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Abstract

In this study, we investigated four different ferroan dolomite samples using in situ
Raman spectroscopy and powder X-ray diffraction (XRD) at high pressures up to 48 GPa and
at room temperature. Our results show that the transition from Dolomite-I (Dol-I) to

Dolomite-II (Dol-II) occurs above 13-16 GPa, and the transition pressure depends on the
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composition of the solid solution. Compression above 32-35 GPa results in the appearance of
the Dolomite-IIlc (Dol-Illc) or Dolomite-I1Ib (Dol-IIIb). In the high-pressure XRD study, we
found that the XRD patterns of the Cag 97(Mgo.77,Fe0.23Mng 93)(CO3), (xFe = 0.23, Ank23) can
be indexed as Dol-Illc at 44 GPa, while the rhombohedral Dol-IIIb structure matches better
with the XRD patterns of the xFe = 0.40 (Ank40) and 0.64 (Ank64) solid solutions.
Additionally, in the Raman spectra of the Fe-richest sample (Ank64), we observed an abrupt
frequency downshift of the COs-stretching vibrations between 40 — 42 GPa, which may
reflect a pressure-induced Fe** spin transition.

We further investigated two samples with xFe= 0.19 (Ank19) and 0.23 (Ank23) at
high-pressure and high temperatures, up to at least 2600 K. The experiments revealed that the
unquenchable Dol-IlIc structure could be a stable high-pressure/high-temperature polymorph

in ferroan dolomite up to at least 2600 K.

Key words: deep carbon cycle, dolomite, solid solution, phase diagram, phase

transition, high pressure, Raman spectroscopy

1. Introduction

A large amount of carbon is stored in the Earth’s interior and constitutes the deep
carbon cycle driven by plate tectonics (Sleep and Zahnle, 2001; Plank and Manning, 2019).
Carbonates, predominantly calcite and dolomite, occurring in marine sediments,
hydrothermally altered basalts, and carbonated serpentinites are the major carbon-bearing
minerals of the oceanic crust (Plank and Manning, 2019). Depending on the pressure—
temperature—time path experienced by each subduction slab and the amount of aqueous fluid
present, about 20-80% of Ca, Mg, Fe- carbonates could remain after decarbonation and

melting beneath island arcs and be further transported beyond ~150 km depth to the deep
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mantle (Kelemen and Manning, 2015; Plank and Manning, 2019). The primary inclusions in
superdeep diamonds contain dolomite and Ca-carbonate, which confirm their existence in the
deep mantle (Stachel et al., 1998, 2000; Walter et al., 2008; Wirth et al., 2009). The
identification and characterization of the high—pressure behavior of carbonates is an
important step towards the understanding of the deep carbon cycle and the role of carbon-
bearing phases in mantle processes. While it is well established that Mg- and Ca-carbonate
have stable polymorphs at mantle conditions (Boulard et al., 2011; Lobanov et al., 2017), the
high-pressure behavior of dolomite is still not well understood.

Dolomite (CaMg(COs),), forms solid solutions with ankerite (CaFe(CO3),) with Fe*"
substituting up to 70% of Mg*" in natural samples (Reeder and Dollase, 1989). According to
the nomenclature proposed by Reeder (1983), solid solutions with Fe<Mg are named ferroan
dolomite, while Fe>Mg — ankerite. At ambient conditions dolomite, ferroan dolomite, and
ankerite adopt a trigonal structure (Dol-I, space group (SG) R-3) with nearly planar triangular
COs; units and alternating layers of CaO¢ and (Mg,Fe)Og octahedra (Reeder and Dollase,
1989).

Room temperature experiments show that dolomite-ankerite solid solutions have two
high-pressure polymorphs (Mao et al., 2011; Merlini et al., 2012, 2017). Pressure increase to
15-20 GPa leads to the phase transition from Dol-I to Dol-II (Mao et al., 2011; Merlini et al.,
2012; Efthimiopoulos et al., 2017, 2019; Binck et al., 2020; Vennari and Williams, 2018;
Zhao et al., 2020; Chulid-Jordan et al., 2021). A single-crystal X-ray diffraction study
reported a triclinic structure (SG P-1) for Dol-II with tilted COs groups and eightfold
coordination of the Ca and Mg/Fe cations with respect to the oxygen anions (Merlini et al.,
2012) (Fig. S1).

Further increase of pressure above 35 GPa results in the formation of a second high-

pressure polymorph named Dolomite-III (Dol-IIT) (Mao et al., 2011; Merlini et al., 2012).
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The structure of Dol-III was first reported by Mao et al. (2011) who conducted powder X-ray
diffraction (XRD) experiments on Fe-poor dolomite (xFe = 0.078). The XRD patterns were
attributed to a phase with monoclinic symmetry, yet no more structural details were provided.
Later, the single-crystal studies by Merlini et al. (2012, 2017) and Binck et al. (2020) showed
that the behavior of the dolomite-ankerite solid solution above 35 GPa is more complex than
originally thought, as three different candidate structures have been proposed: Dol-III, Dol-
IIIb and Dol-IlIc (Fig. S1).

In pure dolomite, the high-pressure polymorph crystallizes in a triclinic space group
(SG P-1, Dol-IlIc) (Binck et al., 2020), while two different structures have been proposed for
ferroan dolomite (xFe = 0.40): a rhombohedral (SG R3, Dol-IlIb) (Merlini et al., 2017) and a
triclinic phase (SG P-1, Dol-IIl) (Merlini et al., 2012). All three phases are topologically
similar and very close to each other from a structural point of view. The main difference
between Fe-poor (Dol-Illc) and Fe-rich phases (Dol-III or IIIb) is the degree of tilting of the
COs groups (Binck et al., 2020). The different symmetries show that the stability and
transformation path of the Dol-III, IIIb, Illc polymorphs can be strongly affected by
variations in Fe-content and experimental conditions. What structures are adopted by other
members of the dolomite-ankerite solid solution is currently unknown. The abbreviation Dol-
III/Ic/b will be used to refer further to the high-pressure phases of dolomite-ankerite solid
solutions adopted above 35 GPa with currently unknown structures.

As high-pressure polymorphs of dolomite and ferroan dolomite could represent a
reservoir for carbon storage within the deep mantle, it is important to study the high-
temperature behavior of the dolomite-ankerite solid solutions. Pure end-member CaMg(COs3),
undergoes a breakdown reaction to magnesite and Ca-carbonate above 5 GPa at high
temperatures (Shirasaka et al., 2002; Merlini et al., 2012). Starting from about 8 GPa the

reaction curve is above the hot subduction geotherm (Shirasaka et al., 2002). However, high-

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2022-8737. http://www.minsocam.org/

pressure polymorphs of ferroan dolomite (xFe = 0.40) may be resistant to decomposition into
single-cation carbonates as shown by Merlini et al. (2012).

The complex behavior of the high-pressure polymorphs and the possible stability of
ferroan dolomite at high temperatures and pressures should be addressed experimentally.
Here, the structural changes of the dolomite-ankerite solid solutions as a function of
composition were studied by Raman spectroscopy and powder X-ray diffraction up to 48 GPa

at room temperature (Fig. 1) and at 38-43 GPa and high temperature.

2. Methods
2.1. Synthesis and sample characterization

Four samples from the dolomite-ankerite solid solution series with different Fe
contents (Table 1) were studied in the high-pressure experiments. In this paper, we used the
abbreviation Ank19, Ank23, Ank40, Ank64 to refer to the samples with different Fe content
as it helps to differentiate the sample names from the names of the different high-pressure
polymorphs (Dol-I, Dol-II, Dol-ITI/IIc/IIb).

The first sample, Ank19, was synthesized using a piston-cylinder high-pressure
apparatus at GFZ, Potsdam. Synthetic powders of CaCOs (99.0% purity, Merck Millipore
Corporation), FeCO; (see Cerantola et al. (2015) for details), and natural magnesite
(Mgo.9ssFeo.00sMng 004Cag.003CO3 (Bahia, Brazil)) were used as starting materials for synthesis.
The starting powder was prepared with a stoichiometry of Ca(MgosFe2)(COs),. We used a
double capsule technique with Au as capsule material. Carbonate mixture was packed into the
inner capsule, which was further placed within an outer capsule along with approximately
100 mg of AgyC,04 as the buffer material. Both ends of the outer capsule were sealed by arc
welding. The experiment was conducted at 1.8 GPa, 850°C for 26 h. The synthesis resulted in

the formation of a homogeneous Ca(Mgy s1Fep.19)(CO3); solid solution (Table 1).
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121 Three remaining samples were natural ferroan dolomites and ankerite from (i)
122 Salzburg, Austria (Ank23, Cag97(Mgo77,Fe23Mng03)(COs),), (ii) Thiiringer Wald, Germany
123 (Ank40, Ca(Mgose,FeosoMngos)(CO3),) and  (iii)  Steiermark, Austria (Ank64,
124 Ca(Mgo33,Fep.64aMng 95)(CO3),) (Table 1).

125 The selected samples were mounted in epoxy, polished and carbon-coated. The
126  chemical composition and homogeneity of the samples were characterized by electron
127  microprobe analysis using JEOL Hyperprobe JXA-8500F EMP with a field emission cathode
128  (GFZ, Potsdam). Analyzes were conducted at a 15 kV acceleration voltage, a 10 nA beam
129  current, and a 0.5-10 pum beam size. Dolomite, calcite, and siderite with known compositions
130  were used as standard materials (Table 1). In addition to that, the structural analysis was
131  performed at ambient conditions with powder X-ray diffraction (XRD) to confirm the initial
132 Dol-I structure. The XRD patterns were collected using STOE Stadi P diffractometer
133 equipped with a curved Germanium (111) primary monochromator, a high-resolution
134  MYTHEN-detector and a normal focus Cu X-ray tube (Cu-K; radiation) (GFZ, Potsdam).
135  The XRD data were processed with the GSAS software package combined with the graphical
136 interface EXPGUI (Larson and Von Dreele, 1994; Toby, 2001). Unit cell parameters were
137  obtained by Pawley refinements (Table S1). The structural parameters for dolomite and
138  ferroan dolomite determined by Reeder and Dollase (1989) were used as a starting model.

139

140  2.2. Preparation of the high-pressure experiments

141 Experiments were performed with a symmetric piston-cylinder diamond anvil cell
142 (DAC) equipped with diamonds with 300 pm culet size. Rhenium gaskets were indented to
143 30-40 pm and drilled in the center of the indentation to form a sample chamber with a
144  diameter of 140 pm. Either selected crystals (for Raman spectroscopy experiments) or fine

145  powder (for XRD measurements) were placed into the sample chamber together with a ruby
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146  pressure sensor. Before and after each Raman and XRD measurement, the pressure was
147  determined based on the spectral position of the ruby (ALO;:Cr’") fluorescence line with an
148  accuracy of 2-5 % up to 55 GPa (Shen et al., 2020).

149 The previous studies showed a clear dependence of the high-pressure behavior of pure
150  dolomite on hydrostatic conditions (Efthimiopoulos et al., 2019). To test the effect of
151  hydrostaticity on the phase transformations of dolomite-ankerite solid solutions, three
152 different pressure media (PM), i.e. NaCl, Ar, and Ne with different hydrostatic ranges (Klotz
153 et al. 2009), were used in the high-pressure Raman experiments on the Ank19 sample (Fig. 1,
154  S2-S5). Three experiments with Ar and NaCl were conducted up to 33 GPa (Fig. 1). At these
155  conditions non-hydrostaticity caused the disappearance of the Raman signal below 1000 cm™
156  (Fig. S2, S3). In all other Raman and XRD experiments, Ne was used as a PM, which
157  allowed the acquisition of reliable data up to at least 48 GPa (Fig. 1).

158

159  2.3. High-pressure experiments at room temperature

160 The vibrational properties of dolomite-ankerite solid solutions were studied in situ
161  using Raman-spectroscopy. Measurements were performed with a HORIBA Jobin Yvon
162 LabRAM HR800 UV-VIS spectrometer (GFZ, Potsdam) equipped with a blue (A = 473 nm)
163  diode-pumped solid-state laser. The grating had 1800 lines/mm, the slit aperture was set to
164 500 pm, and the confocal pinhole had a diameter of 50 um. The Raman spectra were
165  obtained in the spectral range of 140-1250 cm™ with an acquisition time of 120 s and 5
166  accumulations. Three independent runs for each sample were performed. The spectra were
167  collected at ambient conditions before and after the experiments and at high pressures upon
168  compression in 1-2 GPa step (Fig. 1). The software Fityk was used for data analysis (Wojdyr,

169  2010).
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170 The diffraction experiments were carried out up to 44 GPa using a focused
171  monochromatic beam (1 =0.2906 A) at the extreme condition beamline P02.2 at Petra-III
172  (DESY, Hamburg, Germany) (Liermann et al., 2015). XRD patterns were acquired every 1-
173 2 GPa at ambient temperature using a Perkin Elmer XRD 1621 flat-panel detector (Fig. 1).
174  The exposure time was typically 15-20 s. In order to improve powder averaging, the DAC
175  was continuously rocked by +£7° during measurement. The diffraction images were integrated
176  using the Dioptas software (Prescher and Prakapenka, 2015). The lattice parameters and unit
177  cell volumes were obtained with GSAS software (Table 2).

178

179 2.4, High-temperature stability of the high-pressure dolomite polymorphs above 38 GPa
180 High-temperature experiments were performed in the range of 38-43 GPa on two
181  samples: Ank19 and Ank23. Once at the target pressure, the samples were heated using laser-
182  heating technique by a continuous-wave 100 W, 1070 nm, YLR-100-AC (IPG Photonics) Yb
183  fiber laser with a nearly flat-top intensity distribution and beam size of ~10 um in the focal
184  plane (Lobanov et al., 2020). The temperature was estimated by fitting thermal emission
185  spectra to a grey-body Planck radiation function with T-Rax software (developed by C.
186  Prescher).

187 Raman spectroscopy measurements were performed before and after the heating, and
188  at ambient conditions on the recovered samples. Additionally, the samples were analyzed
189  using transmission electron microscopy (TEM) for microtextural observation, and structural
190  and chemical analysis. Thin sections of approximately 15x10x0.15 um? in size were prepared
191  with a focused Ga-ion beam (FIB) system (FEI FIB 200 TEM) (Wirth, 2009) perpendicular
192  to the laser-heated spot, and analyzed in FEI Tecnai G2 F20 X-Twin transmission electron
193  microscope (GFZ, Potsdam).

194

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2022-8737. http://www.minsocam.org/

195 3. Results and discussion

196  3.1. High-pressure phase transitions of dolomite-ankerite solid solutions

197 The results of the in situ Raman study are summarized in Figures 2 — 6. At ambient
198  conditions, 8 Raman (R) and 10 infrared (IR) vibrational modes are expected for Dol-I at the
199  center of the Brillouin zone I' given by group theory (Yamamoto et al. 1975). The Raman
200 spectra of the dolomite-ankerite solid solutions collected at ambient conditions display four
201 high-intensity modes (Fig. 2). The high-frequency modes (700-1300 cm™) are attributed to
202 the internal vibrations of the CO3 groups: symmetric stretching (v; ~1100 cm™) and in-plane
203 bending (v4 ~730 cm™). The low-frequency modes correspond to the lattice vibrations which
204  are defined by the motions of the CO3; groups against the cations (Rividi et al., 2010).

205 The Raman-active modes of Fe-free dolomite with Dol-I structure are located at 176,
206 298,725, and 1097 cm’™ (Rividi et al., 2010) and shift to lower wavenumbers with increasing
207  Fe-concentration (Fig. 2). The observed shift is consistent with previous studies and is due to
208  the substitution of Mg®" by the larger and heavier Fe*" (Rividi et al., 2010). The positions of
209 the high-frequency modes v; and v4 show marginal dependence on the Fe content and shift by
210 atotal of 5 cm™ (v4) and 8 cm’'(v)) in the solid solutions with xFe = 0 - 0.64 (Fig. 2). Since
211 both modes correspond to internal CO; vibrations and thus, poorly involve the Fe—Mg cations
212 (White, 1974), such small effect of composition on the Raman mode frequencies is expected.
213 Raman modes associated with the lattice vibrations, on the other hand, defined by the relative
214  motions of the molecular unit CO; groups against the cations (White, 1974), show
215  significantly larger frequency variations with Fe composition: from 176 to 161 cm™ (T), and
216  from 298 to 276 cm™ (L) for xFe = 0-0.64.

217 According to the vibrational studies on dolomite samples (x<0.02) (Efthimiopoulos et
218 al., 2017; Efthimiopoulos et al., 2019; Binck et al., 2020), the characteristic Dol-I lattice

219  vibration mode (176 cm™) shows a splitting above 9 GPa. A splitting of the low-frequency
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220 mode around 201 cm™ was also reported by Zhao et al. (2020) at 7.8 GPa for ferroan
221  dolomite (xFe = 0.2). It was interpreted as a local structural distortion of Dol-I and the
222 corresponding phase was labeled Dol-Ib (Efthimiopoulos et al., 2017; Binck et al., 2020).
223 Dol-Ib was only observed in the spectroscopic studies in the pressure range of 8-16 GPa.

224 In the present experiments, no clear splitting of the lattice mode could be observed in
225 any of the studied samples (Fig. 3, S2-S6). The appearance of a shoulder on the high-
226  frequency side of the 195 cm™ (at 205 cm™) above 9 GPa was detected in Ank19, when Ar
227  and NaCl pressure media were used (Fig. S2 — S4). However, this splitting is not observed in
228  experiments conducted with Ne PM with Ank23, Ank40 or Ank64 (Fig. 3, S5, S6). It is likely
229  that the local structural distortion of the Dol-I phase can be caused by a non-hydrostatic
230 environment and will not take place in the ferroan dolomite or ankerite at quasi-hydrostatic
231  conditions.

232 The Raman spectra of all studied dolomite-ankerite solid solutions collected up to
233 13.7-16 GPa (depending on the composition) can be characterized by the same set of modes
234  for the Dol-I phase (Fig. 3, S5, S6). Further increase of pressure leads to the phase transition
235  to Dol-II. According to the group theory, a total sum of 27 IR and 30 Raman active modes are
236 expected for the Dol-II phase (Efthimiopoulos et al. 2017). The appearance of Dol -II is
237 marked by new features in the Raman spectra below 600 cm ' and the broadening of the v,
238 mode (Figs. 3, S4-S8). The transition pressure from Dol-I to Dol-II depends on the
239  composition of the solid solution and has a negative linear correlation with Fe content: Dol-II
240  forms at ~16 GPa in Ank19 and at 13.7 GPa in Ank64 (Fig. 1).

241 Above 32 — 35 GPa the Dol-III/IlI¢/I1Ib modification is adopted (Fig. 4 - 6). The
242  transition pressure increases slightly with the Fe-content (Fig. 1). High-pressure phase
243 appears at 35 GPa in Ank19 (Fig. S5), and at 37.3 GPa in Ank64 (Fig. 5). The observed

244  correlation is consistent with the high-pressure Raman and XRD studies of ferroan dolomites

10
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245  (Merlini et al., 2012; Merlini et al., 2017; Zhao et al., 2020; Chulia-Jordan et al., 2021).
246 However, there is a clear discrepancy with the studies on the Fe-poor solid solutions (xFe <
247  0.08). The Dol-II to Dol-Illc transition in the Fe-poor dolomite was observed at 40-41 GPa
248  (Mao et al., 2011; Vennari and Williams, 2018; Efthimiopoulos et al., 2019; Binck et al.,
249  2020), showing an abrupt drop in the transition pressure by 5-6 GPa between solid solutions
250  withxFe = 0.08 and 0.19.

251 The Raman spectra of the Dol-III/I1Ic/I1Ib phases are characterized by the appearance
252 of the new low-frequency vibrational modes below 800 cm™ (Fig. 4, 5, S7), due to a broad
253  suite of divalent cation environments and a plethora of possible divalent cation/CO;
254  vibrational interactions within the high-pressure structure (Merlini et al., 2012, 2017).
255  Inspection of the CO; stretching vibration frequency region at 1100-1200 cm’ reveals the
256  presence of at least 5-6 Raman components, as opposed to the three components of the Dol-II
257  structure (Fig. 6, S8).

258 To show how the COj stretching vibrations change with the composition of the solid
259  solution, Raman spectra in the 900-1270 cm™ frequency range collected at similar
260  experimental conditions (~40 GPa, Ne PM) are plotted in Fig. 6. According to the previous
261  studies, the symmetric stretching vibrations in Fe-poor Dol-Illc are represented by at least six
262  Raman components (Fig. 6¢) (Efthimiopoulos et al., 2019). The highest intensity feature is
263 located at 1210 cm™ with three clear sidebands (1170 cm™, 1190 cm™, and 1230 cm™) (Fig.
264  6¢) (Efthimiopoulos et al., 2019). With increasing Fe content, the Raman bands merge
265 initially into a broad multiplet feature, whereas a successive frequency downshift and
266  intensity enhancement of the lower-frequency bands at the expense of the higher-frequency
267  components takes place (Fig. 6). Such behavior can be rationalized by the decrease of C-O

268 bond force constant (frequency downshift of stretching vibrations) and the electronic

11
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269  polarizability change associated with the stretching vibrations (intensity variations) upon
270  increasing the Fe concentration in the Dol-III/II1c/IIIb phase.

271 Finally, in the case of the Ank64 sample, an abrupt frequency downshift of the
272 Raman-active stretching vibrations was observed between 40-42 GPa (Fig. 5). Considering
273 the similar behavior in the Raman spectra of the siderite and the magnesite-siderite solid
274  solution series in the vicinity of the Fe spin transition (e.g., Miiller et al. 2017), this effect is
275  most likely stemming from the pressure-induced Fe*" spin transition in the Ank64 sample.
276  Notably, the apparent iron spin transition takes place after the high-pressure phase is adopted
277  in Ank64, and the spin transition pressure lies ~5 GPa lower compared to the magnesite-
278  siderite solid solution series transition (e.g., Miiller et al. 2017).

279

280  3.2. High-pressure XRD measurements

281 We have additionally conducted a high-pressure XRD study on the Ank40, Ank23,
282  and Ank64 samples at ambient temperature. The results are plotted in Fig. 7, S9-S13, and
283  Table 2. In this pressure range, the ferroan dolomite undergoes two well-defined phase
284  transitions to Dol-II and to high-pressure Dol-Illc or IlIb (Fig. S9-S12). The first phase
285 transition was detected at 1-2 GPa higher pressures compared to the Raman data. The XRD
286  measurements confirm a dependence of the Dol-I to Dol-II transition on the chemical
287  composition and decrease of the transition pressure with increasing Fe content.

288 The high-pressure phase transition to Dol-IIIb or Illc polymorphs was detected at 34-
289 35 GPa, which is in good agreement with the Raman data. For the Ank23 sample, the Dol-
290 Ilc phase can readily index the powder XRD pattern at 44 GPa, whereas the thombohedral
291  Dol-IIIb structure matches better the XRD pattern of Ank40 at 41 GPa (Table 2, Fig. 7, S13).
292 The main difference in the XRD patterns of the two phases can be observed in the 6-8° 20

293  diffraction angle region. Dol-Illc phase exhibits at least five clear Bragg features, while the
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Dol-IIIb polymorph shows two asymmetric Bragg features. Nevertheless, both the Ank23 and
Ank40 XRD patterns show distinct similarities above 8°, pointing to the structural affinity of
the Dol-Illc and Dol-IIIb modifications. We should remind here that the main structural
difference between the Dol-Illc and Dol-IIIb polymorphs is the tilting of the CO; units, with
the Dol-IIIb phase exhibiting a higher tilting degree (Binck et al., 2020; Merlini et al., 2012;
Merlini et al., 2017).

As for the Ank64 sample at 38 GPa, a clear distinction between the Dol-Illc and Dol-
IIIb polymorphs is not that straightforward, as its XRD pattern contains also traces of the
remnant Dol-II phase. Given that the Dol-Illc phase appears to be adopted for samples
without iron or with low Fe content (Binck et al., 2020; Merlini et al., 2012; Merlini et al.,
2017), we have tentatively indexed the Ank64 pattern with the Dol-IlIb polymorph (Fig.
S14). However, further study could be beneficial to determine the structure that Ank64
adopts.

The corresponding structural parameters are listed in Table 2. Interestingly, we note
that both the Ank40 and Ank64 samples exhibit lower volumes (at lower pressures)
compared to the Ank23 sample; these lower values may be connected to a pressure-induced
Fe®" spin transition effect ‘kicking in’ for higher Fe contents, consistent with the observed

changes in the Fe-rich Ank64 Raman spectra (Fig. 5).

3.3. High-temperature behavior of Dol-IlIc

To investigate the stability of Dol-Illc at the Earth’s lower mantle conditions, two
samples Ank19 and Ank23 were studied after heating. First, the pressure was increased to 38-
43 GPa at room temperature to transform the starting material into Dol-Illc, and then the

samples were heated up to 2600 K.
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318 No changes were observed in the high-pressure Raman spectra after annealing up to
319 2600 K (Fig. S15). The Raman spectra collected after the temperature quench correspond to
320 the initial phase. The samples recovered at ambient conditions had transformed back into the
321  original Dol-I structure, and no breakdown reaction products were detected. Thus, the present
322  observations reveal that the unquenchable Dol-Illc structure is stable after heating up to at
323 least 2600 K.

324 Further attempts to heat Ank23 above 2600 K at 43 GPa failed, as a small increase in
325 laser power produced a runaway of the temperature (flash heating event). The observed
326  plateau at 2600 K indicates a decrease in the laser absorption and could be considered as
327  circumstantial evidence for the melting of the laser absorber (Geballe and Jeanloz, 2012) i.e.
328  Ank23. A melting process at the same conditions was reported by Merlini et al. (2012) in the
329  X-ray diffraction study of ferroan dolomite with xFe = 0.40.

330 Raman spectra of Ank23 collected after temperature quench in the experiment with
331  the flash heating event show a broadening of the modes at around 1200 cm™. Due to the
332  Dbroad features and low quality of the spectra, it cannot be unequivocally decided whether
333  phase transitions or decomposition processes happened. However, after pressure quench, the
334  bands in the Raman spectra of the heated area could be assigned to a mixture of phases (Fig.
335  8). The most intense feature is a band at 1086 cm™, which corresponds to calcite (Fig. 8a).
336 The low-frequency vibrations could be defined by two components: the main bands at 150
337  and 260 cm' each with a shoulder on the high-frequency side (Fig. 8a). The low-frequency
338  features could hint on the presence of two carbonates: calcite, which is predominant in the
339  Raman spectra, and the ferroan dolomite. The remaining bands at 445, 540, 660 em’' cannot
340 be explained by any carbonates (Fig. 8a). Those bands could be caused by the presence of
341  Fe,Mg — oxides (hematite, magnetite, or Fe; 4O wiistite). Hematite (Fe,O3) is associated with

342 bands near 530 and 440450 cm™ (Chamritski and Burns, 2005). The Raman spectrum of
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343  magnetite (Fe;04) has characteristic modes at 540 cm™ and 666 cm™ (Chamritski and Burns,
344  2005). Wistite (FeO) is cubic and should not be visible in Raman spectra. However, a
345  previous study observed a band at 670 cm™ related to the presence of vacancies in the wilstite
346  microstructure (wiistite Fe; 4O) (Ovsyannikov et al., 2010).

347 The perpendicular cross-section of the laser-heated spot in the Ank23 sample was
348 analyzed with TEM to obtain information on the textures, spatial relationships, and semi-
349  quantitative chemical compositions of the solid phases. The obtained TEM images (Fig. 8b,c)
350 confirm a multiphase assemblage in the heated spot and show a zonation of the sample. The
351  zonation appears to be associated with the temperature gradient as phase assemblages change
352  with the distance from the center of the laser beam. The “hot area” consists of amorphous
353  Ca,Mg,Fe-carbonate, which likely represents a quenched dolomitic melt (Fig. 8b). Large
354  round bubbles are observed together with the amorphous ferroan dolomite, indicating the
355  exsolution of fluid from the melt. At the far end of the sample, a layer of calcite is detected
356  (Fig. 8b). The observed phase relations both in Raman and TEM analyses reflect an
357 incongruent melting in the studied Ank23 at 43 GPa above 2600 K. As a flash happened
358  during the laser heating, the exact temperature of the process cannot be determined.

359 Considering the results of the present study and high-temperature observations of
360 Merlini et al. (2012), it is evident that Dol-Illc and Illb are stable phases in the ferroan
361  dolomite above ~35-37 GPa up to 2600 K. On the contrary, Binck et al. (2020) showed
362  decomposition of the Fe-poor Dol-IIlc at 39.5 GPa and 1800-2300 K with a formation of
363  magnesite, postaragonite and dolomite-V. Dolomite-V is a high-temperature, high-pressure
364  polymorph reported only in the Fe-poor system (Binck et al., 2020). It was not observed in
365 ferroan dolomite (Merlini et al. 2012). It appears that the introduction of Fe to dolomite
366  stabilizes the high-pressure Dol-Illc or IIIb phase over the decomposition reaction product.

367
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368 4. Implications

369 The results of the present study show a complex polymorphism of the dolomite-
370 ankerite solid solutions at high pressure and a clear effect of cationic substitution on the
371  phase behavior. The first phase transition from Dol-I to Dol-II exhibits a negative linear
372 correlation with iron content. Depending on the Fe-content, the Dol-III/IlIb polymorphs
373  adopted at higher pressure above 35-40 GPa have different crystal structures: Fe poor solid
374  solutions adopt the triclinic Dol-Illc phase (xFe < 0.23), whereas the rhombohedral Dol-IIIb
375  structure appears for iron-rich samples (at xFe = 0.40, 0.64).

376 High-temperature experiments also show drastic differences in the stability of the
377 dolomite and the ferroan dolomite with respect to decomposition. Fe - poor dolomite
378 undergoes a breakdown reaction to magnesite and Ca-carbonate above 5 GPa at moderate
379  temperature (Shirasaka et al., 2002). Thermodynamic calculations indicate that all the high-
380 pressure dolomite phases are metastable with respect to magnesite and aragonite
381  (Efthimiopoulos et al., 2017). Indeed, previous experimental studies (Binck et al. 2020)
382  demonstrated formation of the dolomite-V + magnesite + post-aragonite assembly at 39.5
383  GPaand 1880 K.

384 This scenario, however, changes drastically in the dolomite-ankerite solid solutions.
385  While in the field of Dol-II crystallization, decomposition happens at 2,000-2,400 K
386 regardless of the composition (Merlini et al., 2012), above 35 GPa the Dol-Illc and IIIb
387 phases persist at high temperatures in the xFe > 0.19 mol% solid solutions. It was
388  demonstrated in the present study (in the solid solutions with xFe = 0.19 and 0.23) and by
389  Merlini et al (2019) (xFe = 0.40) that the Dol-Illc and IIIb could be indeed stable high-
390 pressure, high-temperature polymorphs in the Fe-containing systems.

391 The present study reflects that with the stabilization of Dol-Illc and Dol-IIIb phases,

392 carbonates in the dolomite-ankerite solid solution series may constitute fundamental
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393  accessory phases in the lower mantle and represent a possible carrier of carbon in the
394  subduction zones. Given the significant role of carbonates in the petrological and
395 geochemical processes, such as carbonatitic melt formation, metasomatism, and red-ox
396 reactions, the Dol-Illc and IIIb polymorphs should be considered in the modeling of the

397  lower mantle processes related to the deep carbon cycle.
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522 Figure captions

523 Fig. 1. Experimental conditions and high-pressure phases of ferroan dolomite with
524  different iron content. Experiments with Ne pressure medium (PM) are marked by circles and
525 diamonds. Diamonds represent pressure points at which Raman spectra were measured;
526  circles — powder XRD. Experiments with Ar and NaCl PM are marked by triangles. Colors
527 indicate phases detected at each experimental point: red, rose and orange — Dol-I; green and
528  yellow — Dol-II; blue and purple — Dol-IIlc/Illb. Grey lines are linear fits of the observed
529  phase transition pressures as a function of xFe.

530 Fig. 2. Raman shifts of the dolomite bands with increasing iron content at atmospheric
531 pressure. Red diamonds are related to the v; symmetric stretching vibration of the CO;
532 groups; the purple circles-vs4; the blue triangles and green circles are related to the lattice
533  vibration modes.

534 Fig. 3. Raman spectra of Ank40 collected at pressures up to 22.6 GPa showing the
535 transition from Dol-I to Dol-II. The spectra have been normalized with respect to the highest
536  value of each frequency region in order to facilitate direct comparison, whereas the
537  background has been subtracted. Spectra are offset vertically for clarity. The same applies for
538 Fig. 4-6 and to Fig. 8a.

539 Fig. 4. Raman spectra of Ank40 showing Dol-II to Dol-IIIb transition.

540 Fig. 5. Evolution of the stretching vibration modes in Ank64 upon compression up to
541  43.7 GPa. The dotted lines show a shift of the Raman bands caused likely by the spin
542  transition.

543 Fig. 6. Raman spectra at ~40 GPa in the high-frequency range. a-d) experimental
544  spectra; ¢) spectrum of Fe-poor dolomite from (Efthimiopoulos et al 2019).

545 Fig. 7. The Rietveld refinement of the Ank40 (a) and Ank23 (b) XRD patterns, using

546  Dol-IlIb (WR = 19.9%) and Dol-Illc (wR = 18.5%) models in combination with Ne. The
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547  experimental curve is indicated with crosses. The green and blue lines represent the
548  calculated XRD and the difference curve. The Bragg positions of Dol-IIIb or Illc (in black)
549  and Ne (in blue) are marked by ticks.

550 Fig. 8. Results of the Raman spectroscopy (a) and TEM (b,c) analyses of the Ank23
551  sample recovered after heating above 2600 K at 43GPa. Sample was analyzed in the heated
552  spot (top spectrum) and in the not heated area (bottom). While not heated area shows
553  presence of the initial ferrous dolomite with Dol-I structure, in the heated area a mixture of
554  phases (CC-I — calcite, Fe-oxide) could be recognized. B, ¢) TEM analyses show the presence
555  of amorphous ferrous dolomite (Dol) and calcite.
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561 Table 1. Composition of the dolomite-ankerite solid solutions (wt%) measured by microprobe
562  analyses.

| Sample | Formula | MgO | FeO | CaO | MnO | Total |
wt. %

Ank19 Ca(Mgy g1Fe 19)(CO3) 17.2 7.1 296 003  53.93
(0.5) (0.5) 0.6)  (0.02)

Ank23 Cagor (Mg 7Feg2sMng3)(COs), 166 9 29.0 1.1 5570
(0.9) (1) 03) (0.1

Ank40 Cao'gg(Mgo‘55Fe0'40Mn0,06)(C03)2 11.3 14.7 28.2 2.2 56.4
(0.4) (0.4) 03)  (0.2)

Ank64 Cao_gg(Mg0A33Feo_64MH0_05)(CO3)2 6 22 26.9 1.7 56.6
@ @) 05 (0.1)

Standards Dolomite 22.20 0.11 30.53 0.04 52.88

Calcite - 0.04 54.84 0.11 54.99

Siderite 0.12 59.06 - 2.80 61.98

563 Notes: Average compositions and standard deviations (in brackets) are given based on 6-12 measurements for
564 each phase.
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566 Table 2. Unit cell parameters of the Dol-III/I1Ib high-pressure modifications.
P Unit cell a, b, ¢ (A);
(GPa) Sample Formula Phase a B,y (O); V(A%
44 Ank23 Cago7(Mgo17Fe023Mng3)(CO;),  Dol-Illc (SG P1, Z=8)  4.544(1), 11.172(5), 13.715 (5);
69.9(9), 88.4(6), 89.4(8); 653.9(5)
41 Ank40 Cao oMo 55Fe0.40Mn00)(COs)s  Dol-TlIb (SG B3, 7=21) | 1:903(3), 11.903(5), 13.646(8);
90, 90, 120; 1674.9(2)
38 Ank64 Cao'gg(Mg()‘33F€0'64Mn0'05) (CO3)2 Dol-IIIb (SG R3, 7= 21) ! 1969(5), ! 1969(5)7 13659(8)’
90, 90, 120; 1694.6(2)
39 Merlini et al Ca(Mg ¢Fe4)(CO;), Dol-I1Ib (SG R3, Z=21) 11.970), 11.97(9), 13.66(12);
2012 90, 90, 120; 1674.9(2)
43 Binck et al Ca(Mgg osFeq 02) (COs3), Dol-Illc (SG P1,Z=8)  4.452(4), 11.168(17), 13.696(17);
2020 69.0, 88.3, 89.3; 635.64
567
568  Note: Ank19 was not studied by XRD, as the latter exhibits an almost identical Raman spectroscopic behavior
569 to Ank23 under high pressure
570

26

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld




This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2022-8737. http://www.minsocam.org/

571

572

573

574 Fig. 1. Experimental conditions and high-pressure phases of ferroan dolomite with
575  different iron content. Experiments with Ne pressure medium (PM) are marked by circles and
576  diamonds. Diamonds represent pressure points at which Raman spectra were measured;
577  circles — powder XRD. Experiments with Ar and NaCl PM are marked by triangles. Colors
578 indicate phases detected at each experimental point: red, rose and orange — Dol-I; green and

579  yellow — Dol-II; blue and purple — Dol-IIlc/Illb. Grey lines are linear fits of the observed

580 phase transition pressures as a function of xFe.

581

27

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2022-8737. http://www.minsocam.org/

582
583
584 Fig. 2. Raman shifts of the dolomite bands with increasing iron content at atmospheric
585  pressure. Red diamonds are related to the v; symmetric stretching vibration of the COs
586  groups; the purple circles-vs; the blue triangles and green circles are related to the lattice

587  vibration modes.

588
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590

591 Fig. 3. Raman spectra of Ank40 collected at pressures up to 22.6 GPa showing the
592 transition from Dol-I to Dol-II. The spectra have been normalized with respect to the highest
593  value of each frequency region in order to facilitate direct comparison, whereas the
594  background has been subtracted. Spectra are offset vertically for clarity. The same applies for

595  Fig. 4-6 and to Fig. 8a.
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Fig. 4. Raman spectra of Ank40 showing Dol-II to Dol-IIIb transition.
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601
602

603 Fig. 5. Evolution of the stretching vibration modes in Ank64 upon compression up to
604  43.7 GPa. The dotted lines show a shift of the Raman bands caused likely by the spin

605 transition.
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607

608 Fig. 6. Raman spectra at ~40 GPa in the high-frequency range. a-d) experimental

609  spectra; e) spectrum of Fe-poor dolomite from (Efthimiopoulos et al 2019).
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Fig. 7. The Rietveld refinement of the Ank40 (a) and Ank23 (b) XRD patterns, using
Dol-IlIb (WR = 19.9%) and Dol-Illc (wR = 18.5%) models in combination with Ne. The
experimental curve is indicated with crosses. The green and blue lines represent the
calculated XRD and the difference curve. The Bragg positions of Dol-IIIb or Illc (in black)

and Ne (in blue) are marked by ticks.
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Fig. 8. Results of the Raman spectroscopy (a) and TEM (b,c) analyses of the Ank23
sample recovered after heating above 2600 K at 43GPa. Sample was analyzed in the heated
spot (top spectrum) and in the not heated area (bottom). While not heated area shows
presence of the initial ferrous dolomite with Dol-I structure, in the heated area a mixture of
phases (CC-I — calcite, Fe-oxide) could be recognized. B, ¢c) TEM analyses show the presence

of amorphous ferrous dolomite (Dol) and calcite.
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