.7 and 1.3 GPa, respectively. The

323

effect of metal cations on the phase transition pressures among CaCO3 polymorphs (CaCO3-I, II and

324

III) at elevated temperatures is comparable to the results at room temperature.

325

We conjecture that the P-T transition points for CaCO3-I/II to aragonite transformation via solid

326

recrystallization (either hydrous or anhydrous) will be increased due to M substitution for Ca for the

327

same reasons as discussed above. However, for the transformation via aqueous-fluid-assisted

328

dissolution-precipitation, our repeated experiments show that calcite and marble samples generally

329

transform to aragonite simultaneously (Fig. 4a – 4d). This is most likely because the breaking of the

330

M-O bonds in calcite is accomplished by dissolution of the solid into the aqueous fluid, which is

331

kinetically controlled not only by the M-O chemical bond strength, but also by the occurrence of

332

dislocations, steps, ledges and holes on the crystal surfaces (Morse and Arvidson, 2002). Thus, the
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effect of partial substitution for Ca by other divalent metal cations on the dissolution of calcite and

334

the subsequent precipitation of aragonite is insignificant.

335

Implications

336

A brief summary of the P-T phase boundaries and transformation processes among calcite,

337

CaCO3-II, III/IIIb and aragonite is shown in Table 2. It can be seen that in contrast to the known

338

CaCO3 structural chemistry under high P-T conditions, most of which was obtained by using

339

anhydrous pressure transmitting media (e.g., KCl, He, Ne) and pure CaCO3 phases as the starting

340

material (Bayarjargal et al., 2018; Litasov et al., 2017; Merrill and Bassett, 1975; Zhang et al., 2018),

341

the results from our present study reveal the influence from incorporation of small metal cations

342

(Mg2+, Mn2+, Fe2+ etc.) in calcite on the transformation pressures among CaCO3 crystal structures

343

under ambient and elevated temperatures, and the effect of aqueous fluid and low heating rate on the

344

dissolution-precipitation transformation between calcite and aragonite. Based on the simulation

345

results from 56 segments of subduction zones throughout the world (Pennistondorland et al., 2015;

346

Syracuse et al., 2010), at vertical depths of 15 and 60 km, which correspond to pressures of 0.5 and

347

2.0 GPa, temperatures of the subducted slabs vary from ~20 and 250°C for some of the coldest slabs

348

(e.g., Tonga, Java, Honshu), to 250 and 600°C for the hottest slabs (e.g., central and north Cascadia),

349

respectively (Fig. 3). Due to the low subduction rate of the oceanic slabs (generally tens of mm per

350

year), the heating rate of the carbonate on the slabs is generally no greater than 0.05°C per year.

351

Moreover, considerable amounts of aqueous fluids, which result in melting of the overlying mantle

352

wedge and formation of arc volcanos in the convergent plate margins, are generated from

353

dehydration of the subducted oceanic crust (Kessel et al., 2005; Schmidt and Poli, 1998; Ulmer and
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354

Trommsdorff, 1995). All of these conditions are favorable for the transformation from CaCO3-I/II to

355

aragonite via the dissolution-precipitation process. Therefore, the calcite → aragonite → CaCO3-VII

356

→ post aragonite should be the predominant phase transition sequence during transport of CaCO3

357

into the deep earth through subduction processes, and other high pressure metastable structures

358

including CaCO3-II and III/IIIb (perhaps same for CaCO3-VI) should not commonly occur in

359

subduction zones.
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510

Tables

511

Table 1 Chemical composition of the carbonate samples used in our experiment, the calcite and

512

marble samples are the same as those used in our previous study (Yuan et al., 2020).
Sample

Chemical composition (wt%)

Calculated

CaO

MgO

FeO

MnO

SrO

BaO

Na2O

K2O

Al2O3

LOI

Formula

Calcite

55.71

0.06

0.03

0.00

0.00

0.00

0.09

0.01

0.03

44.09

CaCO3

Aragonite

55.65

0.09

0.04

0.01

0.01

0.00

0.11

0.02

0.06

43.98

CaCO3

Marble

51.27

1.58

0.06

0.01

0.01

0.01

0.08

0.01

0.05

46.93

Ca0.959Mg0.041CO3
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Table 2 Summary of the phase transitions among calcite (CaCO3-I), CaCO3-II, III/IIIb and aragonite
Phase

CaCO3-II → III

CaCO3-I → II

transition

CaCO3-II → IIIb

• Curve shape: Parabolic;

P-T phase

• 1.6 GPa at 23°C, 1.4 GPa at

boundary

300°C, 1.5 GPa at 500°C.
• Recrystallization at T>450°C;

Observed

• Accomplishes instantly;

process

• Reversible upon decompression.

Changes in
Raman

• Rotations of CO3 units by 11° ;

n mechanism

• No volume discontinuity.

• 2.0 GPa at 23°C, 2.5 GPa at 150°C.

• 0.4 GPa at 23°C, 1.0 GPa at 500°C1.

• No visible changes;

• Forming micro-cracks;

• No observable hysteresis.

• Significant hysteresis.

• CaCO3-IIIb occurs at T<75°C;
• Transforms directly to CaCO3-I upon decompression.
• ν1 & ν4 → 5 sub-bands 2;
2

• Progressive replacement;

• Forming new aragonite crystals;

• Significant hysteresis;

• Significant hysteresis;

• Observable at T >400°C.

• Observable at T >100°C.

• Different lattice vibrational modes;
• Lower ν4 frequency than calcite by ~7 cm-1.

• 12 lattice vibrations .

• Reconstructive transformation;
3

Dissolution-precipitation

• Curve shape: Exponential;

• 14 lattice vibrations .

• Displacive transformation3;

Transformatio

Solid recrystallization

• Curve shape: Exponential;

2

• 3 new lattice vibrations.

spectrum

CaCO3-IIIb → III

• ν1 & ν4 → 3 sub-bands2;

• ν4 → 2 sub-bands;

CaCO3-I → Aragonite

• Reconstructive transformation;

2+

4

• Displacements of Ca , rotations and tilts of CO3 units ;
4

• Breaking and reforming of Ca-O bonds;
• Volume decrease by ~8%4.

• Volume decrease by ~4% .

• Unaffected by incorporation of
2+

Influential
factors

• Phase transition pressure increases with progressive substitution for Ca by smaller metal cations;

smaller metal cations;

• Occurs under hydrous and anhydrous conditions.

• Occurs only under hydrous
conditions.

514

Note: 1 P-T phase boundary was determined by Redfern et al. (1989);

515

2

Raman spectra were measured by Yuan et al. (2018), some bands were not distinguished in present study (Fig. 1);

516

3

Phase transition mechanism was determined by Merrill and Bassett (1975);

517

4

Crystal structures and volume changes were determined by Merlini et al. (2012).
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List of figure captions

519

Figure 1 Representative Raman spectra measured from calcite (Cal), CaCO3-II (C-II), CaCO3-III

520

(C-III), CaCO3-IIIb (C-IIIb) and aragonite (Arg) under ambient and elevated P-T conditions. See text

521

for a full description of the characteristic Raman vibrational modes used to identify the CaCO3

522

polymorphs of this study. The ν532 peak in the figure is the Raman line generated by the 532 nm laser,

523

which is used for spectral calibration.

524
525

Figure 2 Photomicrographs (a) – (d) showing the phase transition from CaCO3-I to II while

526

progressively heating and compressing the samples from 26°C and 0.7 GPa to 500°C and 1.8 GPa.

527

Phase transition occurred at 400°C and 1.5 GPa, with transformation from initial thick quadrilateral

528

or irregular CaCO3-I fragments into thin parallelogrammic CaCO3-II plates occurring under the same

529

elevated P-T conditions. Dolomite (Dol) was loaded as the Raman pressure sensor.

530
531

Figure 3 A revised phase diagram of CaCO3 at P-T conditions up to 600°C and 2.5 GPa. The isolines

532

of minute-scale CaCO3-I/II ↔ aragonite transformation are modified from the kinetic models

533

developed by Sotin and Madon (1988) and Hacker et al. (1992), based on the observed phase

534

transition rates of this present study. P-T paths of the cold and hot subducted slabs are from Syracuse

535

et al. (2010)

536
537

Figure 4 Photomicrographs of the transformations from CaCO3-I/II to aragonite (Arg) through a

538

dissolution-precipitation process, with aragonite microcrystals being marked by black arrows and

539

local time shown at the left bottom corner in (a) – (h). The CaCO3-II and aragonite samples in (e)

540

were retrieved from those in (d). (i) – (l) show the CaCO3-I/II → aragonite transformation under

541

high temperature conditions. See text for description of the phase transition processes.

542
543

Figure 5 Photomicrographs of the recrystallization phase transition from CaCO3-II to aragonite (Arg).

544

The recrystallization is evident through the movement of a visible curved phase boundary line across
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545

the crystal. Recrystallization from initial CaCO3-I into parallelogrammic CaCO3-II plates can be

546

observed in (b). Dolomite (Dol) was loaded as the Raman pressure sensor.

547
548

Figure 6 Photomicrographs of the phase transition from aragonite (Arg) to CaCO3-I through: (a) – (d)

549

dissolution-precipitation under hydrous conditions, with CaCO3-I nucleates being marked by black

550

arrows in (b); (e) – (h) recrystallization under anhydrous conditions, pressure was estimated by

551

treating the sample chamber as an isochoric system. See text for description of the phase transition

552

processes.
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