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Stability field of the high-temperature orthorhombic phase in the enstatite-diopside system
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AbStrAct

This research investigated the phase transition between low- and high-temperature orthopyroxenes 
with composition (Ca0.06Mg1.94)Si2O6 using differential scanning calorimetry experiments and in situ 
high-temperature X-ray diffraction. The transition enthalpy, temperature, volume change, and slope 
were estimated to be 6.2 kJ/mol, 1170 °C, 10.25 Å3/unit cell, and 0.0056 GPa/°C, respectively. The 
phase boundary between low- and high-temperature orthopyroxene was defined as P (GPa) = 0.0056T 
(°C) – 6.55. This relationship shows that the invariant point for four-phase equilibria (protoenstatite + 
high-temperature orthopyroxene + pigeonite + diopside) is approximately 1240–1280 °C and 0.1–0.2 
GPa, rather than the equivalent system involving low-temperature orthopyroxene as described in previ-
ous studies. We developed phase diagrams for Mg2Si2O6 and the Mg2Si2O6-CaMgSi2O6 system taking 
into account the results of previous synthetic experiments and the phase boundary that we determined 
between low- and high-temperature orthopyroxene. The developed phase diagrams for Mg2Si2O6 
showed that high-temperature orthoenstatite is more stable than protoenstatite at pressure above ~0.8 
GPa, and that the boundary between high-temperature orthoenstatite and protoenstatite has a gentle 
negative slope. As pressure is increased from 1 atm to about 0.2 GPa, the lower temperature limit of 
stability of high-temperature orthopyroxene decreases from ~1370 to ~1200 °C. Above 0.9 GPa, the 
stability field of protoenstatite disappears and high-temperature Ca-free orthopyroxene is stable. On 
the basis of these results, it is suggested that further high-resolution analyses of the thermodynamics 
of the enstatite-diopside system at high temperatures and high pressures are required.
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introduction

Orthoenstatite, Mg2Si2O6, is a major constituent of the Earth’s 
crust and upper mantle. Phase relationships in the enstatite-diop-
side (En-Di, Mg2Si2O6-CaMgSi2O6) system have been established 
in many studies (e.g., Boyd and Schairer 1964; Kushiro 1972; 
Yang and Foster 1972; Yang 1973) by showing the presence of 
four stable pyroxene polymorphs: orthorhombic phases of pro-
toenstatite (Pen) and orthoenstatite (Oen), and monoclinic phases 
of pigeonite (Pig) and Di. In the En-Di system at atmospheric 
pressure, Di coexists with a succession of low-Ca pyroxene 
solid solutions across a wide miscibility gap, first with Oen at 
low temperatures, then with Pen at intermediate temperatures, 
and finally with Pig at high temperatures.

After the discovery by Foster and Lin (1975) of a stabil-
ity field for a Ca-poor orthorhombic pyroxene (Ca-Opx) near 
1400 °C, many researchers investigated this phase (Longhi and 

Boudreau 1980; Jenner and Green 1983; Biggar 1985; Carlson 
1985, 1986a, 1986b, 1988). At room temperature, this form of 
Ca-Opx gives the same crystallographic diffraction pattern as 
that of Ca-free Oen and has, therefore, been regarded as identical 
to Ca-free Oen, which is stable below 1000 °C. However, the 
schematic P-T projection of binary univariant (three-pyroxene) 
equilibria required strong dP/dT curvature along Oen = Pen + Di 
and Pen + Pig = Oen reactions for the Ca-Opx near 1400 °C to be 
equivalent to Ca-free Oen. High-pressure synthetic experiments 
on the En-Di system by Anastasiou and Seifert (1972) and Chen 
and Presnall (1975) showed strong dP/dT curvature along the 
Oen = Pen reaction in a phase diagram for Mg2Si2O6. To derive 
a thermodynamic model that is consistent with synthetic experi-
ments, Gasparik (1990) found pressure-dependent parameters 
that would produce strong dP/dT curvatures along the Oen = 
Pen, Oen = Pen + Di, and Pen + Pig = Oen reactions. However, 
such curvatures along these solid-solid reactions require unusual 
thermodynamic properties for Ca-Opx near 1400 °C.
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