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Abstract 20 

 21 

Phase relations in the Mg2SiO4MgCr2O4 system were investigated in the pressure 22 

range of 9.5-27 GPa at 1600 C to examine the possible deep mantle origin of 23 

ultrahigh-pressure (UHP) chromitites in ophiolites. The experimental results indicate 24 

that MgCr2O4-rich chromite (Ch) coexists with Mg2SiO4-rich olivine (Ol) below ~13.5 25 

GPa in the equimolar Mg2SiO4MgCr2O4 composition. Above ~13.5 GPa, they react to 26 

form a three-phase assemblage: garnet (Gt) solid solution in the 27 

Mg4Si4O12Mg3Cr2Si3O12 system, modified ludwigite (mLd)-type Mg2Cr2O5 phase and 28 

Mg14Si5O24-rich anhydrous phase B (Anh-B). At ~19.5 GPa, Anh-B is replaced by 29 

Mg2SiO4-rich wadsleyite (Wd). At 22 GPa, MgCr2O4-rich calcium titanate (CT) phase 30 

coexists with Mg2SiO4-rich ringwoodite (Rw). The assemblage of CT + Rw changes to 31 

CT + MgSiO3-rich bridgmanite (Brg) + MgO periclase at 23 GPa. These sequential 32 

phase changes indicate that Ch + Ol do not directly transform to CT + Rw but to the 33 

three-phase assemblage, Gt + mLd + Anh-B (or Wd), that becomes stable at pressures 34 

corresponding to the upper and middle parts of the mantle transition zone. Our results 35 

suggest that the UHP chromitites that have been studied so far did not reach transition 36 

zone depths during mantle recycling processes of the chromitites, because there is no 37 
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evidence of the presence of the reaction products of Ol and Ch. If the reaction products, 38 

in particular mLd and Anh-B, are found in the UHP chromitites, they are good 39 

indicators to estimate the subduction depth of the chromitites. 40 

 41 

 42 

 43 

 44 

 45 

 46 

 47 

 48 
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 53 

Introduction 54 

 55 

Podiform chromitites mainly comprise chromite and olivine enveloped by dunite 56 

and form pod-like bodies. Podiform chromitites are typically found in mantle peridotites 57 

in ophiolites and are regarded as products of the reaction between peridotite and melt at 58 

shallow levels of the upper mantle (Arai, 1997; Arai and Miura, 2016). However, 59 

high-pressure minerals, including diamond and coesite, were discovered in podiform 60 

chromitites in the Luobusa ophiolite in Tibet and in the Ray-Iz ophiolite in the Polar 61 

Urals (Robinson et al., 2004; Yamamoto et al., 2009; Yang et al., 2007, 2015). These 62 

discoveries suggest that these podiform chromitites, called “ultrahigh-pressure (UHP) 63 

chromitites”, were derived from much deeper mantle than other podiform chromitites 64 

that formed in the shallow upper mantle. Yamamoto et al. (2009) found needle-shaped 65 

exsolution lamellae of diopsidic clinopyroxene and coesite in chromite crystals of 66 

podiform chromitites in the Luobusa ophiolite, which suggests the high solubility of 67 

SiO2 and CaO in the host chromites. Yamamoto et al. (2009) thereby proposed that the 68 

UHP chromitites in the Luobusa ophiolite were derived from the depths >380 km, that 69 

is very close to or within the mantle transition zone, and that calcium-ferrite 70 
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(CF)-structured precursors of chromites transformed to spinel-type chromites during the 71 

transport to the upper mantle and exsolved clinopyroxene and coesite at shallow levels 72 

of the upper mantle. Their proposal is mostly based on results from diamond anvil cell 73 

experiments by Chen et al. (2003) who reported that natural Fe-rich (Fe, Mg)Cr2O4 74 

chromite transformed to a CF phase above ~12.5 GPa and further to a calcium-titanate 75 

(CT) phase above ~20 GPa at ~2000 C. The proposal is also based on Yamamoto et 76 

al.’s interpretation of high-pressure experimental results on the solid solubility of CaO 77 

and SiO2 components in CF-type MgAl2O4 reported by Akaogi et al. (1999) and 78 

Kojitani et al. (2007). Recently, Zhang et al. (2016) discovered moissanite (SiC) as 79 

inclusions in olivine and FeNi alloys and native Si and Fe as inclusions in chromite and 80 

olivine in the Luobusa ophiolite, suggesting a highly reducing environment.  81 

The above-mentioned petrological discoveries and interpretation have led to the 82 

inference of mantle recycling of the UHP chromitites, which were transported from the 83 

shallow upper mantle to the mantle transition zone, perhaps to the lower mantle, and 84 

returned to the earth’s surface (Arai, 2010, 2013). Liou et al. (2014), Griffin et al. 85 

(2016), and Zhang et al. (2016) also advocated recycling of crustal rocks and ophiolitic 86 

peridotites in the deep upper mantle and mantle transition zone.  87 

The mantle recycling models for the UHP chromitites described above would be 88 
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based on several assumptions. The first one is that chromite directly transforms to a CF 89 

phase without any intervening phases, similar to olivine, which directly transforms to 90 

wadsleyite at high pressure and high temperature. The second assumption is that no 91 

reaction occurs between chromite and the surrounding olivine; they separately transform 92 

to individual high-pressure phases at the P-T conditions of the mantle transition zone.  93 

With respect to the first assumption, high-pressure phase transition studies of 94 

MgCr2O4 and FeCr2O4 indicate that, in both the compositions at 1100-1600 C, 95 

spinel-type chromite phases first dissociate into modified ludwigite (mLd)-type A2Cr2O5 96 

(A = Mg, Fe) + Cr2O3 eskolaite (Es) with corundum structure at 13-15 GPa; the 97 

two-phase assemblage then changes into a CF or CT phase at 16-19 GPa (Ishii et al., 98 

2014, 2015). The structure of mLd-type A2+
2B

3+
2O5 (space group Pbam) consists of a 99 

framework of octahedral (B3+
,A

2+
)O6 chains with tunnel-like spaces that accommodate 100 

A
2+ cations. The structure was first determined for the high-pressure phase of Mg2Al2O5 101 

by Enomoto et al. (2009). In the mLd structure, A2+ is in the six-oxygen-coordinated 102 

trigonal prism site, while boron is two-dimensionally coordinated by three oxygen 103 

atoms in mineral ludwigite (Mg,Fe2+)2(Fe3+,Al)(BO3)O2 (Enomoto et al., 2009). As 104 

discussed by Ishii et al. (2014, 2015), the decomposition of MgCr2O4 and FeCr2O4 105 

chromites suggests that chromites in UHP chromitites do not directly transform to a CF 106 
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or CT phase, which might limit the depth of mantle recycling of the UHP chromitites, 107 

because mLd-type A2Cr2O5 has not been found in nature.  108 

With respect to the second assumption described above, it is important to 109 

investigate if reactions occur or not in the olivine-chromite system at high P-T 110 

conditions in order to apply the results to mantle recycling models regarding the origin 111 

of the UHP chromitites. Most of chromite and olivine in the podiform chromitites of the 112 

Luobusa ophiolite have typically compositions of (Mg0.97,Fe0.03)2SiO4 and 113 

(Mg0.8,Fe2+
0.2) (Cr0.75,Al0.2,Fe3+

0.05)2O4, respectively (e.g., Yamamoto et al., 2009; Zhang 114 

et al., 2016). Therefore, the most abundant components of chromite and olivine are 115 

MgCr2O4 and Mg2SiO4, respectively.  116 

In this study, we examined the phase relations in the system Mg2SiO4MgCr2O4 at 117 

pressure of 9.5-27 GPa and temperature of 1600 C. To examine possible reactions 118 

between MgCr2O4 magnesiochromite and Mg2SiO4 forsterite at high pressure and high 119 

temperature in detail, we used the middle composition of the system, 120 

Mg2SiO4:MgCr2O4 = 1:1 (molar ratio), for most of the experiments. Considering effects 121 

of minor components other than MgO, Cr2O3 and SiO2, the obtained phase relations are 122 

applied to discuss mantle recycling models for the UHP chromitites. In the following 123 

sections, the spinel-type phase of pure MgCr2O4 is called magnesiochromite, while the 124 
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spinel-type MgCr2O4-rich phase is called chromite. 125 

 126 

Experimental methods 127 

 128 

Two types of starting materials were used for high-pressure and high-temperature 129 

experiments. The first type was a mixture of synthetic Mg2SiO4 forsterite and MgCr2O4 130 

magnesiochromite with a molar ratio of 1:1. The second starting material was a mixture 131 

of MgO (> 99.9 % purity, Wako Co.), SiO2 (> 99 %, Kanto Kagaku Co.) and Cr2O3 (> 132 

99 %, Kanto Kagaku Co.); a mixture of MgO, SiO2 and Cr2O3 with a molar ratio of 133 

3:1:1 was used for the runs of 50mol%Mg2SiO450mol%MgCr2O4 composition. 134 

Mixtures of MgO, SiO2 and Cr2O3 with molar ratios of 19:9:1 and 13:3:7 were used for 135 

the runs of 90mol%Mg2SiO410mol%MgCr2O4 and 30mol%Mg2SiO470mol%MgCr2O4 136 

respectively. Mg2SiO4 forsterite was prepared from a 2:1 molar mixture of MgO and 137 

SiO2 by heating in air at 1500 C for 46 h. MgCr2O4 magnesiochromite was synthesized 138 

from MgO and Cr2O3 with 1:1 molar ratio by heating at 1300 C for 24 h under CO2 gas 139 

flow. Powder X-ray diffraction measurements indicated that the forsterite and 140 

magnesiochromite were single-phase materials with olivine and spinel structures, 141 

respectively. The lattice parameters determined by powder X-ray diffraction were a = 142 
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5.9811(1) Å, b = 10.2004(3) Å, and c = 4.7558(1) Å for Mg2SiO4 forsterite and a = 143 

8.3303(2) Å for MgCr2O4 magnesiochromite; they were in excellent agreement with 144 

those repotrted in Kirfel et al. (2005) and Lenaz et al. (2004), respectively. 145 

High-pressure and high-temperature experiments were performed using a 146 

Kawai-type 6-8 multianvil apparatus at Gakushuin University. Tungsten carbide anvils 147 

with 2.5 mm truncated edge length were used in combination with a 5 wt% 148 

Cr2O3-doped MgO octahedron with 7 mm edge length as the pressure medium. A 149 

tubular Re heater was placed in the central part of the octahedron. The powdered 150 

starting material was put into the Re heater. A LaCrO3 sleeve was placed between the 151 

furnace and the MgO octahedron for thermal insulation; two LaCrO3 end-plugs were 152 

inserted into both ends of the furnace. Two thin Pt discs were placed between the 153 

starting material and end-plugs to avoid reaction between them. In some runs, a Pt 154 

capsule containing the starting material was placed into the Re heater, and a BN sleeve 155 

was inserted between the capsule and furnace for electrical insulation. Temperature was 156 

measured at the central part of the outer surface of the furnace using a Pt/Pt-13%Rh 157 

thermocouple. No correction was made with respect to the effect of pressure on the 158 

electromotive force of the thermocouple. 159 

Pressure was calibrated at room temperature using the transitions of Bi I-II (2.55 160 



10 

 

GPa), Bi III-V (7.7GPa), ZnS (15.6 GPa) and GaAs (18.3 GPa) by Ito (2007) and that of 161 

GaP (23 GPa) by Dunn and Bundy (1978). The pressure was further calibrated at 1600 162 

C, using coesite–stishovite transition in SiO2 (Zhang et al., 1996), rutile–PbO2 163 

transition in TiO2 (Withers et al., 2003), olivine–wadsleyite and wadsleyite–ringwoodite 164 

transitions in Mg2SiO4 (Morishima et al., 1994; Suzuki et al., 2000), and 165 

akimotoite–bridgmanite transition in MgSiO3 (Fei et al., 2004). The experimental errors 166 

in pressure and temperature were estimated to be within ±0.3 GPa and ±20 C, 167 

respectively. The samples were kept at 9.5-27 GPa and 1600 C for 180-360 min, 168 

quenched under pressure, and recovered to 1 atm. 169 

The recovered run products were mounted on glass slides using epoxy resin and 170 

polished to expose the samples for phase identification and composition analysis. A 171 

microfocus X-ray diffractometer (Rigaku, RINT2500, MDG) with a rotating anode 172 

operated at 45 kV and 250 mA was used for phase identification. The X-ray beam was 173 

collimated to 50 μm in diameter. For the texture observation and composition analysis 174 

of the polished samples, a scanning electron microscope (SEM, JEOL JMS-6360) 175 

operated at an acceleration voltage of 15 kV and probe current of 0.58 nA was used, in 176 

combination with an energy-dispersive X-ray spectrometer (EDS, SGX Sensortech 177 

Sirius SD-10133). As the standard materials, synthetic Cr2O3 eskolaite was used for Cr, 178 
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and synthetic MgSiO3 enstatite (Ozima, 1982) for Mg and Si.  179 

 180 

Results and discussion 181 

 182 

Phase changes in the Mg2SiO4MgCr2O4 system 183 

The results of the high-pressure experiments in the Mg2SiO4MgCr2O4 system are 184 

summarized in Table 1. Phase identification was made by both microfocus X-ray 185 

diffraction and composition analysis with SEM-EDS. Typical microfocus X-ray 186 

diffraction patterns of the run products are shown in Figs. 1 and 2; the backscattered 187 

electron images of the run products are displayed in Fig. 3. The compositions of 188 

coexisting phases are listed in Table 2, and plotted in triangular diagrams of the system 189 

MgOSiO2Cr2O3 in Fig. 4. The molar volumes of endmember phases in the system 190 

MgOSiO2Cr2O3 are summarized in Table 3; a detailed explanation of some of the 191 

data in Table 3 is described later. 192 

The X-ray diffraction patterns of the run products at 9.5-12.5 GPa and 1600 C 193 

show that the coexisting phases are olivine (Ol) and chromite (Ch) (Fig. 1a). Table 2 and 194 

Fig. 4b represent the compositions of Ol and Ch in the system MgOSiO2Cr2O3. In 195 

this pressure range, the Ch compositions in Table 2 indicate that 6.2-7.9 mol % 196 
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Mg2SiO4 component is dissolved into Ch, while Ol contains only 1-2 wt % Cr2O3. To 197 

examine if the compositions were in equilibrium, we carried out experiments at 12.5 198 

GPa and 1600 C for the run durations of 3 and 6 h (A140704 and K160113). Tables 1 199 

and 2 indicate that the run products consisted of the same mineral assemblage with very 200 

similar compositions, confirming that the products were close to equilibrium.  201 

At pressure between 12.5 and 14 GPa, the phase assemblage of Ol + Ch drastically 202 

changes into a three-phase assemblage, garnet (Gt) + modified ludwigite (mLd) phase + 203 

anhydrous phase B (Anh-B): 204 

 205 

 Ol + Ch  Gt + mLd + Anh-B        (1) 206 

 207 

Based on the microfocus X-ray diffraction and SEM-EDS analyses, this assemblage is 208 

stable at the pressure range of about 14-19 GPa. Fig. 1b shows that most of the 209 

diffraction peaks of the run product are assigned to Gt, mLd and Anh-B. Anh-B was 210 

identified based on six diffraction peaks not overlapping with that of other phases and 211 

additional three peaks overlapping with that of other phases. The compositions in Table 212 

2 also indicate the presence of Anh-B in the run products at 14-19 GPa. Bindi et al. 213 

(2016) synthesized single crystals of Anh-B in the Mg2SiO4MgCr2O4 system at similar 214 
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P-T conditions, and made the structure refinement. Anh-B is a high-pressure magnesium 215 

silicate with Mg14Si5O24 composition as the Mg-endmember, which is stable above 216 

11-13 GPa at 1300-1600 C (Ganguly and Frost, 2006; Kojitani et al., 2017). The 217 

structure of Anh-B consists of two-types of layers: rock-salt-type layers with 218 

edge-sharing (Mg,Si)O6 octahedra and forsterite-type layers with MgO6 octahedra and 219 

SiO4 tetrahedra (Finger et al., 1991).  220 

Table 2 and Fig. 4c show the compositions of Gt, mLd and Anh-B of the runs at 221 

14-19 GPa. The mLd phase has a composition close to Mg2Cr2O5, while Anh-B contains 222 

12-20 wt% Cr2O3 due to the substitution of Mg2+ and Si4+ for 2 Cr3+. The compositions 223 

of Gt at 14-19 GPa indicate the formation of garnet solid solutions between Mg4Si4O12 224 

(majorite, Mj) and Mg3Cr2Si3O12 (knorringite, Kn); the proportion of Kn is larger than 225 

that of Mj. To examine if the run products were in equilibrium, we carried out two runs 226 

for 3 and 6 h at 14 GPa and 1600 C (A140801 and Y161025). Both run products 227 

consisted of Gt, mLd and Anh-B (Table 1) and have very similar compositions (Table 2). 228 

This confirms again that the run products were close to equilibrium. 229 

The phase changes from Ol + Ch to Gt + mLd + Anh-B can be approximated by the 230 

following reaction: 231 

 232 
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37Mg2SiO4(Ol) + 37MgCr2O4(Ch)  9Mg3Cr2Si3O12(Kn) + 28Mg2Cr2O5(mLd) + 233 

2Mg14Si5O24(Anh-B)           (2) 234 

 235 

This reaction probably occurs due to the instability of MgCr2O4 Ch relative to mLd + Es 236 

(Cr2O3) at pressure above ~13 GPa at 1600 C (Ishii et al., 2015), and the Cr2O3 product 237 

reacts with Mg2SiO4 and Gt and Anh-B are formed. The density increase of the reaction 238 

in Equation 2 was calculated to be 7.2 % at ambient conditions, using the data in Table 3. 239 

The pressure of the transition from Ol + Ch to Gt + mLd + Anh-B is very close to the 240 

lower stability limit (13 GPa at 1600 C) of Mg14Si5O24 Anh-B determined in our study 241 

(Kojitani et al., 2017).  242 

The assemblage of Gt + mLd + Anh-B changes to Gt + mLd + Wd at pressure 243 

between 19 and 20.5 GPa at 1600 C:  244 

 245 

Gt + mLd + Anh-B  Gt + mLd + Wd              (3) 246 

 247 

Although the X-ray diffraction patterns of Anh-B and Wd are similar, the diffraction 248 

peaks characteristic for Anh-B at 2 of 66-68 and 102-103 diminish and a peak of Wd 249 

not overlapping with that of other phases appears at ~105 in Fig. 2a of the run product 250 
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at 20.5 GPa and 1600 C. The diffraction profile suggests that Wd is present in the 251 

sample rather than Anh-B. The compositions in Table 2 clearly indicate that the 252 

analyzed phase is Wd; it contains 5.3 mol% MgCr2O4 component and coexists with Gt 253 

and mLd. The relatively weak diffraction peaks of Wd in Fig. 2a agree with the small 254 

abundance indicated in Fig. 3c. Table 2 shows that Mg4Si4O12 (Mj) component in Gt 255 

synthesized at 14-20.5 GPa increases with increasing pressure. This is consistent with 256 

the stability field of Gt, which expands to the Mg4Si4O12-rich side with pressure in the 257 

system Mg4Si4O12Mg3Cr2Si3O12 (Sirotkina et al., 2015). The pressure of the phase 258 

change in Equation 3 is consistent with the upper stability limit (19 GPa at 1600 C) of 259 

Mg14Si5O24 Anh-B determined in our study (Kojitani et al., 2017). The phase changes of 260 

Equation 3 may be expressed by the following reaction, keeping the bulk 261 

Mg2SiO4MgCr2O4 composition:  262 

 263 

9Mg3Cr2Si3O12(Kn) + 28Mg2Cr2O5(mLd) + 2Mg14Si5O24(Anh-B)   264 

5Mg3Cr2Si3O12(Kn) + 3Mg4Si4O12(Mj) + 32Mg2Cr2O5(mLd) + 10Mg2SiO4(Wd)   (4)  265 

 266 

The density increase of the reaction in Equation 4 is 0.7 %. 267 

At pressure between 20.5 and 21.5 GPa, Wd transforms to ringwoodite (Rw), and Gt 268 
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and mLd react to form Rw and CT; therefore, only Rw and CT coexist in the sample 269 

(Figs. 2b and 3d). The whole reaction is expressed by: 270 

 271 

Gt + mLd + Wd  Rw + CT         (5) 272 

 273 

The compositions of Rw and CT in Table 2 and Fig. 4e show that the proportion of 274 

Mg2SiO4 component in CT increases substantially from 6.0 to 15.0 mol% and that of 275 

MgCr2O4 in Rw increases from 1.5 to 5.8 mol% between 21.5 and 22.5 GPa,. The phase 276 

change of Equation 5 can be expressed by the two following reactions in which Kn and 277 

Mj are involved separately: 278 

 279 

2Mg2SiO4(Wd) + Mg3Cr2Si3O12(Kn) + 4Mg2Cr2O5(mLd)  5Mg2SiO4(Rw) + 280 

5MgCr2O4(CT)             (6) 281 

 282 

Mg4Si4O12(Mj) + 4Mg2Cr2O5(mLd)  4Mg2SiO4(Rw) + 4MgCr2O4(CT)        (7) 283 

 284 

The density increase of the reactions in Equations 6 and 7 is 2.6 and 1.4 %, respectively. 285 

At pressure between 22.5 and 24 GPa, Rw dissociates into perovskite-structured 286 
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bridgmanite (Brg) and periclase (Per): 287 

 288 

Rw + CT  Brg + Per +CT                     (8) 289 

 290 

Per was observed in the microfocus X-ray diffraction pattern (Fig. 2c) and in the 291 

backscattered electron image of Fig. 3e where small, highly MgO-rich grains were 292 

identified as Per. Reliable chemical analysis of Per was difficult, because the grain size 293 

of Per was generally very small (< 3 m). Therefore, we assume that Per is pure MgO. 294 

Brg contains 5.4-7.2 wt% Cr2O3 due to the substitution of Mg2+ and Si4+ for 2 Cr3+. The 295 

Cr2O3 content of Brg is comparable with that synthesized at 23 GPa by Bindi et al. 296 

(2014). CT contains a substantial Mg2SiO4 component of about 18-20 mol% at 24-27 297 

GPa. While keeping the bulk Mg2SiO4MgCr2O4 composition, this reaction can be 298 

approximated by the equation: 299 

 300 

Mg2SiO4(Rw) + MgCr2O4(CT)  MgSiO3(Brg) + MgO(Per) + MgCr2O4(CT)     (9) 301 

 302 

The density increase of the reaction in Equation 9 is 5.1 %. The three-phase assemblage 303 

of Brg + Per + CT is stable up to at least 27 GPa.  304 
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We carried out additional runs at 15 GPa and 1600 C for the following 305 

compositions: 90mol%Mg2SiO410mol%MgCr2O4 and 30mol%Mg2SiO4 306 

70mol%MgCr2O4 (Y160117 and Y160119). The run product in the former composition 307 

was Gt + Anh-B + Wd, and that in the latter was Gt + mLd + Es. Based on the 308 

assemblage of Gt + mLd + Anh-B that was observed at 14 GPa and 1600 C for the 309 

composition of 50mol%Mg2SiO450mol%MgCr2O4, it is concluded that the assemblage 310 

of Ol + Ch destabilizes at about 13-14 GPa in the Mg2SiO4MgCr2O4 system and 311 

changes to the assemblage containing Gt + mLd and/or Anh-B. 312 

Wu et al. (2016) recently determined phase relations using a starting material of 313 

90wt% natural chromite (Mg0.79,Fe2+
0.21)1.00(Al0.42,Cr1.50,Fe3+

0.10)1.98O4 + 10wt% SiO2 at 314 

5-15 GPa and 1000-1600 C. Their experimental results indicate that Ch + Gt + Es 315 

coexist at 12-14 GPa at 1600 C; the assemblage changes to mLd + Gt + Es at 15 GPa. 316 

The Gt phases contain both Mj and Kn components. The composition of ChSiO2 317 

system studied by Wu et al. (2016) can be approximated as MgO:SiO2:Cr2O3 = 318 

42.5:15.0:42.5 (molar ratios) in the MgOSiO2Cr2O3 system, ignoring minor 319 

concentrations of Fe2+, Al3+ and Fe3+ in Ch. The small open diamond symbols in Figs. 320 

4b and 4c indicate the approximate composition. Fig. 4b shows that the phase 321 

assemblage of Ch + Gt + Es reported in Wu et al. (2016) is consistent with Ol + Ch in 322 
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the Mg2SiO4MgCr2O4 system of our study, because all the phases (Ol, Ch, Gt and Es) 323 

are stable in the pressure range of 10-12 GPa. Furthermore, the assemblage of mLd + Gt 324 

+ Es at 15 GPa in Wu et al.’s (2016) study is the same as the coexisting phases at the 325 

same pressure in 30mol%Mg2SiO470mol% MgCr2O4 composition in our study (Table 326 

1). 327 

 328 

Changes in mineral proportions with pressure  329 

With the pressure increase from 9.5 to 27 GPa, the mineral assemblage of the 330 

Mg2SiO4MgCr2O4 composition changes from Ol + Ch to Brg + Per + CT, and the three 331 

different phase assemblages intervene between Ol + Ch and Brg + Per + CT, as 332 

described above. We determined the mineral proportions (vol%) in the pressure range of 333 

9.5-27 GPa by mass balance calculations (Herrmann and Berry, 2002), using the 334 

compositions of Table 2. Based on the calculated mineral proportions, we evaluated the 335 

densities of the mineral assemblages at ambient conditions. For both the calculations of 336 

mineral proportions and densities, we used the molar volume data of Table 3. The 337 

elastic properties and thermal expansivities of several high-pressure phases, particularly 338 

mLd, CT and Mj-Kn garnet solid solutions, have not been measured, or are poorly 339 

constrained. Therefore, the densities were only calculated for ambient conditions. The 340 
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molar volume of Mg4Si4O12 (Mj) in Table 3 was estimated by extrapolating the lattice 341 

parameters of cubic garnet solid solutions in the system Mg4Si4O12Mg3Al2Si3O12 342 

(Heinemann et al., 1997). Similarly, the molar volume of Mg3Cr2Si3O12 (Kn) was 343 

estimated by the extrapolation of cell parameters of cubic garnet solid solutions in the 344 

system Mg4Si4O12Mg3Cr2Si3O12, although pure Mg3Cr2Si3O12 garnet is not stable in 345 

the whole pressure range studied (Sirotkina et al., 2015). We also assumed that the 346 

molar volume of the hypothetical endmember of CT-type Mg2SiO4 is the same as that of 347 

CF-type Mg2SiO4 estimated by Kojitani et al. (2007), because the volume difference 348 

between CT and CF phases is very small (Ishii et al., 2014). With respect to the 349 

calculations of the mineral proportions and densities, effects of the incorporation of 350 

small amounts of Cr2O3 in Brg and Anh-B were corrected using the volume data of 351 

Cr-bearing Brg and Anh-B reported in Bindi et al. (2014, 2016). We assumed that the 352 

effect of Cr2O3 dissolution on the volume of Wd is the same as that of Rw and that mLd 353 

and Per have Mg2Cr2O5 and MgO composition, respectively (Table 2).  354 

Figure 5 shows the calculated mineral proportions in the bulk Mg2SiO4MgCr2O4 355 

composition as a function of pressure at 1600 C. With increasing pressure, the phase 356 

assemblage changes: Ol + Ch  Gt + Anh-B + mLd  Gt + Wd + mLd  Rw + CT  357 

Brg + Per +CT. The gray zones in Fig. 5 show narrow pressure ranges in which the 358 
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transitions occur; detailed phase relations in the ranges have not been examined. The 359 

proportions of minerals are generally consistent with those estimated based on Figs. 3 360 

and 4. The effects of pressure on the mineral proportions are generally small for each 361 

mineral assemblage (Fig. 5). The change in the proportions of CT and Rw with pressure 362 

corresponds to the increase of Mg2SiO4 solubility in CT at 21.5-22.5 GPa, as described 363 

above. It should be noted that Fig. 5 indicates that Ol + Ch do not directly transform to 364 

Rw + CT but the assemblages of Gt + mLd + Anh-B and Gt + mLd + Wd are stable at 365 

about 13.5-21 GPa.    366 

Based on the mineral proportions and phase compositions, the densities of the phase 367 

assemblages at ambient conditions are: 3.84 g/cm3 for Ol + Ch, 4.10 g/cm3 for Gt + 368 

Anh-B + mLd, 4.12 g/cm3 for Gt + Wd + mLd, 4.23 g/cm3 for Rw + CT, and 4.43 g/cm3 369 

for Brg + Per +CT. These density increases accompanying the phases changes are 370 

compatible with the density increases of the simplified reactions of Equations 2, 4, 6, 7 371 

and 9.  372 

 373 

Effects of minor components on phase relations 374 

To apply the phase relations in the Mg2SiO4MgCr2O4 system to natural UHP 375 

chromitites, it is necessary to discuss the effects of minor components other than MgO, 376 
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Cr2O3 and SiO2 on the phase relations. Chromites in the UHP chromitites contain small 377 

amounts of FeO (Fe2+/(Mg+Fe2+) ≈ 0.2) and Al2O3 (Al/(Cr+Al) ≈ 0.2), as described in 378 

the Introduction. To evaluate the effect of FeO, we compared the phase relations of 379 

MgCr2O4 with those of FeCr2O4. At 1400-1600 C, MgCr2O4 Ch dissociates into 380 

mLd-type Mg2Cr2O5 + Cr2O3 (Es) at 12-13 GPa, which combine to CT-type MgCr2O4 at 381 

16-17 GPa (Ishii et al., 2015). At 1400-1600 oC, FeCr2O4 Ch decomposes to mLd-type 382 

Fe2Cr2O5 + Es at 12.5-13 GPa, which change to CT-type FeCr2O4 at 16-18 GPa, but 383 

combine to CF-type FeCr2O4 below ~1400 C (Ishii et al., 2014). These experimental 384 

data indicate that the transition pressures of FeCr2O4 are very close to those of MgCr2O4, 385 

taking into account the structural similarity between CF and CT. Therefore, we infer that 386 

a substitution of Mg2+ by Fe2+ of ~20 mol % has minor effects on the phase relations of 387 

the Mg2SiO4MgCr2O4 system.  388 

To examine the effects of Al2O3, we compared our results on high-pressure phase 389 

transitions of MgAl2O4 spinel (Sp) (Kojitani et al., 2010) with those of MgCr2O4 Ch 390 

(Ishii et al., 2015). MgAl2O4 Sp dissociates into mLd-type Mg2Al2O5 and Al2O3 391 

corundum at ~20 GPa above ~2000 C, while Sp decomposes into MgO + Al2O3 below 392 

~2000 C. Both of the decomposed phase assemblages change to MgAl2O4 CF at 393 

around 26 GPa. The comparison of the phase transitions of MgAl2O4 with those of 394 
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MgCr2O4 suggests that a substitution of Cr3+ by Al3+ of ~20 mol % in Ch might slightly 395 

increase the transition pressure and temperature.  396 

We also compared our phase relations in the Mg2SiO4MgCr2O4 system with that of 397 

the natural Chsilica system by Wu et al. (2016). As described above, their results for 398 

the composition of 90wt% (Mg0.79,Fe2+
0.21)1.00(Al0.42,Cr1.50,Fe3+

0.10)1.98O4 Ch + 10wt% 399 

SiO2 indicate that the assemblage of Ch + Gt + Es changes to that of mLd + Gt + Es at 400 

14-15 GPa and 1600 C. The pressure is close to that of our study (12.5-14 GPa) at 401 

which Ol + Ch changes to Gt + mLd + Anh-B in the Mg2SiO4MgCr2O4 system. The 402 

comparable pressure of the upper stability limit of Ch suggests that small amounts of 403 

Al2O3 and SiO2 barely affect on the phase relations. 404 

Some of the UHP chromitites contain small amounts of diopside (Di) (e.g., Zhang et 405 

al., 2016; Griffin et al., 2016). Zhang et al. (2017) studied the phase relations at 12-21 406 

GPa and 1400-1600 C in the Al-bearing ChDi system with compositions on the join 407 

xMg(Cr1.5,Al0.5)O4(1-x)CaMgSi2O6 (x = 0.90, 0.95). Based on their results, Ch + Gt + 408 

Es are stable at 12 GPa at 1600 C. Above the pressure between 12 and 14 GPa, a CF 409 

phase coexists with Ch + Gt + Es, and mLd occurs at 15-18 GPa. The CF + mLd + Gt + 410 

Es assemblage changes to CT + Gt + Es at ~20 GPa. The CF phase contains ~7-8 wt% 411 

CaO and ~3-5 wt% SiO2. This suggests that the CF phase is a possible precursor of Ch 412 
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containing Di and coesite lamellae, because Ch with exsolution lamellae of Di and 413 

coesite is commonly found in the UHP chromitites (Yamamoto et al., 2009). The CF 414 

phase was not observed in our studies in the system Mg2SiO4MgCr2O4. The different 415 

phase relations are probably due to the presence of minor components, i.e., CaO and 416 

Al2O3, in the system studied by Zhang et al. (2017), as discussed below.  417 

The experimental results on high-pressure phase relations in the system 418 

MgAl2O4CaAl2O4 indicate that a hexagonal aluminous phase with (Mg1-x,Cax)Al2O4 419 

composition (x ≈ 0.2-0.35) becomes stable above 15 GPa at 1200 C, instead of a 420 

Ca-bearing, Mg-rich CF phase (Akaogi et al., 1999). The general formula of the 421 

hexagonal phase (in this case CaMg2Al6O12) is AB2C6O12. The hexagonal aluminous 422 

phase (also called NAL phase; space group P63/m) has a similar but different structure 423 

from the CF phase (space group Pbnm). The structure of CaMg2Al6O12 NAL phase 424 

consists of double chains of AlO6 octahedra along the c axis, and Mg ions occupy 425 

six-fold prism sites and Ca in 9-fold pseudo-hexagonal tunnel sites surrounded by the 426 

double chains of octahedra (Miura et al., 2000). The NAL phases with more complex 427 

compositions are also stable in MORB above ~22 GPa (e.g., Sanehira et al., 2008; 428 

Ricolleau et al., 2010). A NAL phase with (Mg0.71,Ca0.26)(Al1.36,Si0.49)O4 composition by 429 

Miyajima et al. (2001) indicates a high SiO2 content of the phase. Raman spectra and 430 
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powder X-ray diffraction patterns of the NAL phase are very similar to those of the CF 431 

phase (Akaogi et al., 1999; Kojitani et al., 2007; Ono et al., 2009). Because the “CF 432 

phase” of Zhang et al. (2017) has an average composition of 433 

(Mg0.70,Ca0.25)(Al0.41,Si0.13Cr1.44)O4 with a very similar Mg:Ca ratio and the stability 434 

pressure range to that of the NAL phase in the system MgAl2O4CaAl2O4 and shows a 435 

similar SiO2 solubility to that in the NAL phases in the previous studies, it is likely that 436 

the “CF phase” is a NAL phase rather than CF. However, though the “CF phase” 437 

reported in Zhang et al. (2017) is in fact a NAL phase, their results indicate that the 438 

phase contains substantial amounts of CaO and SiO2 and that it is a possible precursor 439 

for Ch containing exsolved lamellae of Di and coesite. 440 

 441 

Implications 442 

 443 

High-pressure minerals, such as diamond and coesite, and highly reduced phases 444 

were discovered in the UHP podiform chromitites, as described above. However, it is 445 

generally believed that podiform chromitites were formed at shallow levels of the upper 446 

mantle. To reconcile the issues on the formation of UHP podiform chromitites, 447 

subduction-recycling models of the podiform chromitites are most widely used. The 448 
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models are basically as follows (Arai, 2010, 2013; Griffin et al., 2016). Podiform 449 

chromitites composed of Ch and Ol enveloped by dunite were formed by the reaction 450 

between peridotite and magma at shallow depths of the upper mantle. The podiform 451 

chromitites were subducted into the deep mantle due to mantle convection. In the 452 

transition zone, Ol transformed to Wd (or Rw), and Ch changed to CF (or CT) which 453 

could incorporate CaO and SiO2 components. Subsequently, the podiform chromitites 454 

with the mineral assemblage of Wd (or Rw) + CF (or CT) were transported to shallow 455 

levels of the upper mantle via mantle upwelling, converted to Ol + Ch, and diopsidic 456 

pyroxene and coesite were exsolved in Ch. In the models, it was postulated that the 457 

initial igneous textures of the podiform chromitites were basically preserved during 458 

deep mantle recycling based on the assumption that reactions between Ol and Ch and 459 

between their high-pressure polymorphs did not take place (Arai, 2013; Satsukawa et al., 460 

2015).   461 

Figure 5 indicates that, in the system Mg2SiO4MgCr2O4, Ol and Ch react at ~13.5 462 

GPa and 1600 C, resulting in the formation of the three-phase assemblage, Gt + mLd + 463 

Anh-B, which subsequently changes to Gt + mLd + Wd at ~19.5 GPa. This means that 464 

Ol and Ch do not directly transform to Wd (or Rw) and CT, respectively. We infer that 465 

our results in the system Mg2SiO4MgCr2O4 can be applied to the UHP chromitites, 466 
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because both Ol and Ch of the UHP chromitites have Mg-rich compositions and the 467 

effects of minor components on the phase relations are small, as discussed above.  468 

The pressure of 13.5 GPa at which Ol + Ch change to Gt + mLd + Anh-B is very 469 

close to that of the 410 km seismic discontinuity (13.7 GPa) dividing the mantle 470 

transition zone from the upper mantle. To the best of our knowledge, no petrological 471 

studies of the UHP chromitites reported evidence of the reaction between Ol and Ch, 472 

which first produces the three-phase assemblage of Gt + mLd + Anh-B. Once the 473 

reaction occurred, the product phases would have been preserved, at least in part, in the 474 

UHP chromitites.  475 

The effect of temperature on the reaction between Ol and Ch should also be 476 

considered. Taking into account a typical low-temperature geotherm of the subduction 477 

zone (Kirby et al., 1996), the temperature of subducted podiform chromitites may be 478 

around 700-1000 C at transition zone depths. Therefore, the reaction between Ol and 479 

Ch might be kinetically hindered or direct transitions of Ol to Wd (or Rw) and Ch to CT 480 

might occur. However, to generate buoyancy in the mantle upwelling processes, the 481 

temperature of the podiform chromitites would need to be higher than the normal 482 

geotherm, 1400-1600 C, in the mantle transition zone (Akaogi et al., 1989). Therefore, 483 

the reaction would occur, producing the assemblage of Gt + mLd + Anh-B in the 484 
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upper-half of the transition zone. In our high-pressure experiments at 1600 C for 3-6 h, 485 

the grain sizes of these phases were generally in the range of ~5-20 m (Fig. 3). 486 

Considering the transition zone temperature, it is likely that grain growth to at least 487 

several mm or cm would occur, given the expected timescale of the geological 488 

processes. Once the reaction had occurred, it would be difficult for the phases to 489 

completely react again to form Ol and Ch and to recover a similar texture to that before 490 

the reaction. Therefore, a part of the reaction products would be preserved. 491 

An example of such preserved phase assemblages which indicate mineral reactions 492 

due to changes in the P-T conditions is “spinel-pyroxene symplectite”, a reaction 493 

product between Ol and plagioclase. The spinel-pyroxene symplectite in lherzolite 494 

xenoliths from the Ichinomegata Crater, Oga Peninsula, northeast Japan, was studied in 495 

detail by Takahashi (1986). It was concluded that the complex texture of product phases 496 

(Ca-rich pyroxene, Ca-poor pyroxene and MgAl2O4-rich spinel) was formed due to the 497 

reaction between Ol and plagioclase in peridotite with increasing pressure and/or 498 

decreasing temperature. The reaction products between Ol and Ch have not been 499 

reported in petrological studies of the UHP chromitites,. The fact that there is no 500 

evidence of the presence of the mLd + Anh-B + Gt assemblage in the UHP chromitites 501 

strongly suggests that the chromitites did not reach the mantle transition zone depths.  502 
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Zhang et al. (2017) suggested that the UHP chromitites were subducted to depths 503 

exceeding ~360 km (12 GPa), where the chromitites were metamorphosed and the “CF 504 

phase” containing several wt% of CaO and SiO2 was formed. Due to the ascent of the 505 

chromitites, the “CF phase” would transform to Ch and possibly a small amount of 506 

ugrandite garnet, and Di and coesite were exsolved in Ch as lamellae. This is a possible 507 

mechanism explaining the presence of Ch containing Di and coesite lamellae in the 508 

UHP chromitites. Zhang et al. (2017) proposed that the subduction depth did not exceed 509 

~440 km (15 GPa), because the mLd phase is not present in the chromitites, assuming 510 

that the absence of a reaction between Ol and Ch. In addition to the depth limit 511 

suggested by Zhang et al. (2017), our experimental data indicate that the UHP 512 

chromitites did not experience pressure exceeding ~13.5 GPa, which corresponds to the 513 

top (410 km depth) of the transition zone, because the reaction products of Ol and Ch, 514 

the two most abundant minerals of the UHP chromitites, have not been observed. If the 515 

reaction products, including mLd and Anh-B, will be discovered in the UHP chromitites 516 

in future, their presence can be used as a good indicator to more precisely evaluate the 517 

subduction depth of the chromitites in the transition zone. 518 
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Figure captions 699 

 700 

Figure 1. Microfocus X-ray diffraction patterns of the run products at 1600 C at (a) 701 

12.5 GPa and (b) 16 GPa. Ol: olivine, Ch: chromite, Gt: garnet, mLd: modified 702 

ludwigite phase, B: anhydrous phase B.  703 

 704 

Figure 2. Microfocus X-ray diffraction patterns of the run products at 1600 C at (a) 705 

20.5 GPa, (b) 22.5 GPa and (c) 27 GPa. Gt: garnet, mLd: modified ludwigite phase, 706 

Wd: wadsleyite, Rw: ringwoodite, CT: calcium-titanate phase, Brg: bridgmanite 707 

(perovskite), Per: periclase, Pt: platinum. 708 

 709 

Figure 3. Back-scattered electron images of the run products at (a) 12.5GPa, (b) 19 GPa, 710 

(c) 20.5 GPa, (d) 22.5 GPa, and (e) 27 GPa. In (a), the light and dark gray grains are 711 

chromite (Ch) and olivine (Ol), respectively. In (b), white grains are modified ludwigite 712 

(mLd) phase, light gray grains are garnet (Gt), and dark gray grains are anhydrous phase 713 

B (Anh-B). In (c), white grains are mLd, light gray grains are Gt, and dark gray grains 714 

are wadsleyite (Wd). In (d), light gray grains are calcium-titanate (CT) phase and dark 715 

gray grains are ringwoodite (Rw). In (e), light gray grains are CT, dark gray grains are 716 
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bridgmanite (Brg), and small, most dark gray grains are periclase (Per). 717 

 718 

Figure 4. Compositions of coexisting phases in triangular diagrams of the 719 

MgOSiO2Cr2O3 system (mol%). The circles represent the compositions of 720 

endmember phases, and the small triangle marks the starting material composition 721 

(50mol%Mg2SiO450mol%MgCr2O4). The compositions of all endmember phases are 722 

shown in (a). The phases coexisting at high pressures at 1600 C are: (b) Ol + Ch, (c) Gt 723 

+ mLd + Anh-B, (d) Gt + mLd + Wd, (e) Rw + CT, and (f) Brg + Per + CT. The small 724 

open diamond in (b) and (c) shows the approximate composition of the starting material 725 

of Wu et al. (2016), see text. The abbreviations are the same as those in Figs. 1 and 2. 726 

 727 

Figure 5. Mineral proportions of the bulk composition of Mg2SiO4MgCr2O4 as a 728 

function of pressure at 1600 C. The small dots indicate the mineral proportions 729 

calculated based on the compositions in Table 2. The gray zones represent the pressure 730 

ranges of the transition between low- and high-pressure phase assemblages. The 731 

abbreviations are the same as those in Figs. 1 and 2.  732 

 733 

 734 



42 

 

Table 1. Results of high-pressure high-temperature experiments in the system 735 

Mg2SiO4MgCr2O4.  736 

 737 

Run no. Start. Mater. Pressure Temperature Time Phases  738 

   (GPa) (C) (min) 739 

K151104  A 9.5 1600 180 Ol + Ch 740 

K151130   A 11.5 1600 360 Ol + Ch 741 

A140704  A 12.5 1600 180 Ol + Ch 742 

K160113    B 12.5 1600 360 Ol + Ch 743 

A140801  A 14  1600 180 Gt + mLd + Anh-B 744 

Y161025    B 14 1600       360 Gt + mLd + Anh-B 745 

Y170525    B 16  1600       180 Gt + mLd + Anh-B 746 

K151222    B 18  1600 180 Gt + mLd + Anh-B 747 

Y161017    B  19  1600        360 Gt + mLd + Anh-B 748 

Y161125   B 20.5 1600        180 Gt + mLd + Wd 749 

A141104   A 21.5 1600        360 Rw + CT 750 

K151118   A 22.5 1600 180 Rw + CT 751 

K151126   A 24  1600 180 Brg + Per + CT 752 

K150904   A 27  1600 300 Brg + Per + CT 753 

Y160117 B10 15  1600 180 Gt + Anh-B + Wd 754 

Y160119 B70 15  1600 180 Gt + mLd + Es                 755 

Starting materials. A: a mixture of Mg2SiO4 forsterite and MgCr2O4 magnesiochromite 756 

with 1:1 molar ratio, B: a mixture of MgO, SiO2 and Cr2O3 with 3:1:1 molar ratio, 757 

equivalent to A composition, B10: a mixture of MgO, SiO2 and Cr2O3 with 19:9:1 molar 758 

ratio, equivalent to 90mol%Mg2SiO410mol%MgCr2O4, and B70: a mixture of MgO, 759 

SiO2 and Cr2O3 with 13:3:7 molar ratio, equivalent to 30mol%Mg2SiO4 760 

70mol%MgCr2O4.  761 

Abbreviations. Ol: olivine, Ch: chromite, Gt: garnet, mLd: modified ludwigite phase, 762 

Anh-B: anhydrous phase B, Wd: wadsleyite, Rw: ringwoodite, CT: calcium-titanate 763 

phase, Brg: bridgmanite (perovskite), Per: periclase, Es: eskolaite.  764 

 765 

766 
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 767 

Table 2. Compositions of coexisting phases in the run products.
Run no. K151104 K160113 A140704 Y161025 A140801
P (GPa) 9.5 12.5 12.5 14 14
Phase Ol Ch Ol Ch Ol Ch Anh-B Gt mLd Anh-B Gt mLd
SiO2 41.09(42) 2.47(22) 42.18(36) 1.91(36) 42.23(69) 2.32(33) 29.96(32) 43.37(76) 1.06(22) 30.86(22) 42.88(135) 0.76(16)
MgO 57.01(60) 22.35(59) 57.09(48) 24.42(79) 56.46(82) 21.42(34) 55.31(48) 29.16(52) 35.35(67) 55.27(105) 28.80(132) 32.81(105)
Cr2O3 2.14(8) 74.89(79) 1.31(15) 73.47(75) 1.52(20) 76.81(126) 14.59(35) 26.92(82) 63.59(146) 13.27(76) 25.35(113) 67.76(136)
Total (wt%) 100.24 99.71 100.58 99.80 100.21 100.55 99.86 99.45 100.00 99.40 97.03 101.33

O        4 4 4 4 4 4 24 12 5 24 12 5
Si 0.97(1) 0.08(1) 0.99(1) 0.06(1) 0.99(1) 0.07(1) 4.50(4) 3.21(3) 0.04(1) 4.64(7) 3.24(5) 0.03(1)
Mg 2.00(1) 1.05(3) 1.99(1) 1.14(3) 1.98(1) 1.02(4) 12.39(6) 3.22(5) 2.02(4) 12.38(3) 3.26(3) 1.87(3)
Cr 0.04(1) 1.86(2) 0.03(1) 1.82(2) 0.03(1) 1.90(2) 1.73(3) 1.58(5) 1.93(4) 1.58(7) 1.50(7) 2.05(2)
Cation total 3.01 2.99 3.01 3.02 3.00 2.99 18.62 8.01 3.99 18.60 8.00 3.95
Run no. Y170525 K151222 Y161017 Y161125
P (GPa) 16 18 19 20.5
Phase Anh-B Gt mLd Anh-B Gt mLd Anh-B Gt mLd Wd Gt mLd
SiO2 26.01(35) 43.94(52) 0.71(21) 27.24(33) 45.48(79) 1.35(15) 28.43(60) 47.58(64) 1.09(65) 41.75(48) 47.46(67) 2.33(47)
MgO 53.70(45) 29.04(56) 31.88(58) 55.02(63) 31.30(70) 35.47(98) 56.70(67) 31.16(46) 36.33(74) 52.55(50) 31.88(56) 35.17(48)
Cr2O3 19.76(46) 26.74(79) 66.97(71) 17.44(62) 23.57(30) 61.00(39) 15.42(45) 21.27(52) 62.62(86) 5.78(28) 20.15(59) 62.80(64)
Total (wt%) 99.47 99.72 99.56 99.70 100.35 97.82 100.55 100.01 100.04 100.08 99.49 100.30

O        24 12 5 24 12 5 24 12 5 4 12 5
Si 4.01(5) 3.24(4) 0.03(1) 4.16(5) 3.30(3) 0.05(1) 4.27(7) 3.42(3) 0.04(2) 0.99(1) 3.42(3) 0.09(2)
Mg 12.36(10) 3.19(5) 1.85(3) 12.52(7) 3.38(6) 2.07(4) 12.71(10) 3.34(4) 2.07(4) 1.86(1) 3.43(5) 1.99(3)
Cr 2.41(5) 1.56(5) 2.06(2) 2.11(6) 1.35(3) 1.89(2) 1.83(6) 1.21(3) 1.90(4) 0.11(1) 1.15(4) 1.89(2)
Cation total 18.78 7.99 3.94 18.79 8.03 4.01 18.81 7.97 4.01 2.96 8.00 3.97
Run no. A141104 K151118 K151126 K150904
P (GPa) 21.5 22.5 24 27
Phase Rw CT Rw CT Brg CT Brg CT
SiO2 41.46(26) 1.87(12) 40.56(78) 4.96(24) 55.08(84) 5.79(22) 55.62(62) 6.80(71)
MgO 56.70(22) 22.41(32) 52.99(35) 24.17(58) 37.54(139) 25.47(63) 39.12(106) 28.15(33)
Cr2O3 1.83(10) 75.33(46) 6.24(35) 70.54(66) 7.19(42) 68.75(53) 5.40(72) 64.74(101)
Total (wt%) 99.99 99.61 99.79 99.67 99.81 100.01 100.14 99.69

O        4 4 4 4 3 4 3 4
Si 0.98(1) 0.06(1) 0.97(1) 0.15(1) 0.95(1) 0.18(1) 0.95(1) 0.20(2)
Mg 1.98(1) 1.05(1) 1.89(2) 1.11(2) 0.96(3) 1.16(2) 1.00(2) 1.27(1)
Cr 0.03(1) 1.89(1) 0.12(1) 1.72(2) 0.10(1) 1.66(2) 0.08(1) 1.55(3)
Cation total 2.99 3.00 2.98 2.98 2.01 3.00 2.03 3.02
Ol: olivine, Ch: chromite, Gt: garnet, mLd: modified ludwigite phase, Anh-B: anhydrous phase B, Wd: wadsleyite, Rw: ringwoodite, 
CT: calcium-titanate phase, Brg: bridgmanite (perovskite).

 768 

 769 

770 
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Table 3. Molar volumes of phases in the system MgO-SiO2-Cr2O3.    771 

                                                                        772 

Phase Composition V0 Ref. 773 

  (cm3/mol)                                                                                 774 

Ol Mg2SiO4 43.59  Kirfel et al. (2005) 775 

Wd Mg2SiO4 40.52  Horiuchi and Sawamoto (1981) 776 

Rw Mg2SiO4 39.53  Akaogi et al. (1989)  777 

CT Mg2SiO4 36.49  Kojitani et al. (2007), see text 778 

Brg MgSiO3 24.25  Dobson and Jacobson (2004) 779 

Ch MgCr2O4 43.56  This study  780 

CT MgCr2O4 39.42  Ishii et al. (2015) 781 

Gt Mg4Si4O12 113.86  Heinemann et al. (1997), see text 782 

Gt Mg3Cr2Si3O12 117.58  Sirotkina et al. (2015), see text 783 

Anh-B Mg14Si5O24 251.75  Finger et al. (1991)  784 

mLd Mg2Cr2O5 51.61  Ishii et al. (2015)  785 

Per MgO 11.24  Hazen (1976)                      786 

Ol: olivine, Wd: wadsleyite, Rw: ringwoodite, CT: calcium-titanate type phase, Brg: 787 

bridgmanite (perovskite), Ch: chromite, Gt: garnet, Anh-B: anhydrous phase B, mLd: 788 

modified ludwigite phase, Per: periclase. 789 

 790 
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