
American Mineralogist, Volume 86, pages 1267–1274, 2001

0003-004X/01/0010–1267$05.00      1267

INTRODUCTION

Enstatitic low-Ca pyroxene is the second most important
phase in the Earth’s upper mantle. Knowledge of stability fields
and phase transitions that occur under conditions prevailing in
the upper mantle are essential for the determination of the stable
mineral assemblages that form under variable P-T conditions
in the upper mantle. This in turn has profound impact on pro-
cesses such as subduction, partial melting, or the occurrence of
seismic discontinuities. The occurrence of several polymorphs
of MgSiO3 at mantle conditions has been demonstrated experi-
mentally and confirmed from natural samples. Clinoenstatite
in high-pressure ultramafic rocks has been described from Aus-
tralia and the Alps (e.g., Trommsdorff and Wenk 1968; Bozhilov
et al. 1999). The phase transition of clinoenstatite has been
determined at low pressures (Grover 1972), up to 4 GPa (Boyd
and England 1965) and from 2 to 12 GPa (Sclar et al. 1964)
and consistently give relatively steep P-T slopes between 0.022
(Grover 1972) and 0.0385 GPa/K (Boyd and England 1965).
From previous studies (Morimoto et al. 1960) it can be inferred
that the lower pressure experiments (up to 4 GPa) produced a
clinopyroxene with space group P21/c. The more recent ex-
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ABSTRACT

The phase boundaries limiting the stability fields of the three different Mg(Fe)SiO3 phases
[orthoenstatite (Oen), low-temperature clinoenstatite (LCen), and high-pressure clinoenstatite (HCen)]
that occur at the pressure-temperature conditions prevailing in the Earth’s upper mantle are inferred
from Raman spectroscopy on quenched samples from high P-T experiments. There are subtle but
significant differences between the spectra of Oen and the spectra of samples quenched within the
stability field of HCen or LCen. The most prominent differences are additional peaks at 369 and 431
cm–1 in the spectrum of Cen and a systematic shift of the peak at 236 cm–1 in the Oen spectrum to 243
cm–1 in the Cen spectrum. However, no distinction can be made between samples quenched from the
HCen and LCen stability fields. This is consistent with the fact that the HCen phase is non-quench-
able and that the pyroxene phase observed in the experimental products is LCen as verified by pow-
der X-ray diffraction.

Experiments performed in the pressure-temperature range 1.2–14 GPa and 750–1900 K have
been used to constrain the Mg(Fe)SiO3 phase diagram. Pyroxene compositions cover the range from
pure MgSiO3 to Mg0.9Fe0.1SiO3 with minor amounts of Al, Ca, Na, and Cr. The results are similar to
previous determinations from X-ray and optical studies and tightly constrain the HCen–Oen phase
boundary, which can be expressed by the equation P (GPa) = 0.00454 T (K) + 1.673. The LCen–Oen
boundary is not as well constrained, but the data are sufficient to locate the invariant point where all
three MgSiO3 phases coexist at 6.6 GPa and 820 °C.

perimental results of Yamamoto and Akimoto (1977) and Pacalo
and Gasparik (1990) at pressures exceeding 5 GPa constrain
the phase boundary between clinoenstatite and orthoenstatite
to much higher temperatures at high pressures and give flat
slopes of 0.0044 and 0.0031 GPa/K, respectively. Chopelas and
Boehler (1992) and Angel et al. (1992) performed in situ single
crystal Raman spectroscopy and X-ray experiments on MgSiO3

pyroxenes in a diamond anvil cell up to 17 and 8 GPa respec-
tively. They observed a first order non-quenchable phase tran-
sition from low–pressure orthoenstatite or P21/c clinoenstatite
(LCen) to a high-pressure clinoenstatite with space group C2/c
(HCen), the same as Ca-rich diopsidic clinopyroxenes. Similar
phase relations with a low pressure P21/c and a high pressure
C2/c clinopyroxene were documented for systems that con-
tained Mn2+ and Cr2+ in addition to Mg (Arlt et al. 1998, 2000).
Angel et al. (1992) and Angel and Hugh-Jones (1994) proposed
a phase diagram for MgSiO3 pyroxenes (summarized in Fig. 1)
that is based on available experimental data on MgSiO3 com-
positions cited above plus additional experimental constraints
(Khodyrev and Agoshkov 1986; Wunder and Schreyer 1992,
1997; Luth 1995). For comparison, the orthoferrosilite (Ofs)/
high-pressure clinoferrosilite (HCfs) boundary determined by
Woodland and Angel (1997) is also shown on Figure 1.

The determination of the phase diagram is based on two
different sets of experimental data: (1) Powder X-ray diffrac-
tion and optical studies performed on quenched samples from


