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INTRODUCTION

Uranyl minerals, which contain U6+, are signiÞ cant for un-
derstanding the genesis of U deposits (Frondel and Meyrowitz 
1956), as well as the water-rock interactions that occur in U-rich 
rocks. They impact the mobility of actinides in contaminated soils 
(e.g., Buck et al. 1996) and in vadose zone sediments polluted 
with actinides, such as the Hanford and Savannah River sites in 
the U.S. (e.g., Yamakawa and Traina 2001). Precipitation of ura-
nyl phosphate minerals in the vadose zone of contaminated sites, 
by the addition of phosphate, has been proposed to mitigate U 
plumes in groundwater (Fuller et al. 2002). Uranyl minerals can 
be bio-precipitated (Macaskie and Lloyd 2002), and potentially 
provide redox-active U to serve as an electron acceptor permitting 
bacterial anaerobic respiration. Uranyl minerals are important 
phases of alteration of nuclear waste forms under simulated 
geological repository conditions, such as those expected in the 
proposed repository at Yucca Mountain, Nevada (e.g., Finch et 
al. 1999; Finn et al. 1996; Wronkiewicz et al. 1996).

About 200 uranyl minerals have been described from nature. 
Uranyl minerals typically occur in the oxidized zones of U depos-
its, where it is common to Þ nd the coexistence of several uranyl 
mineral species, often in intimate intergrowths. Owing to their 
structural and chemical complexity, and the experimental dif-
Þ culties associated with their characterization, the current level 
of understanding of the thermodynamic properties of uranyl 
minerals lags far behind that of most major mineral groups. We 

have undertaken a systematic study of the heats of formation of 
well-characterized uranyl minerals and their synthetic analogues. 
An earlier report examined the stability and origin of studtite, 
[(UO2)O2(H2O)2](H2O)2, which is one of two known peroxide 
minerals (Kubatko et al. 2003). Here, we examine the thermo-
dynamic properties of three uranyl carbonate minerals.

Aqueous uranyl carbonate complexes are important aque-
ous species of hexavalent uranium under near-neutral to alka-
line conditions (Langmuir 1978; Clark et al. 1995). Although 
many uranyl carbonates are fairly soluble in natural waters, 
some species, such as rutherfordine, (UO2)(CO3), may persist 
in nature for tens to hundreds of thousands of years (Finch 
et al. 1999). Uranyl carbonates may impact the mobility of 
actinides in contaminated soils, the vadose zone, uranium 
mine and mill tailings, and a geological repository for nuclear 
waste. Here, we report heats of formation of rutherfordine, 
(UO2)(CO3); andersonite, Na2CaUO2(CO3)3(H2O)5; and grim-
selite, K3NaUO2(CO3)3(H2O).

STRUCTURES OF RUTHERFORDINE, ANDERSONITE, 
AND GRIMSELITE

Rutherfordine forms under acidic to neutral pH and is the 
only known phase that contains only uranyl and carbonate. It 
was discovered by Marckwald (1906) and described as a mineral 
species by Frondel and Meyrowitz (1956). The structure of ruth-
erfordine was provided by Christ and Clark (1955) and reÞ ned 
by Finch et al. (1999). It contains approximately linear (UO2)2+ 
uranyl ions that are coordinated by six O atoms arranged at the 
equatorial vertices of uranyl hexagonal bipyramids. Each uranyl * E-mail: pburns@nd.edu
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ABSTRACT

Enthalpies of formation of rutherfordine, UO2CO3, andersonite, Na2CaUO2(CO3)3(H2O)5, and 
grimselite, K3NaUO2(CO3)3(H2O), have been determined using high-temperature oxide melt solution 
calorimetry. The enthalpy of formation of rutherfordine from the binary oxides, ΔHr-ox, is �99.1 ± 4.2 
kJ/mol for the reaction UO3 (xl, 298 K) + CO2 (g, 298 K) = UO2CO3 (xl, 298 K). The ΔHr-ox for ander-
sonite is �710.4 ± 9.1 kJ/mol for the reaction Na2O (xl, 298 K) + CaO (xl, 298 K) + UO3 (xl, 298 K) 
+ 3CO2 (g, 298 K) + 5H2O (l, 298 K) = Na2CaUO2(CO3)3(H2O)6 (xl, 298 K). The ΔHr-ox for grimselite 
is �989.3 ± 14.0 kJ/mol for the reaction 1.5 K2O (xl, 298 K) + 0.5Na2O (xl, 298 K) + UO3 (xl, 298 K) 
+ 3CO2 (g, 298 K) + H2O (l, 298 K) = K3NaUO2(CO3)3H2O (xl, 298 K). The standard enthalpies of 
formation from the elements, ΔHfº, are �1716.4 ± 4.2, �5593.6 ± 9.1, and �4431.6 ± 15.3 kJ/mol for 
rutherfordine, andersonite, and grimselite, respectively. Energetic trends of uranyl carbonate formation 
from the binary oxides and ternary carbonates are dominated by the acid-base character of the binary 
oxides. However, even relative to mixtures of UO2CO3, K2CO3, and Na2CO3 or CaCO3, andersonite 
and grimselite are energetically stable by 111.7 ± 10.2 and 139.6 ± 16.1 kJ/mol, respectively, suggest-
ing additional favorable interactions arising from hydration and/or changes in cation environments. 
These enthalpy values are discussed in comparison with earlier estimates. 


