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INTRODUCTION

Orthopyroxene, (Mg,Fe)2Si2O6, is an abundant mineral in 
mafic rocks of Earthʼs crust and upper mantle. Although the 
existence of several Mg2Si2O6 polymorphs has been demonstrated 
from both laboratory experiments and natural occurrences, or-
thoenstatite (OEN, space group Pbca) is by far the most abundant 
(Deer et al. 1978). Low-clinoenstatite (LCE, P21/c) is rare in 
terrestrial rocks, being found in meteorites, in unusual volcanic 
rocks (Komatsu 1980; Shimbayashi and Kitamura 1991), and as 
fine scale intergrowths in OEN of igneous and metamorphic rocks 
(Bozhilov et al. 1999; Busek and Iijima 1975). High-pressure 
clinoenstatite (HPCE, C2/c) (Ross and Reynard 1999; Angel et 
al. 1992; Ulmer and Stalder 2001) is a non-quenchable high-
pressure polymorph. Protoenstatite (PEN, Pbcn) (e.g., Jiang 
et al. 2002) and high-temperature clinoenstatite (HTCE, C2/c) 
(e.g., Shimobayashi and Kitamura 1993) have been reported as 
high-temperature (1 atm) polymorphs of Mg2Si2O6, the latter 
being non-quenchable.  

The high-temperature 1 atm phase relations of Mg2Si2O6-py-
roxene polymorphs are uncertain. Shimobayashi and Kitamura 
(1993) showed by high-temperature TEM analyses that OEN 
transforms to HTCE above ~1200 °C (1 atm), finding no evidence 
for PEN. However, several reports concluded that at 1 atm PEN 
is the only stable phase between ~1000 °C and the incongruent 
melting point of 1557 °C (e.g., Boyd et al. 1964; Murakami et 
al. 1982; Schrader et al. 1990; Boysen et al. 1991; Biggar 1992; 
Thiéblot et al. 1999; Jiang et al. 2002). These results are sup-
ported by molecular dynamics simulations (Matsui and Price 
1992) and lattice dynamics calculations (Choudhury and Chaplot 
2000; Choudhury et al. 1998), which suggest that OEN trans-
forms to PEN, not HTCE, at high temperatures. Some studies 
indicate that both HTCE and PEN have high-temperature stabil-
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ABSTRACT

Single-crystal Brillouin scattering measurements on natural orthoenstatite [OEN] to 1350 °C at 1 atm 
show significant softening of the elastic moduli C33 and C55 ahead of a phase transition. To our knowl-
edge, these are the first observations of acoustic mode-softening in orthoenstatite at high temperature 
and room pressure and could have important implications for Earth's mantle. The phase transition is 
rapid and shows some hysteresis in the observed transition temperature, Ttr. Experiments performed 
on increasing and decreasing temperature bracket the transition temperature between 1090(10) °C ≤ 
Ttr ≤ 1175(10) °C, and pronounced acoustic mode-softening is evident at temperatures above 900 °C. 
Backscattering measurements to T = 1350 °C show no evidence for additional transitions. OEN was 
recovered at room temperature. Our results are interpreted in terms of elastic softening ahead of a 
displacive phase transition. Before the displacive transition can occur, however, the elastic softening 
appears to trigger the observed reconstructive transition to the more-stable protoenstatite (or high 
clinoenstatite) structure. We suggest that the displacive phase transition would lead to a previously 
unreported pyroxene structure with Cmca symmetry. 

ity fields (Ernst and Schwab 1970; Iishi and Kitayama 1995). 
Intermediate phases also have been described near the transi-
tion (e.g., Schrader et al. 1990). Furthermore, the temperatures 
reported for the transition of OEN to a high-temperature phase 
ranges from 950 °C (Smyth 1971) to 1230 °C (Shimobayashi 
and Kitamura 1993). The conflicting results on the stabilities 
of the enstatite polymorphs have been explained by variations 
in sample chemistry (sometimes induced by fluxes), grain size, 
thermal history, microstructures, as well as the difficulty of ac-
curately identifying different polymorphs by X-ray diffraction 
(XRD) (e.g., Sarver and Hummel 1962; Brown and Smith 1963; 
Sueno and Prewitt 1963). Regardless of which high-temperature 
polymorph is observed, the transition has been reported to be 
sluggish and partially reconstructive, requiring the breakage of 
Mg-O bonds (e.g., Smyth 1974a). 

In the present study, we measured the acoustic properties 
of natural OEN in the temperature range from 20 to 1350 °C 
at 1 atm in an attempt to clarify the mechanism and transition 
temperature of OEN to a higher-temperature polymorph. Elastic 
softening was observed in OEN, and we propose that it can be 
understood in terms of strain coupling to the order parameter for 
a displacive phase transition to a new orthopyroxene structure 
with space group Cmca. Most unusually, this softening seems to 
trigger the observed reconstructive transition to the equilibrium 
high-temperature structure.

EXPERIMENTAL PROCEDURES

Colorless, euhedral single crystals of orthoenstatite from Zabargad Island, 
Egypt were used in this study (Kurat et al. 1993). The simplified chemical formula, 
as determined from electron microprobe analyses, is: (Mg0.994Fe0.002Al0.004)2(Si0.996 

Al0.004)2O6 (Jackson et al. 2003). Polarized IR spectral analyses of OEN from the 
same bulk sample indicates the presence of 70 ppm OH- by weight (Skogby et al. 
1990). Independent high-temperature (1 atm) Brillouin experiments were conducted 
with two scattering geometries: 80° symmetric scattering (platelet geometry), and 
180° backscattering geometry. In the symmetric scattering geometry, sound veloci-
ties are obtained directly, whereas backscattering experiments yield the product of 


