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Abstract
In this study, we have investigated the crystal structure and equation of state of tetragonal CaSiO3-

perovskite up to 200 GPa using synchrotron X‑ray diffraction in laser-heated diamond-anvil cells. X‑ray 
diffraction patterns of the quenched CaSiO3-perovskite above 148 GPa clearly show that 200, 211, and 
220 peaks of the cubic phase split into 004+220, 204+312, and 224+400 peak pairs, respectively, in the 
tetragonal structure, and their calculated full-width at half maximum (FWHM) exhibits a substantial 
increase with pressure. The distribution of diffraction peaks suggests that the tetragonal CaSiO3-
perovskite most likely has an I4/mcm space group at 300 K between 148 and 199 GPa, although other 
possibilities might still exist. Using the Birch-Murnaghan equations, we have determined the equation 
of state of tetragonal CaSiO3-perovskite, yielding the bulk modulus K0T = 227(21) GPa with the pressure 
derivative of the bulk modulus, K′0T = 4.0(3). Modeled sound velocities at 580 K and around 50 GPa 
using our results and literature values show the difference in the compressional (VP) and shear-wave 
velocity (VS) between the tetragonal and cubic phases to be 5.3 and 6.7%, respectively. At ~110 GPa 
and 1000 K, this phase transition leads to a 4.3 and 9.1% jump in VP and VS, respectively. Since the 
addition of Ti can elevate the transition temperature, the transition from the tetragonal to cubic phase 
may have a seismic signature compatible with the observed mid-lower mantle discontinuity around 
the cold subduction slabs, which needs to be explored in future studies.
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Introduction
CaSiO3-perovskite is one of the most abundant silicate phases 

and the dominant host of Ca in the Earth’s lower mantle (Anderson 
1989; Kesson et al. 1998; Murakami et al. 2005; Ringwood 1975). 
In the lower mantle, the volume percentage of CaSiO3-perovskite 
is estimated to be 5–8% but could be up to 22–29% in the subduct-
ing mid-ocean ridge basalts (MORBs) (e.g., Anderson 1989; Harte 
2010; Hirose et al. 2005; Wood 2000). Recent high-pressure stud-
ies have found that the shear-wave velocity of CaSiO3-perovskite 
is substantially lower than the global seismic model PREM 
(Dziewonski and Anderson 1981; Gréaux et al. 2019; Kawai and 
Tsuchiya 2014; Thomson et al. 2019). Enrichment of the recycled 
MORBs with the low-velocity CaSiO3-perovskite could cause a 
seismic signature compatible with the large-low shear velocity 
provinces (Thomson et al. 2019). Experimental studies on the 
structure and elastic properties of CaSiO3 at high pressures are 
thus important to understand the composition and structure of 
the lower mantle (e.g., Komabayashi et al. 2007; Kurashina et 
al. 2004; Mao et al. 1989; Noguchi et al. 2013; Shim et al. 2000; 
Sun et al. 2016; Wang et al. 1996; Wood 2000; Zhang et al. 2006).

CaSiO3-perovskite has been reported to crystallize in a cubic 

structure (Pm3m) at the expected pressure-temperature conditions 
of the lower mantle (e.g., Komabayashi et al. 2007; Noguchi et 
al. 2013; Shim et al. 2000; Sun et al. 2016). However, it can also 
accommodate a certain amount of minor elements such as Ti (Hi-
rose and Fei 2002; Kesson et al. 1998, 1994; Nestola et al. 2018; 
Wood 2000), which can elevate the phase transition temperature 
at lower-mantle pressures and may enable the tetragonal phase to 
exist in the cold subducting slabs (Kurashina et al. 2004; Thomson 
et al. 2019). The cubic to tetragonal phase transition with the pres-
ence of Ti, which is likely to happen beyond 1000 km depth may 
explain the observed seismic reflections in the mid-lower mantle 
(Kudo et al. 2012; Thomson et al. 2019).

In contrast to the cubic phase, the crystal structure and equa-
tion of state (EoS) of tetragonal CaSiO3-perovskite were not well 
constrained. The cubic to tetragonal phase transition was proposed 
to be caused by a second-order structure distortion, and four space 
groups, including P4/mmm, P4/mbm, I4/mmm, and I4/mcm were 
proposed for the tetragonal phase (Shim et al. 2002; Stixrude et 
al. 2007). The occurrence of two potential structures (P4/mbm and 
I4/mcm) can be explained by the octahedral rotations, whereas the 
P4/mmm structure could be formed by elongating the c-axis of 
the cubic phase (Shim et al. 2002; Stixrude et al. 2007). Slightly 
shifting the oxygen position of the cubic phase can change the 
structure to tetragonal I4/mmm. In early experimental studies, 
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