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Abstract
Single-crystal X‑ray structure refinements have been carried out on natural Fe-bearing orthoenstatite (OEN) at pressures up to 14.53 GPa. We report a new high-pressure phase transition from OEN
to a monoclinic phase (HPCEN2) with space group P21/c, with a density change of ∼1.9(3)%. The
HPCEN2 phase is crystallographically different from low-pressure clinoenstatite (LPCEN), which also
has P21/c symmetry. Upon release of pressure HPCEN2 reverts to OEN, and the transition pressure is
bracketed between 9.96 and 14.26 GPa at room temperature. We find no evidence for a C2/c phase at
high pressure. The lattice constants for the new phase at 14.26 GPa are a = 17.87(2), b = 8.526(9), c =
4.9485(10) Å, β = 92.88(4)° [ρ = 3.658(9) g/cm3]. Refinement of the new structure indicates rotation
of tetrahedral chain as the key characteristic of this transition. This experiment points to the possibility
of OEN and HPCEN2 as the stable phases in Earth’s upper mantle.
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Introduction
Mg-rich, Fe-bearing pyroxene with approximate composition
(Mg,Fe)SiO3 is widely believed to be the second most abundant
mineral in Earth’s upper mantle. Previous experiments suggest
that three polymorphs of (Mg,Fe)SiO3 are potentially stable under
upper mantle conditions: orthoenstatite (OEN) with space group
Pbca (Morimoto and Koto 1969), low-pressure clinoenstatite
(LPCEN) with space group P21/c (Morimoto et al. 1960), and
high-pressure clinoenstatite (HPCEN) with space group C2/c
(Angel et al. 1992). At high temperature and pressure, OEN is
thought to transform to HPCEN between 6–9 GPa, depending
on the temperature (Pacalo and Gasparik 1990; Kanzaki 1991;
Ulmer and Stadler 2001). HPCEN cannot be quenched to ambient
conditions, but transforms to LPCEN (Angel et al. 1992; Kung et
al. 2004), which is considered to be the thermodynamically stable
phase of (Mg,Fe)SiO3 at low pressures and T < 600 °C (Grover
1972). The phase transition from HPCEN→LPCEN occurs at
∼8 GPa for MgSiO3 composition (Angel et al. 1992; Shinmei et
al. 1999) and was proposed as a possible explanation for the X
discontinuity in deeper part of the uppermost mantle (Woodland
1998; Akashi et al. 2009; Deuss and Woodhouse 2004).
There are several reasons to question the stability of LPCEN
and its relevance as a major phase in the crust and upper mantle.
The geologic record gives a significant clue, in that natural
occurrences of LPCEN are rare, whereas orthopyroxene is a
common rock-forming mineral in igneous and metamorphic
environments (Anthony et al.). LPCEN forms only under special
conditions both in the lab and natural environments, such as
rapid quench from high temperature (Smyth 1974; Crawford
1980), under large shear stresses (Coe and Kirby 1975; Frost et
al. 1978), in the presence of fluxes or an H2O-rich environment
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(Grover 1972; Ulmer and Stadler 2001; Shiraki et al. 1980; Ito
1975; Grandin de L’Eprevier and Ito 1983), or from synthetic
samples that contain flux impurities, which may, quite possibly,
stabilize the LPCEN structure (Angel et al. 1992; Chopelas
1999; Jacobsen et al. 2010). Moreover, most experiments to
date have been performed on Fe-free OEN, whereas the phase
relations of natural Fe-Al-Ca-bearing OEN could be different
(Angel et al. 1992; Chopelas 1999; Shinmei et al. 1999; Kung
et al. 2004; Akashi et al. 2009). The stable form of natural Mgrich pyroxene under near-surface conditions is thus far from
certain. In this paper, we reinvestigate the low-temperature
high-pressure phase diagram of (Mg,Fe)SiO3, in particular the
stability of LPCEN and HPCEN.

Experimental methods
In situ single-crystal X‑ray diffraction (XRD) experiments were carried out
at GeoSoilEnviroCARS (GESCARS, Sector13) experimental station 13IDD of
the Advanced Photon Source (APS), Argonne National Laboratory (ANL), using
natural single-crystal samples of OEN.
Pre-oriented high-quality San Carlos OEN single crystals with chemical
composition of (Mg1.74Fe0.16Al0.05Ca0.04Cr0.01)(Si1.94Al0.06)O6 (by EMPA analysis), and
lattice parameters of a = 18.268(9), b = 8.821(4), c = 5.197(2) Å [ρ0 = 3.288(4)
g/cm3], were polished into plate-like samples (∼30 µm thickness) with two different
orientations that were determined by single-crystal X‑ray diffraction.
All high-pressure experiments were performed with a modified 3-pin MerrillBassett-style cell with a 90° conical aperture, which provides ±18° diffractive X‑ray
aperture. Rhenium or stainless steel metal gaskets with an initial thickness of 250
µm were pre-indented to 60 µm using 400 µm culet diamond anvils. A 235 µm
diameter hole in the gasket formed the sample chamber. Two plate-like samples
(maximum ∼40–50 µm size) with orientations of (010) and (522), and several
ruby balls were loaded together in the diamond-anvil cell (DAC) sample chamber.
Neon was loaded as a pressure medium to minimize the differential stress using
the GSECARS/COMPRES gas loading system (Rivers et al. 2008). Pressure was
determined from ruby fluorescence (Mao et al. 1986).
A monochromatic beam with incident energy of 37 keV was focused by a pair of
Kirkpatric-Baez mirrors to a spot size of 3 × 5 µm. XRD images were collected using
a MAR165 charge coupled device (CCD) detector, placed at a sample-to-detector

