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aBstraCt

ThO2 is an important material for understanding the heat budget of Earth’s mantle, as well as the 
stability of nuclear fuels at extreme conditions. We measured the in situ high-pressure, high-temperature 
phase behavior of ThO2 to ~60 GPa and ~2500 K. It undergoes a transition from the cubic fluorite-type 
structure (thorianite) to the orthorhombic a-PbCl2 cotunnite-type structure between 20 and 30 GPa 
at room temperature. Prior to the transition at room temperature, an increase in unit-cell volume is 
observed, which we interpret as anion sub-lattice disorder or pre-transformation “melting” (Boulfel-
fel et al. 2006). The thermal equation of state parameters for both thorianite [V0 = 26.379(7), K0 = 
204(2), aKT = 0.0035(3)] and the high-pressure cotunnite-type phase [V0 = 24.75(6), K0 = 190(3), aKT 
= 0.0037(4)] are reported, holding K0́ fixed at 4. The similarity of these parameters suggests that the 
two phases behave similarly within the deep Earth. The lattice parameter ratios for the cotunnite-type 
phase change significantly with pressure, suggesting a different structure is stable at higher pressure.
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intrOduCtiOn

Actinides, specifically U and Th, are important in the Earth 
as long-lived radioactive heat producing elements. Assuming the 
refractory lithophile element budget of the bulk silicate Earth is 
chondritic in composition, these elements produce up to 36% of 
the total heat fluxed out of the planet’s surface, but their distribu-
tion and role within the dynamics of the deepest part of Earth’s 
mantle is unknown (McDonough and Sun 1995). These elements 
are highly refractory (ThO2 has the highest melting temperature of 
any oxide at ambient pressures at 3663 K) and nominally incom-
patible in major mantle minerals, meaning they tend to partition 
into melts or accessory phases, which makes them excellent tracers 
for chemical reservoirs in the deep Earth as well as within other 
planetary bodies (Arevalo et al. 2009; Fonseca et al. 2014). Ad-
ditionally, U and Th and their oxides are increasingly important 
as nuclear energy sources for our growing population and they 
are used in thermally resistant ceramics (Cuney 2013). However, 
stable materials that resist decomposition or amorphization under 
varying pressure, temperature, and radiation conditions are needed 
to contain and immobilize the resulting waste from this industrial 
usage. Actinide-bearing minerals that are stable under various 
thermodynamic conditions can point to analogous materials that 
are stable at ambient conditions. Thus, exploring the mineralogy of 

actinide-bearing minerals at the extreme pressure and temperature 
conditions of Earth’s mantle (tens of gigapascals and thousands 
of Kelvin) is universally important. This paper focuses on the 
high-pressure, high-temperature phase behavior and equations of 
state of the simplest Th-bearing mineral, ThO2.

End-member ThO2 (thorianite) takes the cubic fluorite-type 
(CaF2, Fm3m) structure at ambient conditions (Fig. 1a). Room-
temperature X-ray diffraction (XRD) studies show that upon 
compression this material undergoes a reconstructive phase transi-
tion to the orthorhombic cotunnite-type structure (a-PbCl2, Pnma) 
(Fig. 1b) (Dancausse et al. 1990; Idiri et al. 2004; Jayaraman et al. 
1988; Olsen et al. 2004). This phase transition results in an increase 
in coordination number of the Th cation, from eightfold (cubic) 
in the fluorite-type structure to ninefold in the cotunnite-type 
structure. At room temperature, this phase transition is kinetically 
inhibited, with the high-pressure phase first appearing between 
30–40 GPa, and coexisting with the metastable low-pressure phase 
until 55–57 GPa when the transition is observed to be complete. 
Because of this sluggishness, the precise position of the equilib-
rium phase boundary is not well constrained.

Materials in the fluorite-type structure, including ThO2, have 
been shown to undergo a “superionic” transition at about 80% the 
melting temperature of the material, whereby a critical concen-
tration of Frenkel defects occur in the crystal, resulting in anion 
sub-lattice “melting” (Clausen et al. 1989; Kuksin and Smirnova 
2014; Kupryazhkin et al. 2011; March et al. 1980; Matveev 
and Veshchunov 1997). This transition includes an exponential 
increase in the enthalpy and specific heat of the material. One 
computational study has suggested that this transition also occurs 
at ambient temperature under increasing pressure in the type 
specimen of fluorite, CaF2 (Boulfelfel et al. 2006). In this case, 
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