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aBStract

Raman spectroscopy has been employed to investigate possible compositional effects on the 
high-pressure phase transition of Mg-rich orthoenstatite to a newly discovered P21/c phase. Three 
natural orthoenstatite (OEN) samples were used in this study: near end-member Mg orthoenstatite 
(Zabargad Island, Egypt), Al-free, Fe-bearing orthoenstatite (Morogoro, Tanzania) and Al-rich,  
Fe,Ca-bearing orthoenstatite (Kilbourne Hole, New Mexico). Experiments were carried out at room 
temperature. For all samples, the high-pressure phase transition is characterized by a splitting of the 
660–680 cm–1 doublet in the Raman spectrum into a triplet, with a corresponding change of peak 
intensities. These spectral changes are caused by the lowered symmetry of the high-pressure phase, 
as indicated by structural refinement from single-crystal X-ray diffraction results. The high-pressure 
phase of all samples appears to have space group P21/c. No evidence for a C2/c phase was observed. 
Our results indicate that upon compression, the presence of 10 mol% Fe decreases the onset pres-
sure of formation of the high-pressure P21/c phase by about 1 GPa. Results for the Kilbourne Hole 
OEN show that upon compression, a combined enrichment of Al and Ca contents increases the onset 
pressure of formation of high-pressure clinoesntatite (HPCEN2) by over 3 GPa relative to Tanzania 
OEN. Upon decompression, all samples revert to single crystals of the orthoenstatite starting phase. 
Our measurements suggest that orthoenstatite is the prevalent phase of Mg-rich pyroxene throughout 
the uppermost mantle, whereas the newly discovered P21/c phase might be present near the bottom 
of uppermost mantle, slightly shallower than the top of the transition zone.
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introduction

Mg-rich, Fe-bearing pyroxene with approximate composition 
(Mg,Fe)SiO3 is one of the major minerals in Earth’s uppermost 
mantle. Four 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), high-pressure clinoenstatite (HPCEN) with space group 
C2/c (Angel et al. 1992), and a newly discovered high-pressure 
monoclinic polymorph (HPCEN2) also with space group P21/c 
(Zhang et al. 2012). Although the equilibrium stability fields for 
these four polymorphs have not yet been firmly established, the 
discovery of the new P21/c structure has potentially important 
implications for the phase relations in the (Mg,Fe)SiO3 system 
and for upper mantle mineralogy.

Experimentally determined pressures for the transition from 
OEN to the high-pressure polymorph HPCEN2 span a wide range 
for different experiments using different samples with different 
techniques. For example, Raman spectroscopy on synthetic 
flux-grown MgSiO3 (containing minor amounts of Li, Mo, V), 
compressed in a diamond-anvil cell (DAC), indicates a transition 
pressure of between 6.1 and 12.0 GPa in an argon pressure-trans-
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mitting medium (Chopelas 1999), and between 9.5 and 10 GPa in 
water (Lin 2003). Multi-anvil ultrasonic experiments constrained 
the transition pressure to be between 9.6 and 11.8 GPa (Kung et 
al. 2004). For natural orthoenstatite from San Carlos, containing 
8 mol% Fe and 2.5 wt% Al, the transition does not occur until 
14.26 GPa in a neon pressure medium, as determined from sin-
gle-crystal X-ray diffraction experiments (Zhang et al. 2012). 
For orthoenstatite from Kilbourne Hole, containing 9 mol% Fe 
and 5 wt% Al, there is no evidence for this phase transition up 
to 12.5 GPa by stimulated light scattering in a DAC (Chai et al. 
1997). These discrepancies on the transition pressure suggest that 
chemical composition (both natural cation substitutions such Al, 
Fe, Ca, as well as the incorporation of artificial flux components 
such as Li, Mo, V), as well as the pressure medium used, could 
all have a significant effect on the transition pressure and possibly 
the phase relations between OEN, HPCEN LPCEN, and HP-
CEN2. Thus, it is important to separate the effects of chemistry 
from effects of the pressure medium to investigate the effect 
of composition on the stability of the P21/c phase. Moreover, 
orthoenstatite in Earth’s mantle does not exist as MgSiO3, but 
will almost certainly contain Fe, Al, and Ca as minor elements, 
with the exact composition dependent on depth. In general, the 
Fe content of OEN tends to be relatively constant with increasing 
depth, whereas Ca and Al content will likely decrease as enstatite 


