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The effect of Ca substitution on the elastic and structural behavior of orthoenstatite
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ABSTRACT
A single crystal of orthopyroxene with composition Ca0.07Mg1.93Si2O6 (space group Pbca) has been
investigated at high pressure and room temperature by in-situ X-ray diffraction using a diamond anvil
cell. The unit-cell parameters have been determined at ten different pressures up to 10.16(5) GPa.
In the pressure range investigated no evidences of phase transitions have been found. The pressurevolume data have been Þtted with a third-order Birch-Murnaghan equation of state resulting in the
following parameters: V0 = 838.26(8) Å3, KT0 = 110(1) GPa, K' = 6.6(4). The Ca substitution in the
pure orthoenstatite Mg2Si2O6 structure causes a slight increase in KT0 and a decrease in K'. The compressibility of a, b, and c unit-cell parameters is strongly anisotropic with a compressibility scheme
βb >> βc >> βa. The structure evolution as a function of pressure has been determined at Þve different
pressures up to 6.25(5) GPa. The M2 polyhedron undergoes the largest volume variation (~7.7%),
whereas the volume variation of M1 is ~6.1%. The TA and TB tetrahedral volumes decrease by about
3% and 1.2%, respectively, without a discontinuity in the pressure range investigated.
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INTRODUCTION
Orthopyroxenes, and in particular the pure end-member
orthoenstatite (Oen, Mg2Si2O6, space group Pbca), are among
the most studied silicates in Earth Sciences. Such interest is
due to their abundance into the Earth’s lower crust and upper
mantle. They are also among the most abundant phases present
in volcanic rocks and in meteorites as mesosiderites (Ganguly
et al. 1994), lodranites, acapulocites, diogenites, howardites,
ureilites, and shergottites (Molin et al. 1994; Zema et al. 1996,
1997; Domeneghetti et al. 2000; Goodrich et al. 2001; Goodrich
2003). Knowledge of their thermodynamic properties allows us
to determine accurately the temperature and pressure conditions
at which these minerals are formed and to constrain the formation
conditions of important rock assemblages in the Earth’s deep
interior. The crystal chemistry of more than 200 natural orthopyroxenes has been determined by Domeneghetti et al. (1995a)
who obtained linear equations that allow the prediction of cell
parameters and interatomic distances for any orthopyroxene,
starting from its chemical formula. Several studies of the crystal
chemistry and elastic properties at room conditions have been
performed on pure orthoenstatite (Morimoto and Koto 1969;
Hawthorne and Ito 1977; Weidner et al. 1978; Ohashi 1984;
Yang and Ghose 1995a; Duffy and Vaughan 1998; Jackson et al.
1999) and along the join Mg2Si2O6–Fe2Si2O6 (orthoferrosilite),
since Fe2+/Mg is the major cation substitution occurring in orthopyroxenes (Bass and Weidner 1984; Domeneghetti and Steffen
1992; Skogby et al. 1992; Yang and Ghose 1995b). Numerous
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investigations along this join have also been carried out both at
high-pressure (Frisillo and Barsch 1972; Ito et al. 1977; Weidner
et al. 1978; Ralph and Ghose 1980; Webb and Jackson 1993;
Angel and Hugh-Jones 1994; Hugh-Jones et al. 1997; Woodland
1998; Chai et al. 1997; Flesch et al. 1998; Jackson et al. 1999;
Angel and Jackson 2002; Lin 2003; Kung et al. 2004) and at high
temperature (Chopelas and Boehler 1992; Yang and Ghose 1994;
Zhao et al. 1995; Hugh-Jones 1997; Chopelas 2000; Jackson et al.
2001, 2004). The elasticity and equation of state (EoS) of orthopyroxenes have been the subject of controversy for the last few
decades. In a recent study, Angel and Jackson (2002) addressed
the discrepancies among EoS parameters previously reported
for orthoenstatite. They re-analyzed published measurements of
compression and elasticity of Oen, and showed that the revised
room pressure bulk modulus (KT0) and its pressure derivative
(K') are indeed consistent with one another as well as with new
single-crystal compression data presented in the same paper.
The best estimates of KT0 = 105.8(5) GPa and of K' = 8.5(3),
using a third-order Birch-Murnhagan (BM3; Birch 1947) EoS,
conÞrm that orthoenstatite (and very likely also orthoferrosilite;
Hugh-Jones et al. 1997) has an “anomalously” high value of K'
at room temperature. It appears, therefore, that Fe2+ substitution
has little effect on the compressibility of orthoenstatite (HughJones et al. 1997). However, some investigations indicate that the
Fe2+ substitution has an effect on the elasticity of orthoenstatite
(Bass and Weidner 1984; Duffy and Vaughan 1988; Jackson et
al. 1999), although the effect seems to be more pronounced for
shear elasticity and there is some debate concerning its effect
on the bulk modulus (Jackson et al. 1999).
Natural orthopyroxenes, however, seem to behave differently, probably due to the presence of other cations, like Al or
Ca, which may play a crucial role in determining the elastic and
compressional behavior of these minerals. A few studies have

