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aBStraCt

Uranyl sulfate minerals are the most rapidly expanding group of uranium minerals, with dozens of 
species described in the past decade from the localities of White Canyon, U.S.A. and Jáchymov, Czech 
Republic. Synthetic analogs of a suite of uranyl sulfate minerals were crystallized, characterized, and 
the standard-state enthalpies of formation (ΔHf°) were determined. Synthetic lussierite is monoclinic, 
space group Cc, a = 9.2896, b = 28.685, c = 9.6155 Å, β = 93.504°. Synthetic geschieberite is ortho-
rhombic, space group Pna21, a = 13.7408, b = 7.2713, c = 11.5844 Å. The standard-state enthalpies of 
formation from the binary oxides for lussierite, péligotite, shumwayite, geschieberite, and bluelizardite 
are –3214 ± 78, –2026 ± 33, –587 ± 22, –966.1 ± 10.9, and –2084 ± 21 kJ/mol, respectively, while the 
standard-state enthalpies of formation of each phase from its elements are –9743 ± 78, –7220 ± 33, 
–5255 ± 22, –3916 ± 20, and –7117 ± 21 kJ/mol, respectively. The ΔHf° of péligotite was accurately 
estimated using the ΔHf° of lussierite, bluelizardite, and literature values of the oxide components 
of each phase. This implies that estimates can be made accurately of the ΔHf° of uranyl sulfates of 
minerals without synthetic analogs.
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iNtroduCtioN

Uranium is of considerable societal importance: it is the 
primary fuel of nuclear energy, essential for production of 
many medical isotopes, central to international security con-
cerns regarding nuclear weapons and non-proliferation, and an 
environmental contaminant where uranium mining and nuclear 
fuel cycle activities occurred. Uranyl sulfates, which contain 
U in its hexavalent oxidation state as the UO2

2+ uranyl ion, are 
an important and rapidly growing group of secondary minerals 
found where hydration-oxidation processes alter primary ura-
nium minerals and sulfides, typically in abandoned mines (Finch 
and Murakami 1999; Plášil et al. 2014). Acid-mine drainage 
conditions promote the transport of UO2

2+ and SO4
2+ aqueous ions 

through the country rock, resulting in efflorescent crusts of sec-
ondary minerals on mine walls (Kampf et al. 2019). Until 2009, 
<20 uranyl sulfate minerals had been described, of which zippeite 
{K3(H2O)3.3[(UO2)4(SO4)2O3(OH)]} is the most commonly en-
countered. Over the past dozen years studies of mining districts 
including White Canyon, Utah, U.S.A., and Jáchymov, Czech 
Republic, have tripled the number of described uranyl sulfate 
mineral species (International Mineralogical Association 2023).

The structures of uranyl sulfate minerals generally consist of 
anionic structural units containing uranyl and sulfate polyhedra 
and an interstitial complex of low-valence cations and H2O (Burns 
et al. 1997). Uranyl oxyanion structural units in uranyl minerals 
have been organized into a hierarchy based on dimensionality 
(Burns et al. 1996; Krivovichev and Plášil 2013), in which sheets 
predominate (Burns et al. 1996). The structural units of uranyl 
sulfate minerals are topologically and dimensionally diverse, 

including finite clusters, chains, and sheets of polyhedra (Gurzhiy 
and Plášil 2019). Sulfate groups bond to uranyl ions in both mono-
dentate and bidentate fashions, which further enhances structural 
diversity through the multiple modes of connection between the 
polyhedra (Krivovichev and Plášil 2013; Gurzhiy and Plášil 2019). 
No thermodynamic data exists to help understand the formation of 
the unique uranyl sulfates found in White Canyon, Utah.

High-temperature oxide melt solution calorimetry has been 
extensively applied for determination of the enthalpy of formation 
(ΔHf°) of uranyl compounds (Navrotsky 2014) including uranyl 
silicates [boltwoodite, uranophane: Shvareva et al. 2011; soddy-
ite: Gorman-Lewis et al. 2007; uranyl carbonates (rutherfordine, 
grimselite, andersonite): Kubatko et al. 2005; uranyl vanadates 
(carnotite, curienite, francevillite): Spano et al. 2017; uranyl sul-
fates (zippeite): Sharifironizi et al. 2016; natrozippeite, cobaltzip-
peite, zinczippeite: Sharifironizi and Burns 2018; and some UIV 
minerals (coffinite): Guo et al. 2015; brannerite: Simoncic and 
Navrotsky 2007; behounekite: Zhang et al. 2019]. These studies 
revealed relationships between the enthalpy of formation and the 
Smith acidity of the interstitial cation (Sharifironizi and Burns 
2018), the normalized charge deficiency per anion (Spano et al. 
2017), and the number of O atoms per U (Navrotsky et al. 2013).

Here we report synthesis of the analogs of five of the new 
uranyl sulfate minerals from Red Canyon and Jáchymov and 
determination of their enthalpies of formation. We had initially 
planned to measure the aqueous solubility of these minerals, but 
we qualitatively observed that these phases are highly soluble and 
accurate measurements were precluded by the large amount of 
material those measurements would require. This is part of our 
ongoing efforts to develop thermodynamic data for uranyl miner-
als to better understand their occurrences and transformations.
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