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Abstract 25 

Perovskite, CaTiO3, originally described as a cubic mineral, is known to have a distorted 26 

(orthorhombic) crystal structure. We herein report on the discovery of natural cubic perovskite. This 27 

was identified in gehlenite rocks occurring in a pyrometamorphic complex of the Hatrurim Formation 28 

(the Mottled Zone), in the vicinity of the Dead Sea, Negev Desert, Israel. The mineral is associated 29 

with native α-(Fe,Ni) metal, schreibersite (Fe3P) and Si-rich fluorapatite. The crystals of this perovskite 30 

reach 50 μm in size and contain many micron sized inclusions of melilite glass. The mineral contains 31 

significant amounts of Si substituting for Ti (up to 9.6 wt.% SiO2) corresponding to 21 mol.% of the 32 

davemaoite component (cubic perovskite-type CaSiO3), in addition to up to 6.6 wt.% Cr2O3. 33 

Incorporation of trivalent elements results in the occurrence of oxygen vacancies in the crystal 34 

structure; this being the first example of natural oxygen-vacant ABO3 perovskite with the chemical 35 

formula Ca(Ti,Si,Cr)O3-δ (δ ~ 0.1). Stabilization of cubic symmetry (space group Pm͞3m) is achieved 36 

via the mechanism not reported so far for CaTiO3, namely displacement of an oxygen atom from its 37 

ideal structural position (site splitting). The mineral is stable at atmospheric pressure to 1250±50 °C; 38 

above this temperature its crystals fuse with the embedded melilite glass, yielding a mixture of titanite 39 

and anorthite upon melt solidification. The mineral is stable upon compression to at least 50 GPa. The 40 

a lattice parameter exhibits continuous contraction from 3.808(1) Å at atmospheric pressure to 3.551(6) 41 

Å at 50 GPa. The second-order truncation of the Birch-Murnaghan equation of state gives the initial 42 

volume V0 equal to 55.5(2) Å3 and room temperature isothermal bulk modulus K0 of 153(11) GPa. The 43 

discovery of oxygen-deficient single perovskite suggests previously unaccounted ways for 44 

incorporation of almost any element into the perovskite framework up to pressures corresponding to 45 

those of the Earth’s mantle. 46 
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 50 

Introduction 51 

The perovskite structure is an aristotype for a diversity of minerals and advanced materials (Mitchell 52 

2002; Mitchell et al. 2017). Perovskite-structured silicates, bridgmanite (MgSiO3) and davemaoite 53 

(CaSiO3), are considered the major phases constituting the Earth’s mantle (Tschauner et al. 2014, 2020; 54 

Nestola et al. 2018). Archetypal perovskite, originally described as cubic CaTiO3 (Rose 1839), has a 55 

distorted, orthorhombic framework, that is determined by its composition and the Goldschmidt's 56 

tolerance factor (Barth 1925; Goldschmidt 1926). Synthetic CaTiO3 undergoes consecutive phase 57 

transitions to tetragonal and then to cubic modifications above 1100 °C (Redfern 1996; Ali and 58 

Yashima 2005). These transformations are reversible and non-quenchable, thus CaTiO3 returns to an 59 

orthorhombic form upon cooling to room temperature. It was demonstrated in synthetic systems that 60 

substitution of Ti by Fe3+ results in obtaining quenched cubic perovskite (Becerro et al. 1999; 61 

McCammon et al. 2000). However, natural perovskite is practically devoid of Fe. The high-pressure 62 

behaviour of synthetic CaTiO3 was studied in detail as a predictive model for evolution of silicate 63 

perovskites under conditions of the Earth’s mantle (Ross and Angel 1999; Guennou et al. 2010). It was 64 

found that orthorhombic CaTiO3 does not undergo phase transitions up to 60 GPa. Therefore, cubic 65 

perovskite was not considered as a phase which can exist in nature.  66 

In the course of an ongoing research of phosphide assemblages occurring in the 67 

pyrometamorphic rocks of the Hatrurim Formation at the Dead Sea basin in the Middle East, the 68 

authors have discovered natural cubic perovskite. We herein provide the results of the study of this 69 

perovskite and suggest some implications for geosciences. 70 
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Analytical Methods 72 

All in-house research in this work was carried out using the equipment and software provided 73 

by the Scientific Park of Saint-Petersburg State University. 74 

 75 

Electron microprobe analysis (EMPA) 76 

Electron microprobe data were obtained from polished and carbon-coated sections, using 77 

Hitachi S-3400N scanning electron microscope equipped with an INCA WAVE 500 WDX 78 

spectrometer operated at 20 kV and 10 nA, with the following standards (Kα series lines): diopside (Ca, 79 

Si), titanite (Ti), Cr2O3 (Cr), V metal (V), hematite (Fe), Ni and Co metal (Ni, Co), albite (Al), and 80 

chlorapatite (P). Compositional homogeneity was determined by elemental profiling and mapping 81 

using an Oxford Instruments AzTec Energy X-Max 20 EDX detector. 82 

 83 

Electron backscatter diffraction (EBSD) 84 

Polished sections were ion-etched with Ar+ ion flow by means of an Oxford Instruments 85 

IonFab-300 reactive ion etching (RIE) instrument (500 V acceleration voltage, 2.4 mA cm-2 flow 86 

current). EBSD patterns were acquired using a Hitachi S-3400N scanning electron microscope 87 

equipped with an Oxford Instruments Nordlys-HKL EBSD detector, operated at 20 kV and 1.5 nA in 88 

focused beam mode with a 70° tilted stage. 89 

 90 

Single-crystal X‑ray diffraction (SCXRD) and crystal structure 91 

In-house X-ray single-crystal studies were carried out with a Bruker Kappa APEXII four-circle 92 

diffractometer equipped with a microfocus X-ray tube (MoKα-radiation, 50 kV, 0.6 mA) and 1024K 93 

APEX2 CCD detector. Collected data were processed using integration routines included in a Rigaku 94 

Oxford Diffraction CrysAlisPro software (Rigaku Oxford Diffraction 2018). The crystal structure was 95 
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solved and refined with the SHELX-2018 program package (Sheldrick 2015) embedded in an Olex2 96 

operational shell (Dolomanov et al. 2009). The details of data collection and structure refinement can 97 

be retrieved from the crystallographic information file (CIF) included into Supplementary Data. 98 

 99 

Raman spectroscopy 100 

Raman spectra were obtained from polished sections with Horiba Jobin-Yvon LabRam HR800 101 

spectrometer equipped with Ar-ion laser (λ = 514 nm) and an Olympus BX41 microscope, using a 50× 102 

confocal objective. The mineral is stable under the laser beam. 103 

 104 

Stepwise annealing experiments 105 

These experiments were performed in order to evaluate thermal stability of the perovskite at 106 

atmospheric pressure. A crystal was placed in a standard Pt mini-crucible and was repeatedly heated to 107 

desired temperatures in a Netzsch STA 449 F1 differential scanning calorimeter under Ar flow (50 mL 108 

min-1), at a ramp rate of 10 ° min-1. The heating step was set to 100 °C, starting from 200 °C. After 109 

each heating loop, the furnace was allowed to cool to room temperature at the rate of 20 ° min-1. The 110 

crystal was removed from the crucible and checked for the symmetry, by collecting 18-frame matrix 111 

determination runs, using a Bruker Kappa APEXII four-circle diffractometer. The annealing/structure 112 

check loops were terminated at 1300 °C as melting of the inspected crystal occurred at this 113 

temperature. 114 

 115 

In-situ high-pressure single-crystal X-ray diffraction 116 

In situ X-ray single-crystal high-pressure experiments were carried out at the P02.2 Extreme 117 

Conditions Beamline (ECB) of PETRA III ring of DESY light source (Hamburg, Germany). The 118 

configuration of the beamline includes 1-circle goniometer designed for high-pressure X-ray 119 
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experiments in diamond anvil cells (DAC). The measurements were carried out in symmetric Mao-type 120 

DAC (80 μm diamond cullets), using 2×2 μm X-ray beam (0.2908 Å) and a Perkin Elmer XRD 1621 121 

detector (CsI bonded amorphous silicon, 2048×2048 pixels). The system was calibrated against powder 122 

CeO2 standard. A ~20 μm single-crystal fragment of the perovskite was placed into the DAC which 123 

was filled with Ne and subjected to subsequent compression. The pressure was determined from the d-124 

spacings of the Re gasket, using a DIOPTAS program (Prescher and Prakapenka 2015). The 125 

measurements were carried out at 6, 18.5, 26, 37 and 50 GPa. Data collection runs were performed 126 

using φ-scans from –34 to 34° with a frame width of 0.5° and 2 s exposure time per frame. The images 127 

collected were imported into, and processed with Rigaku Oxford Diffraction CrysAlisPro software 128 

(Rigaku Oxford Diffraction 2018). The datasets were calibrated against a single-crystal enstatite 129 

standard available at the beamline. Determination of unit-cell parameters and integration procedures 130 

were performed based on the frames collected between –18 and 18°. Crystal structure solutions and 131 

refinements were accomplished using a SHELX-2018 software (Sheldrick 2015) embedded into an 132 

Olex2 operational shell (Dolomanov et al. 2009). The details of data collection, structure solution and 133 

refinement can be obtained from the CIF file available in Supplementary Data. 134 

 135 

Results 136 

Occurrence, mineral assemblages and appearance 137 

The Hatrurim Formation (the Mottled Zone) is a world largest complex of pyrometamorphic 138 

rocks with outcrops scattered over a large area in the Middle East, from the south subbasin of the Dead 139 

Sea (Israel and West Jordan) to the borderline between North Jordan and Syria (see the map in Britvin 140 

et al. 2021b). The processes involved its development were high-temperature calcination and fusion of 141 

Cretaceous marls and chalks at temperatures attaining 1400 °C (e.g., Vapnik et al. 2007). Regardless 142 

that the Mottled Zone was recognized as a metamorphic suite since the beginning of 20th century 143 
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(Gross 1977), its origin remains a matter of debate (e.g., Novikov et al. 2013; Sokol et al. 2019). 144 

Recent discoveries have added more controversy to the geological processes that accompanied the 145 

Mottled Zone development (Britvin et al. 2021c). Of particular concern with respect to this work are 146 

the phosphide assemblages of the Hatrurim Formation. Research of the last decade discovered a dozen 147 

of novel Fe-Ni-P phosphides (Britvin et al. 2020). The discovery of cubic perovskite is also confined to 148 

phosphide-bearing assemblages. The mineral was detected in the samples collected along the outcrops 149 

of the Nahal Zahav Wadi, ca. 1 km southeast of the Hatrurim Junction (crossroad 31 and 258) in the 150 

Negev Desert, Israel. The rocks that host the perovskite assemblages are almost completely composed 151 

of microcrystalline gehlenite, Ca2Al2SiO7 (Table 1). Macroscopically, these rocks have a greyish-white 152 

color and visually resemble sintered sand. They bear no signs of melting typical of the so-called 153 

paralavas which are widespread in the Mottled Zone (Vapnik et al. 2007). Gehlenite forms equant 154 

colorless 3-5 μm crystals (Supplemental Fig. S1). Its crystalline, rather than glassy, state was verified 155 

by electron backscatter diffraction (EBSD) and Raman spectroscopy (Fig. 1). Gehlenite is commonly 156 

altered to katoite (Ca-Al-hydrogarnet) and tobermorite, which were confirmed by powder XRD. A 157 

common accessory phase of the gehlenite rock is Si-rich fluorapatite, occuring as equant brownish 158 

grains up to 20 μm in size, which in common with the perovskite (Fig. 2a-e) are densely stuffed with a 159 

glass of melilite composition (Fig. 2f). The apatite-type structure of the mineral was proven by an X-160 

ray single-crystal study (hexagonal P-lattice, a 9.366(2), c 6.892(2) Å). A characteristic feature of this 161 

apatite is enrichment in Si (Table 1) - the mineral contains more than 4 wt.% of SiO2, to ~10 mole % of 162 

a tsangpoite component, Ca5(PO4)2(SiO4) (Hwang et al. 2019). One more accessory phase in the 163 

gehlenite rock is powellite, CaMoO4.  164 

The dominant opaque phase in perovskite assemblages is native α-(Fe,Ni) metal (alpha-iron), 165 

whose structural identity (body-centered lattice) was confirmed by electron backscatter diffraction 166 

(EBSD). Alpha-iron appears as single crystals of irregular-to-hexahedral shape scattered within the 167 

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-2022-8186.  http://www.minsocam.org/

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



8 
 

gehlenite matrix, and commonly forms intergrowths with perovskite (Fig. 2c,d). Nickel content of α-168 

(Fe,Ni) ranges from pure α-Fe to a metal containing 4 wt.% Ni, with 0.1-0.2 wt.% Co. Schreibersite, 169 

previously characterized from this locality (Britvin et al. 2021a), has a composition of 170 

(Fe2.97Ni0.03)3.00P; its grains can reach up to 0.2 mm in size and are always rimmed by barringerite, 171 

(Fe1.98Ni0.02)2.00P. The identity of barringerite was verified by single-crystal XRD with a hexagonal P-172 

cell of a 3.441(3), c 5.680(6) Å. Pyrrhotite, (Fe0.94Cr0.03V0.01)0.98S1.02 is rare and can occur as 173 

intergrowths with alpha-iron and perovskite. The polytype of the pyrrhotite could not be established 174 

due to the significant deformation of the crystals.  175 

 Perovskite occurs as transparent, yellowish-brown cubo-octahedral crystals up to 50 µm in size, 176 

showing triangular, hexagonal or rectangular cross-sections on the polished surfaces (Fig. 2a-f). In 177 

transmitted light, the mineral has no birefringence and does not exhibit the polysynthetic twinning 178 

characteristic of orthorhombic perovskite. In reflected light, perovskite is isotropic and has a grey color 179 

with yellow-brown internal reflections. A characteristic feature of perovskite crystals is their poikilitic 180 

interior: the presence of abundant µm-sized inclusions of melilite glass (e.g., Fig. 2e and 3a). The 181 

cross-sections of the glass inclusions have an euhedral morphology similar to the habit of the gehlenite 182 

grains surrounding the perovskite. The amorphous character of the inclusions was established by the 183 

absence of Kikouchi bands EBSD patterns and the absence of the X-ray signatures of melilite in the X-184 

ray single-crystal frames (Fig. 3b). The Raman spectra of the inclusions show weak and broad bands 185 

(Fig. 1) consistent with the state transient from crystalline melilite to a glass (Sharma et al. 1988; Speck 186 

et al. 2011). Their composition resembles that of melilite (Table 1). However, there are significant 187 

departures from melilite stoichiometry (Ca ~2.3 apfu instead of 2, sum of other cations ~2.8 apfu 188 

instead of 3) and substantial enrichment in Fe as compared to surrounding gehlenite (Table 1), towards 189 

the compositions of Fe-rich members of melilite group (cf. Krzątała et al. 2022).  190 

 191 
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 192 

Perovskite composition 193 

Variations in the composition of the perovskite are summarized in Table 2. Individual crystals 194 

are homogeneous and do not show elemental zoning. The empirical formula, derived from the average 195 

composition of 24 inclusion-free points: Ca0.99(Ti0.62Si0.18Cr3+
0.10Al0.03V3+

0.03Fe2+
0.02P0.02Mg0.01)1.01O2.91 196 

(calculated on the basis of Σ = 2 cations per ABO3-δ formula unit). The valence states of Fe2+ and V3+ 197 

were assumed because of highly reduced mineral-forming environment, as indicated by intergrowths of 198 

the perovskite with native iron (Fig. 2d). Substitution of Ti for Si was confirmed by the results of X-ray 199 

structural analysis provided below. The mineral contains substantial amounts of Cr3+, Al, V3+ and Fe2+, 200 

which in total may account for as much as 0.2 atoms per formula unit (Table 2). In order to compensate 201 

the charge imbalance, perovskite becomes oxygen-deficient, with disordered oxygen vacancies as 202 

confirmed by the X-ray structure refinement. Taking into account the essential substitutions, the 203 

general formula of the mineral can be expressed as Ca(Ti,Si,Cr)O3-δ (δ ~ 0.1). 204 

 205 

Crystal structure at ambient conditions 206 

X-ray single-crystal studies reveal that this perovskite has a true cubic symmetry (Fig. 4a) as it 207 

crystallizes in the space group Pm͞3m with an a-parameter of 3.8078(10) Å, V = 55.21(4) Å3 and Z = 1. 208 

There is no doubling of the c-axis, a feature characteristic of orthorhombic CaTiO3 perovskite (Fig. 4c). 209 

The high symmetry and small unit cell of the perovskite results in a relatively small number of unique 210 

reflections in XRD patterns. Substitutions at the B-site and the expected site deficiency at the oxygen 211 

position would substantially increase the number of parameters to be refined. In order to overcome the 212 

problems related to poor data-to-parameter ratio, the dataset was collected over a full Ewald sphere to 213 

2Θ = 100° (MoKα), and was truncated to 92° during the refinement. In total, 3028 reflections (73 214 

unique) were included into the refinement with an average redundancy of 41 and I/σ = 95. The 215 
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structure solution resulted in an aristotypic ABO3 framework with Ca (=A) residing at the 1b site, Ti 216 

(=B) at the 1a site, and the oxygen atom at the unsplit 3d position (setting by Barth 1925). However, 217 

subsequent refinement showed that placement of oxygen in the 3d site results in unreliably large Uiso 218 

value (0.08 Å2) and a disk-like shape of the thermal displacement ellipsoid. Therefore, the oxygen site 219 

was reconsidered as split 12j position having a random occupancy of ¼ (Table 3). Further 220 

unconstrained refinement showed that, whereas the A-site is fully populated by calcium, Ti at the B-site 221 

has an occupancy factor of 0.91, implying that Ti shares this position with an element having much 222 

smaller atomic number. The refinement of the B-site assuming mixed (Ti,Si) occupancy gave excellent 223 

agreement of the refined Si content with that determined by electron microprobe analysis (Table 3). 224 

The refinement of the 12j oxygen site results in partial (less than ¼) occupancy, consistent with the 225 

data derived from the charge balance considerations (Table 3). Therefore, the structure refinement of 226 

this perovskite validates the results obtained by electron microprobe, namely that Si substitutes for Ti at 227 

the B-site and that the oxygen position is partially- and randomly-vacant. For comparison, we also 228 

performed a structure refinement assuming site populations fixed on the basis of the electron 229 

microprobe data. The refinement results and bond lengths are completely consistent with the model 230 

described above (see the CIF file attached to a Supplementary Data). 231 

 The crystal structure of this cubic perovskite is depicted in Figure 5a,b. An ideal model of ABO3 232 

perovskite having the same unit-cell parameter is given in Figure 5c. It is known that aristotype 233 

perovskite framework is composed of regular dodecahedra [AO12] and octahedra [BO6]. We wish to 234 

emphasize that, regardless of the same space group as that of the aristotype counterpart, natural cubic 235 

perovskite has a completely different structure. The displacement of an oxygen atom from the ideal 3d 236 

position has pronounced consequences for perovskite crystal chemistry (Table 4). The oxygen atom 237 

offset has a little effect on the B–O (~Ti–O) bond length: the latter becomes longer by less than 2 238 

relative %. All four oxygen subpositions at the split 12j site are equal relative to the central B-atom. 239 
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Consequently, the B-site remains fully coordinated by 6 oxygen atoms, but [BO6] octahedron in the 240 

cubic perovskite becomes distorted. Concerning the A-site (Ca) (Fig. 5b), the oxygen site splitting 241 

generates four subpositions which are non-equivalent relative to a central Ca atom, with Ca–O 242 

distances equal to 3.061, 2.718(×2) and 2.324 Å. Of these values, only the latter corresponds to a 243 

crystallographically relevant Ca–O bond length, which has decreased by 14 % relative to that of 244 

hypothetic aristotype perovskite (Table 4). Taking into account the one-quarter occupancy of the 245 

oxygen site, the disorder results in an essentially vacant but yet regular [CaO12] dodecahedron, which is 246 

significantly compressed relative to that expected for ideal perovskite (Fig. 5b,c). 247 

 248 

Evolution of crystal structure at high pressure 249 

The limitations imposed by the use of diamond anvil cells (DAC) dramatically diminished the 250 

total number of reflections collected at each measurement run, from ~3000 (in-house datasets) to ~200 251 

(DAC runs). This resulted in decrease of the data quality, and because of that, the high-pressure 252 

datasets were processed assuming a simplified stoichiometry of CaTiO3, but including a split and 253 

anisotropically refined 12j oxygen site. Such an approach resulted in stable and good refinements (R1 254 

between 0.0365 and 0.0889) and in reliable estimations of bond lengths given in Table 4. The cubic 255 

model was successfully applied to the refinements of the all high-pressure datasets (Fig. 4b,c),. 256 

However, the refinement of the structure using the data collected at 50 GPa gave increased values of 257 

thermal displacements for the A-site (Ca) and a large error in Ca–O distance determination. The 258 

reconstruction of reciprocal space based on the frames collected at 50 GPa (Fig. 4c) reveals an obvious 259 

doubling of the unit-cell parameter along one axis, similar to that observed for orthorhombic CaTiO3 260 

perovskite (Fig. 4d). These observations indicate that cubic perovskite can undergo phase transition to 261 

another, probably orthorhombic, polymorphic modification at pressures between 37 and 50 GPa. 262 
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 The evolution of the unit-cell volume and bond lengths of cubic perovskite upon compression is 263 

illustrated in Figure 6. The V/Z curve for orthorhombic CaTiO3 - a synthetic perovskite (Guennou et al. 264 

2010) is given for comparison purposes. It can be seen that cubic perovskite has the same volume 265 

change trend as an orthorhombic CaTiO3, but it is noticeably more compressible. The bond lengths 266 

exhibit continuous contraction at almost static ratios relative to a hypothetic aristotype model (Fig. 267 

5c,d). Using EoSFIT7-GUI program (Gonzalez-Platas et al. 2016) and a second-order truncation of the 268 

Birch-Murnaghan equation of state, we obtained a refined volume V0 of 55.5(2) Å3 and room 269 

temperature isothermal bulk modulus K0 of 153(11) GPa, a value less than 181.0(6) GPa for synthetic 270 

orthorhombic CaTiO3 (Guennou et al. 2010). 271 

 272 

Stability at high temperature 273 

The stepwise annealing experiments of cubic perovskite crystals showed that the mineral is 274 

stable upon heating in argon atmosphere to 1200 °C. X-ray single-crystal study confirmed that it retains 275 

its original cubic unit cell after 1-hour on cooling from 1200 °C to room temperature. However, heating 276 

to 1300 °C results in fusion of the perovskite together with the poikilitic inclusions of melilite glass. 277 

The solidified melt consists predominantly of a mixture of microgranular titanite and anorthite 278 

(Supplemental Fig. S2). Therefore, the upper limit for thermal stability of cubic perovskite at 279 

atmospheric pressure can be considered as 1250±50 °C. This value is considerably lower than melting 280 

point of pure orthorhombic CaTiO3 which melts congruently at 1970–1990 °C (Jongejan and Wilkins 281 

1970). 282 

 283 

Raman spectroscopy 284 

The Raman spectrum of cubic perovskite is depicted in Figure 7 in comparison with the spectra 285 

of orthorhombic CaTiO3 perovskite from Magnet Cove, Arkansas, U.S.A. (RRUFF R050456, Lafuente 286 
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et al. 2015), synthetic orthorhombic CaTiO3 (Guennou et al. 2010) and goldschmidtite, 287 

(K,REE,Sr)(Nb,Cr)O3, from an inclusion in diamond from Koffiefontein, South Africa (RRUFF 288 

R190009, Meyer et al. 2019). The absence of bands in the OH-stretching region of the cubic perovskite 289 

spectrum (Fig. 7b) indicates the lack of hydroxyl water in the mineral. As the crystal structure of cubic 290 

perovskite has randomly vacant oxygen atoms residing at the general rather than the special position 291 

and distorted rather than regular [BO6] octahedra (Fig. 5a,b), the Raman spectrum of the mineral might 292 

contain both first- and second-order Raman modes (e.g., Nilsen and Skinner 1968). The very weak 293 

bands at 123 and 222 cm-1 lie in the region corresponding to the lattice vibrations of synthetic CaTiO3 294 

(McMillan and Ross 1988; Guennou et al. 2010). The prominent band at 797 cm-1 correlates with the 295 

strongest peaks in the spectra of orthorhombic perovskite and goldschmidtite (785 and 815 cm-1, 296 

respectively). Smolensky et al. (1976) reported that a strong ~800 cm-1 band appears in the Raman 297 

spectra of only those perovskites that have the B-site occupied by different elements of mixed valence. 298 

Smolensky et al. (1976) attributed this peak to relative movements of the B-site cations. Subsequently, 299 

researchers either followed this hypothesis, ascribing the band to a B–O…B′ stretching mode (e.g., 300 

Husson et al. 1990), or explained its presence as a result of short-range (nanoscale) ordering of B-site 301 

cations having different oxidation state (e.g., Siny et al. 1998). In this respect, it is noteworthy that the 302 

Raman spectrum of pure synthetic CaTiO3 does not contain 800 cm-1 band (Guennou et al. 2010) (Fig. 303 

7a). For the purposes of this current study, it is important to note that the 797 cm-1 band in the spectrum 304 

of cubic perovskite indicates that the B-site is populated by cations having different valence state, i.e., 305 

Ti4+, Si4+ and Cr3+, and thus determines the presence of vacancies at the oxygen site. The main peak has 306 

two weak, but distinct, shoulders at 688 and 920 cm-1 that do not appear in the spectra of natural 307 

orthorhombic perovskite or goldschmidtite. We interpret these features as possible indicators of 308 

distortions in [BO6] octahedra (Fig. 5a). The broad peak in perovskite spectrum at 1591 cm-1 is 309 
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coincident with the similar peaks in the spectra of orthorhombic perovskite, goldschmidtite and SrTiO3. 310 

This is a second-order spectral feature typical of this class of compounds (Nilsen and Skinner 1968). 311 

 312 

Discussion 313 

Silicon and chromium in cubic perovskite 314 

The high Si content of cubic perovskite is an unusual feature, as it implies the presence of up to 315 

21 mol.% of the perovskite-type CaSiO3 (davemaoite) component (Tschauner et al. 2020). To the best 316 

of our knowledge, the most Si-rich perovskite of non-mantle origin, containing up to 1.9 wt.% SiO2, 317 

was reported from lamproites from Hills Pond, Kansas, U.S.A. (Mitchell and Chakhmouradian 1999). 318 

Si-rich perovskites with up to 0.07 Si atoms per formula unit are known in the mantle assemblages 319 

preserved within super-deep diamonds (Walter et al. 2008; Nestola et al. 2018). Synthetic Ca(Ti,Si)O3 320 

perovskites with 13-15 mol.% SiO2 have been obtained at pressures exceeding 9 GPa (Kubo et al. 321 

1997; Leinenweber et al. 1997). However, these perovskites adopt orthorhombic rather than cubic 322 

symmetry, therefore they can not be considered as direct analogs of this cubic perovskite. Minerals 323 

having a composition resembling that of Si-bearing perovskite (to 3.8 wt.% SiO2) have been reported 324 

from several localities across the Hatrurim Formation (Sharygin et al. 2008; Sokol et al. 2019). 325 

Therefore, it is possible that cubic perovskite in the Mottled Zone is not confined just to the locality 326 

described in this work. However, it should be noted that identification of perovskite in the other 327 

investigations was performed only on the basis of electron microprobe analysis. The latter might lead to 328 

misidentification, as the stoichiometry of silicieous cubic perovskite is very similar to that of ordered 329 

perovskite-like titanates from the Hatrurim Formation, belonging to a pseudobinary perovskite-330 

brownmillerite series, e.g. nataliakulikite, Ca4Ti2(Fe3+,Fe2+)(Si,Fe3+,Al)O11 (Sharygin et al. 2019).  331 

 In contrast to Si which is relatively common constituent of (at least) mantle perovskites, Cr has 332 

never been detected in natural perovskite in notable amounts. The two reported Cr-bearing perovskite-333 
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group minerals, K-Cr loparite, (Sr,REE,K)(Ti,Cr)O3, and goldschmidtite, (K,REE,Sr)(Nb,Cr)O3, 334 

contain 7.8 and 7.1 wt.% Cr2O3, respectively, the values comparable to 6.6 wt.% Cr2O3 in cubic 335 

perovskite. Like Si-bearing perovskites, both these minerals were described as inclusions within mantle 336 

diamonds (Kopylova et al. 1997; Meyer et al. 2019). Goldschmidtite has a structure of ideal cubic 337 

ABO3 perovskite. K-Cr loparite has a cubic symmetry, but its crystal structure was not studied. The 338 

similarity of the ionic radii of Cr3+ and Ti4+, and the existence of synthetic (Ba,La)(Ti,Cr)O3 339 

perovskites (Li et al. 2002) indicates that there are no crystal chemical or geochemical restrictions for 340 

incorporation of Cr3+ into the CaTiO3 structure. Therefore, the lack of Cr in natural perovskites remains 341 

enigmatic. 342 

 343 

Oxygen vacancies: a gateway to compositional flexibility of cubic perovskite 344 

The occurrence of vacancies at the split oxygen site is a known, albeit rare phenomenon among 345 

synthetic single and double perovskites (e.g., Jirak et al. 1990; Dachraoui et al. 2012). In nature, this Si-346 

Cr-bearing cubic perovskite is the first example of such a vacancy-bearing structure. A similar (yet 347 

different) quadruple splitting of the oxygen position was described in isolueshite, cubic NaNbO3 348 

(Krivovichev et al. 2000; Zaitsev et al. 2017), and heamanite-(Ce), (K0.5Ce0.5)TiO3 (Anzolini et al. 349 

2022), but these structures have no oxygen deficiency. Note that that the common mechanism of 350 

heterovalent substitution in ABO3 perovskites implies cross-compensation of charge balance between 351 

the A and B site, e.g. Nb5+ + K+ ↔ Cr3+ + REE3+ in goldschmidtite. In contrast, charge imbalance in 352 

cubic perovskite induced by substitution of Ti4+ for Cr3+ is compensated by the emergence of oxygen 353 

vacancies, without changes at the A-site: Ti4+ + ½O2- → Cr3+ + ½(□)0. In summary, taking into account 354 

the unprecedented structural flexibility of the perovskite B-site (Mitchell 2002; Britvin et al. 2015), this 355 

substitution scheme alone provides a mechanism for incorporation of almost any element into the 356 

framework of natural perovskites. The stability of such disordered structures up to very high pressure 357 
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(Table 4) could indicate that defect perovskites could be versatile host for the majority of elements in 358 

the Earth’s mantle. 359 

 360 

Some remarks on the origin of Si-Cr cubic perovskite 361 

A key feature in elucidating the origin of the Hatrurim cubic perovskite is its coexistence with 362 

melilite glass inclusions. Since decomposition of cubic perovskite occurs irreversibly at 1250 °C, the 363 

mineral was apparently formed in the solid state and never subjected to heating above this temperature 364 

at ambient pressure. The sharp euhedral habit of melilite glass inclusions (Fig. 3a) indicates that they 365 

were grown as crystalline melilite and amorphized while remaining in the solid state; otherwise the 366 

melting of melilite at 1400-1600 °C (Prince 1951; Stolper 1982) would inevitably lead to its fusion 367 

with perovskite. The solid state amorphization can be achieved in a number of ways, including 368 

irradiation with alpha-rays or electron beam, chemical treatment or mechanical grinding (Richet and 369 

Gillet 1997). However, considering melilite inclusions in cubic perovskite, the most likely process is a 370 

pressure-induced amorphization (Richet and Gillet 1997). It was shown that the formation of diaplectic 371 

(shock-induced) melilite glass begins at pressure of 11 GPa and results in a pronounced amorphization 372 

above 30 GPa (Schäfer et al. 1984). If such an assumption is valid, cubic perovskite was subjected to 373 

multi-gigapascal pressure, or it might be formed at such pressure. In the latter case, the precursor phase 374 

could be a mineral similar to nataliakulikite, Ca4Ti2(Fe3+,Fe2+)(Si,Fe3+,Al)O11 (Sharygin et al. 2019), 375 

whose composition, being recalculated to Ca = 1, results in a bulk formula Ca(Ti,Fe,Si)O3-δ (δ = 0.25), 376 

remarkably close to that of hypothetic Cr-free cubic perovskite. 377 

It is noteworthy that, in contrast to melilite glass inclusions within perovskite, the surrounding 378 

rock-forming gehlenite is well crystallized (Fig. 1). In addition, this gehlenite is clearly distinguished 379 

from perovskite-entrapped glass by a significant depletion of Fe, as manifested by Al/Fe atomic ratios 380 

of 4 in the glass vs. 22 in crystalline gehlenite (Table 1). The most likely explanation for the observed 381 
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discrepancies is that melilite glass in cubic perovskite and the surrounding gehlenite were formed in the 382 

different, albeit neighboring reservoirs, where cubic perovskite was affected by high pressure while 383 

gehlenite was not. The process that could result in subsequent mingling of cubic perovskite with 384 

crystalline gehlenite remains unclear. It is obvious, however, that the mingling and rock sintering 385 

occurred in the solid state, at temperatures below 1250 °C and at pressures below the limit of gehlenite 386 

vitrification, i.e. < 11 GPa (Schäfer et al. 1984). 387 

 388 

Implications 389 

In view of a possible formation of cubic perovskite at high pressure, it is noteworthy that the 390 

comparable Si and Cr contents were previously encountered only in those perovskite-group minerals 391 

that come from the inclusions in mantle diamonds (Kopylova et al. 1997; Walter et al. 2008; Nestola et 392 

al. 2018; Meyer et al. 2019). This similarity might be occasional, because there are no geological 393 

evidences for surficially exposed mantle lithologies or remnants of a large-scale impact structure across 394 

the area of the Dead Sea Transform (Garfunkel and Ben-Avraham 1996; French and Koeberl 2010). 395 

However, to our opinion, the high-pressure scenarios of cubic perovskite formation can not be 396 

neglected, as this is the second Mottled Zone mineral of possible high-pressure origin, following 397 

allabogdanite, (Fe,Ni)2P (Britvin et al. 2021c). The geomorphological signatures of high-pressure 398 

events or mantle rocks outcrops at the Dead Sea Transform fault could be erased by superimposed 399 

pyrometamorphic processes and extensive erosion in the Southern Levant (Matmon 2017), while the 400 

geochemical anomalies in this area are still incompletely explained (Ryb et al. 2009; Fleurance et al. 401 

2013). The results of present work can provide new insights into the yet obscure geological history of 402 

this region. 403 

The discovery of natural cubic perovskite may have some important consequences for 404 

geosciences. The mineral combines a series of geochemically significant elements in its composition. 405 
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The stability of the discovered cubic perovskite at the mantle-level pressures makes this mineral a 406 

candidate for hosting both rock-forming and less-common elements in planetary interiors. That is, 407 

along with a new, disordered type of perovskite framework and the structurally allowed oxygen 408 

deficiency opens new ways for modeling of the behavior of perovskite-type structures in different 409 

planetary environments.  410 
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List of figure captions 593 

 594 

Figure 1. Raman spectra of a poikilitic melilite glass inclusion within cubic perovskite (red curve) and 595 

the crystalline gehlenite surrounding this perovskite (black curve). 596 

 597 

Figure 2. Cubic perovskite and associated minerals. (a) Perovskite crystals in microcrystalline 598 

gehlenite. Photomicrograph in scattered light. (b) The same area in reflected light. (c) Perovskite 599 

and α-(Fe,Ni). Reflected light. (d) Perovskite intergrown with α-(Fe,Ni). SEM BSE image. (e) 600 

Poikilitic perovskite crystals densely stuffed with melilite glass. SEM BSE image. (f) Perovskite, 601 

α-(Fe,Ni) and Si-rich fluorapatite in gehlenite matrix. SEM BSE image. Abbreviations: Prv – 602 

cubic perovskite, Gh – gehlenite, Si-Ap – Si-rich fluorapatite. 603 

 604 

Figure 3. Melilite glass in cubic perovskite. (a) A close-up view of perovskite crystal stuffed with 605 

euhedral crystal-like inclusions of melilite glass. SEM BSE image. (b) An X-ray single-crystal 606 

diffraction frame taken from the crystal shown above. Note the absence of diffraction spots or 607 

Debye-Scherrer rings other than the indexed reflections corresponding to cubic perovskite. 608 

 609 

Figure 4. Reciprocal space reconstruction of cubic perovskite and the common orthorhombic 610 

perovskite along [010], zero layer in Pm͞3m setting. (a) Cubic perovskite at ambient conditions. 611 

(b) Cubic perovskite, 26 GPa. (c) Cubic perovskite, 50 GPa. (d) Natural orthorhombic perovskite 612 

(Ozernaya Varaka, Kola Peninsula, Russia). A twin-free crystal at ambient conditions. Note the 613 

doubling of the c-parameter as compared to that of cubic perovskite. Data collection: (a,d) – in-614 

house diffractometer; (b,c) – high-pressure DAC stage at the synchrotron facility. 615 

 616 
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Figure 5. Crystal structure of cubic perovskite and its hypothetic aristotype counterpart. (a) The B-site 617 

in cubic perovskite is coordinated by 6 oxygen atoms whose positions are split (12j: ½, y, y), 618 

forming a distorted octahedron [BO6]. (b) Coordination of the A-site (Ca) by the oxygen atoms in 619 

crystallographically relevant position: the [CaO12] dodecahedron where ¾ of oxygen positions are 620 

vacant. (c) The structure of hypothetic aristotype perovskite having the same unit-cell parameter 621 

as of cubic perovskite, with the oxygen atom resident at the unsplit 3d site (½, 0, 0). Legend: B-622 

site (Ti,Si,Cr) – yellow; A-site (Ca) – blue; O – pink. Thermal displacement ellipsoids are shown 623 

at the 50% probability level. Drawn in CCDC Mercury 10.3 (Macrae et al. 2006). 624 

 625 

Figure 6. Evolution of unit-cell volume and bond lengths of cubic perovskite upon compression to 50 626 

GPa. (a) Equation of state (EoS) curve and changes of unit-cell volume for cubic perovskite. The 627 

V/Z data for synthetic orthorhombic CaTiO3 (Guennou et al. 2010) are given for comparison. (b) 628 

Behavior of the bond lengths of cubic perovskite upon compression. 629 

 630 

Figure 7. Raman spectrum of cubic perovskite, in comparison with the reference spectra of natural 631 

orthorhombic perovskite (RRUFF R050456, Lafuente et al. 2015), pure synthetic CaTiO3 632 

(Guennou et al. 2010), and goldschmidtite, (K,REE,Sr)(Nb,Cr)O3 (RRUFF R190009, Meyer et al. 633 

2019). (a) The fingerprint region. The inset shows deconvolution of the baseline-corrected 634 

spectrum between 600 and 1100 cm-1. (b) Cubic perovskite spectrum beyond 2000 cm-1 (drawn at 635 

the same vertical scale as a fingerprint one) indicating the absence of hydroxyl groups. 636 

 637 

638 
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Tables 639 

Table 1. Composition of rock-forming gehlenite, melilite glass inclusions and Si-rich fluorapatite 640 
(wt.%) a 641 
 642 

 Gehlenite Melilite glass inclusions Si-rich fluorapatite 
 n = 9 min max 1 2 3 1 2 3
Na2O 1.34 0.94 1.91 – – – – – –
K2O 0.05 – 0.18 – – – – – –
CaO 39.48 38.61 40.05 45.20 43.90 43.62 55.77 54.10 55.57
MgO 1.54 1.41 1.71 0.48 0.41 0.47 – – –
FeO 2.34 1.60 3.49 5.53 8.20 7.56 0.46 0.43 0.35
Al2O3 28.88 27.50 30.57 21.12 19.51 20.38 – 0.13 0.16
Cr2O3 – – – – 0.18 – – – –
TiO2 – – – 1.82 1.59 0.76 – – –
SiO2 26.33 25.74 27.34 25.06 25.10 26.38 4.10 4.24 4.33
P2O5 – – – – – – 37.56 39.61 36.77
SO3 0.21 – 0.50 1.02 0.93 0.99 – – –
F – – – – – – 3.14 3.22 2.92
–O=F2   1.23 1.37 1.23
Total 100.17  100.23 99.82 100.16 99.80 100.36 98.87
    

Formula amounts based on a given number of oxygen atoms 
 O = 7  O = 7 O = 12 
Na 0.12   
K    
Ca 1.97  2.33 2.29 2.24 4.85 4.61 4.87
Mg 0.10  0.03 0.03 0.03  
Fe2+ 0.07  0.22 0.33 0.30 0.03 0.03 0.02
Al 1.57  1.19 1.12 1.15 0.00 0.01 0.02
Cr   0.01  
Ti   0.07 0.06 0.03  
Si 1.22  1.20 1.22 1.27 0.33 0.34 0.35
P   2.58 2.67 2.55
S6+   0.04 0.03 0.04  
F   0.81 0.81 0.76

 643 
a The dash “–“ means “not detected” 644 

645 
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 646 
Table 2. Composition of cubic perovskite (wt. %) 647 

 648 
 Si-poor crystal Si-rich crystal Mean of 24 St. dev. 
CaO 41.79 43.08 42.45 0.29 
MgO 0.25 0.48 0.38 0.07 
TiO2 40.70 35.05 38.08 1.39 
SiO2 6.86 9.56 8.12 0.64 
Cr2O3 5.34 6.64 6.02 0.47 
V2O3 1.64 1.47 1.58 0.13 
FeO 1.49 1.18 1.40 0.18 
Al2O3 0.94 1.89 1.21 0.23 
P2O5 0.56 0.89 0.84 0.17 
Total 99.57 100.24 100.08  
     

Structural formula (Σ = 2 cations per formula unit, ABO3-δ) 
Ca 0.99 0.99 0.99  
Mg 0.01 0.02 0.01  
Total A 1.00 1.01 1.00  
     
Ti 0.67 0.57 0.62  
Si 0.15 0.21 0.18  
Cr 0.09 0.11 0.10  
V3+ 0.03 0.03 0.03  
Fe2+ 0.02 0.02 0.02  
Al 0.02 0.05 0.03  
P 0.01 0.02 0.02  
Total B 0.99 1.01 1.00  
     
O 2.91 2.94 2.92  

 649 
 650 

651 
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 652 
Table 3. Site occupancies in cubic perovskite determined by structure refinement and electron 653 
microprobe data. 654 

 655 
Site SC a SOF b SSF c Coefficients in empirical formula Z d 
A (1b) Ca 1 (fixed) 20.00 Ca0.99Mg0.01 19.92 
B (1a) Ti, Si Ti0.77(2) Si0.23(2) 20.16 Ti0.62Si0.18Cr0.10Al0.03V0.03Fe0.02P0.02 20.62 
O (12j) O 0.236(5) × 4 7.55 O2.91 7.76 

 656 
a SC, atomic scattering curves used for site occupancy refinement. b SOF, refined site occupancy factor. 657 
cSSF, refined site-scattering factor (number of electrons per site). d Mean site atomic number calculated 658 
from empirical formula. 659 

 660 

 661 

 662 

 663 

 664 

Table 4. Unit cell parameters, bond lengths (Å) and angles (°) for cubic perovskite and 665 
calculated bond lengths for its hypothetic aristotype counterpart (Fig. 5c) 666 

 667 

 Cubic perovskite Aristotype b Relative bond 
shrinkage (%) a 

P (GPa) a (Å) V (Å3) Ca–O B–O O–B–O Ca–O B–O Ca–O B–O 
Ambient 3.808(1) 55.21(4) 2.324(5) 1.939(1) 158.1(3) 2.693 1.904 –14.7 +1.8 
6 3.777(1) 53.88(4) 2.302(1) 1.924(2) 157.9(6) 2.671 1.889 –14.8 +1.8 
18.5 3.690(1) 50.24(4) 2.206(5) 1.889(1) 155.3(3) 2.609 1.845 –16.7 +2.4 
26 3.642(3) 48.3(1) 2.186(11) 1.862(3) 155.9(6) 2.575 1.821 –16.3 +2.2 
37 3.598(4) 46.6(2) 2.142(10) 1.843(3) 154.8(6) 2.544 1.799 –17.2 +2.4 
50 3.551(6) 44.8(2) 2.12(3) 1.819(7) 155(2) 2.511 1.776 –16.9 +2.4 

 668 
a O–B–O angle in aristotype perovskite is equal to 180°. b Change of bond lengths of cubic perovskite relative to 669 
hypothetic aristotype structure with an oxygen atom located at 3d site (½, 0, 0). 670 
 671 

672 
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 673 
Figures 674 

 675 
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Figure 1 680 
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Figure 3 691 
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Figure 4 697 
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