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The Gibbs free energies and enthalpies of formation of U6+ phases:
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ABSTRACT
Uranyl minerals form as a result of the oxidation and alteration of uraninite, UO2+x. These uranyl
phases are also important alteration products of the corrosion of UO2 in used nuclear fuels under
oxidizing conditions. However, the thermodynamic database for these phases is extremely limited.
The Gibbs free energies and enthalpies for uranyl phases are estimated based on a method that sums
polyhedral contributions. The molar contributions of the structural components to ∆G0f and ∆H0f are
derived by multiple regression using the thermodynamic data of phases for which the crystal structures are known. In comparison with experimentally determined values, the average residuals associated with the predicted ∆G0f and ∆H0f for the uranyl phases used in the model are 0.08 and 0.10%,
respectively, well below the limits of uncertainty for the experimentally determined values. To analyze the reliability of the predicted ∆G0f values, activity-activity diagrams in SiO2-CaO-UO3-H2O and
CO2-CaO-UO3-H2O systems at 298.15 K and 1 bar were constructed using the predicted ∆G0f,298.15
values for the relevant U6+ phases. There is good agreement between the predicted mineral stability
relations and field occurrences, thus providing confidence in this method for the estimation of ∆G0f
and ∆H0f of the U6+ phases.

INTRODUCTION
UO2 under oxidizing conditions is not stable and rapidly
forms a wide variety of uranyl oxyhydroxides, silicates, phosphates, carbonates, and vanadates depending on groundwater
compositions (Langmuir 1978; Finch and Ewing 1992). The
paragenesis and stability of these phases have long been of
interest with many studies emphasizing the role of oxidation
and reduction reactions in the formation of uranium deposits
(McKelvey et al. 1955; Garrels and Christ 1959; Garrels and
Weeks 1959). However, there has been renewed interest in these
phases because they form as alteration products in uranium
tailings and on used nuclear fuel under oxidizing conditions
(Wronkiewicz et al. 1992). The nuclear fuel consists predominantly of UO2, but fission and neutron-capture reactions result
in approximately 4% fission products and actinides after a burnup of 40 MWd/kgU (Barner 1985; Johnson and Shoesmith
1988; Johnson and Werme 1994; Oversby 1994). In the presence of an oxidizing aqueous phase, especially involving
radiolytically produced oxidants, the alteration rate of spent
fuel is appreciable (Shoesmith and Sunder 1992; Sunder et al.
1998). A critical issue is the fate of the released radionuclides

*Permanent address: Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences, Wushan, Guangzhou 510640,
P.R. China.
†E-mail: rodewing@umich.edu
0003-004X/99/0004–0650$05.00

during the alteration and matrix corrosion of the UO2. Some of
the radionuclides are incorporated into the secondary uranyl
phases (Frondel 1958; Finch and Ewing 1991, 1992; Burns et
al. 1997a, 1997c) and, in fact, these phases may become the
primary source term for the release of radionuclides. Thus, the
paragenesis, structures, and stabilities of these phases are of
critical importance in evaluating the long-term behavior of
spent nuclear fuel in a repository under oxidizing conditions.
Unfortunately, the thermodynamic database for these uranyl phases is limited and in some cases contradictory (Grenthe
et al. 1992). There is an immediate need to be able to estimate
thermodynamic parameters and solubility constants. This paper represents an effort to estimate by regression analysis the
standard Gibbs free energies (∆G0f ) and enthalpies (∆H0f ) of
formation of U6+ phases based on their structural components.
Although the present experimental data are limited and the different types of uranyl polyhedra were not treated separately in
this analysis, this approach allows one to utilize all data presently available and will allow for the immediate refinement of
estimated thermodynamic values as new experimental data
become available. We also identify phases for which future
structural analysis and additional thermodynamic data will provide the greatest impact on the development of the required
database. Additionally, the estimated values may be used when
suitable samples are not available for experimental determinations (i.e., uranyl phases that commonly occur as fine-grained
mixtures of variable composition).
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