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AbStrAct

High-temperature synchrotron X-ray powder diffraction experiments for the composition of 
(Ca0.06Mg1.94)Si2O6 have been carried out in the present study to clarify whether orthopyroxene has a 
transition between low- and high-temperature phases. Our results show that discontinuous changes of 
unit-cell dimensions and volume occur at 1170 °C during both heating and cooling processes and that 
the space group of Pbca does not change during this reversible phase transition. These facts indicate 
a first-order and isosymmetric phase transition. This high-temperature phase is thermodynamically 
distinct from the low-temperature phase, i.e., orthoenstatite in the Mg-rich portion of Mg2Si2O6-
CaMgSi2O6 phase diagram, although they have the same space group.
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iNtroductioN

Phase relations and polymorphism of pyroxene, a major 
constituent of the Earth’s crust and upper mantle, and of mete-
orites, have been extensively used in geothermometers. Early 
studies of phase relationships in the Mg2Si2O6-CaMgSi2O6 system 
established four stable polymorphs of pyroxene: protoenstatite 
(Pen) and orthoenstatite (Oen) are orthorhombic phases, and 
pigeonite (Pig) and diopside (Di) are monoclinic phases (Kushiro 
1972; Yang and Foster 1972). Since the 1970s, the composition 
of orthopyroxene coexisting with diopside or other phases of 
pyroxene has been used as a popular geothermometer (Wood 
and Banno 1973; Wells 1977). 

A new stability field for a Ca-bearing orthorhombic pyroxene 
(Ca-Opx) was found by Foster and Lin (1975) and Longhi and 
Boudreau (1980) reported that the stability field of this phase 
was between those of Pen and Pig at around 1400 °C (Fig. 1). 
This new orthorhombic phase gives the same crystallographic 
diffraction pattern as Oen at room temperature and has therefore 
been regarded as identical to Oen. On the other hand, if Ca-Opx 
is equivalent to Oen, unusual thermodynamic properties for the 
orthopyroxene are required to explain the appearance of one 
phase in two separate regions of the phase diagram (Jenner and 
Green 1983; Biggar 1985; Carlson 1985, 1988; Carlson et al. 
1988; Gasparik 1990). This means that the thermodynamic prop-
erties of orthopyroxene commonly assumed in the construction 
of geothermometers must be reconsidered.

However, two hypotheses have been proposed that refute 
the need to postulate these unusual thermodynamic properties. 
One proposal is the modification of the phase diagram of Figure 
1 (Huebner 1980; Jenner and Green 1983; Biggar 1985). The 
other proposal is that Ca-Opx is a different phase from Oen 
(Carlson 1985, 1988), although no evidence to support this has 
been found (Carlson et al. 1988). In spite of discussion of this 
issue over a period of 30 years, neither of the two proposals has 
been unequivocally refuted.

In recent years, two types of phase transition of Oen to 
high-temperature orthorhombic phases have been independently 
reported (Jackson et al. 2004; Miyake et al. 2004). Jackson et 
al. (2004) performed single-crystal Brillouin scattering mea-
surements on natural Oen and revealed a transition to a new 
orthopyroxene structure whose space group is suggested to be 
Cmca, although there is no other direct evidence for this space 
group. They inferred that a phase transition to this structure could 
take place if the transition to Pbcn did not take place.

Molecular dynamics simulation by Miyake et al. (2004) re-
vealed an isosymmetric transition from Oen to high-temperature 
orthoenstatite (HT-Oen) with the same Pbca space group. It was 
also suggested that HT-Oen might be equivalent to Ca-Opx, and 
therefore represents a different phase from Oen.

The purpose of our study was to observe in situ the phase 
transition of Ca-Opx by using a high-temperature synchrotron 
X-ray powder diffraction method and thereby clarify whether 
a phase transition exists, and if so, identify the space group of 
HT-Opx, and determine the nature of the phase transition.* E-mail: shugo-ohi@kueps.kyoto-u.ac.jp


