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Equation of state of γ-tricalcium phosphate, γ-Ca3(PO4)2, to lower mantle pressures
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Abstract

The γ-tricalcium phosphate phase (γ-TCP), γ-Ca3(PO4)2, is a high-pressure polymorph of tricalcium 
phosphate with a potential important implication as the reservoir of rare-earth elements and very large 
lithophile elements in the deep mantle. In situ synchrotron X-ray diffraction measurements of the 
γ-TCP phase have been carried out using a diamond-anvil cell to 40.29 GPa at room temperature, with 
a methanol-ethanol mixture as the pressure medium. The pressures in the measurements have been 
determined by using gold metal as the internal pressure calibrant. The third-order Birch-Murnaghan 
equation of state fitted to the experimentally defined unit-cell parameters suggests for the γ-TCP phase 
a density of ρ0 = 3.461(1) g/cm3, an isothermal bulk modulus of KT = 100.2(13) GPa, and first pressure 
derivative of K′T = 5.48(16). When K′T is fixed at 4, the derived KT is 113.1(12) GPa.
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Introduction

Apatite is well known as one of the common components of 
terrestrial and lunar rocks as well as of meteorites (Nash 1984), 
and contains very high levels of rare-earth elements (REEs) and 
very large lithophile elements (VLLEs). It breaks down to the 
γ-tricalcium phosphate phase [γ-TCP; γ-Ca3(PO4)2], plus other 
phases, at pressures around 12 GPa (Murayama et al. 1986). 
The γ-TCP phase may be important in hosting the REEs and 
VLLEs in the deep Earth. Indeed, early experimental investiga-
tions suggested that the γ-TCP phase could be a potential im-
portant reservoir of REEs and VLLEs in the deep upper mantle 
(Murayama et al. 1986; Sugiyama and Tokonami 1987). The 
physical-chemical behaviors of the γ-TCP phase at high pressures 
are thus very important.

The γ-TCP phase is a high-pressure polymorph of tricalcium 
phosphate [TCP, Ca3(PO4)2; Murayama et al. 1986]. Other poly-
morphs of TCP, including the α′-, α-, and β-phases (from high- to 
low-temperature stability), are stable at room pressure (Nurse et 
al. 1959; Welch and Gutt 1961; Fix et al. 1969). Previous study 
showed that the γ-TCP phase crystallizes in the rhombohedral 
system with a space group of R3m and unit-cell parameters of a 
= 5.2487(6) Å and c = 18.6735(36) Å (Sugiyama and Tokonami 
1987). The γ-TCP phase has been found as a high-pressure phase 
in the Suizhou L6 chondrite and named as tuite (Xie et al. 2003). 
However, little is known about its thermodynamic and physical 
properties under high pressures.

In the present study, we investigated the pressure-volume 

equation of state (EoS) of a synthetic γ-Ca3(PO4)2 at high pres-
sures, using a diamond-anvil cell combined with synchrotron 
X-ray diffraction. In addition, we compared the density of the 
γ-TCP phase to those of apatites of different compositions, which 
break down to produce the γ-TCP phase at high pressures.

Experimental methods

The γ-TCP phase used in our synchrotron X-ray diffraction 
experiments was prepared by solid-state reaction from CaHPO4 
and CaCO3. First, reagent-grade CaHPO4 and CaCO3 powders 
were mixed in a proportion corresponding to the Ca3(PO4)2 stoi-
chiometry. The mixture was ground for 2 h in an agate mortar 
and pressed into pellets with a diameter of 5 mm under a uni-
axial pressure of 30 MPa. Second, the pellets were sintered in a 
conventional muffle furnace at 1300 K for 48 h to form a single 
phase of β-TCP. The sintered product was crushed and ground 
into powder and characterized by powder X-ray diffractometry. 
The XRD pattern confirmed a single β-TCP phase. Third, the 
β-TCP powder was used as the starting material to synthesize 
the γ-TCP phase. High-pressure and high-temperature synthesis 
was performed at 7 GPa and 1500 K for 24 h using a 5000-ton 
Kawai-type apparatus (USSA-5000) at the Institute for Study 
of the Earth’s Interior, Okayama University. The synthesized 
product was characterized by a powder X-ray diffractometer 
and confirmed to be a pure γ-TCP phase. Finally, a mixture of 
γ-TCP plus about 10 wt% Au, the internal pressure marker, was 
prepared for later in situ X-ray diffraction measurements.

The high-pressure angle dispersive X-ray diffraction experi-
ments using a symmetrical diamond-anvil cell were carried out at 
beamline X17C, National Synchrotron Light Source, Brookhaven * E-mail: xi.liu@pku.edu.cn


