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Abstract
Orthopyroxene is one of the dominant minerals in the Earth’s upper mantle. In this study, we used 

Raman spectroscopy to investigate the lattice vibration and phase transition of orthopyroxene with 
four different compositions using diamond-anvil cells up to 34 GPa at 300 K. Our orthopyroxene 
samples contain 0 (En100), 9% (En91Fs9), 11% (En86Fs11), and 21% (En74Fs21) Fe. At ambient conditions, 
the Raman modes exhibit a negative dependence on the Fe content, with the exception of the modes 
at ~850 and 930 cm–1. In contrast, these two Raman modes increase with increasing the Fe content. 
The phase transition from metastable α- to β-phase was observed at 12.9–15 GPa for samples with 
<21 mol% Fe and varying Fe content has a minor effect on the phase transition pressure. Besides Fe, 
incorporation of 2–24 mol% Al can cause an increase in the phase transition pressure from 10–13 to 
14–16 GPa. At 29–30.1 GPa, we observed the second apparent change in the Raman spectra for all four 
investigated samples. For Fe-bearing orthopyroxene, this change in the Raman spectra and frequency 
shift is associated with the phase transition from β- to γ-phase, whereas for En100, it should be caused 
by the change of coordination number of Si from 4 to 6 or the presence of α-popx phase. Using the 
obtained Raman frequency shifts, we calculated the Grüneisen parameters at high pressures. These 
parameters are useful for understanding the thermoelastic properties of orthopyroxene at high pressures.
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Introduction
Orthopyroxene, (Mg1–xFex)SiO3, is a crucial constituent 

of Earth’s upper mantle (Bernard et al. 2021; Herzberg and 
Gazel 2009; Li et al. 2018; Shi et al. 2022; Tollan and Hermann 
2019). According to the pyrolite model, the volume percent-
age of orthopyroxene is estimated to be 10 vol% up to 350 km 
depth (Frost 2008). Petrological observations suggest that the 
orthopyroxene content in the subducted harzburgite and lherzolite 
layer can be as high as 22 vol% (Bodinier and Godard 2007; 
Ringwood 1975; Ringwood and Irifune 1988). Although mantle 
orthopyroxene typically contains 6 mol% Fe, some diamond 
inclusions originating from 100–500 km depth have shown that 
the Fe content in peridotitic orthopyroxene could vary from 3 
to 19 mol% (Stachel and Harris 2008). In some high-pressure 
metamorphic rocks, the Fe content in orthopyroxene exhibits a 
higher compositional range between 50 and 100 mol% (Brothers 
and Yokoyama 1990; Davidson 1968; Jaffe et al. 1978; White 
et al. 2001). Therefore, investigating the physical properties of 
orthopyroxene with varying compositions under relevant pres-
sure and temperature conditions in the Earth’s mantle is crucial 
for understanding the structure and composition of the Earth’s 
deep interior.

Along the normal mantle geotherm, the orthorhombic 
orthopyroxene (space group Pbca, α-phase) transforms to high-

pressure clinopyroxene (space group C2/c) at ~8 GPa and then 
gradually dissolves into garnet at deeper depths (Akashi et al. 
2009; Kung et al. 2005). However, the path of phase transition 
in orthopyroxene at high pressures heavily depends on the tem-
perature and composition (Akashi et al. 2009). The transition of 
orthopyroxene to high-pressure clinopyroxene will be inhibited 
when temperatures are significantly lower than the normal mantle 
geotherm (Nishi et al. 2013; van Mierlo et al. 2013). For example, 
the α-MgSiO3 orthopyroxene (En100) remains metastable and then 
transforms into its β-phase with a monoclinic structure (P21/c 
space group) at 10.5–13.3 GPa (Kung et al. 2004; Lin 2004; Xu 
et al. 2018), which can be preserved to ~40 GPa (Serghiou et al. 
2000). Both α- and β-phase can remain metastable up to 800 K at 
520 km depth (Xu et al. 2020). Previous studies also investigated 
the influence of Fe on the phase transition of orthopyroxene 
(Xu et al. 2020). For orthopyroxene with 9 mol% Fe (En91Fs9), 
the transition pressure from α- to β-phase is 12.3 GPa at 300 K, 
which is similar to the Mg-end-member. However, Fe-bearing 
β-phase further transforms into the γ-phase (Pbca space group) 
at 28.4 GPa (Finkelstein et al. 2015). Increasing the Fe content 
from 30 to 82 mol% only can weakly decrease the α-β phase 
transition pressure to 11 GPa and lower the β-γ phase transition 
pressure to 12 GPa (Dera et al. 2013; Xu et al. 2020). But for pure 
Fe end-member (Fs100), orthopyroxene transforms into a different 
monoclinic β-phase with space group C2/c at ~6 GPa and then 
γ-phase at ~13 GPa (Hugh-Jones et al. 1996; Xu et al. 2020). 
Experimental constraints on the transition from β- to γ-phase 
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