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ABstrACt

Solid solutions among zircon (ZrSiO4, I41/amd) and zircon-structured orthosilicates ASiO4 (A = Hf, 
Th, U, Pu, or Ce) are important to a wide variety of applications: nuclear materials, geochronology, 
and even electronic materials. The thermodynamic mixing properties of the following seven binary 
solid solutions were simulated using density functional theory followed by Monte Carlo modeling and 
thermodynamic integration: (Zr,Hf)SiO4, (Zr,Th)SiO4, (Zr,U)SiO4, (Zr,Pu)SiO4, (Zr,Ce)SiO4, (Hf,Pu)
SiO4, and (Th,U)SiO4. ZrSiO4 and HfSiO4 were found to form a nearly ideal solid solution, but the 
miscibility of the other solid solutions was limited to no more than 12 mol% of the substituting cation. 
The binaries were ranked by extent of miscibility: (Zr,Hf)SiO4 > (Th,U)SiO4 > (Zr,Pu)SiO4 > (Zr,Ce)
SiO4 > (Hf,Pu)SiO4 > (Zr,U)SiO4 > (Zr,Th)SiO4. The extent of solid solution has been estimated for 
each binary. The end-members PuSiO4, CeSiO4, and USiO4 were determined to be unstable relative to 
a mixture of SiO2(quartz) and crystalline PuO2, CeO2(cerianite), or UO2(uraninite). Isostructural thorite (ThSiO4) 
is calculated to be marginally stable, but its monoclinic polymorph, huttonite, which has the structure 
of monazite, is marginally unstable relative to SiO2(quartz) and ThO2(thorianite) at 0 K. If thermodynamic 
equilibrium could be reached at low temperatures, exsolution textures would appear in most zircon 
solid solutions perpendicular to [001], but perpendicular to a linear combination of [100] and [010] 
in (Hf,Pu)SiO4.
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introDUCtion 
Zircon (ZrSiO4, I41/amd) is a ubiquitous trace mineral known 

for its high melting point (2200 °C) (Levin and McMurdie 
1975), hardness (7.5 on the Mohs hardness scale), low thermal 
expansion (Subbarao 1990), low compressibility (Sirdeshmukh 
and Subhadra 1975), good thermal shock resistance (Grover and 
Tyagi 2005), and ability to incorporate and retain a wide range 
of impurities, particularly actinides and the rare earths. ZrSiO4 is 
an important opacifier in the manufacturing of glazes (Naher and 
Haseeb 2008) and has been suggested for use in thermal barrier 
coatings in engines (Cao et al. 2004) and in solid-state lasers 
(Babsail et al. 1991). Both ZrSiO4 and isostructural HfSiO4 have 
also been proposed for use as gate materials in silicon field effect 
transistors (Wilk and Wallace 1999; Robertson 2000; Wilk et al. 
2000). Zircon is most important for applications in geoscience 
and nuclear engineering.

Zircon has long been used by geoscientists for U/Th/Pb age-
dating, thermochronology based on the release of He, and for dis-
tinguishing between crustal and mantle sources of magma based 
on rare earth distributions (Harley and Kelly 2007). Fine-scale 
chemical zoning and isotopic signatures may be preserved over 
long time scales because diffusion for elements such as Hf4+, the 
rare earths (REE), and the actinides, Th4+ and U4+, is so slow that 
they are essentially immobile in the zircon structure (Cherniak et 
al. 1997a, 1997b). Lu/Hf and 176Hf/177Hf ratios have been used to 

determine the timing of crustal residence and growth, as well as 
the sources of the magma from which zircon formed, and REE 
distributions provide further insight into magmatic histories 
(e.g., Hawkesworth and Kemp 2006; Harley and Kelly 2007; 
Scherer et al. 2007). 

Phases with the zircon structure are also an important class 
of nuclear materials. Coffinite (USiO4), for example, is expected 
to be an important alteration phase of spent nuclear fuel under 
reducing conditions (Janeczek and Ewing 1992b; Bros et al. 
2003; Amme et al. 2005), and the coprecipitation of actinides 
by USiO4 has been noted as a potentially important retardation 
mechanism in a geologic repository (Bros et al. 2003; Grambow 
and Giffaut 2006). Zircon has also been proposed as a principal 
phase in inert matrix fuels (IMF), a type of nuclear fuel that may 
be used to fission Pu and the minor actinides Cm, Am, and Np, 
thereby reducing the actinide inventory (Kleykamp 1999; Grover 
and Tyagi 2005). Zr-based compounds also have the advantage 
that Zr has a very low neutron cross-section, and the neutronic 
characteristics of this system, particularly the Doppler reactivity 
feedbacks, may be improved by the additional incorporation of 
Th (Vettraino et al. 1999).

Zircon has been proposed as a nuclear waste form for the 
immobilization of Pu (Ewing et al. 1995; Gibb et al. 2008). 
However, zircon is more susceptible to radiation damage than 
other potential actinide waste forms (Lumpkin 2006; Farnan et al. 
2007) and has a relatively low waste-loading capacity compared 
to other ceramic waste forms, such as pyrochlore [Gd2(Ti,Hf)2O7] 
and monazite [(REE)PO4], which can incorporate more than * E-mail: rodewing@umich.edu


