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Abstract 5 

The main source of carbon entering the deep Earth is through subduction of carbonates, 6 

including CaMg(CO3)2-dolomite. We examine the high-pressure structure and stability of 7 

dolomite to understand the means through which carbon can be sequestered as it enters the deep 8 

Earth carbon cycle. Dolomite is investigated to 86 GPa using Raman spectroscopy at room 9 

temperature: this includes spectroscopic characterization of dolomite-III, a phase stable at deep 10 

mantle pressures and temperatures. Between 63-86 GPa, within the dolomite-III structure, we 11 

observe spectroscopic evidence for the evolution of a subpopulation of carbonate ions 12 

characterized by weaker C-O bonds, with anomalous pressure shifts: this abnormal bonding 13 

change is explained by the onset of a 3+1 coordination of the carbon in some of the carbonate 14 

ions in the dolomite-III structure, confirming an earlier prediction of Merlini et al. (2012). The 15 

wide suite of carbonate ions (both normal 3-fold and 3+1 coordinate) within this phase at the 16 

highest pressures should give rise to a large variety of cation sites: as such, dolomite-III could 17 

represent a major host for incompatible elements in the deep mantle, implying that incompatible 18 

element distribution may be closely linked to carbon cycling within the deep Earth.  19 

Keywords: dolomite, high pressure, Raman spectroscopy, carbon, distorted cation sites, deep 20 

Earth 21 
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Carbonate minerals have long been accepted as the primary carriers of carbon into the 23 

deep Earth. Carbonates are present in and on oceanic plates, and when slabs are subducted, 24 

oxidized carbon is brought into the deep Earth (e.g., Alt and Teagle 1999). Carbon can have a 25 

strong influence on the chemical and physical properties of the mantle (Duba and Shankland 26 

1982; Dasgupta et al. 2006; Shcheka et al. 2006), so its manner of retention at depth is critical for 27 

clarifying its role in deep Earth geophysical and petrologic processes.  In higher temperature 28 

slabs, carbonates likely decompose and release CO2, which facilitates melting in the Earth’s deep 29 

upper mantle (e.g., Rosenthal et al. 2015), and can explain carbon dioxide’s ubiquity in back arc 30 

volcanoes. However, in high pressure and temperature experiments that mimic cold slab 31 

geotherms, carbonate and peridotite phase equilibria indicate that carbonate minerals could 32 

persist at least down to the transition zone, and possibly deeper (e.g., Litasov et al. 2013). 33 

Moreover, primordial carbon could also be retained within Earth’s deep mantle, in addition to 34 

recycled carbon from subduction (e.g., Hirschmann and Dasgupta 2009). 35 

Dolomite (CaMg(CO3)2) is a common carbonate on the surface of the earth, is found in 36 

sedimentary environments and vein deposits, and crystallizes with rhombohedral symmetry in 37 

the space group R-3.  There have been several previous high pressure experiments on dolomite at 38 

room temperature (300 K). Using spectroscopic and X-ray diffraction (XRD) methodology, two 39 

well defined transitions of dolomite to dolomite-II and dolomite-III have been identified around 40 

15-20 GPa and 36-38 GPa, respectively (Santillán et al. 2003; Santillán and Williams 2004; Mao 41 

et al. 2011; Merlini et al. 2012; Efthimiopoulos et al. 2017). Merlini et al. (2012), using single 42 

crystal X-ray diffraction reported a triclinic, calcite-II-like structure for dolomite-II above 17 43 

GPa and a larger triclinic, calcite-III unit cell for dolomite-III above 35 GPa. Most importantly, 44 

Merlini et al. (2012) heated their samples to 2200 K at up to 72 GPa, and Mao et al. (2011) to 45 
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~1500 K to 83 GPa, and their results demonstrate that dolomite-III is stable at these extreme 46 

conditions. Hence, dolomite-III represents a likely carbon repository at the conditions of Earth’s 47 

lower mantle. The dolomite-III structure reported by Merlini et al. (2012) is structurally novel, as 48 

extrapolated trends of their refinements of interatomic distances to 60 GPa indicate that some of 49 

the carbonate ions could adopt a 3+1 coordination with the oxygens at pressures of 60-80 GPa. 50 

Experimental and theoretical evidence for the presence of 4-fold coordinate carbon in oxides at 51 

high pressures have been previously described (Isshiki et al. 2004; Oganov et al. 2006; Sun et al. 52 

2009; Boulard et al. 2011, 2015; Cerantola et al. 2017; Merlini et al. 2017).  53 

Here, we utilize vibrational spectroscopy to probe the local bonding environment of the 54 

carbonate ion (and Ca/Mg cations) within dolomite to 86 GPa: a substantially higher pressure 55 

range than previous vibrational studies, and nearly 50 GPa higher than where a previous study 56 

(Efthimiopoulos et al. 2017) was unable to resolve any Raman bands from dolomite. Our goals 57 

are to evaluate whether dolomite-III undergoes the predicted continuous transition to partial 3+1 58 

coordination of carbon, and to probe the character of the bonding environment of the carbon ion 59 

within dolomite-III at these extreme conditions.  60 

Experimental Methods 61 

Dolomite, Ca1.00Mg0.92Fe0.08(CO3)2, from New Almaden, CA (UCSC mineral collection 62 

no. 7206) was used for this experiment: this composition was confirmed using a JEOL JXA-63 

8230 electron microprobe. The sample identity was confirmed using Raman spectroscopy and 64 

single crystal XRD, and our results are in excellent agreement with previous studies of nearly 65 

endmember dolomite (for example, Nicola et al. 1976). The samples were single crystals with 66 

approximate dimensions of 20x20x10 µm.  High pressures were generated with a symmetric-67 

type Princeton type diamond anvil cell equipped with type Ia diamonds with 250 m culets. 68 
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Neon was used for the pressure medium, and ruby fluorescence was used as the in-situ pressure 69 

calibrant (Mao et al. 1986). 70 

Raman measurements were performed using a Horiba LabRAM HR Evolution 71 

spectrometer. Both 532 and 633 nm excitation lasers were used for different regions of the 72 

spectrum: 532 nm was used to collect spectra from ~1,400 to 1,800 cm-1, and 633 nm was used 73 

for 50-1,325 cm-1. The spectrometer focal length was 800 mm, and it was equipped with a 1,200 74 

lines/mm grating, and a CCD detector. Spectral resolution was ~1 cm-1, and spectra were 75 

collected from 1-2 micron spots. Spectra were analyzed and peaks deconvolved with a 76 

combination of Lorentzian and Gaussian peaks using Horiba Labspec6 software. 77 

Room pressure single crystal analysis was collected at the Advanced Light Source 78 

(beamline 11.3.1). Diffraction images were collected with a Bruker D8 diffractometer with a 79 

photon 100 SiMOS detector at 298 K. The single crystal sample characterized was a clear cube 80 

that was free of visible cracks and/or imperfections. The sample was mounted in oil on a 81 

MiTeGen MicroMount. Images were collected using Bruker APEX II software and integrated 82 

using the program SAINT. 83 

Results and Discussion 84 

Our lower pressure (up to 38 GPa) Raman results (Figs. 1 and 2, Table S1 and S2) are consistent 85 

with previous work (Mao et al. 2011; Merlini et al. 2012; Efthimiopoulos et al. 2017) in that we 86 

observe two discontinuous, first-order transitions: one at ~15 GPa and another at ~40 GPa 87 

respectively. Factor group analysis of the optic modes of dolomite-I, with the space group R-3 88 

(Steinfink and Sans 1959), yields  = 4Ag (R) + 4Eg (R) + 5Au (IR) + 5Eu (IR). Dolomite-II, with 89 

space group P-1 (Merlini et al. 2012), yields  30Ag (R) + 27 Au (IR).  Factor group analysis 90 

on dolomite-III, with space group P-1 (Merlini et al. 2012), yields Γ = 120Ag (R) and 117 Au 91 
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(IR). Previous studies on different starting materials report the transitions to high-pressure phases 92 

of dolomite at modestly higher and lower pressures, respectively (Table S3).  Results on 93 

decompression are not reported; our highest pressure run reconverted to dolomite-I on 94 

decompression, with all modes returning to their initial values, with a possible strain-enhanced 95 

mode present at 225 cm-1: this involves an increase in amplitude of a weak Raman active mode, 96 

with Ag symmetry (Pilati et al. 1998). 97 

Dolomite-III: Lattice modes at high pressure 98 

Above 42 GPa, at least 11 discrete low-frequency vibrational modes can be resolved in 99 

the ~200-600 cm-1 range, implying that a broad suite of divalent cation environments and 100 

divalent ion/carbonate vibrational interactions are present within the dolomite-III high-pressure 101 

phase (Fig. 1, 2b, Table S4). In short, a broad continuum of bands is present, implying that a 102 

range of environments is present, consistent with the low symmetry of the dolomite-III structure: 103 

this diversity of environments appears to be enhanced above 60-70 GPa, as new bands appear 104 

near 450 and 660 cm-1, at the lower frequency and higher frequency sides of this manifold. 105 

From a mantle geochemical standpoint, our observation of the markedly enhanced 106 

breadth spanned by the low frequency bands (Fig. 1) is consistent with dolomite-III having a 107 

broad suite of distorted cation environments.  This conclusion is consistent with the lower 108 

pressure crystal structure results of Merlini et al. (2012), and the suggestion that these distortions 109 

are notably enhanced at pressures above 63 GPa. Hence, given both the thermal stability of 110 

dolomite-III at these pressures (Mao et al. 2011) and that the major phases comprising the deep 111 

mantle have highly symmetric cation sites (e.g. Wicks and Duffy 2016), the prospect exists that 112 

the irregular cation sites in dolomite-III could represent a major depository for highly 113 

incompatible elements in the deep mantle. In particular, the highly irregular 6-11 coordinated 114 
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cation sites whose bond distances and angles vary significantly in this phase (Table S5) may 115 

represent a primary locus in which rare earths could undergo defect substitutions, similar to those 116 

present in calcium perovskites (Corgne and Wood 2005). In this sense, the dolomite-III phase in 117 

the deep Earth could mimic the geochemical affinities for incompatible elements of carbonatite 118 

melts at shallower depths. 119 

Dolomite-III: Carbonate modes at high pressure 120 

The Raman-active carbonate modes provide bonding environment information at high 121 

pressures, including constraining the bonding changes taking place within and dolomite-III under 122 

compression. At the higher pressures probed, our results support an increase in coordination 123 

number of a subset of the carbonate ions.  At 41 GPa, the out-of-plane and in-plane bends 124 

broaden and approach each other in frequency; by 50 GPa, the two types of vibrations merge into 125 

a multiplet of energetically similar modes (~9) which span 140 cm-1 in width.  This coalescence 126 

is generated by the small (or negative) pressure shifts of the out-of-plane bends coupled with the 127 

positive shifts and increases in width of the in-plane bends. Near 58 GPa, the highest frequency 128 

band in this multiplet disappears, and at 68 GPa, a new low frequency band appears near 750 cm-129 

1, and becomes progressively more intense up to the maximum pressure of 86 GPa (Fig. 1, 2a, 130 

Table S4).  131 

This appearance of a new lower frequency mode, and disappearance of the highest 132 

frequency mode, within the in-plane and out-of-plane bending set of bands, implies that the force 133 

constants associated with some O-C-O linkages in the crystal have weakened. This wide breadth 134 

of the bending vibrational levels is likely driven by extremely distorted carbonate ions, with both 135 

angle variations between the oxygen atoms and the planarity of the ions being variable. The 136 

progressive increase in the bending vibrations with pressure in dolomite-III indicates that 137 
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repulsive forces with neighboring oxygens may play a larger role than cation-oxygen interactions 138 

with the carbonate unit. 139 

The behavior of the symmetric stretch provides further confirmation that a subset of the 140 

C-O bonds in dolomite-III weakens at the higher pressures of our study. At the onset of the 141 

dolomite-III transition, the single strong peak splits into 5-6 separate components at 41 GPa (Fig. 142 

1, 2a, Table S4), with pressure shifts in accord with those of symmetric stretches in a wide range 143 

of carbonates (e.g., Kraft et al. 1991; Gillet et al. 1993; Koch-Müller et al. 2016; Efthimiopoulos 144 

et al. 2017). At 64 GPa, two low intensity peaks on the low frequency side of the symmetric 145 

stretch emerge from this multiplet. These low-frequency peaks shift at essentially negligible rates 146 

between 64 and 86 GPa (Fig. 1 (inset), 2a, Table S4).  147 

As with the in-plane and out-of-plane bends, these new stretching bands at lower 148 

frequency than the main group of peaks show that the C-O bonds within a subset of the 149 

carbonate ions within the unit cell are dramatically weakened. These bands are anomalous in 150 

terms of both their lower frequency (which is consistent with a ~12% decrease in C-O force 151 

constant relative to the frequency of the centroid of the symmetric stretching bands), and their 152 

negligible pressure shifts (which imply that the force constants of the C-O bonds associated with 153 

these vibrations do not increase as the crystal is compacted: this lack of a positive shift, despite 154 

compaction, is consistent with a progressive pressure-induced weakening of this subset of C-O 155 

bonds).  156 

3+1 Coordination of the carbonate ion 157 

We attribute these new carbonate bands and their associated mode shifts to a less tightly 158 

bound carbon configuration, which we attribute to the 3+1 coordination of carbon (Fig. 1c) 159 

predicted by Merlini et al. (2012). In the dolomite-III structure proposed by Merlini et al. (2012), 160 
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there are eight crystallographically distinct carbon sites within the unit cell; we observe six 161 

symmetric stretching peaks after deconvolution, in which some vibrations of carbonate ions may 162 

be energetically indistinguishable. Merlini et al. (2012) extrapolated their single crystal data and 163 

speculated that an uncommon 3+1 coordination of one of the carbonate ions in the unit cell 164 

would ultimately arise, with the planar carbonate ion approaching tetrahedral coordination 165 

around 80-90 GPa. In the highest pressure (56 GPa) structure reported by Merlini et al. (2012) 166 

the carbonate ion containing the C1 atom is notably distorted (Table S5) in terms of its angular 167 

variance from 120˚ and its torsion angle.  This distortion is likely a response to the close 168 

approach of its nearest-neighboring, non-bonded oxygen atom, O12. The interatomic distance 169 

between C1 and O12 is 2.066 Å at 56 GPa, and strongly decreases with pressure.  The C1 170 

carbonate ion the most likely to undergo a coordination change to 3+1 coordination; the 171 

carbonate ion that is bonded to O12 is also likely to approach 3+1 coordination. This C7-172 

associated carbonate ion is the most distorted with respect to its angle variance, with O-C-O 173 

angles that range from 108˚ to 133˚ with an angle variance of 12.6˚ (Table S6). Our Raman 174 

spectra appear to record the onset of higher coordination (and hence weaker C-O bonding) 175 

through both the appearance of the lowest frequency symmetric stretch peak that appears above 176 

63 GPa, and the onset of a low frequency bend vibration, and disappearance of the highest 177 

frequency component of the bends. 178 

The lowest frequency mode associated with the carbonate symmetric stretch at 63 GPa 179 

compared to the median of the symmetric stretching band is ~12%. this amount approaches the 180 

difference between those observed between XY3 and XY4 molecular species with the same 181 

cations and anions (e.g. boron halides) (Nakamoto 1986).  Thus, a partial coordination change 182 

involving a progressively increasing interaction with an approaching oxygen anion explains both 183 
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the decreased frequency of these new bands, and their low-pressure shifts. In tandem with the 184 

carbonate stretching and bending modes both having lower frequency components that initiate 185 

around 63 GPa, each of the new features have anomalously low pressure shifts. Such low-186 

pressure shifts indicate that the C-O bond strengths associated with these carbonate vibrations 187 

are almost unchanged in strength between 63 and 86 GPa, despite substantial compaction. These 188 

minimal shifts are also compatible with a progressively stronger fourth C-O bond forming, with 189 

weakening of the C-O bonds of the carbonate group as the additional oxygen becomes 190 

progressively more strongly bound to the unit. Furthermore, Mao et al. (2011) (their 191 

Supplemental Info) report a slight change in the lattice parameters of dolomite-III near 63 GPa, 192 

indicating that a shift in compressional mechanism occurs near this pressure.  This shift is 193 

consistent with our interpretation that new C-O bonds begin to form at this pressure. 194 

At our highest pressures, the spectra continue to be most readily explained by a 3+1 195 

coordination environment for a subgroup of the carbonate ions. Notably, carbonate vibrations 196 

that have normal frequencies (readily extrapolated from lower-pressure conditions) and pressure 197 

shifts continue to dominate the spectra, indicating that a mix of 3+1 coordinated carbonate 198 

groups and highly compacted, but three-fold carbonate groups, are present within dolomite-III. 199 

This interpretation implicitly requires that these vibrations involve carbon environments that are 200 

substantially distorted. Thus, the absolute Raman amplitude of these vibrations is expected to 201 

underrepresent the true concentration of the more highly coordinated carbon cations within the 202 

crystal, since Raman bands are stronger for more symmetric vibrations and environments (for 203 

example, Williams 1995). We believe that it is unlikely that full tetrahedral coordination of 204 

carbon is achieved in any of the carbonate units in dolomite-III over this pressure range, since an 205 

enhancement in intensity of the bands associated with the weaker C-O bonds would be 206 
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anticipated if the local environment became more symmetric; it is also possible that the 207 

frequency decrement associated with full tetrahedral coordination might be larger than we 208 

observe (Sun et al. 2009) .  209 

Implications 210 

CaMg(CO3)2 evolves a novel bonding environment of carbon above 63 GPa, as 211 

manifested by a subset of weaker C-O bonds being present above this pressure in dolomite-III. 212 

These weaker C-O bonds are plausibly generated by an additional oxygen progressively 213 

approaching one of the carbonate ions, resulting in a 3+1 coordination of the carbonate group, 214 

verifying a prediction by Merlini et al. (2012). The broad diversity of distorted structural 215 

environments within both the carbonate groups and cation sites (based on the wide range in 216 

frequency spanned by the lattice modes) in the dolomite-III structure, indicate that this is a phase 217 

in which incompatible elements are likely to substitute. Thus, as dolomite-III is expected to be a 218 

stable phase within oxidized zones in the deep mantle (consistent with its observed thermal 219 

stability), the low symmetry/distortion of its cation sites likely render it a major host for 220 

incompatible elements in the lower mantle.  This conclusion provides a potential mineralogic 221 

basis for the affinity between carbonate metasomatism and incompatible element signatures in 222 

magmas with deep mantle provenances or long-term mantle residence times (Collerson et al. 223 

2010; Castillo 2015; Weiss et al. 2016). Thus, because of its novel structural characteristics and 224 

multiple coordination environments, the high-pressure phase of dolomite may be critical in the 225 

incompatible element cycling associated with deeply-derived carbon-bearing magmas. 226 

Typically, an increase in coordination number leads to an increase in entropy (e.g. 227 

Navrotsky 1980) which implies that dolomite-III’s entropy may increase under pressure ase the 228 

3+1 coordination is generated. Dolomite-Iv, which is characterized by four-coordinate carbon, is 229 
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a relatively symmetric structure (although it may have divalent cation disorder (Merlini et al. 230 

2017).  The mixed coordination carbon environments and highly distorted carbonate and metal 231 

cation sites that we characterize in dolomite-III indicate that this phase is likely to be higher 232 

entropy than the symmetric ring structure documented for dolomite-IV synthesized at 120 GPa 233 

and 2,500˚C (Merlini et al. 2017).  Thus, the transition from the highly disordered structure of 234 

dolomite-III to higher symmetry dolomite-IV may produce a situation that is reversed from that 235 

of the well-known coordination change and transition from -spinel to perovskite (Bina and 236 

Helffrich 1994). Thus, on structural grounds, we expect that the Clapeyron slope of the dolomite 237 

III-IV transition is likely to be positive. Hence, the high temperatures present near the base of 238 

Earth’s mantle (Anzellini et al. 2013) may result in dolomite-III being stabilized throughout 239 

much of Earth’s mantle.  240 
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Figures 345 

 346 

Figure 1. Representative Raman spectra of dolomite under compression at room temperature 347 

(spectra are vertically offset for clarity). (a) Lattice modes and the carbonate modes associated 348 

with the out-of-plane bends, in-plane bends and symmetric stretches are shown. Arrows indicates 349 

the peak(s) that is indicative of the onset of 3+1 coordination.  Variable relative amplitudes of 350 

peaks in some spectra are likely associated with preferred orientation effects. (b) An enlarged 351 

view of the carbonate’s symmetric stretch at 52, 64 and 84 GPa. Again, arrows indicate the peak 352 

that is indicative of the onset of 3+1 coordination. (c) Schematic depiction of the transition of a 353 

3-fold coordinated carbonate ion in dolomite-II to 3+1 coordinated in dolomite-III. 354 
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 355 

 356 

Figure 2. Peak positions of observed Raman modes as a function of pressure. (a) 357 

Carbonate modes associated with the out-of-plane bend (2), in-plane bend (4), symmetric 358 

stretch (1) and asymmetric stretch (3). 22 represents an overtone of the out-of-plane bend. (b) 359 

Lattice modes of dolomite. These predominantly involve relative motion between the carbonate 360 

groups and the divalent cations. Vertical dashed red lines indicate phase transitions.  361 
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