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Thorite: An oddity in phase stability among the zircon-structured
orthosilicates at high pressures
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ABSTRACT

Synthetic thorite and huttonite, two polymorphs of ThSiO4, were investigated by a combination of in
situ high-pressure synchrotron X-ray powder diffraction and in situ high-pressure Raman spectroscopy.
The average onset pressure of the thorite-to-huttonite transition was determined to be 6.6 ± 0.2 GPa, using
both techniques. The bulkmoduli of thorite and huttonite were determined to be 139(9) and 246(11) GPa,
respectively, by fitting their unit-cell volume data to a second-order Birch-Murnaghan equation of state
(EOS). Based on its bulk modulus, thorite is the most compressible zircon-structured orthosilicate, as
it has the largest unit-cell volume among tetravalent metal orthosilicates. The pressure derivatives
of the vibrational modes of thorite were found to be consistent with those previously reported for other
orthosilicates (e.g., zircon, hafnon, stetindite, and coffinite), while having the smallest Grüneisen param-
eter. A new P-T phase diagram for ThSiO4 is proposed, where the boundary of the thorite→ huttonite
transition is: P(T ) = (7.8 ± 0.9 GPa) – (0.006 ± 0.002 GPa/K)T. Based on the new P-T phase diagram, we
further estimated the enthalpy of formation of huttonite, ΔHf,ox, to be 0.6 ± 6.0 kJ/mol, suggesting its
metastability and rare locality in nature.

Keywords: Thorite, huttonite, X-ray diffraction, high pressure, equation of state, phase diagram,
metastability

INTRODUCTION

Zircon (ZrSiO4, I41/amd) and monazite (CePO4, P21/n) are
important as their structures host high field strength elements,
such as Zr, Hf, rare earth elements (REE), Th, and U (Winter
2013; Strzelecki et al. 2024). Minerals with these structures have
low chemical leaching rates, high resistance to metamictization,
and high thermal stability; hence, they are often used for radiomet-
ric dating based on U-Th-Pb isotopic systematics (White 2015).
Interestingly, the two polymorphs of ThSiO4, thorite and hutto-
nite, are isostructural with zircon and monazite, respectively.
Thorite forms a complete solid solution with the isostructural
uranium orthosilicate mineral, coffinite (USiO4), which includes
uranothorite phases (Th1–xUxSiO4) (Guo et al. 2016;Marcial et al.
2021). In contrast, huttonite, the high-temperature polymorph,
possesses a monazite-type structure. Even though thorite and
uranothorite are common accessory minerals, huttonite is much
rarer (Pabst and Hutton 1951; Frondel 1958). The structural

relation between thorite and huttonite is discussed in detail by
Taylor and Ewing (1978).

The abundance of thorite and uranothorite in high-P-T envir-
onments and the rarity of huttonite have always been a puzzle.
While other tetravalent metal orthosilicates, such as zircon, haf-
non, coffinite, and stetindite are known to exhibit a pressure-
induced phase transition to the reidite structure (I41/a) (Reid
and Ringwood 1969; Hazen and Finger 1979; Knittle and Wil-
liams 1993; Farnan et al. 2003; Gucsik et al. 2004; Ono et al.
2004a, 2004b; Tange and Takahashi 2004; Manoun et al. 2006;
Luo and Ahuja 2008; Bose et al. 2009; Zhang et al. 2009; Bauer
et al. 2014; Stangarone et al. 2019; Strzelecki et al. 2023; Zhao
et al. 2024), there has been no similar transition reported for
thorite. The phase stability of thorite has only been investigated
experimentally under elevated temperature and ambient pressure
conditions (Taylor and Ewing 1978; Mazeina et al. 2005;
Navrotsky et al. 2013). At high temperature, thorite undergoes
a phase transformation to huttonite at 1483 K (Finch et al. 1964;
Seydoux and Montel 1997; Mazeina et al. 2005). This probably
indicates that pressure is stabilizing thorite and inhibiting its
conversion to huttonite. The only insight into ThSiO4 under
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