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High-pressure high-temperature transitions in MgCr,04 and
crystal structures of new Mg,Cr;0s and post-spinel MgCr,0, phases

with implications for ultra-high pressure chromitites in ophiolites
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Abstract
We determined phase relations in MgCr,O4 at 12-28 GPa and 1000-1600°C using a multianvil
apparatus. At 12-15 GPa, spinel-type MgCr;04 (magnesiochromite) first decomposes into a mixture of new
MgzCr,Os phase + corundum-type CryOs; at 1100-1600 °C, but it dissociates first into MgO periclase +
corundum-type Cr;O;3 at 1000°C. At about 17-19 GPa, the mixture of Mg,Cr;05 phase + corundum-type Cr,0;
transforms to a single MgCr,O4 phase. Structure refinements using synchrotron X-ray powder diffraction data
indicated that the high-pressure MgCr,O4 phase has a CaTiOs-type structure (Cmcm), and that the basic

structure of the MgzCr,Os phase is the same as that of recently found modified ludwigite-type Mg,Al,Os and
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Fe,Cr,Os (Pbam). The phase relations in this study may suggest that natural chromitites in the Luobusa
ophiolite regarded as the deep-mantle origin were derived from the mantle shallower than the depths
corresponding to pressure of 12-15 GPa because of absence of the assemblage of (Mg,Fe),Cr,05 + Cry03 in the
chromitites.

Keywords: Post-spinel, Rietveld refinement, crystal structure, high pressure, phase transition,

magnesiochromite, calcium titanate, chromitite, ophiolite

Introduction

Chromium-bearing spinel is widely found in igneous and metamorphic rocks as an accessory mineral,
and is accepted as an important indicator for petrogenesis (e.g. Sack and Ghiorso, 1991). MgCr,O4 spinel
(magnesiochromite) is a major endmember of chromian spinel in mantle-derived peridotites. It is also the
commercially available ore mineral of chromium. At ambient conditions, MgCr,04 spinel has the normal spinel
structure (space group Fd-3m) in which Mg”* and Cr** occupy the tetrahedral and octahedral sites, respectively
(O’Neill and Dollase, 1994).

High-pressure transition of 4**B’",0, spinel (post-spinel transition) has been extensively studied in
various compounds to clarify host phases of trivalent cations such as AI*", Cr** and Fe** in the deep mantle. The
CaFe,04(CF)- and CaTi,O4(CT)-structured phases of 4*°B*",0, are major post-spinel phases. Both the
CaFe;04-type structure (Pnma) and CaTi,Oq4-type structure (Cmem) consist of double chains of edge-shared
B* 0y octahedra running parallel to one of orthorhombic cell axes, in which 4>" ions occupy tunnel spaces

surrounded by corner-sharing of four double chains, though the CaFe,O4- and CaTi,O4-type structures have
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different frameworks of B**Og octahedra. Yong et al. (2012) showed very recently that a cubic-to-tetragonal
transition occurred in MgCr,Qy spinel at about 20 GPa and room temperature, based on X-ray diffraction and
Raman spectroscopy at high pressure. However, high-pressure and high-temperature behaviors of MgCra04
spinel are not still clarified.

We recently found that MgAl,O4 spinel first decomposes into Mg,Al,Os + ALO; at about 20 GPa
above 2000 °C and FeCr,04 chromite into Fe;Cr.Os + Cr.0; at about 14 GPa and 1200 °C, prior to transitions
to CF- or CT-phase at higher pressure (Enomoto et al., 2009, Kojitani et al., 2010, Ishii et al., in press). The
Mg>AlL>Os and Fe;Cr,Os phases have the same structure named modified ludwigite (mLd) structure (Pbam) in
which edge- and corner-shared (Mg,Al)Os or (Fe,Cr)O¢ octahedra are running parallel to c-axis and tunnel
spaces surrounded by the octahedral chains are occupied by six-coordinated Mg”' or Fe*' (Enomoto et al.,
2009; Ishii et al., in press).

In chromitites composed of MgCr;O,-rich, FeCr,O4-bearing spinel in the Luobusa ophiolite, Tibet,
high-pressure minerals such as diamond and coesite were recently discovered (Yang et al., 2007; Yamamoto et
al., 2009; Dobrzhinetskaya et al., 2009). Based on the natural observations, the deep-mantle origin of the
chromitites has been discussed (Yang et al., 2007; Arai, 2010, 2013; Yamamoto et al., 2009). Ishii et al. (in
press) suggested a possible depth limit for origin of the chromitites of the Luobusa ophiolite, based on phase
relations in FeCr,O, at high pressure and high temperature. However, it would be desirable to discuss the issue
using the high-pressure high-temperature phase relations of both MgCr,0Q4 and FeCr,0,.

In this study, we have investigated in detail the phase relations of MgCr,04 up to 28 GPa and 1600 °C,

and have found dissociation of MgCr,Oy spinel into Mg,Cr,0s + Cr,0; and subsequent recombination to the
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post-spinel MgCr,O4 phase with increasing pressure. We have analyzed structures of the Mg,Cr,Os and
MgCr,O4 phases, resulting in that the two phases have the modified ludwigite (mLd)-type and CaTi,O,
(CT)-type structures, respectively. The outline of our results on the structural and phase transition studies was
presented in Ishii et al. (2013). In this study, we have also compared our results on structure analysis of CT-type
MgCr,04 with those of Bindi et al. (2014) who very recently studied the structure of CT-type MgCr,O,. Finally,
based on our studies on the high-pressure phase relations and the crystal structures, we discuss on the origin of

chromitites in the Luobusa ophiolite.

Experimental methods

1. High-pressure high-temperature experiments

MgCr,04 spinel was prepared from a stoichiometric mixture of reagent grade MgO and Cr,Os. The
mixture was heated at 1300°C for 12 h in CO; gas flow, and the recovered sample was finely ground and heated
again at the same conditions. After twice heating for 24 h in total, it was confirmed that the product was
single-phase spinel with MgCr,O4 composition by a powder X-ray diffractometer and a scanning electron
microscope with an energy dispersive X-ray spectrometer (SEM-EDS). The lattice parameter of MgCr,04
spinel, a = 8.3344(2) A, measured by the powder X-ray diffraction did not change by the twice-heating
processes, and is consistent with that by O’Neill and Dollase (1994) within the errors. The MgCr,Q, spinel thus
prepared was used as the starting material for high-pressure experiments in MgCr:Os. A mixture of the
synthesized MgCr,04 spinel and MgO with a 1:1 molar ratio was used as the starting material for synthesis of

Mg>Cr;0s phase.
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The high-pressure high-temperature experiments were made at 12-28 GPa and 1000-1600°C with a
Kawai-type 6-8 multianvil high-pressure apparatus at Gakushuin University. Tungsten carbide anvils with
truncated edge lengths of 2.5 and 5.0 mm were used with pressure media of 5 wt% Cr,0;-doped MgO
octahedra of 7 and 10 mm edge-lengths, respectively. A cylindrical rhenium furnace was placed in the central
part of the magnesia octahedron. A LaCrO; sleeve was put outside of the rhenium heater and LaCrO; end-plugs
at both ends of the heater for thermal insulation. Temperature was measured at the central part of outer surface
of the furnace with a Pt/Pt-13%Rh thermocouple of 0.1 mm in diameter, without any correction for pressure
effect on electromotive force of the thermocouple. Uncertainty of temperature in the present quench
experiments was estimated to be about £20°C. Phase relations of MgCr,Os were examined using the
multi-sample cell technique described in Ishii et al. (2011, 2012). The starting material of MgCr,O, and one of
pressure markers (Mg,SiO4, MgSiO; and MgO+Al,03) were packed in two holes of 0.2 mm diameter in a Re
capsule which was 1.0 mm in diameter and 0.7 mm in thickness. The two Re discs of 1.0 mm in diameter and
0.025 mm in thickness were placed at both sides of the Re capsule. A boron nitride capsule containing the Re
capsule + discs was inserted into the central part of the tubular rhenium heater. The syntheses of MgCr;0O4 and
Mg2Cr,0s high-pressure phases used for the structure refinements were made with Pt capsules of 1.6 and 2.2
mm in diameter, respectively. A BN sleeve was placed between the Pt capsule and the Re heater for electrical
insulation.

Pressure was calibrated in a similar manner to those of Ishii et al. (2011, 2012). Pressure calibration at
room temperature was made using semiconductor-metal transitions of ZnS (15.5 GPa), GaAs (18.3 GPa) and

GaP (23 GPa) (Dunn and Bundy, 1978, Ito, 2007). The effect of temperature on pressure was corrected at
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1600°C by using Mg,SiOs forsterite-wadsleyite transition (15.1 GPa) (Morishima et al., 1994), Mg,SiO4
wadsleyite-ringwoodite transition (21.3 GPa) (Suzuki et al., 2000), MgSiO; akimotoite-perovskite transition
(22.3 GPa) (Fei et al., 2004), and transition of Al;O; corundum + MgO periclase to MgAl,O4 calcium ferrite
(24.9 GPa) (Irifune et al., 2002), using the pressure markers (MgSiOs, Mg;SiO4 and MgO + Al,03) packed in
one of the two holes of the Re capsule. Relative uncertainty of pressure was estimated to be about 0.2 GPa
(Ishii et al., 2011, 2012).

In each run, pressure was raised to a targeted pressure of 11-28 GPa at almost constant rate during 2-4
h, and then temperature was raised to 1000-1600°C at a rate of about 100°C/min. The sample assembly was
kept for 1-2 h at the desired pressure-temperature conditions. Then it was quenched to room temperature under
pressure, and pressure was released slowly to ambient pressure. The recovered Re capsule holding the samples
was mounted on a slide glass plate with epoxy resin, and was polished into flat to expose the samples for phase
identification and composition analysis.

The phase identifications of the recovered samples were made using a microfocus X-ray diffractometer
(Rigaku RINT 2500V, MDG) with an X-ray beam collimated to 50 um in diameter. To determine lattice
parameters of samples synthesized for structure refinements, powder X-ray diffraction measurements were
performed with the step-scan mode (step size of 0.02°) in the 26 range of 10-140° using the powder X-ray
diffractometer (Rigaku RINT 2500V). The cell parameters determined in this way were used as initial values
for Rietveld refinements, as shown below. Both the X-ray diffraction measurements were conducted using
monochromatized CrKo radiation at 45 kV and 250 mA. The scanning electron microscope (SEM, JEOL

JMS-6360) operated with acceleration voltage of 15 kV and probe current of 0.43 nA combined with the energy
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dispersive X-ray spectrometer (EDS, Oxford INCA energy 300) was used to analyze compositions and to
identify phases in the recovered samples. The natural enstatite and synthetic Cr,O3 eskolaite were used as
standard materials for Mg and Cr, respectively. The analyzed compositions of 5-15 analysis points of each

sample were averaged, and were shown with the standard deviation,

2. Synchrotron X-ray diffraction measurements and Rietveld structure refinements

For structural analyses of CT-type MgCr,04 and the Mg,Cr:Os phase, angle-dispersive synchrotron
powder X-ray diffraction data were obtained in the BL15XU (NIMS beam line) and BL02B2 at SPring-8. To
collect the diffraction data of the samples at ambient conditions, we used an imaging plate as the detector and a
Debye-Scherrer camera in a 26 angle from 0-60° and 0-75° with an angle resolution of 0.003° and 0.01° in
BL15XU and BLO02B2, respectively. The incident X-ray beam in BLI5XU was monochromatized at K
absorption edge of niobium (A = 0.65297 A). The wavelength of X-ray in BL02B2 was determined from the
data measured for fluorite-type CeO, (A = 0.41927 A). The synthesized polycrystalline samples were finely
ground using an agate mortar, and each of them was put into a Lindemann glass capillary. During the diffraction
pattern measurement, the sample was rotated to reduce the preferred orientation effect.

Rietveld analysis was made using the RIETAN-FP/VENUS package (Izumi and Momma, 2007). The
initial structure models of CT-type MgCr;04 and MgyCr,O5 phase were CaTi,O4 (Bertaut and Blum, 1956) and
Mg2AlLOs (Enomoto et al., 2009), respectively. The initial values of cell parameters in the Rietveld analysis of
each sample were determined from the powder X-ray diffraction patterns (CrKa) using DICVOLO06 software

(Lotier and Boultif, 2007). A small amount of corundum-type Cr,O3 was included as the second phase in the
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Rietveld analysis of CT-type MgCrOa. In the initial stage of the Rietveld analyses for both the phases, we used
the X-ray diffraction data collected in BLO2B2, and subsequently used the data of BL15XU. Although both of
the data sets lead to the same structure for each phase, the results using the data of BL15XU were of higher

quality as the structure refinements and are shown in the following.

Results and discussion

1. High-pressure phase transitions in MgCr,Oy4.

Table 1 summarizes results of the phase transition experiments in MgCr,Q4. Some typical microfocus
X-ray diffraction patterns at room P-T conditions of the starting material and recovered samples are shown in
Figure 1. The XRD pattern of starting material shows the only peaks of MgCr,04 magnesiochromite and those
of recovered samples are different from that of the starting material, excepting for that of Run no. 20. Figure 2
illustrates the phase relations in MgCr,O4 up to 28 GPa and 1600°C. Table 2 indicates analyzed chemical
compositions by the SEM-EDS for new high-pressure phases in the run products with that of the starting
material. At 1100-1600°C, MgCr;O4 spinel first decomposes into a mixture of a new phase and corundum-type
Cr203 (eskolaite) in the pressure range of 12-15 GPa. This phase change is shown in the different microfocus
X-ray diffraction patterns of Runs no. 20 and 11 in Figure 1. The SEM-EDS analysis showed that the new
phase coexisting with corundum-type Cr;O; has the atomic ratio Mg : Cr = 1.99(1) : 2.00(1), indicating
MgzCr20s composition (Table 2). The powder X-ray diffraction pattern of the new Mg,Cr,Os phase was very
similar to that of mLd-type Mg,Al,Os (Enomoto et al., 2009). As described below, the structure refinement

confirmed that the basic structure of the Mg;Cr,Os is the mLd structure.
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At 16-18 GPa and 1100-1600°C, the two phases combine into a single MgCr,04 phase whose Mg : Cr
ratio was determined to be 1.01(1) : 1.99(1) by the SEM-EDS analysis. The microfocus X-ray diffraction
pattern of the phase is shown as Run no. 3 in Figure 1. The microfocus and powder X-ray diffraction patterns of
the MgCr204 phase resembled well that of CaTi;O4. As shown below, Rietveld refinement confirmed that the
MgCr204 phase has the CT-type structure. The CT-type MgCr;0; is stable at pressure up to at least 28 GPa.
The cell parameters determined by Rietveld refinements of mLd-type Mg,Cr,Os and CT-type MgCr,0O4 are
summarized in Table 3. Using the cell parameters, densities of the mixture of mLd-type MgyCr,0s + Cry05
corundum (Belokoneva and Shcherbakova, 2003) and CT-type MgCr,0y4 are calculated as 4.77(4) and 4.878(1)
glem’, respectively. Therefore, density increase from MgCr,04 spinel (4.415(1) g/em’) (Lenaz et al., 2004) to
the mixture of mLd-type Mg;Cr;0s + Cr,03 corundum is 8.0%, and that from the mixture to CT-type MgCr,0q4
is 2.3%.

The microfocus X-ray diffraction pattern in Figure 1 for Run no. 13 made at 15.9 GPa and 1000°C shows
that the recovered sample contained MgO periclase and Cr;O; corundum together with MgCr,O4 spinel, though
that of Run no. 20 made at 13.5 GPa and 1200°C shows the single-phase spinel. This indicates that a part of
MgCr;04 spinel in Run no. 13 dissociated into the mixture of MgO periclase and Cr;O; corundum. The
presence of MgCrO4 spinel in the run product no. 13 can be attributed to sluggish kinetics of the
decomposition reaction at the relatively low temperature. Therefore, we interpreted that MgO periclase + Cr,0;
corundum are stable at 1000 °C at about 14-17 GPa. This assemblage changes into the mixture of mLd-type
Mg>Cr20s and Cr2O3 corundum at 17 GPa and 1000°C. At pressure above 20 GPa and temperature below

1000°C, the recovered samples showed weak, broad X-ray diffraction pattern different from all the phases
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mentioned above, suggesting that another new phase may be stable at the P,T conditions and transform to the
phase of the broad, weak X-ray pattern during decompression. A further study is necessary to clarify the
possible stable phase in the P,T conditions. Fan et al. (2008) found that any phase transitions in the natural
chromium spinel were not observed up to 26.8 GPa and 628 K. However, we made the high-pressure
experiments at higher temperature than theirs. The density of the mixture of MgO periclase (Boiocchi et al.
2001) and Cr,03 corundum, 4.78(4) g/cm’®, agrees within the errors with that of the mixture of mLd-type
Mg,Cr,0s and CryO; corundum at ambient conditions. However, the phase transition experiments indicate that
the mixture of mLd-type Mg:Cr;0s and Cr,03 corundum is stable at higher pressure than MgO periclase +
Cr,03 corundum, suggesting that the latter assemblage is slightly less dense than the former at high pressure

and high temperature.

2. Crystal structures of CaTiyO4-type MgCr,04 and modified ludwigite-type MgCr;0s.

We show the results of structure analyses of CT-type MgCr,O, and mLd-type Mg,Cr,Os in Tables 2-4
and Figures 3-5. The crystal structures illustrated in Figures 3-5 were drawn by VESTA (Momma and Izumi,
2008). The structural parameters and reliability indexes (Rwp, Re, Rs, and Rf) of CT-type MgCr,O4 and
mLd-type Mg>Cr,Os are shown in Table 4. The Rwp,, R and Ry values converged to sufficiently small values
(<5%) indicate that results of the structure refinements are reliable for CT-type MgCr,O; and mLd-type
Mg>Cr,Os. The interatomic distances, bond angles, effective coordination numbers (7.) (Nespolo et al., 2001)
and the bond valence sum (BVS) values (Brown and Altermatt, 1985) of CT-type MgCr,O4 and mLd-type

Mg,Cr,Os are shown in Table 5. In the following section, we explain detailed results on structure analyses of

10
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both the phases.

(a) CaTi;0s-type MgCr,04

The results of Rietveld refinement of CT-type MgCr,Qy are given in Tables 3-4 and Figure 3a. In the
refinement, isotropic atomic displacement parameters of all of oxygen of CT-type MgCr,04 were refined with
the common value. As shown in Figure 4, the coordination number of Mg in the tunnels surrounded by four
double chains of edge-shared octahedra is eight (bicapped trigonal prism). We compare structure parameters of
CT-type MgCr,0,4 with those of CaTi,O4 (Bertaut and Blum, 1956) and CT-type FeCr,Q, (Ishii et al., in press).
The average Cr-O distance of the CrQy octahedron, 1.990 A, is close to the sum of effective ionic radii of Cr'
(0.615 A for six-fold coordination) and O* (1.40 A for six-fold coordination) (Shannon, 1976). The bond
angles of O1-Cr1-03 and O2-Cr1-O3 are 172.4° and 179.8°, respectively, which are in good agreement with
those by single-crystal structure analysis by Bindi et al. (2014). On the other hand, those of O1-Til-O3 and
02-Ti1-03 of CaTiyO4 are 171.2° and 166.2°, respectively. Therefore, CrOs octahedral site of CT-type
MgCr,04 is closer to the regular octahedron than TiOs octahedral site of CaTi,O4. The difference of bond
angles of two corner-shared double chains between CT-type MgCr,O4 and CaTi;O4 is considerably large
(124.4° of Cr1-02-Cr1 and 141.6° of Ti1-0O2-Til). The bond angle difference is probably attributed to the large
difference in ion radii between Mg”* and Ca®* which occupy the tunnel sites. In fact, the Cr1-02-Crl angle in
CT-type FeCr204 (Ishii et al., in press) is a similar value, 124.1°, to that in CT-type MgCr,O4. The Mg-O
distances in the MgOg bicapped trigonal prism are 1.99-2.27 A for Mg-O distances in MgOg prism and 2.63 A

for two longer Mg-O bonds. On the other hand, the Ca-O distances in the CaOy bicapped trigonal prism of

1i
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CaTi,04 are 2.32-2.46 A (CaOy prism) and 2.74 A (two longer Ca-O bonds). The effective coordination
numbers (n.) (Nespolo et al., 2001) of Mg>* and Ca®* were obtained to be 4.93 and 6.86, respectively. The
smaller n. value of CT-type MgCr,Oy4 is caused by the two very long Mg-O bonds, compared with sum of
effective ion radii of Mg** (0.89 A for eight-fold coordination) and 0> (1.40 A for six-fold coordination)
(Shannon, 1976). This implies that the coordination number of Mg** with oxygen in the tunnel spaces is 6

rather than 8. In CT-type FeCr20y, the coordination number of Fe'is also regarded as 6 (Ishii et al., in press).

(b) Modified ludwigite-type MgyCraOs

Figure 3b shows the results of Rietveld refinement of Mg;Cr,Os phase. When we adopted mLd-type
Mg2AlLOs as the structure model, the reliability indexes sufficiently converged, as shown by the values of Rup
(1.982%), Rp (3.294%) and Rp (4.337%) in Table 4. In the refinement, isotropic atomic displacement
parameters of all of oxygen of Mg;Cr,Os phase were refined with the common value. We found, however, that
very weak extra-diffraction peaks exist at the relatively low angle range (26 = 3-10°) in Figure 3b. This may
suggest a possibility of superstructure, though the basic structure of Mg>Cr,Os phase is the mLd-type. The
study on the possible superstructure of Mg>Cr,Os phase by TEM observation is currently in progress. In this
paper, we assume that Mg>Cr,Os phase has the mLd-type structure. Figure 5 shows the crystal structure of the
mLd-type Mg>Cr,0s, which has five non-equivalent cation sites (M1 — M5). The M1-M4 sites are octahedral
sites, while the M5 site forms a six-coordinated prism. Because Cr’ has high octahedral-preference due to its
high crystal-field stabilization energy, we assume that all of Cr’* ions are in M1-M4 sites. In the M1-M4 sites,

average cation-oxygen distances (2.005-2.088 A) in each site are somewhat different from Mg-O and Cr-O
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distances calculated from effective ionic radii of Mg®™ (0.72 A for six-fold coordination), Cr’* (0.615 A for
six-fold coordination) and O (1.40 A for six-fold coordination) (Shannon, 1976). Therefore, we determined
the site occupancies of Mg®' and Cr’* in the M1-M4 sites from the average interatomic distances, and the
results are shown in Table 5. The M5 site is placed in the zigzag framework of edge-shared octahedra, and in
the M5 site Mg2+ is coordinated by six oxygens to form MgOg prism. The average Mg-O distance of MgOs
prism is 2.141 A, and is close to 2.12 A, the sum of effective ionic radii of Mg®* (0.72 A) and 0% (1.40 A)
(Shannon, 1976). These results reveal that the basic structure of the MgCr,Os phase is correctly the mLd-type.
The above features of the Mg,Cr,0s structure are similar to those of the mLd-type Fe,Cr,Os (Ishii et al., in

press).

3. Implications to ultra-high pressure chromitites in the ophiolite.

Yang et al. (2007) found that the podiform chromitites in the Luobusa ophiolite contained
high-pressure minerals such as diamonds and coesite. They interpreted that coesite was pseudomorphic mineral
of stishovite which was originated from the deep upper-mantle (>9 GPa). Furthermore, Yamamoto et al. (2009)
reported exsolution lamellae of coesite and clinopyroxene in chromite in the chromitites of the Luobusa
ophiolite. Yamamoto et al. (2009) and Arai (2010, 2013) interpreted that these exsolution lamellae in chromite
were formed by the processes associated with inverse transformation from CF-phase to chromite with
exsolutions of coesite and clinopyroxene during mantle upwelling because CF-phase could dissolve CaO and
Si0, components, and that ultrahigh-pressure chromitites in the Luobusa ophiolite were originated as CF-phase

in the deep mantle at pressure above 12.5 GPa on the basis of the synthesis pressure of FeCryOy-rich CF-phase
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by Chen et al. (2003a, b). Our recent work (Ishii et al., in press) on precise determination of high-pressure phase
relations in FeCr;Oy4 indicates that at 800-1600 °C FeCr,Q4 chromite does not directly transform to CF-phase
but first dissociates into the assemblage of mLd-type Fe;Cr,Os and Cr,O; eskolaite at 12-16 GPa and
subsequently transforms to CF- or CT-type FeCr,O4 at 16-18 GPa in the temperature range of 800-1600 °C.
These transition behaviors in FeCr,O4 are very similar to those in MgCr,O4 of this study. Considering the
results of both FeCr,O4 and MgCry04, it is very likely that the mixture of mLd-type (Mg,Fe),Cr,0s +
corundum-type Cr,Q; is stable in the pressure range of about 12-18 GPa in the MgCr,0,4-FeCr,04 system. The
chemical composition of natural chromite in the chromitites reported by Yamamoto et al. (2009) is (Mgo.77,
Fe®*022)0.99(Alo.42, Cry.46, Fe* 0.11)1.0604, which can be approximated as a solid solution in the MgCr,04-FeCr,0,4
system. Hence, we discuss on the above scenario that the natural chromite in the chromitites of the Luobusa
ophiolite was originally CF- or CT-phase in the deep mantle and it converted to the spinel-structured chromite
during mantle upwelling. In our high-pressure experiments, the completely dissociated two-phases, mLd-type
M>Cr,0s + Cr;0;3 corundum (M = Mg, Fe), whose grain sizes were about 3-5 um were synthesized at about
13-18 GPa and 1400-1600 °C only for 1 h in both of MgCr;04 and FeCr,O,4 bulk compositions. Therefore,
considering the mantle temperature around 1400-1600 °C appropriate at the depth range (Akaogi et al., 1989), it
is likely that the CF- or CT-phase in the upwelling mantle could be completely decomposed into the two phases,
mLd-type (Mg,Fe),Cr20s + corundum-type Cr,Os, of several mm or cm in size in the geological timescale.
Once grain growth of the two phases has occurred, it would be rather difficult to completely react again to form
the single-phase chromite with the spinel structure during the further upwelling process. It is noted that direct

transition from CT- or CF-phase to chromite cannot occur in the upwelling process, on the basis of our phase
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diagrams in MgCr,O4 (Figure 2) and FeCr,O4 (Figure 2 in Ishii et al., in press). In the studies of the natural
chromitites in the Luobusa ophiolite, however, no evidences on presence of the decomposed phases, mLd-type
(Mg,Fe),Cr,05 + corundum-type Cr;Os, have been reported. Therefore, we would be able to put a constraint on
the formation pressure for the Luobusa ophiolite chromitites: the chromitites have not undergone the mantle
condition deeper than about 360-450 km corresponding to 12-15 GPa. Further studies are desirable to carefully

examine whether the decomposed phases are present or not in the natural chromitites.
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Figure captions

Figure 1. Microfocus X-ray diffraction patterns at atmospheric pressure and room temperature for the starting
material and recovered samples, Run no. 20 (13.5 GPa, 1200°C), no. 13 (15.9 GPa, 1000°C), no. 11 (17.6 GPa,
1200°C) and no. 3 (19.8 GPa, 1200°C). Pressure and temperature in parentheses indicate the conditions of

high-pressure experiments. Sp, spinel-type MgCr,O4; mLd, modified ludwigite-type Mg,Cr,0s; Es,
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corundum-type Cr,0; eskolaite; CT, CaTi,O4-type MgCr,Oq; Pc, rocksalt-type MgO periclase, Re: Re capsule.

Figure 2. Phase diagram of MgCr>O4 at high pressure and high temperature. Solid circle, Sp; solid square, mLd
+ Es; half closed diamond, mLd + Es + CT; solid diamond, CT; solid inverse triangle, Sp + Pc + Es. Solid lines
represent phase boundaries. A dashed line represents the extrapolated transition boundary of mLd + Es to CT.
Sp, spinel-type MgCr,0s; mLd, modified ludwigite-type Mg2Cr,0s; Es, corundum-type Cr,O3 eskolaite; CT,

CaTi;04-type MgCr»04; Pc, rocksalt-type MgO periclase.

Figure 3. Rietveld refinements of CaTi,O4-type MgCr20;4 (a) and modified ludwigite-type Mg,Cr,0s (b). These
X-ray diffraction patterns were measured at atmospheric pressure and room temperature. Data points and solid
lines show the observed and the calculated profiles, respectively, and the residual curves between them are
shown at the bottom. Bragg peak positions are indicated by small ticks. The upper and lower ticks in Figure
3(a) are for CT-type MgCr,04 and corundum-type Cr2O3 (eskolaite), respectively. The ticks in Figure 3(b) are

for mLd-type Mg:Cr»Os. The refined crystal structure is shown in each profile.

Figure 4. (a) and (b) Crystal structure of CaTi;O4-type MgCr204 in b-c and a-c planes, respectively. (c)

Coordination environments of Mg and Cr. (d) Mg-O distances and coordination environment of Mg.

Figure 5. (a) and (b) Crystal structure of modified ludwigite-type Mg,Cr2Os in a-b and b-c planes, respectively.

(¢) Coordination environments for Mg and Cr in M1-M5 sites. Occupancies of Mg and Cr in each site of
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Results of high-pressure high-temperature experiments

719

Run no. Pressure Temperature Time *Phases
(GPa) ") (min)

34 13.9 1000 60 Sp

7 14.7 1000 120 Sp+Pc+Es

13 15.9 1000 120 Sp+Pc+Es

15 16.6 1000 120 Sp+Pc+Es

23 17.6 1000 120 mLd+Es

33 15.1 1100 60 mLd+Es

31 15.9 1100 120 mLd+Es
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8 13.0
4 14.7
9 15.9
6 16.6
2 23.0

1600

1600

1600

1600

1600

60

60

60

60

60

mLd+Es

mLd+Es

mLd+Es

CT+mLd(tr)+Es

CT

719

“Phases in the recovered samples.

Abbreviations: Sp, spinel-type MgCr04; mLd, modified ludwigite-type Mg,Cr;0s; Es, corundum-type Cr,Os

(escolaite) ; Pc, MgO periclase; CT, CaTiyOs-type MgCr;Qy; tr, trace.

Table 2

Chemical compositions of Spinel(Sp)-type MgCr204, CaTi;O4 (CT)-type MgCr204 and modified ludwigite

(mLd)-type Mg>Cr,0s.

“Sp-type MgCr,04 °CT-type MgCr,04  °mLd-type Mg, CrOs

MgO 20.85(28) 21.39(9) 34.75(21)

Cr0; 78.35(44) 78.83(78) 65.78(40)

Total 99.20 100.22 100.52

0 4 4 5

Mg 1.00(1) 1.01(1) 1.99(1)

Cr 2.00(1) 1.99(1) 2.00(1)

24
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i N 3.00(1) 3.01(1)

4.00(1)

“Starting material
bSa.mp]es used for synchrotron XRD measurements

Abbreviations: C.T., cation total

Table 3

Lattice parameters of CaTiO4 (CT)-type MgCr,0, and modified ludwigite (mLd)-type MgaCr2Os.

Phase CT-type MgCr;04 mLd-type Mg,Cr,05
Space group Cmem (no. 63) Pbam (no. 55)
a(B) 2.85107(2) 9.62894(7)
b (A) 9.48930(8) 12.4625(1)
c(A) 9.67853(8) 2.85644(2)
V(A% 261.849(4) 342.775(5)
Z 4 4
Vi (con’/mol) 39.421(1) 51.605(1)
D (g/em’) 4.878(1) 4.507(1)
25
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Structure parameters of CaTi,O4 (CT)-type MgCr,04 and modified ludwigite (mLd)-type Mg, Cr,Os.
Wyckoffsite  g(Mg) g (Cr) y z Uso (A%)
CT-type MgCr,Qy4
4c¢ 1.0 0.0 0.1090(2) 0.25 0.0148(4)
8f 0.0 1.0 0.3670(1) 0.0707(1) 0.0076(1)
4p 2 2 0 0 0.0033(2)
4¢ - - 0.4629(3) 0.25 0.0033(2)
8f - - 0.2676(2) 0.6134(1) 0.0033(2)
mLd-type MgyCr,Os
M1 2a 03 0.7 0 0 0 0.0067(3)
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M2 2d 0.9 0.1 0 0.5 0.5 0.0140(5)
M3 4g 0.2 0.8 0.0202(1) 0.2883(1) 0 0.0110(2)
M4 4h 0.2 0.8 0.2717(1) 0.3843(1) 0.5 0.0072(2)
M5 4g 1.0 0.0 0.2431(1) 0.1310(1) 0 0.0169(4)
0l 4h - - 0.1413(2) 0.03102) 0.5 0.0067(2)
02 4g - . 0.4049(2) 035142) 0 0.0050(2)
03 4h y . 0.4019(5) 0.14402) 0.5 0.0050(2)
04 4g - . 0.1335(3) 0.4287(2) 0 0.0050(2)
05 4h - - 0.1578(3) 0.2468(2) 0.5 0.0050(2)

The reliability indexes for the CT-type MgCr,Qy.
Rup=2.218%,R.=0.170%

CT-type MgCryO4: Rg = 2.777%, Rr = 1.598%
Corundum-type Cr203: Rg = 5.980%, Ry = 2.932%
The reliability indexes for the mLd-type MgyCryOs.
Ryp=1.982%, R. =0.163%

mLd-type MgxCr20s5: Rg = 3.294%, Ry = 4.337%

. {E:wcbt-fc(x)]"}if g = IRGR-IG! o SRl o ke ]W
e Zoweyf s T Ixlong) * OF Iulbolidl ' 7° oyt

where y;, w; and fi(x) are the intensity observed at step 7, the statistical weight and theory intensity, respectively.
Io(hx), I(hy), Fo(hx) and F(h) are the observed and calculated intensities and structure factors for reflection X,

respectively. N and P are number of all data points and refined parameters, respectively.
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g(M): site occupancy of M.

Table 5

Interatomic distances and angles in the structures of CaTiO4 (CT)-type MgCr,O4 and modified ludwigite

(mLd)-type Mg,Cr,0s.
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7

CT-type MgCr,04

Bond length (A)

Mg-02' x 2 1.989(2)
Mg-03" x 4 2.270(1)
Mg-01 x 2 2.631(1)
Average 2.290
e 4.93
BVS 1.90

Cr-03% x 2

Cr-02

Cr-03"

Cr—01" x 2

Average

e

28

1.958(1)

1.960(1)

2.016(2)

2.023(1)

1.990

5.95

Bond angles (%)

01" -Cr1- 03

02-Cr1-03"

Cr1"i-Q1-Cr1"ii

Cr1Yi—o1Yi—cv

Crl-02-Cr1"

Cr1*-03-Cr1*

172.4(1)

179.8(1)

89.58(4)

90.42(4)

124.7(1)

93.44(10)
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mLd-type Mg,Cr,0s

Bond length (A)

M1 site

MI1-01 = 4

MI1-02" x 2

Average

He

BVS

M4 site

M4-01 x 2

M4-02"

M4-04 x 2

M4-05

Average

e

BVS
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2.010(2)

2.066(3)

2.029

5.97

243

1.963(2)

2.011(3)

2.029(2)

2.035(3)

2.005

5.95

2.59

BVS

M2 site

M2-03* x 2

M2-04 x 4

Average

P,

BVS

M5 site

M5-01 % 2

M5-03 x 2

M5-05 %2

Average

He

BVS

2.94

2.028(3)

2.117(2)

2.088

5.91

2.07

2.099(2)

2.134(3)

2.190(3)

2.141

5.93

1.80

29

Cr1*-03-Cr1"

M3 site

M3-02% x 2

M3-03x2

M3-04

M3-05%

Average

M,

BVS

7/9
96.81(9)

2.012(2)

2.016(2)

2.062(3)

2.064(3)

2.030

297

242
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94

95

96

97

Bond angles (°)
01-M1-01"
01-M1-02"
04-M2-04*
03*~M2-04*"
03*-M3-05""
04-M3-02*
02-M4—-04™"

01¥-M4-05
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90.6(1) M3™-02vi-MIM  121.2(2) M3*-03-M3"*"
97.32(7) M1-01-M1*" 90.6(1) M3-05-M3""
84.85(8) M4-02-M1* 95.85(3) M4*"-04-M3

84.92(8) MI1M-01-M4*  96.15(5) M3¥-05-M4

169.29(9)  M2-04-M2"" 84.9(1) M4"1-02-M3*
179.4(2) M3-04-M2"" 92.0(1) M4-02-M4""
176.12(1)  M3™-03-M2"* 96.2(1) M4-04-M4"!

172.0(2) M4"-04-M2"" 92.16(3)

719

90.5(1)

90.2(2)

96.64(5)

97.95(5)

121.85(4)

93.4(1)

89.5(1)

Symmetry codes: (i) 1/2+x, y=1/2, z. (ii) —1/2—x, 1/2-y, 1-z. (iii) 1/2—x, 1/2=yp, z-1/2. (iv) x, y, 1/2-z. (v) 1/2+x,
1/2+y, z. (vi) x=1/2, 1/2+y, z. (vii) 1/2—x, 1/2-y, —z. (viil) ~x—1/2, 1/2=y, —z. (ix) 1/2-x, 1/2-y, 1/2+z. (x)
—x=1/2, 112=y, 124z, (xi) 1/2+x, 1/2+y, 1/2—z. (xii) x, y, z+]. (xiii) —x, =y, 1/2+z. (xiv) 1/2+x, y—1/2, 1/2-z. (xv)

1/2—x, 1/2—y, 3/2+z.

n.. effective coordination number

BVS: bond valence sum value

30
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