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Abstract
Zircon-class ternary oxide compounds have an ideal chemical formula of ATO4, where A is com-

monly a lanthanide and an actinide, with T = As, P, Si, or V. Their structure (I41/amd) accommodates 
a diverse chemistry on both A- and T-sites, giving rise to more than 17 mineral end-members of five 
different mineral groups, and in excess of 45 synthetic end-members. Because of their diverse chemical 
and physical properties, the zircon structure-type materials are of interest to a wide variety of fields 
and may be used as ceramic nuclear waste forms and as aeronautical environmental barrier coatings, 
to name a couple. To support advancement of their applications, many studies have been dedicated to 
the understanding of their structural and thermodynamic properties. The emphasis in this review will 
be on recent advances in the structural and thermodynamic studies of zircon structure-type ceram-
ics, including pure end-members [e.g., zircon (ZrSiO4), xenotime (YPO4)] and solid solutions [e.g., 
ErxTh1–x(PO4)x(SiO4)1–x]. Specifically, we provide an overview on the crystal structure, its variations 
and transformations in response to non-ambient stimuli (temperature, pressure, and radiation), and its 
correlation to thermophysical and thermochemical properties.
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Introduction
Ternary oxides with an ideal chemical formula of ATO4 and 

tetragonal symmetry (I41/amd) are comprised of zircon structure 
type compounds, as they share their crystal structure with the 
eponymous zirconium orthosilicate mineral, zircon (ZrSiO4) 
(Finch and Hanchar 2003). As a result of the structural flexibility 
of the zircon structure, the A-site can be occupied by large cations 
(i.e., Ca2+, Er3+, U4+, Ta5+) charge balanced by cations (i.e., Cr6+, 
P5+, Si4+, B3+) in the T-site. Ultimately, the structural flexibility 
and diverse chemistry gives rise to more than 17 mineral end-
members of five different mineral groups (Berzelius 1829; Curtis 
et al. 1954; Stieff et al. 1955, 1956; Mrose and Rose 1961; Miles 
et al. 1971; Neves et al. 1974; Goldwin et al. 1976; Deliens and 
Piret 1986; Bernhard et al. 1998; Buck et al. 1999; Demartin 
et al. 2001; Finch and Hanchar 2003; Kolitsch and Holtstam 
2004; Witzke et al. 2008; Schlüter et al. 2009; Moriyama et al. 
2011; Baudracco-Gritti et al. 1987) and in excess of 45 synthetic 
synthetic ceramic end-members (Chakoumakos et al. 1994; Ni et 
al. 1995; Finch and Hanchar 2003; Kolitsch and Holtstam 2004). 
As many of these compounds exhibit complete solid solutions 

in both A- and/or T-site (Graeser et al. 1973; Finch and Hanchar 
2003; Kolitsch and Holtstam 2004), the number of synthetic com-
pounds through various chemical combinations on the two sites 
creates limitless possibilities for unusual zircon-type ceramics.

In natural systems, zircon-type minerals are common as ac-
cessory phases, which occur in various sedimentary, igneous, 
and metamorphic rocks. As a whole, zircon-type minerals are 
extremely durable with affinity to incorporate actinides and 
lanthanides (Weber et al. 1995). The durability of zircon-type 
materials is demonstrated by their high insolubility under 
various geochemical conditions (McMurdie and Hall 1947; 
Subbarao et al. 1990; Grover and Tyagi 2005) (i.e., high P-T 
environments and highly saline brines), even retaining these 
properties of insolubility as it undergoes radiation-induced 
amorphization (i.e., metamictization) (Ewing et al. 1995a; 
Weber et al. 1995, 2019), and high physical toughness as the 
mineral grains are shown to endure the abrasive nature of 
weathering and erosional processes. This has led to the use 
of several zircon-type minerals in geochronological studies, 
including ZrSiO4 and YPO4. The geochronological studies make 
use of a few different isotopic systems, including U-Th-Pb and 
Lu-Hf, with these two being used to derive the age of Earth 
(4.543Ga) (White 2015). Outside of geochronological studies, 
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