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AbstrACt

U-thorite, (Th,U)SiO4, from Ambohijatrova Masindray, Madagascar, was investigated to under-
stand the behavior of Th and U during recrystallization of amorphous radiation-damaged, (Th,U)-
orthosilicates. Optical microscopy and electron microprobe analyses reveal two types of U-thorite: 
(i) large (about 1 cm), orange, amorphous grains with composition: (Th0.88±0.02U0.09–0.01Pb0.029±0.002 

REE0.01±0.001)1.00±0.01Si1.00±0.01; and (ii) green, microcrystalline U-thorite with composition: (Th0.76±0.05 

U0.08±0.01Ca0.07±0.01Pb0.014±0.005REE0.009±0.001)0.92±0.07Si1.12±0.06. Ca-free U-thorite-(i) is enriched in Th, U, 
and Pb (7.1, 1.2, and 1 wt%, respectively), and depleted in Si (3.0 wt%) compared to U-thorite-(ii). 
Recrystallization of U-thorite-(i) resulted in fracturing that facilitated migration of mobilized Th and 
U over a distance of about 300 µm, as evidenced by precipitation of U-thorite-(ii) in the fractures 
in associated apatite and garnet. Transmission electron microscopy observations and selected-area 
electron diffraction (SAED) patterns confirm that U-thorite-(i) is amorphous. U-thorite-(ii) forms: 
(1) single crystals (>1 µm in size) with variable amounts of amorphous material; or (2) randomly 
oriented, nanocrystalline aggregates (5–10 nm in size). TEM-EDX analyses show that the Th/U ratio 
in U-thorite-(i) and U-thorite-(ii) is ~6. High-angle annular dark-field scanning TEM (HAADF-STEM) 
and high-resolution TEM reveal that nanocrystalline Th-coffinite (20–40 nm in size) with Th/U ratio 
= 0.6, formed during recrystallization of U-thorite-(i). The calculated chemical Th-U-Pb ages of U-
thorite-(i) range from 2.1–1.9 Ga and from 1.8–1.6 Ga, whereas U-thorite-(ii) ages range from 1.6–0.5 
Ga. The calculated cumulative radiation dose for U-thorite-(i) varies from 1.6–1.8 × 1018 α-decay 
events/mg, which is equivalent to 136–152 displacements per atom (dpa), and for U-thorite-(ii) from 
3–4.4 × 1017 (α-decay events/mg) (=27–37 dpa). The cumulative dose for Th-coffinite is 9.8 × 1017 
α-decay events/mg (84 dpa).
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introDuCtion

Thorite, ThSiO4, contains significant amounts of U and, 
therefore, a continuous solid solution with coffinite, USiO4, 
has been proposed (e.g., Fuchs and Gebert 1958; Spear 1982; 
Smits 1989; Förster 2006). U-bearing thorite, uranothorite, forms 
under higher-temperature magmatic-hydrothermal conditions, 
whereas coffinite precipitates under low-temperature hydrother-
mal and/or sedimentary conditions (e.g., Janeczek and Ewing 
1992a; Förster et al. 2000). Thus, uranothorite and coffinite 
can limit migration of tetravalent actinides U and Th under a 
wide range of Si-rich, reducing conditions that are relevant for 
proposed geological repositories for spent nuclear fuel (SNF), 
which is mainly UO2 (e.g., Janeczek and Ewing 1992b; Finch 
and Hanchar 2003; Amme et al. 2005; Grambow and Giffaut 
2006). However, there are very limited data available on the 
amorphization, recrystallization, and alteration processes of 
phases with intermediate chemical compositions (e.g., Lumpkin 
and Chakoumakos 1988). Most previous research has focused 
on the variation in the chemical composition of thorite-coffinite 

solid solution (e.g., Förster 2006 and references therein) and 
the amorphization-recrystallization processes of the pure end-
members (e.g., Meldrum et al. 1998, 2000; Deditius et al. 2008; 
Lian et al. 2009). However, Lumpkin and Chakoumakos (1988) 
and Deditius et al. (2008, 2010) have shown that the chemical 
composition, structure, and alteration of (Th,U)-orthosilicates 
shows considerable variation at the nanoscale.

Here we present nanoscale results for the recrystallization of 
an amorphous (Th,U)-silicate to U- and Th-rich orthosilicates 
using various electron microscopy techniques and supported by 
numerous electron microprobe (EMPA) analyses. This study 
provides new insights into the behavior of U and Th, the stability 
of U-thorite and Th-coffinite at the nanoscale, and the relation 
of nanoscale variations in composition to the solid solution of 
these (Th,U)-orthosilicates. 

PreVious stuDies on the thorite-Coffinite 
soliD-solution binAry

Thorite and coffinite are orthosilicates, with general formula 
ABO4⋅nH2O, where n ranges from 0–2; (space group I41/amd, Z 
= 4). The A-site in thorite and coffinite can be occupied by Th4+, 
U4+,6+, Zr4+, Hf4+, Y3+, REE3+, and Ca2+, and the B-site can be 
occupied by Si4+, P5+, V5+, S6+, F–, and OH–. Thus, the chemical 
compositions of thorite and coffnite vary widely due to numer-
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