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INTRODUCTION

Enstatite is one of the major constituent minerals in the
Earth’s crust and the upper mantle. Enstatite of pure MgSiO3

composition is reported to have five polymorphs, orthoenstatite
with space group Pbca (Morimoto and Koto 1969),
protoenstatite with Pbcn (Atlas 1952; Brown and Smith 1963;
Smyth 1971; Chen and Presnall 1975; Yang and Ghose 1995),
low clinoenstatite with P21/c (Morimoto et al. 1960), high-tem-
perature (high-T) clinoenstatite with C2/c (Smith 1969;
Sadanaga and Okamura 1971; Gasparik 1990; Shimobayashi
and Kitamura 1991, 1993; Iishi and Kitayama 1995), and high-
pressure (high-P) clinoenstatite with C2/c (Pacalo and Gasparik
1990; Angel et al. 1992). Protoenstatite is reported to be a stable
phase above ~1273 K at atmospheric pressure, but below that
temperature, orthoenstatite is considered to be stable (Brown
and Smith 1963; Boyd and Schairer 1964; Smyth 1974). The
stability field of low clinoenstatite was studied by Sclar et al.
(1964) using belt type apparatus, and by Boyd and England
(1965) using piston cylinder apparatus. These authors reported
that low clinoenstatite is stable at temperatures below ~900 K.

In situ X-ray diffraction study of enstatite up to 12 GPa and 1473 K and equations of state
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ABSTRACT

Crystal structures and phase transitions of enstatite (MgSiO3) were studied by in situ X-ray dif-
fraction experiments using synchrotron radiation and a multi-anvil high-pressure apparatus at pres-
sures to 12 GPa and temperatures to 1473 K. Low clinoenstatite with space group P21/c transforms to
high-pressure C2/c clinoenstatite at high pressures and high temperatures, accompanied by a volume
reduction of about 2.5%. The β angle of this high-pressure C2/c phase ranges from 101.4° to 101.7°,
shows almost no variation with pressure and temperature, and is about 8° smaller than that of the
high-temperature C2/c phase previously reported. This confirms the suggestion (Hugh-Jones et al.
1994) that these two clinoenstatite phases differ at high pressures and high temperatures. The pres-
sure-volume-temperature data for P21/c and high pressure C2/c clinoenstatite were fit to room-tem-
perature third-order Birch-Murnahan equations of state (EOS) using the parameters: volume of V0 =
415.4 (5) Å3, isothermal bulk modulus of K0 = 108.5 (6.4) GPa, and its pressure derivative of K0' = 4.5
(1.3) for the P21/c phase, and V0 = 405.1 (1.7) Å3, K0 = 106.4 (17.4) GPa, and K0' = 5.4 (2.7) for the C2/
c phase. These values are at ambient conditions. For the C2/c phase, we determined the high-tem-
perature EOS, expressed as P = 3/2 KT [(VT/V )7/3–(VT/V )5/3]{1–3/4 (4–KT')[(VT/V )2/3–1]}, where KT =
K0 + (∂KT/∂T )P (T–300), KT' = K0', VT = V0 [exp(∫

300

T

α(T)dT)], where thermal expansivity α(T) is a0 + a1 T.
The parameters are V0 = 405.0 (2.6) Å3, K0 = 106.9 (25.9) GPa, K0' = 5.3 (3.9), a0 = 2.01 (44) × 10–5 K–1,
a1 = 2.10 (1.1) × 10–8 K–2, and (∂KT/∂T )P = –0.021 (10) GPa/K. Although the K0 values are nearly the
same with those of previous studies for both the P21/c and C2/c phases, the K0' values are slightly
smaller.

In contrast, deformation experiments of orthoenstatite showed
that shear stress affects the orthoenstatite–low clinoenstatite
inversion boundary, suggesting the possibility that low
clinoenstatite has no stability field under hydrostatic condi-
tions (Riecker and Rooney 1967; Munoz 1968; Coe 1970; Ra-
leigh and Kirby 1971). The subsequent study by Grover (1972)
through hydrothermal runs using MgCl2·H2O flux at pressures
up to 4 kbar, reports that low clinoenstatite is stable below 839
K at atmospheric pressure. However, the precise trajectory of
the phase boundary between orthoenstatite and low
clinoenstatite in P-T space is unclear.

Hydrostatic high-pressure experiments using a multi-anvil
cell (MAC) high-pressure apparatus have shown that
clinoenstatite has a stability field under high pressure and high
temperature (Yamamoto and Akimoto 1977; Pacalo and
Gasparik 1990; Kanzaki 1991). Subsequent high-pressure in
situ single-crystal X-ray diffraction experiments at room tem-
perature using a diamond anvil cell (DAC) have shown that
P21/c low clinoenstatite transforms between 6.98 GPa and 7.93
GPa upon compression to non-quenchable high-P clinoenstatite
with space group C2/c (Angel et al. 1992). This high-P C2/c
phase is also reported at pressures above 5 GPa and at room
temperature by Raman spectra (Chopelas and Boehler 1992)
and the single crystal compression study of ferrosilite (FeSiO3)
using a DAC (Hugh-Jones et al. 1994). However, there had
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