Formation enthalpy of ThSiO4 and enthalpy of the thorite → huttonite phase transition
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Abstract
The standard enthalpy of formation of thorite and huttonite and the enthalpy of the phase transition between these polymorphs were determined using high-temperature oxide melt solution calorimetry and transposed temperature drop calorimetry. Standard enthalpies of formation of thorite and huttonite are reported for the first time and are −2117.6 ± 4.2 kJ/mol and −2110.9 ± 4.7 kJ/mol, respectively. Based on our measurements, thorite and huttonite are metastable relative to SiO2 (quartz) and ThO2 (thorianite) at standard conditions, but are presumably stabilized at high temperature by the entropy contribution. Based on the measured enthalpy of the thorite-huttonite phase transition of 6.7 ± 2.5 kJ/mol, a dP/dT slope for the transformation was calculated as −1.21 ± 0.45 MPa/K.
Introduction
Thorite and huttonite (forms of ThSiO4) are the only known naturally occurring actinide orthosilicates besides coffinite (USiO4). Both thorium orthosilicates are rather rare in nature, but have been described in pegmatite associations with syenites and nepheline syenites (Kamineni and Lemire, 1991) and are well-known accessory minerals of schists (Taylor and Ewing 1978, Förster et al 2000). ThSiO4 and USiO4 are the most important minerals in some uranium and thorium deposits (Staatz and Brownfield, 1982). Because they are primary in origin, geochronologic studies of the actinide orthosilicates have been used to obtain ages of mineralization (Lyakhovich 1961, Parrish et al 1987, von Blanckenburg 1992). Although rarely occurring in nature, the monazite-structured polymorph of thorium silicate, huttonite, appears to be stable up to the melting point (Mumpton and Roy, 1961). The most common form of thorium silicate, thorite, is isostructural to zircon and transforms to huttonite at ∼1200°C (Finch et al 1964, Seydoux and Montel 1997). The phase transformation, tetragonal ThSiO4 (thorite) to monoclinic ThSiO4 (huttonite), is contrary to the general expectation that the less dense modification exists at higher temperatures. Protactinium orthosilicate, PaSiO4, shows similar behavior (Keller, 1963). Although crystallographic aspects of thorium and uranium orthosilicates are widely discussed (Pabst et al 1951, Keller 1963, Sinha and Prasad 1973, Taylor and Ewing 1978, Lahalle et al 1986), thermodynamic data (Schuiling et al., 1976, for thorite and Langmuir, 1978, for coffinite) and stability studies (Dachille and Roy 1964, Finch et al 1964, Seydoux and Montel 1997) of actinide orthosilicates still remain scanty and pose many unanswered questions (see discussion below). The objective of this work is to obtain the enthalpy of formation and enthalpy of phase transition of thorium silicate directly using high-temperature oxide-melt solution calorimetry and transposed temperature drop calorimetry.
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Synthesis and Materials
Crystals of thorite and huttonite were grown at the Oak Ridge National Laboratory, Oak Ridge, Tennessee, by the thermal gradient flux technique (described in detail in Abraham et al 1969, Reynolds et al 1972) in air from a high-temperature solvent (melt with the nominal composition Li2O · 2WO3) at 1200°C for thorite and at 1400°C for huttonite. The initial components (host nutrients) were prepared by thoroughly mixing finely ground powders of SiO2 (α-quartz) and ThO2 (thorianite) in a 1:1 molar
Characterization
Microprobe analysis showed that both thorite and huttonite are stoichiometric within the analytical uncertainty (Table 1). Enthalpies of formation were calculated assuming ideal stoichiometry.
X-ray powder diffraction analysis of thorite indicated a pure phase with cell parameters (a = 7.129(1) Å, c = 6.319(1) Å) close to those in PDF #70-0749 (a = 7.1328(2) Å, c = 6.3188(2) Å; Taylor and Ewing, 1978). XRD analysis of the as-grown huttonite showed ∼8 wt% of thorite. To eliminate thorite
Previous Studies on Actinide Orthosilicate Stability
The only attempt to determine the free energy of formation of thorite was made by Schuiling et al. (1976). The Gibbs free energy of thorite formation was estimated to be −2050.3 ± 3.9 kJ/mol. This is ∼24 kJ/mol more exothermic than the sum of the free energies of SiO2 (quartz) and ThO2 (thorianite). These data were obtained by calculating the heat effect of the transformation reaction of thorianite and albite to thorite and nepheline, and thorite-perovskite mixture to thorianite and sphene. The 
Conclusions
The enthalpy of thorite → huttonite phase transition obtained by high-temperature oxide-melt calorimetry at 807°C agrees with the value obtained by transposed temperature drop calorimetry at 1500°C. The value of thorite → huttonite phase transition obtained from the difference of enthalpies of drop solution of thorite and huttonite is 6.7 ± 2.5 kJ/mol. Standard enthalpy of formation of tetragonal thorite and monoclinic huttonite obtained by high-temperature oxide-melt calorimetry were
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