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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 ∆G0

f and ∆H0
f are

derived by multiple regression using the thermodynamic data of phases for which the crystal struc-
tures are known. In comparison with experimentally determined values, the average residuals associ-
ated with the predicted ∆G0

f and ∆H0
f 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 ana-
lyze the reliability of the predicted ∆G0

f 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 ∆G0

f,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 ∆G0

f

and ∆H0
f of the U6+ phases.

INTRODUCTION

UO2 under oxidizing conditions is not stable and rapidly
forms a wide variety of uranyl oxyhydroxides, silicates, phos-
phates, 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 predomi-
nantly of UO2, but fission and neutron-capture reactions result
in approximately 4% fission products and actinides after a burn-
up of 40 MWd/kgU (Barner 1985; Johnson and Shoesmith
1988; Johnson and Werme 1994; Oversby 1994). In the pres-
ence 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

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 ura-
nyl 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 pa-
per represents an effort to estimate by regression analysis the
standard Gibbs free energies (∆G0

f ) and enthalpies (∆H0
f ) of

formation of U6+ phases based on their structural components.
Although the present experimental data are limited and the dif-
ferent types of uranyl polyhedra were not treated separately in
this analysis, this approach allows one to utilize all data pres-
ently 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 pro-
vide 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 determina-
tions (i.e., uranyl phases that commonly occur as fine-grained
mixtures of variable composition).
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For silicate minerals, many approaches exist for estimating
∆G0

f (Karpov and Kashik 1968; Chen 1975; Nriagu 1975; Tardy
and Garrels 1974, 1976, 1977; Mattigod and Sposito 1978;
Sposito 1986) and ∆H0

f (Hemingway et al. 1982; Vieillard and
Tardy 1988). Most of these methods are based on the observa-
tion that the ∆G0

f and ∆H0
f of minerals can be estimated by sum-

ming, in stoichiometric proportions, the contributions of sim-
pler constituent components. Because the contributions of the
oxide and hydroxides to ∆G0

f and ∆H0
f largely depend on the

coordination numbers of the cations involved, the oxide or
hydroxide of the same cation with different coordination num-
ber should be treated differently. In this study, the ∆G0

f and ∆H0
f

of U6+ minerals are considered to be the sum of oxide polyhe-
dral contributions that were determined by multiple linear re-
gression. This method is similar to that developed by Chermak
and Rimstidt (1989) for estimating the ∆G0

f and ∆H0
f of silicate

minerals.

PREVIOUS WORK

The empirical method developed by Chen (1975) was
adopted by Hemingway (1982) to estimate the ∆G0

f of uranyl
silicates. For silicate minerals, the error of estimation made by
this method is, in most cases, <0.6% and seems slightly larger
for uranyl silicates. Van Genderen and Van Der Weijden (1984)
applied the method developed by Tardy and Garrels (1976) to
uranyl phases. It is based upon the linear relationship between
two parameters, ∆O and ∆F (∆O is the difference of the Gibbs
free energies of formation of the oxide and the aqueous cation
for a specific element in the mineral; ∆F is the Gibbs free en-
ergy of the formation reaction of a mineral from the constitu-
ent oxides and the acids). This method is applicable only within
a mineral group with the same structure (i.e., coordinations for
all the cations are the same in the structure) because minor
differences in the structure of the same mineral group can have
appreciable influences on the empirical relationships between
∆O and ∆F. Considering the complexity of uranyl phases and
the scarcity of reliable thermodynamic data for these phases,
the application of this approach is limited.

Recent attempts to estimate ∆G0
f for U6+ minerals have been

made by Finch (1997) and Clark et al. (1998). Both used a
method similar to that developed by Tardy and Garrels (1974)
for estimating the ∆G0

f for silicate minerals. This method is based
on the assumption that a particular constituent oxide makes the
same contribution to the ∆G0

f for all minerals considered; thus,
the ∆G0

f of a mineral is the arithmetic sum of its constituent
oxide contributions. The gi of SiO2, Na2O, K2O, CaO, and MgO
given by Clark et al. (1998) were assumed to be equal to those
in silicate structures and are taken directly from Tardy and
Garrels (1974) and, thus, the predicted values of ∆G0

f for U6+

phases are significantly different from those obtained by ex-
periment. [Note that gi and hi (see below) represent the mo-
lar Gibbs free energy and enthalpy, respectively, of the corre-
sponding oxide.] Because there were no independent data for
comparison to the estimated values, Finch (1997) constructed
activity-activity diagrams for the SiO2-CaO-UO3-H2O and CO2-
CaO-UO3-H2O systems using estimated ∆G0

f values. The sta-
bility relations among the relevant minerals illustrated by the
diagrams were in qualitative agreement with geological obser-

vations for the occurrences of these minerals. However, be-
cause this method used the ∆G0

f of a specific mineral to derive
the gi of a constituent oxide (except UO3 and H2O), the errors
in the ∆G0

f values propagate through the derived gi, and the gi

derived in this way depends, partly, on the selected ∆G0
f and the

sequence by which each gi is derived.
 In addition, hexavalent uranium, U6+, is almost always com-

bined with two O atoms to form an independent UO2
2+ uranyl

cation (Evans 1963). This approximately linear “dioxocation”
is the only form of hexavalent uranium in solution (Baran 1992)
and also predominates in solid phases (Burns et al. 1997b). In
contrast to Si4+, which almost always occupies tetrahedral sites
in silicate structures, the uranyl cation is coordinated by four,
five, or six anions in an approximately coplanar arrangement
(Burns et al. 1996, 1997b) to form Urφ4, Urφ5, or Urφ6 bipyramidal
polyhedra (Ur: uranyl ion; φ: anion) with the oxygen atoms that
are part of the uranyl ion located at the opposing apices. These
uranyl polyhedra are proposed to be treated as different struc-
tural components in this paper. Moreover, molecular water and
structural hydroxyl must be treated differently due to their dis-
tinctive structural functions. The previous methods did not con-
sider the different coordinations of the cations and, thus, are best
used within a group of structurally similar phases.

The approach proposed in this paper offers the following
advantages over previous estimation techniques. (1) The struc-
tural component-summation technique provides smaller uncer-
tainty relative to the oxide-summation technique if the coordi-
nation of the cation is considered. (2) The ∆G0

f and ∆H0
f may be

estimated even though data for representative phases in simi-
lar structural classes are not available because each type of
cation polyhedron is considered to possess a set of well-de-
fined properties (Hazen 1985, 1988). (3) Small errors in indi-
vidual data of the reference phases can be reduced through the
averaging provided by multiple regression. Although different
types of uranyl polyhedra were treated as a single structural
component owing to the present limitations of the thermody-
namic database, the predicted results using this approach are
in better agreement with geological observations than those of
previous studies and will facilitate further improvement as more
accurately determined thermodynamic data for uranyl phases
with uranium in different coordinations become available.

FICTIVE  STRUCTURAL  COMPONENTS

A fictive structural component is a cation coordination poly-
hedron with a similar structural function, and it may be ex-
pressed in the form of an oxide or hydroxide. Because the cat-
ions in crystal structures are commonly coordinated directly to
O atoms, and the hydrogen ions sharing O with other cations
are considered to be part of the structural water (see discussion
below), all structural components are expressed as “cation ox-
ides” in this study.

In U6+ phases, the basic fictive structural components are
uranyl polyhedra with different coordination numbers (Burns
et al. 1997b). One Urφn polyhedron polymerizes with other Urφn

or other cation coordination polyhedra to form clusters, chains,
sheets, and even framework structures (Burns et al. 1996). The
structural units (clusters, chains, and sheets) are connected by
hydrogen bonds and low-valence cations that are commonly
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coordinated by 8–12 anions and are denoted by the subscript
(I). In framework structures, the similar structural components
are coordination polyhedra of those cations located in chan-
nels parallel to [001] in a perovskite-like structure (Burns et
al. 1996) or in the voids of other structure types with coordi-
nation numbers of 8–12. The structural function of hydrogen
ions that are part of the structural water is similar to that of
low-valance cations in sharing O with cations in the structure
units, compensating charge in the structure, and connecting
the structural units. Thus, structural water [H2O(S)] is regarded
as an individual structural component and is different from

the water of hydration [H2O(H)].
On the other hand, the coordination polyhedra of cations

other than UO22+ may also form an individual coordination poly-
hedron within the structural units. These cations are different
from those located in inter-structural unit sites. Their coordi-
nation numbers are no more than six and are indicated by the
Roman numeral in the subscript of the relevant structural com-
ponents. Constituent fictive structural components of 99 U6+

phases are listed in Table 1, which includes all the uranyl phases
that may be important during the alteration of uraninite and
spent UO2 fuel.

TABLE  1. Constituent structural components for selected U6+ phases

      Mineral Formula Constituent structural components  Ref.
α-[(UO2)(OH)2] H2O(S) + Urφ6 1
β-[(UO2)(OH)2] H2O(S) + Urφ4 2
γ-[(UO2)(OH)2] H2O(S) + Urφ4 3

schoepite [(UO2)8O2(OH)12](H2O)12 6H2O(S) + 8Urφ5 + 12H2O(H) 4
meta-schoepite [(UO2)8O2(OH)12](H2O)10 6H2O(S) + 8Urφ5 + 10H2O(H) 5

[(UO3)(H2O)0.9] 0.9H2O(S) + Urφ6 6
Li2[(UO2)O2] Li2O(I)  +  Urφ4 7
Li4[(UO2)O3] 2Li2O(I) + Urφ4 8
β-Na2[(UO2)O2] Na2O(I) + Urφ4 9
Na4[(UO2)O3] 2Na2O(I)  +  Urφ4 10
Na2U2O7 Na2O(I) + 2Urφ6 11
K2UO4 K2O(I) + Urφ4 12
K2[(UO2)2O3] K2O(I) + Urφ5 + Urφ4 13
K2[(UO2)5O8](UO2)2 K2O(I) + 6Urφ5 + Urφ4 14
Cs2UO4 Cs2O(I) + Urφ4 15
Cs4U5O17 2Cs2O(I) + Urφ5 + 4Urφ4 15
Rb2UO4 Rb2O(I) + Urφ4 16

becquerelite Ca[(UO2)3O2(OH)3]2(H2O)8 CaO(I) + 3H2O(S) + 6Urφ5 + 8H2O(H) 17
SrUO4 SrO(I) + Urφ4 18
[Sr3(UO2)11O14] 3SrO(VII) + 5Urφ5 + 6Urφ4 19
BaUO4 BaO(I) + Urφ4 20
BaU2O7 BaO(I) + 2Urφ4 21
Ba3UO6 2BaO(I) + BaO(VI) + Urφ4 18
Ba2MgUO6 2BaO(I) + MgO(VI) +  Urφ4 18
Ba2CaUO6 2BaO(I) + CaO(VI) + Urφ4 18
Ba2SrUO6 2BaO(I) + SrO(VI) + Urφ4 18

protasite Ba[(UO2)3O3(OH)2](H2O)3 BaO(I) + H2O(S) + 3Urφ5 + 3H2O(H) 17
billietite Ba[(UO2)3O2(OH)3]2(H2O)4 BaO(I)  + 3H2O(S) + 6Urφ5 + 4H2O(H) 17

MgUO4 MgO(VI) + Urφ4 22
PbUO4 PbO(I) + Urφ4 23

fourmarierite Pb[(UO2)4O3(OH)4](H2O)4 PbO(I) + 2H2O(S) + 4Urφ5 + 4H2O(H) 24
sayrite Pb2[(UO2)5O6(OH)2](H2O)4 2PbO(I) + H2O(S) + 4Urφ5 + Urφ4 +  4H2O(H) 25
curite Pb3[(UO2)8O8(OH)6](H2O)3 3PbO(I) + 3H2O(S) + 6Urφ5 + 2Urφ4 + 3H2O(H) 26
α-uranophane Ca[(UO2)(SiO3OH)]2(H2O)5 CaO(I) + H2O(S) + 2Urφ5) + 2SiO2(IV) + 5H2O(H) 27
boltwoodite (K,Na)[(UO2)(SiO3OH)](H2O)1.5 0.5(K,Na)2O(I) + 0.5H2O(S) + Urφ5 + SiO2(IV) + 1.5H2O(H) 28
cupro-sklodowskite Cu[(UO2)(SiO3OH)]2(H2O)6 CuO(I) + H2O(S) + 2Urφ5 + 2SiO2(IV)  + 6H2O(H) 29
sklodowskite Mg[(UO2)(SiO3OH)]2(H2O)6 MgO(I) + H2O(S) + 2Urφ5 + 2SiO2(IV) + 6H2O(H) 30
kasolite Pb[(UO2)(SiO4)](H2O) PbO(I) + Urφ5 + SiO2(IV) + H2O(H) 31
β-uranophane Ca[(UO2)(SiO3OH)]2(H2O)5 CaO(I) + H2O(S) + 2Urφ5 + 2SiO2(IV) + 5H2O(H) 32
soddyite [(UO2)2(SiO4)](H2O)2 2Urφ5 + SiO2(IV) + 2H2O(S) 33
weeksite (Na,K)2[(UO2) 2 (Si5O13)](H2O)3 (Na,K)2O(I) + 2Urφ5 + 5SiO2(IV) + 3H2O(S) 34
chernikovite [(UO2)H(PO4)](H2O)4 0.5H2O(S) + Urφ4) + 0.5P2O5(IV)+4H2O(H) 35
phosphuranylite KCa(H3O)(UO2)[(UO2)3(PO4)2O2](H2O)8 0.5K2O(I) + CaO(I) + 6H2O(s) + Urφ4 + 4Urφ5 + 8H2O(H) 36

K[(UO2)(PO4)](D2O)3 0.5K2O(I) + Urφ4 + 0.5P2O5(IV) + 3D2O(H) 37
Cs[(UO2)(PO3)3] 0.5Cs2O(I) + Urφ5 + 1.5P2O5(IV) 38
Na2[(UO2)(P2O7)] Na 2O(I) + Urφ5 + P2O5(IV) 39

saleeite Mg[(UO2)(PO4)]2(H2O)10 MgO(I) + 2Urφ4 + P2O5(IV) + 10H2O(H) 40
meta-autunite Ca[(UO2)(PO4)]2(H2O)6 CaO(I) + 2Urφ4 + P2O5(IV) + 6H2O(H) 41
meta-uranocircite Ba[(UO2)(PO4)]2(H2O)6 BaO(I) + 2Urφ4 + P2O5(IV) + 6H2O(H) 42

Al[(UO2)3O(OH)(PO4)2] (H2O)7 0.5Al2O3(I) + 0.5H2O(S) + 3Urφ4 + P2O5(IV) + 7H2O(H) 43
threadgoldite Al[(UO2)(PO4)]2(OH)(H2O)8 0.5Al2O3(I) + 0.5H2O(S) + 2Urφ4 + P2O5(IV) + 8H2O(H) 44

K4[(UO2)(PO4)2] 2K2O(I) + Urφ4 + P2O5(IV) 45
phurcalite Ca2[(UO2)3(PO4)O2]⋅7H2O 2CaO(I) + 2Urφ5 + Urφ6 + P2O5(IV) + 7H2O(H) 46
phuralumite Al2[(UO2)3(PO4)2(OH)2] (OH)4(H2O)10 Al2O3(I) + 3H2O(S) + 2Urφ5 + Urφ6 + P2O5(IV) + 10H2O(H) 47
althupite AlThUO2[(UO2)3(PO4)2O (OH)]2 (OH)3(H2O)15 0.5Al2O3(I) + ThO2(I) + 2.5H2O(S) + 3Urφ5 + Urφ6 + P2O5(IV) + 15H2O(H) 48
meta-torbernite Cu0.92[(UO2)(PO4)]2(H2O)8 0.92CuO(I) + 2Urφ4 + P2O5(IV) + 8H2O(H) 49
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DATABASE

Grenthe et al. (1992) have completed a comprehensive re-
view of the literature of thermodynamic data for uranium and
have developed a database of uranium species, including some
U6+ minerals, for use in safety assessments of radioactive waste
repositories. This database has been widely adopted among
chemists and geochemists, and, when available, the ∆G0

f and
∆H0

f data used in the regression analysis of the present study for
deriving the contributions of fictive structural components have
been adopted from Grenthe et al. (1992). We note that (1) the
thermodynamic properties of fictive “cation oxides” in struc-

TABLE 1 Continued

      Mineral Formula Constituent structural components  Ref.
meta-zeunerite Cu[(UO2)(AsO4)]2 (H2O)8 CuO(I) + 2Urφ4 + As2O5(IV) + 8H2O(H) 50
abernathyite K[(UO2)(AsO4)](H2O)3 0.5K2O(I) + Urφ4 + 0.5As2O5(IV) + 3H2O(H) 51

KH3O[(UO2)(AsO4)]2 (H2O)6 1.5H2O(S) + 0.5K2O(I) + 2Urφ4  + As2O5(IV) + 6H2O(H) 52
(UO2)(SO4)(H2O)3.5 2H2O(S) + Urφ5 + SO3(IV) + 1.5H2O(H) 53
(UO2)(SO4)(H2O)2.5 2H2O(S) + Urφ5 + SO3(IV) + 0.5H2O(H) 53
[(UO2)(SO4)(H2O) 2] 2(H2O)3 2H2O(S) + Urφ5 + SO3(IV) + H2O(H) 54
β–(UO2)(SO4) Urφ5 + SO3(IV) 55
Cs2[(UO2)2(SO4)3] Cs2O(I) + 2Urφ5 + 3SO3(IV) 56
Mg[(UO2)(SO4)2](H2O)11 MgO(I) + Urφ5 + 2SO3(IV) + 11H2O(H) 57
[H2(UO2)(SO4)2](H2O)5 H2O(S) + Urφ5 + 2SO3(IV) + 5H2O(H) 58
K2[(UO2)(SO4)2](H2O)2 K2O(I) + Urφ5 + 2SO3(IV) + 2H2O(H) 59

zippeite K[(UO2)2(SO4)(OH)3](H2O) 0.5K2O(I) + 1.5H2O(S) + 2Urφ5 + SO3(IV) + H2O(H) 60
rutherfordine (UO2)(CO3) Urφ6 + CO2(III) 61
liebigite Ca2[(UO2)(CO3)3](H2O)11 2CaO(I) + Urφ6 + 3CO2(III) + 11H2O(H) 62
bayleyite Mg2[(UO2)(CO3)3](H2O)18 2MgO(I) + Urφ6 + 3CO2(III) + 18H2O(H) 63
swartzite CaMg[(UO2)(CO3)3](H2O)12 CaO(I) + MgO(I) + Urφ6 + 3CO2(III) + 12H2O(H) 64
andersonite Na2Ca[(UO2)(CO3)3](H2O)5 Na2O(I) + CaO(I) + Urφ6 + 3CO2(III) +5H2O(H) 65

Cs4[(UO2)(CO3)3](H2O)6 2Cs2O(I) + Urφ6 + 3CO2(III) + 6H2O(H) 66
Sr2[(UO2)(CO3)3](H2O)8 2SrO(I) + Urφ6 + 3CO2(III) + 8H2O(H) 67
Rb[(UO2)(NO3)3] 0.5Rb2O(I) + Urφ6 + 1.5N2O5(III) 68
[(UO2)(NO3)2](H2O)6 Urφ6 + N2O5(III) + 6H2O(H) 69
[(UO2)(NO3)2(H2O)3 Urφ6 + N2O5(III) + 3H2O(H) 70
[(UO2)(NO3)2](H2O)2 Urφ6 + N2O5(III) + 2H2O(H) 70
[(UO2)2(OH)2(NO3)2](H2O)4 H2O(S) + Urφ6 + Urφ5 + N2O5(III) + 4H2O(H) 71
[(UO2)3O(OH)3(H2O)6] (NO3)(H2O)4 7.5H2O(S) + 3Urφ5 + 0.5N2O5(III) + 4H2O(H) 72
Na[(UO2)(BO3)] 0.5Na2O(I) + Urφ5 + 0.5B2O3(III) 73
Li[(UO2)(BO3)] 0.5Li2O(I) + Urφ5 + 0.5B2O3(III) 74
[Mg(UO2)(B2O5)] MgO(VI) + Urφ5 + B2O3(III) 75
[Ca(UO2)2(BO3)2] CaO(VII) + Urφ4 + Urφ5 + B2O3(III) 76

francevillite Ba0.96Pb0.04[(UO2)2(V2O8)](H2O)5 0.96BaO(I) + 0.04PbO(I) + 2Urφ5 + V2O5(V)  + 5H2O(H) 77
Pb[(UO2)2(V2O8)](H2O)5 PbO(I) + 2Urφ5 + V2O5(V) + 5H2O(H) 78
K2[(UO2)2(V2O8)] K2O(I) + 2Urφ5 + V2O5(V) 79

sengierite Cu2[(UO2)2(V2O8)(OH)2](H2O)6 2CuO(I) + H2O(S) + 2Urφ5 + V2O5(V) + 6H2O(H) 80
Ni[(UO2)2(V2O8)](H2O)4 NiO(I) + 2Urφ5 + V2O5(V) + 4H2O(H) 81
Cs2[(UO2)2(V2O8)] Cs2O(I) + 2Urφ5 + V2O5(V) 82
Cs2[(UO2)2(Nb2O8)] Cs2O(I) + 2Urφ5 + Nb2O5(V) 83

iriginite [(UO2)(MoO3OH)2(H2O)](H2O) 2H2O(S) + Urφ5 + 2MoO3(VI) + H2O(H) 84
[Ca(UO2)Mo4O14] CaO(VII) + Urφ5 + 4MoO3(VI) 85

umohoite [(UO2)MoO4)](H2O)4 Urφ6 + MoO3(VIII) + 4H2O 86
α-(UO2)(MoO4)(H2O)2 Urφ5 + MoO3(IV) + 2H2O(H) 87
Sr(UO2)6(MoO4)7(H2O)15 SrO(VI) + 6Urφ5 + 7MoO3(IV) + 15H2O(H) 88
Ba(UO2)3(MoO4)4(H2O)4 BaO(VI) + 3Urφ5 + 4MoO3(IV) + 4H2O(H) 89
Mg(UO2)3(MoO4)4(H2O)8 MgO(VI) + 3Urφ5 + 4MoO3(IV) + 8H2O(H) 90

Notes: 1. Taylor 1971; 2. Taylor and Banister 1972; 3. Siegel et al. 1972; 4. Finch et al. 1996; 5. inferred from Finch et al. 1996; 6. Hoeckstra and
Siegel 1973; 7. Gebert et al. 1978; 8. Reshetov and Kovba 1966; 9. Kovba 1971; 10. Wolf and Hoppe 1986; 11. Kovba et al. 1958; 12. Van Egmond
and Cordfunke 1976; 13. Saine 1989; 14. Kovba 1972; 15. Van Egmond 1976; 16. assumed to be similar to that of K2UO4 and Ce2UO4; 17. Pagoaga
et al. 1987; 18. Loopstra and Rietveld 1969; 19. Cordfuke et al. 1991; 20. Reis et al.1976; 21. Allpress 1965; 22. Zachariasen 1954; 23. Cremers et
al. 1986; 24. Piret 1985; 25. Piret et al. 1983; 26. Taylor et al. 1981; 27. Ginderow 1988; 28. Burns 1998; 29. Rosenzweig and Ryan 1975; 30. Ryan
and Rosenzweig 1977; 31. Rosenzweig and Ryan 1977; 32. Viswanathan and Harneit 1986; 33. Demartin et al. 1992; 34. Baturin and Sidorenko
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Makarov and Ivanov 1960; 42. Khosrawan-Sazedj 1982a; 43. Piret and Declercq 1983; 44. Khosrawan-Sazedj 1982b; 45. Linde et al. 1980; 46.
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Piret et al. 1980; 81. Borene and Cesbron 1970; 82. Dickens et al. 1992; 83. Gasperin 1987a; 84. Serezhkin et al. 1973; 85. Lee and Jaulmes 1987;
86. Makarov and Anikna 1963; 87. Serezhkin et al 1980; 88. Tabachenko et al. 1984b; 89. Tabachenko et al. 1984a; 90. Tabachenko et al. 1983.

tures are quite different from those of pure oxides, as has been
demonstrated for silicate minerals (Chermak and Rimstidt
1989); (2) α−UO3 contains distorted polyhedra and studied
samples may not have had the exact stoichiometry of UO3.00

(Loopstra and Cordfunke 1966); and (3) β-UO3 and γ-UO3 do
not contain the uranyl ion, with the U6+ cation being coordi-
nated in some other way, and the polyhedra are highly irregu-
lar (Debets 1966; Loopstra et al. 1977). Thus the ∆G0

f and ∆H0
f

of the simple oxides for U6+ were not included in the model
data. Because the thermodynamic properties of a fictive compo-
nent calculated in this way represent average contributions of
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The formula of billietite suggested by structural refinement
(Pagoaga et al. 1987) is Ba[(UO2)6O4(OH)6]·4H2O. A ∆G0

f,298

value of -9387.0 ± 17.1 kJ/mol for billietite was calculated based
on this formula and the solubility data given by Vochten and
Haverbeke (1990). This value is used in the present study.

Although each type of cation polyhedron is considered to
possess a set of well-defined properties, the linkage topology
of the polyhedra can also account for a few percent of the varia-
tion of thermodynamic properties for a particular type of cat-
ion polyhedron from structure to structure (Hazen 1985, 1988).
Notably, the anion topology for the sheets of phases MXU2O7

(M = K, Rb, Ca, and Sr; X = 1 or 2) contains only hexagons,
and each hexagon is populated with a uranyl cation to form a
hexa-bipyramid with each edge of the hexagon in the plane of
the sheet being shared with neighboring polyhedra (Burns et
al. 1996). The linkage between the cation polyhedra within
sheets of this type of structure is much stronger than that found
in other sheet structures of U6+ phases. In the course of the
present analysis, we have found that the ∆G0

f,298 and ∆H0
f,298 val-

ues for phases with this structure type are always more nega-
tive than predicted. Because few phases possess this kind of
structure, we suggest that thermodynamic properties of these
phases be neither used in the reference database nor predicted
using the present empirical method. Because the structures of
most uranyl phases are based upon infinite sheets of polyhedra
(Burns et al. 1996) and the prediction will be improved if the
estimation is made within the phases that are structurally more
analogous, uranyl phases containing isolated uranyl polyhedra
were also not included in the model. Table 2 lists the thermo-
dynamic data used to calculate gi and hi values in this study.

the component to the relevant properties of uranyl solid phases,
thermodynamic data of phases with irregular structures (e.g.,
containing highly distorted polyhedra; involving U6+ cations not
combined with oxygen anions to form uranyl cations) were not
included in the model database. Only data for those phases for
which the crystal structures are known were used in this study.

 Data for uranyl silicates are notably absent from the lim-
ited amount of ∆G0

f and ∆H0
f data for U6+ compounds given by

Grenthe et al. (1992). In recent years, new solubility data have
been published for some uranyl phases (Nguyen et al. 1992;
Moll et al. 1996; Casas et al. 1997b). Based on a review on
these solubility data, we have calculated the ∆G0

f,298.15 values
for soddyite, uranophane, Na-boltwoodite, and Na-weeksite to
be -3653.0±2.8 kJ/mol, –6192.3 ± 3.4 kJ/mol, –2844.8 ± 3.9
kJ/mol, and –7993.9 ± 9.8 kJ/mol, respectively (Appendix 1).

Vochten and Van Haverbeke (1990) have performed solu-
bility experiments on synthetic becquerelite and billietite. As-
suming stoichiometric dissolution of the solid phases and based
on the reaction: M[(UO2)6O4(OH)6]·8H2O + 14H+ = M2+ + 6UO2

2+

+ 18H2O (M = Ba, Ca), our recalculation yielded log KSP val-
ues of 40.11 and 36.07 for becquerelite and billietite, respec-
tively, using Ca and Ba determinations in the fluid and the ura-
nium database of Grenthe et al. (1992). The log KSP value of
40.11 for becquerelite is in fair agreement with that reported
by Sandino and Grambow (1994). However, Casas et al. (1997a)
reported a log KSP value of 29 ± 1 for becquerelite based on the
solubility data for a natural becquerelite. Because this discrep-
ancy is very large and no reasonable explanation is available,
no thermodynamic datum for becquerelite was selected in the
model database of this study.

TABLE  2. Thermodynamic data used to calculate the gi and hi values listed in columns 1 and 3 of Table 3

Phases ∆G0
f,298 (kJ/mol) ∆H0

f,298 (kJ/mol)
[(UO2)8O2(OH)12]⋅10H2O –13092.0 ± 6.8 –14608.8 ± 13.6
β–UO2(OH)2 –1398.7 ± 1.8 –1533.8 ± 1.3
γ–UO2(OH)2 –1531.4 ± 1.3
UO3⋅0.9H2O –1374.6 ± 2.5 –1506.3 ± 1.3
Na2U2O7 –3011.5 ± 4.0 –3023.8 ± 1.8*
Na4UO2(CO3)3 –3737.8 ± 2.3
UO2CO3 –1563.0 ± 1.8 –1689.65 ± 1.8*
BaUO4 –1883.8 ± 3.4 –1993.8 ± 3.3
BaU2O7 –3052.1 ± 6.7 –3237.2 ± 5.0
UO2(NO3)2⋅6H2O –2584.2 ± 1.6 –3167.5 ± 1.5
UO2(NO3)2⋅3H2O –1864.7 ± 2.0 –2280.4 ± 1.7
UO2(NO3)2⋅2H2O –1620.5 ± 2.0 –1978.7 ± 2.0
UO2SO4⋅3.5H2O –2535.6 ± 1.8 –2901.6 ± 0.8
UO2SO4⋅3H2O –2416.6 ± 1.8 –2751.5 ± 4.6
UO2SO4⋅2.5H2O –2298.5 ± 1.8 –2607.0 ± 0.9
(UO2)2 SiO4⋅2H2O –3655.7 ± 7.6†
Na(UO2)( SiO3OH)⋅1.5H2O –2844.8 ± 3.9†
Na2 (UO2)2( Si5O13)⋅3H2O –7993.9 ± 9.6†
Ba(UO2)6O4( OH)6⋅4H2O –9387.0 ± 17.1†
Li2UO4 –1853.2 ± 2.2* –1968.2 ± 1.3
Li2U3O10 –4437.4 ± 4.1
MgUO4 –1749.6 ± 1.5* –1857.30 ± 1.5*
Ca[(UO2)(SiO3OH)]2⋅5H2O –6192.3 ± 3.4*,†
UO2HPO4⋅4H2O –3064.75 ± 2.4* –3469.97 ± 7.8*
K2UO4 –1798.50 ± 3.25* –1920.70 ± 2.2*
Rb2UO4 –1800.14 ± 3.25* –1922.70 ± 2.2*
Cs2UO4 –1805.37 ± 1.23* –1928.00 ± 1.2*
*Not used in the regression analysis, instead, each value is used to calculate a gi or hi value for one component based on the regression results; the
other data are used in the regression analysis to obtain the gi and hi values listed in columns 1 and 3 of Table 3, respectively.
†Calculated based on the solubility data reported by Vochten and Haverbeke (1990), Nguyen et al. (1992), Moll et al. (1996), and Casas et al.
(1997b); others are from Grenthe et al. (1992)
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CALCULATION  METHODS AND
LIMITATIONS  OF DATABASE

The constituent structural components for 27 phases (listed
in Table 2) for which the ∆G0

f and/or ∆H0
f values were used in

the calculations are given in Table 1. Regression analysis was
used to determine the molar contributions of structural compo-
nents (gi and hi) to ∆G0

f and ∆H0
f of U6+ phases for the following

models: ∆G0
f =Snigi and ∆H0

f =Snihi, where ni is the number of
moles of component i. The gi or hi of the components that oc-
cur in at least two phases for which the relevant thermody-
namic data (∆G0

f or DH0
f) and structural information are avail-

able were included in the predictor variables of the regression
analysis. Thus, the ∆G0

f,298 values of 18 phases in Table 2 can be
used in the simultaneous determination of the molar contribu-
tion (gi) of Urφ4, Urφ5, Urφ6, Na2O(I), BaO(I), CO2(III), N2O5(III),
SO3(IV), SiO2(IV), H2O(S), and H2O(H) to ∆G0

f of U6+ phases, and the
∆H0

f,298 of 14 phases in Table 2 can be used to determine by
regression the molar contribution (hi) of Urφ4, Urφ6, Li2O(I),
BaO(I), N2O5(III), SO3(IV), H2O(S), H2O(H) to the ∆H0

f,298 of U6+

phases. However, no significant differences exist among the
calculated gi or hi values for different uranyl polyhedron types
(Urφ4, Urφ5 and Urφ6), and the result is rather sensitive to the
change of the data used in the model. Because those phases
that contain highly distorted or unusual polyhedra are excluded
from the model, the number of the equatorial <U6+-O> bonds
and their bond-strengths generally depend on coordination num-
ber. Thus, differences are to be expected among the gi or hi

values of different types of uranyl coordination polyhedron.
We suspect significant differences will be demonstrated when
the model database is enlarged. The sensitivity of the regres-
sion result to the variation of the data used in the model de-
pends on the ratio of the number of data and predictive vari-
ables. Enlarging the database or reducing the number of vari-
ables will make the result less sensitive to the change of the
data used in the regression, as is demonstrated by taking the
three types of uranyl coordination polyhedra as a single com-
ponent to reduce the number of predictive variables. Thus, when
the database is small, this treatment makes the result more reli-
able. For the present calculations the different uranyl polyhe-
dra are considered as a single component, as long as no signifi-
cant differences occur among the calculated gi and hi values
for the different uranyl polyhedron types. The different uranyl
polyhedra can be considered separately as soon as additional
data are available. To avoid under- or over-weighting of the
contribution of a particular phase, the number of U6+ polyhe-
dra (the sum of Urφ4, Urφ5, and Urφ6) for an individual mineral
in the regression model was normalized to 1.0.

Based on the regression results, the molar contribution of
other selected structural components to ∆G0

f,298 or ∆H0
f,298 of ura-

nyl phases was calculated for each mineral for each compo-
nent, because each of these structural components were con-
tained in only one phase for which the crystal structure and
∆G0

f,298 or ∆H0
f,298 have been determined experimentally. All

the thermodynamic data used to calculate the gi and hi values
in this way are also listed in Table 2. The gi of Li2O(I), K2O(I),
Rb2O(I), Cs2O(I), CaO(I), MgO(I), and P2O5(IV) were calculated,
respectively, using the ∆G0

f,298 of Li2UO4, K2UO4, Rb2UO4,
Cs2UO4, Ca[(UO2)(SiO3OH)]2(H2O)5 (uranophane), MgUO4,

and (UO2)HPO4⋅4H2O, whereas the hi for Na2O(I), K2O(I), Rb2O(I),
Cs2O(I), MgO(I), CO2(III), and P2O5(IV) were obtained from the
∆H0

f,298 of Na2U2O7, K2UO4, Rb2UO4, Cs2UO4, MgUO4, UO2CO3,
and (UO2)HPO4⋅4H2O, respectively. For example, the structural
components of uranophane are CaO(I) + 2Urφ5 + 2SiO2(IV) +
H2O(S) + 5H2O(H). Thus, the gi value of CaO(I) can be calculated
by: gi [CaO(I)] = ∆G0

f [uranophane] - {2gi [Urφ5] + 2gi [SiO2(IV)]
+ gi [H2O(S)] + 5gi [H2O(H)]}. All the gi values for the compo-
nents on the left side are obtained by multiple regression analy-
sis, but the errors in the ∆G0

f value of uranophane will propa-
gate through the derived gi of CaO(I). Because this kind of cal-
culation includes error propagation and the phase used in the
calculation may not be representative due to structural varia-
tions among the phases, the error in the prediction using the gi

or hi values calculated in this way may be large.

RESULTS

The gi and hi values derived from the regression model are
listed in Table 3. The data used to calculate the gi and hi values
listed in columns 1 and 3 are listed in Table 2. The average
differences between the predicted and the measured values for
the phases used in the regression analysis are 0.095% for ∆G0

f,298

and 0.09% for ∆H0
f,298, and these differences are normally dis-

tributed when the number of uranyl cations in the formula is
normalized to 1.0. The average reported associated errors (2σ)
of experimentally determined data for silicate minerals are
0.16% for ∆G0

f and 0.13% for ∆H0
f (Chermak and Rimstidt 1989),

and those for U6+ minerals are slightly higher. Thus, the associ-
ated errors for the predicted ∆G0

f,298 and ∆H0
f,298 values are gen-

erally below those of the experimentally determined values
within the model database.

As a blind test, Table 4 lists the measured and predicted
∆G0

f,298 values for uranyl phases that were not used in the devel-
opment of the database for the model. The measured ∆G0

f,298

values for the uranyl phosphates were selected by Grenthe et
al. (1992) in the uranium thermodynamic database, but their
crystal structures remain unknown. The difference between the
measured and predicted values for anhydrous uranyl phosphate,
(UO2)3(PO4)2, is 0.32% and may result mainly from the uncer-
tainty of gi for PO4(IV), which was calculated using the ∆G0

f,298

value of UO2HPO4⋅4H2O by the error propagation method. From
the difference between the measured ∆G0

f,298 values of
(UO2)3(PO4)2⋅6H2O and (UO2)3(PO4)2⋅4H2O, we obtain the
molar contribution of molecular water (H2O(H)) to the ∆G0

f,298 of
uranyl phosphates as -239.5 KJ/mol, which agrees with that
obtained by the multi-regression analysis (listed in Table 3).
However, the difference between the measured ∆G0

f,298 values of
(UO2)3(PO4)2·4H2O and (UO2)3(PO4)2 is –1023 kJ/mol, indicat-
ing that the molar contribution of molecular water to the ∆G0

f,298

of uranyl phosphates is –255.75 kJ/mol. This discrepancy ac-
counts for the large residual of the predicted ∆G0

f,298 values for
(UO2)3(PO4)2⋅4H2O and (UO2)3(PO4)2⋅6H2O, and experimental
studies are needed to explain this discrepancy. Probable sources
of this discrepancy include (1) the structure of (UO2)3(PO4)2⋅4H2O
and (UO2)3(PO4)2⋅6H2O are similar to each other but quite dif-
ferent from that of (UO2)3(PO4)2; (2) the number of water mol-
ecules in the samples may not be equal to their nominal stoichi-
ometries; (3) the ∆G0

f,298 value of (UO2)3(PO4)2⋅4H2O is in error



CHEN ET AL.: STABILITY OF U6+ PHASES656

(the “measured” ∆G0
f,298 value of (UO2)3(PO4)2⋅6H2O was esti-

mated based on that of (UO2)3(PO4)2⋅4H2O.
 The structural components for liebigite [Ca2(UO2)(CO3)3⋅

11H2O], swartzite [CaMg(UO2)(CO3)3⋅12H2O], bayleyite
[Mg 2(UO2)(CO3)3⋅18H2O], and andersonite [Na2Ca
(UO2)(CO3)3⋅6H2O] have been given in Table 1, and their Gibbs
free energies of formation were reported by Alwan and Will-
iams (1980) based on solubility determinations at five differ-
ent temperatures in the range of 0 to 21 °C. Because no de-
tailed solubility data were given and there were serious calcu-
lation errors in the original paper, Grenthe et al. (1992) consid-
ered the thermodynamic data reported by Alwan and Williams
(1980) for these liebigite group minerals unreliable. Using the
solubility products reported by Alwan and Williams (1980) and
the auxiliary data of Grenthe et al. (1992) for the ions involved,
we recalculated the ∆G0

f of these uranyl carbonates with the
same uncertainties as reported in the original paper. Despite
the fact that the gi values of CaO(I) and MgO(I) were obtained for
one mineral for one component using error propagationmethod ,
the predicted ∆G0

f,298 values are in fair agreement with the mea-
sured values (Table 4). We suspect that the larger residual of
the predicted ∆G0

f,298 value for liebigite results mainly from the
uncertainty in the gi value of CaO(I) and the errors in the ex-
periment. Adding the ∆G0

f,298 values of swartzite, bayleyite,
andersonite, uranophane, (UO2)HPO4⋅4H2O, and (UO2)3(PO4)2

into the model database, the regression analysis resulted in an
average residual of 0.08% (Table 5) and a set of improved gi

values for the structural components (Table 3, column 2). This
result suggests that the ∆G0

f,298 values for swartzite, bayleyite,

and andersonite recalculated in the present study based on the
solubility data reported by Alwan and Williams (1980) might
be good approximations of their ∆G0

f, and the solubility prod-
uct of liebigite may be erroneous.

 Table 6 lists the measured and predicted ∆H0
f,298 values for

selected uranyl phases that were not used in the development
of the database for the model. Similar to the case for ∆G0

f,298,
the predicted ∆H0

f,298 value of (UO2)HPO4⋅4H2O is also much
more positive than that measured, and similar explanations are
applicable. The ∆H0

f,298 values for the four liebigite-group min-
erals were also recalculated using the respective dissolution
enthalpies of these minerals reported by Alwan and Williams
(1980) and using the ∆H0

f,298 values for the relevant aqueous
species provided by Grenthe et al. (1992). There are two Ca-
bearing phases (CaUO4 and Ca3UO6) for which the measured
∆H0

f,298 values were available. As indicated previously, the link-
age between the cation polyhedra within the sheets in the struc-
ture of CaUO4 is much stronger than that in the structures of
the uranyl phases used in the model. Thus, the ∆G0

f,298 and ∆H0
f,298

values for CaUO4 are more negative than those predicted (Table 7).
However, Ca3UO6 is based on a structure containing isolated
Uφ4 polyhedra and the linkage between the cation polyhedra is
much weaker than that in the phases based on sheet structures.
Thus, the ∆G0

f,298 and ∆H0
f,298 values for Ca3UO6 should be more

positive than those predicted. The hi values of CaO(I) calcu-
lated based on the ∆H0

f,298 values of CaUO4 and Ca3UO6 are
–764.6 kJ/mol and –689.2 kJ/mol, respectively. Therefore, these
two values were averaged to obtain a rough estimation of the hi

of CaO(I) (–726.9 kJ/mol), which was used to calculate the pre-

TABLE  3. The molar contribution (gi and hi) of structural components to ∆G 0
f,298 and ∆H 0

f,298 of U6+ phases

gi (kJ/mol) hi (kJ/mol)
Component 1 2 3 4
UO3      –1162.18 –1161.05 –1237.73 –1233.75
Na2O(I) –688.59 –686.54 –728.34* –736.30*
MgO(I)  –587.42* –589.17 –619.57* –623.38
CaO(I)  –722.72* –715.77 –726.57
BaO(I) –724.46 –725.91 –757.21 –761.98
SiO2(IV) –853.32 –853.96
SO3(IV) –540.27 –538.87 –629.30 –624.17
CO2(III) –400.15 –400.61 –451.87* –455.59
N2O5(III)     20.16    21.95 –75.71 –78.99
P2O5(IV) –1645.66*     –1638.25 –1799.14* –1802.37
H2O(S) –237.08 –237.94 –295.02 –299.93
H2O(H) –240.30 –241.10 –296.29 –295.58
Li2O(I)  –691.01*  –692.14* –729.22 –737.75
K2O(I)  –636.32* –637.45* –682.97* –686.95*
Rb2O(I)  –637.92* –639.05* –684.97* –688.95*
Cs2O(I)  –643.22*  –644.35* –690.27* –694.25*
*Calculated for a single phase for one component using the corresponding datum of the specific phase (see description in the text). Other values are
obtained by multiple linear regression analysis. The thermodynamic data used to calculate the gi and hi values listed in columns 1 and 3, respectively,
are listed in Table 2; and the model data listed in Tables 6 and 8 were used, respectively, in the regression analysis to obtain the relevant gi and hi

values listed in columns 2 and 4. Columns 2 and 4 are revised gi and hi values, respectively, obtained by adding data into the model data base (see
discussions in text).

TABLE  4. Measured and predicted ∆G 0
f,298 values for the uranyl phases not used in the model and the related residuals

Phases Measured (kJ/mol) Predicted (kJ/mol) Residuals (kJ/mol) Percent residuals
(UO2)3(PO4)2 –5116.0 ± 5.5 –5132.2 16.2 0.32
(UO2)3(PO4)2·4H2O –6139.0 ± 6.4 –6093.4 –45.6 0.74
(UO2)3(PO4)2·6H2O –6618.0 ± 7.0 –6574.0    –44 0.66
Ca2(UO2)(CO3)3·11H2O –6418.8 ± 12 –6452.2      33.4 0.52
CaMg(UO2)(CO3)3·12H2O –6561.4 ± 8 –6556.4 –5.0 0.07
Mg2(UO2)(CO3)3·18H2O –7881.1 ± 8 –7862.9     –18.2 0.23
Na2Ca(UO2)(CO3)3·6H2O –5207.1 ± 24 –5215.7        8.64 0.17
Note: The measured values for the uranyl phosphates are from Grenthe et al. (1992); and the measured values for the liebigite group minerals were
calculated based on the solubility data reported by Alwan and Williams (1980).
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dicted ∆H0
f,298 values of the liebigite group minerals listed in

Table 6. For liebigite, swartzite, and bayleyite, the predicted
∆H0

f,298 values are in good agreement with those measured. Struc-
tural information and the calculations made in this study indi-
cate that the prediction of the ∆G0

f,298 and ∆H0
f,298 for liegibite

group minerals is rather reliable. Thus, the large difference
between the predicted and measured ∆H0

f,298 values of
andersonite suggests that the measured value may be in error,
which is also indicated by the very large uncertainty of the
measured value. The structure of Li2U2O7 remains unknown,
but the predicted ∆H0

f,298 value is in fair agreement with the
measured value. Adding liebigite, swartzite, bayleyite, UO2CO3,
MgUO4, UO2HPO4⋅H2O, (UO2)3(PO4)2, and Li2U2O7 to the
model, the regression analysis of the ∆H0

f,298 values resulted in
an average residual of 0.10% (Table 8) and a set of revised hi

values (Table 3, column 4).
The analysis described above demonstrates that this tech-

nique gives reliable predictions of the ∆G0
f,298 and ∆H0

f,298 for
most uranyl phases, and the prediction can be improved imme-
diately as accurately determined new data become available.

Finally, we have identified some phases for which the ∆G0
f,298

and ∆H0
f,298 could not be predicted reliably using the model pre-

sented here, but the deviation can be explained based on struc-
tural information (available examples are listed in Table 7).
These phases fall into three structure types according to the
structural classification of uranyl phases by Burns et al. (1996).

The first type is based on a sheet structure and includes the
phases MxU2O7 (M = K, Rb, Ca, Sr; x = 1 or 2). The anion
topology of the sheets contains only hexagons, and each hexa-
gon is populated with a uranyl cation to form a hexa-bipyramid
with all the edges of the hexagon in the plane of the sheet be-
ing shared with neighboring hexagons. The strong linkage be-
tween the cation polyhedra within the sheets makes the mea-
sured ∆G0

f,298 and ∆H0
f,298 values for the phases of this class more

negative than those predicted (Table 8). The second type is based
on a chain structure in which the chains contain only uranyl
polyhedra and are formed by sharing single corners between
Urφ4 polyhedra. The linkage between the cation polyhedra in
this type of structure is generally much weaker than that in
most uranyl phases. Phases belonging to this class are Na4UO5,
Li 4UO5, Ca2UO5, and Sr2UO5. The third class includes those
phases consisting of isolated cation polyhedra (e.g., Sr3UO6

TABLE 5. Measured and predicted ∆G0
f,298 values for the uranyl phases after adding data to the model and the related residuals

Phases Measured (kJ/mol) Predicted (kJ/mol) Residuals (kJ/mol) Percent residuals
[(UO2)8O2(OH)12] ⋅10H2O –13092.0 ± 6.8 –13127.1      35.1 0.27
β-UO2(OH)2 –1398.7 ± 1.8 –1399.0 0.3 0.02
UO3·0.9H2O –1374.6 ± 2.5 –1375.2 0.6 0.04
Na2U2O7 –3011.5 ± 4.0 –3008.6 –2.9 0.09
Na4UO2(CO3)3 –3737.8 ± 2.3 –3735.9 –1.86 0.05
UO2CO3 –1563.0 ± 1.8 –1561.7 –1.3 0.09
BaUO4 –1883.8 ± 3.4 –1887.0 3.2 0.17
BaU2O7 –3052.1 ± 6.7 –3048.0 –4.1 0.13
MgUO4 –1749.6 ± 1.5 –1750.2 0.6 0.04
UO2(NO3)2⋅6H2O –2584.2 ± 1.6 –2585.7 1.5 0.06
UO2(NO3)2⋅3H2O –1864.7 ± 2.0 –1862.4 –2.3 0.12
UO2(NO3)2⋅2H2O –1620.5 ± 2.0 –1621.3 0.8 0.05
UO2SO4⋅3.5H2O –2535.6 ± 1.8 –2537.5 1.9 0.07
UO2SO4⋅3H2O –2416.6 ± 1.8 –2416.9 0.3 0.01
UO2SO4⋅2.5H2O –2298.5 ± 1.8 –2296.4 –2.2 0.09
(UO2)2SiO4⋅2H2O –3652.8 ± 2.8 –3652.0 –0.8 0.02
Na(UO2)( SiO3OH)⋅1.5H2O –2844.8 ± 3.9 –2838.9 –5.9 0.21
Na2(UO2)2( Si5O13)⋅3H2O –7993.9 ± 9.6 –8001.8        7.9 0.10
Ba(UO2)6O4( OH)6⋅4H2O –9387.0 ± 17.1 –9370.4 –16.6 0.18
Ca[(UO2)( SiO3OH)]2⋅5H2O –6192.3 ± 3.4 –6189.2 –3.1 0.05
(UO2)2HPO4⋅4H2O –3064.7 ± 2.4 –3063.5 –1.2 0.04
(UO2)3(PO4)2 –5116.0 ± 5.5 –5121.4 5.3 0.11
CaMg(UO2)(CO3)3⋅12H2O –6561.4 ± 8 –6561.0 –0.4 0.01
Mg2(UO2)(CO3)3⋅18H2O –7881.1 ± 8 –7881.0 0.1 0.00
Na2Ca(UO2)(CO3)3⋅6H2O –5207.1 ± 24 –5211.8 –4.7 0.09
Average 0.08
Note: See Tables 2 and 4 for the sources of the measured ∆G0

f,298 values.

TABLE 6. Measured and predicted ∆H0
f,298 values  for uranyl phases not used in the model and the associated residuals

Phases Measured (kJ/mol) Predicted (kJ/mol)  Residuals (kJ/mol) Percent residuals
(UO2)3(PO4)2 –5491.3 ± 3.5* –5512.3  21.0 0.38
(UO2)3(PO4)2·4H2O –6739.1 ± 9.1* –6690.9 –48.2 0.72
Ca2(UO2)(CO3)3·11H2O –7301.6 ± 24 –7306.3 4.7 0.06
CaMg(UO2)(CO3)3·12H2O –7504.4 ± 20 –7495.3 –9.1 0.12
Mg2(UO2)(CO3)3·18H2O –9164.2 ± 20 –9165.7  1.5 0.02
Na2Ca(UO2)(CO3)3·6H2O –5893.0 ± 36 –5826.3 –53.1 1.13
Li2U2O7 –3213.6 ± 5.3* –3024.7 –8.9 0.28
* From Grenthe et al. (1992); the measured ∆H0

f,298 data for the liebigite group uranyl carbonates were calculated based on the dissolution enthalpy
data reported by Alwan and Williams (1980).

TABLE 7. Phases for which the model predictions were not reliable
based on their structural description

Phases ∆G0
f,298 (kJ⋅mol-1) ∆H0

f,298 (kJ⋅mol-1)

Measured Predicted Measured Predicted
CaUO4 –1888.7 –1876.8 –2002.3 –1960.3
K2U2O7 –3250.5 –3154.5
Rb2U2O7 –3232.0 –3156.5
Li4UO5 –2639.4 –2709.3
Na4UO5 –2456.6 –2706.4
Ca3UO6 –3305.4 –3413.5
Note: The measured values are from Grenthe et al. (1992).
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and Ca3UO6). The weak connection between cation polyhedra
in the second and third structure types makes the measured
∆G0

f,298 and ∆H0
f,298 values for these phases more positive than

those predicted. The ∆H0
f,298 values for α-SrUO4, β-SrUO4,

Sr2UO5, and Sr3UO6 are –1989.6 kJ/mol, –1990.8 kJ/mol, –2635.6
kJ/mol, and –3263.4 kJ/mol, respectively (Grenthe et al. 1992).
The hi values for SrO(I) calculated using these ∆H0

f,298 values are
–755.85 kJ/mol, –757.05 kJ/mol, –700.93 kJ/mol, and –676.55
kJ/mol, respectively. These results agree with the structural in-
terpretation that the connection between the cation polyhedra
in α-SrUO4 and β-SrUO4 is much stronger than that in Sr2UO5

and Sr3UO6, as described above. Therefore, the hi value for SrO(I)

should be in the range of –700.93 kJ/mol to –755.85 kJ/mol.
To analyze further the reasonableness of the estimated ∆G0

f,298

values for U6+ phases, activity-activity diagrams for the CO2-
CaO-UO3-H2O, and SiO2-CaO-UO3-H2O systems were con-
structed using the estimated ∆G0

f,298 values of this study. Repre-
sentative groundwater compositions are plotted on the diagrams.
The ƒCO2

 in the groundwater system represent the equilibrium
fugacity of CO2 calculated using the concentration of total car-
bonate in groundwater. The ∆G0

f for the minerals used to con-

struct the diagrams are listed in Table 9. Other thermodynamic
data necessary to construct the activity-activity diagrams were
taken from Grenthe et al. (1992). Although this method has
several advantages over previous efforts, it is inadvisable to
replace accurate experimental studies with empirical predic-
tions (Tardy and Garrels 1974; Chermak and Rimstidt 1989).
Therefore, in constructing the activity-activity diagrams, the
predicted ∆G0

f,298 values were not used in cases for which reli-
able measured values are available.

In addition to thermodynamic stabilities, precipitation ki-
netics and crystal size and habit of solid phases can signifi-
cantly affect their observed relations in nature. If the precipita-
tion of a phase is unfavorable kinetically, a much higher de-
gree of oversaturation is needed to overcome the nucleation
barrier to precipitation; fine-grained crystals will contribute to
the surface free energy and effectively increase the solubility
of the solid phase. Distortion of the polyhedra or of the whole
structure will create strain within the lattice, leading to a sig-
nificant increase of the solubility of relevant phases; thus, the
estimated Gibbs free energies for phases with an irregular struc-
ture may not be reliable.

TABLE  8. Measured and predicted ∆H 0
f,298 values for uranyl phases after adding data to the model and the related residuals

Uranyl phases   Measured   Predicted Residuals Percent
  (kJ/mol)  (kJ/mol) (kJ/mol) residuals

[(UO2)8O2(OH)12]·10H2O –14608.8 ± 13.6 –14625.4       16.6 0.11
β-UO2(OH)2 –1533.8 ± 1.3 –1533.7 –0.1 0.01
γ-UO2(OH)2 –1531.4 ± 1.3 –1533.7 2.3 0.15
UO3⋅0.9H2O –1506.3 ± 1.3 –1503.7 –2.6 0.17
Li2UO4 –1968.2 ± 1.3 –1971.5 3.3 0.17
Li2U2O7 –3213.6 ± 5.3 –3205.3 –8.3 0.26
Li2U3O10 –4437.4 ± 4.1 –4439.0  1.6 0.04
BaUO4 –1993.8 ± 3.3 –1995.7  1.9 0.10
BaU2O7 –3237.2 ± 5.0 –3229.5 –7.7 0.24
UO2(NO3)2⋅6H2O –3167.5 ± 1.5 –3165.2 –2.3 0.07
UO2(NO3)2⋅3H2O –2280.4 ± 1.7 –2278.5 –1.9 0.08
UO2(NO3)2⋅2H2O –1978.7 ± 2.0 –1982.9  4.2 0.21
UO2SO4⋅3.5H2O –2901.6 ± 0.8 –2901.2 –0.4 0.02
UO2SO4⋅3H2O –2751.5 ± 4.6 –2753.4  1.9 0.07
UO2SO4⋅2.5H2O –2607.0 ± 0.9 –2605.6 –1.4 0.05
UO2HPO4⋅4H2O –3470.0 ± 7.8 –3467.2 –2.8 0.08
(UO2)3(PO4)2 –5491.3 ± 3.5 –5503.6 12.3 0.22
MgUO4 –1857.3 ± 1.5 –1857.1 –0.2 0.01
Ca2(UO2)(CO3)3⋅11H2O –7301.6 ± 24 –7305.1 3.5 0.05
MgCa(UO2)(CO3)3⋅12H2O –7504.4 ± 20 –7497.5 –6.9 0.09
Mg2(UO2)(CO3)3⋅18H2O –9164.2 ± 20 –9167.8 3.6 0.04
UO2CO3 –1689.6 ± 1.8 –1689.3 –0.3 0.02
Average 0.10
Note: See Tables 2 and 6 for the sources of the measured ∆H 0

f,298 values.

TABLE  9. ∆G 0
f,298  values for the U6+ minerals used in the construction of Figures 1 and 2 (kJ/mol)

Uranyl phases Formula This study Finch (1997) M/C*
metaschoepite [(UO2)8O2(OH)12]⋅(H2O)10 –13092.0 –13092.0 M
becquerelite Ca[(UO2)6O4( OH)6](H2O)8 –10324.7 –10305.8 C
rutherfordine UO2CO3  –1563.0 –1563.0 M
urancalcarite Ca2[(UO2)3(CO3 )(OH)6](H2O)3 –6036.7 –6037.0 C
sharpite Ca[(UO2)6(CO3 )5(OH)4](H2O)6 –11607.6 –11601.1 C
fontanite Ca[(UO2)3(CO3 )4](H2O)3 –6524.7 –6523.1 C
liebigite Ca2[(UO2)(CO3 )3](H2O)11 –6446.4 –6468.6 C
haiweeite Ca[(UO2)2(Si2O5)3](H2O)5 –9367.2 –9431.4 C
ursilite Ca4[(UO2)4(Si2O5)5(OH)6](H2O)15 –20377.4 –20504.6 C
soddyite [(UO2)2 SiO4](H2O)2 –3653.0 –3658.0 M
uranophane Ca[(UO2)(SiO3OH)]2(H2O)5 –6192.3 –6210.6 M
*M/C indicates measured or calculated values. See Table 5 for the measured values used in the present study.
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CO2-CaO-UO3-H2O system

Among the uranyl phases found in the CO2-CaO-UO3-H2O
system, liebigite commonly occurs as extremely fined-grained
efflorescences on mine walls, surface outcrops, and elsewhere
where evaporation is high (Finch 1997); zellerite also forms
fine-grained crystals in nature with an unknown structure. Thus,
liebigite and zellerite are more soluble and less commonly found
in nature than predicted using the empirical method. The strain
in the structure of calciouranoite caused by structural limita-
tions on the ability of the uranyl oxide hydrate sheets to ac-
commodate a large amount of interlayer Ca makes it less stable
(Finch 1994), and a similar argument may account for the ab-
sence of “Ca-protasite” as a naturally occurring phase. The esti-
mated ∆G0

f for calciouranoite and “Ca-protasite” are, thus, not
considered reliable. Therefore, liebigite, zellerite, calciouranoite,
and “Ca-protasite” are excluded from the activity-activity dia-
gram for the CO2-CaO-UO3-H2O system (Fig. 1).

Becquerelite has a large stability field as shown in Figure 1,
and most of the groundwater compositions plot within this field.
Considering that groundwaters from both crystalline and car-
bonate terrains are usually not oversaturated with respect to
calcite (Fig. 2), rutherfordine should be the most common ura-
nyl carbonate, which is in agreement with the field observa-
tions (Frondel 1958). Because the ƒCO2

 necessary for the pre-
cipitation of rutherfordine, sharpite, and fontanite is high, it is
almost impossible to achieve the required concentrations of
carbonate species in groundwater systems. These minerals may
form in half-closed systems where hydrostatic pressure and gas
fugacity may be higher due to the weak hydraulic connection
with the bulk groundwater system. Precipitation of urancalcarite
is predicted to occur where the aqueous solution is oversatu-
rated with respect to calcite, which is in agreement with its
rare occurrence in deposits where the predominant carbonate
minerals in the host rocks are magnesian calcite or dolomite
(Deliens et al. 1981).

SiO2-CaO-UO3-H2O system

From the unusual formula of swamboite, U[(UO2)(SiO3OH)]6

(H2O)30, one seventh of U6+ cations in the structure may be located
in interlayer positions, not in structural units, and may not com-
bine with O to form uranyl cations, but no analogous structure has
been found in uranyl phases. In addition, there appears to be too
many hydration water molecules relative to the number of cat-
ions in the formula. Thus, both the crystal structure and formula
of swamboite are highly questionable. Because uranosilite has a
molar ratio of UO3/SiO2 = 1:7, it is most probably based on a
Si4+ tetrahedron-dominated structure, and the molar contributions
of cation polyhedra to the ∆G0

f,298 and ∆H0
f,298 of uranosilite would

be similar to those of silicate minerals. Therefore, the estimated
∆G0

f,298 of swamboite and uranosilite are considered unreliable
and were not used in the construction of the activity-activity
diagram.

Uranophane and soddyite are the most common minerals in
oxidized uranium deposits where neither lead-bearing uranyl
phases, nor uranyl phosphates are significant (Frondel 1958;
Smith 1984; Pearcy et al. 1994). However, if haiweeite and
ursilite are included in the log [Ca2+]/[H +]2 vs. log[H4SiO4] dia-
gram for the SiO2-CaO-UO3-H2O system (Fig. 2), the predicted
stability fields for these phases replace most of the field for
uranophane, with compositions of most groundwaters from
crystalline rocks plotting in the field for haiweeite. Haiweeite
and ursilite always form as fine-grained masses, and surface
free energy must contribute to increasing the solubilities of these
minerals. Thus, soddyite and uranophane may, in practice, be
more stable than haiweeite and ursilite under most geochemi-
cal environments. Therefore, it is more informative to examine
the stability relations among phases frequently found in na-
ture, as illustrated in Figure 2. The chemical compositions of
groundwaters from crystalline rocks plot in the stability field
of soddyite and uranophane (Fig. 2).

FIGURE 1. Activity-activity diagram for the system CO2-CaO-UO3-
H2O excluding liebigite, zellerite, calciouranoite, and “Ca-protacite,”
with the compositional plots for typical groundwaters (Freeze and
Cherry 1979) from carbonate terrains (squares) and crystalline rocks
(triangles) and for Yucca Mountain J-13 groundwater (circle; Bruton
and Shaw 1988). Diagonal dot-dashed line represents calcite saturation.
The mineral stability fields defined by the light dashed lines are based
on the Gibbs free energies for the minerals given by Finch (1997) and
listed in Table 9.

FIGURE 2. Activity-activity diagram for the system SiO2-CaO-UO3-
H2O constructed based on the ∆G0

f,298 values in Table 9 (excluding
swanboite, uranosilite, haiweeite, and ursilite), with the compositional
plots for typical groundwaters from crystalline rocks (triangle; Freeze
and Cherry 1979) and for Yucca Mountain J-13 groundwater (circle;
Bruton and Shaw 1988). Horizontal dashed lines represent quartz and
amorphous silica equlibria. The mineral stability fields defined by the
light dashed lines are based on the Gibbs free energies for the minerals
given by Finch (1997) and listed in Table 9.
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The mineral stability relations predicted in this study and
illustrated in Figures 1 and 2 suggest that (1) (meta)schoepite
is unstable in groundwater systems and should mostly be re-
placed by soddyite and uranophane (Fig. 2), and may be re-
placed by becquerelite in a low silica system (Fig. 1); (2)
soddyite and uranophane are more stable relative to other min-
erals included in Figure 2 in groundwaters from crystalline
rocks; and (3) becquerelite may also precipitate from the
groundwaters in crystalline rocks and be associated with
soddyite and uranophane, although this may be a relatively rare
occurrence. These conclusions are in agreement with the fol-
lowing field observations. (1) Although schoepite is common
and may be kinetically favored early during the corrosion of
uraninite, it is not usually abundant in most oxidized uranium
deposits and is not a long-term solubility-limiting phase for
UO2

2+ in natural groundwaters (Frondel 1958; Finch and Ewing
1992). (2) Soddyite and uranophane are among the most com-
mon U6+ minerals in oxidized uranium deposits (Frondel 1958;
Smith 1984). And (3) becquerelite is the most common uranyl
oxide hydrate mineral in nature (Frondel 1958) and is often
found in association with soddyite and uranophane (Weeks and
Thompson 1954; Frondel 1958; Pearcy et al. 1994).

In the activity-activity diagrams constructed using the ∆G0
f,298

values provided by Finch (1997) and listed in Table 9, the pre-
dicted stability field for liebigite is larger than that predicted in
this study in the log [Ca2+]/[H+]2 vs. log ƒCO2

 diagram; if ursilite
and haiweeite were included in the diagram, they would have
covered most of the entire field presented in Figure 2, with
soddyite and uranophane being metastable phases. From similar
activity-activity diagrams constructed by Finch (1997), which
exclude the stability fields for liebigite, zellerite, haiweeite,
uranosilite, and ursilite, it can be seen that: (1) most of the chemi-
cal compositions of groundwaters from crystalline rocks plot in
the (meta)schoepite stability field instead of becquerelite stabil-
ity field in Figure 1; (2) only for the cases in which the silica
concentration in groundwater is lower than 10–6.35 mol will it be
possible for becquerelite to precipitate; such a low silica con-
centration is not expected in the groundwaters from most rocks;
and (3) it is highly unlikely that becquerelite will be found in as-
sociation with rutherfordine and soddyite. However, becquerelite
often occurs as an alteration mineral in uranium deposits located
in sandstones, pyroclastic rocks, and intrusive igneous rocks
(Frondel 1958; Weeks and Thompson 1954; Shoemaker 1956;
Pearcy et al. 1994). Rutherfordine, and especially soddyite are
among those phases typically associated with becquerelite. Thus,
our predicted stability fields are in better agreement with described
natural occurrences than that of Finch (1997).

APPLICATION  TO SPENT NUCLEAR  FUEL CORROSION

Uranyl phases are the solubility-limiting phases of uranium
during the oxidative corrosion of spent nuclear fuel. Both the
solution concentration of uranium and the secondary phase
immobilization of actinides and fission products depend largely
on the structure and stabilities of the secondary phases formed.
Thus, a defensible predictive model for assessing the corro-
sion of spent fuel must be based on a critical examination of
the phases that will be important during the process. Natural
analogue studies suggest that the long-term paragenesis during

the oxidative corrosion of UO2 fuel can be summarized as
(Frondel 1958; Finch and Ewing 1992): an initial decomposi-
tion of UO2 to uranyl oxide hydrates followed by the forma-
tion of more stable uranyl silicates or, in phosphorous-rich
groundwaters, the formation of uranyl phosphates. Because
phosphorus is not expected to be present in significant amounts
in spent nuclear fuel or in the groundwater of the proposed
high-level waste repository at Yucca Mountain, uranyl silicates
will most probably be the solubility-limiting phases for ura-
nium. Among the uranyl silicates in the UO3-CaO-SiO2-H2O
system, haiweeite was suggested to be important during the
oxidative corrosion of spent fuel by chemical simulation
(Bruton and Shaw 1988) and experimental studies (Wilson
1988). Our prediction also indicates that haiweeite would be
more stable in groundwaters from crystalline rocks. However,
field observations indicate that uranophane is the most com-
mon uranyl silicate, and haiweeite is rare in nature. Because
both the detailed structural information and thermodynamic data
for haiweeite are not available, relevant experimental studies
are highly recommended, and experiments combined with stud-
ies of natural occurrences are necessary to provide an explana-
tion for this discrepancy and to determine whether the precipi-
tation of haiweeite should be suppressed in geochemical mod-
els of the oxidative alteration of spent fuel. Becquerelite is
potentially an important secondary mineral during the corro-
sion of spent fuel in repositories, but significant discrepancies
exist in the solubility experiments and no calorimetric thermo-
dynamic datum is available for becquerelite. Uranyl phosphates
are among the most numerous and most commonly found ura-
nyl phases in nature (Frondel 1958; Cejka and Urbanec 1990;
Finch and Ewing 1992), but no thermodynamic data is avail-
able for the most abundant and structurally well-known phos-
phates, such as (meta)autunite, torbernite, and phosphuranylite.

To achieve an immediate further improvement in the esti-
mation of thermodynamic properties of uranyl phases and make
successful predictions of the dominant uranyl phases formed
during oxidative corrosion of spent fuel in underground reposi-
tories, we suggest that future experimental studies include (1)
the determination of thermodynamic properties for uranyl ox-
ide hydrates of potassium and calcium, and for uranyl silicates
(e.g., sklodowskite and haiweeite), as well as the naturally abun-
dant uranyl phosphates; and (2) structure refinements of
(UO2)3(PO4)2(H2O)n (n = 0, 4, 6), (UO2)2P2O7 and uranyl sili-
cates, such as haiweeite and swamboite. Finally, calorimetric
and phase-equilibrium determinations must be based on mate-
rials for which there are structure refinements and accurate
chemical analyses. The proper characterization of experimen-
tal materials remains a major challenge in studies of these com-
plex uranyl phase assemblages.

Because the molar contributions (gi and hi) obtained by the
regression technique are average contributions of a polyhedron
in selected U6+ phase structures, the reliability of predicted val-
ues depends on the model database. Thus, the thermodynamic
data for U6+ phases with highly irregular structures should not
be included in the model database or be predicted by these
empirical methods. The predicted thermodynamic parameters
are improved if the estimation is made within a group of phases
that are structurally analogous.
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APPENDIX 1. A DISCUSSION ON THE SOLUBILITY  DATA
OF URANYL  SILICATES

Nguyen et al. (1992) completed solubility measurements at
30 °C on soddyite (UO2)2SiO4·2H2O, uranophane Ca(H3O)2

(UO2)2(SiO4)2·3H2O, sodium boltwoodite Na(H3O) (UO2)SiO4

·H2O, and sodium weeksite Na2(UO2)2(Si2O5)3·4H2O (the num-
ber of “H2O” is 7 instead of 4 in the formula for sodium weeksite
as given in the abstract of the original paper, but the authors used
the correct number in Table 1 and the dissolution equation, Eq.1).
The uranyl silicate samples used in the experiments were syn-
thesized and characterized by X-ray powder diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), and chemical
analysis. The standard Gibbs free energies calculated by the au-
thors based on their solubility data are –3658.0 ± 4.8 kJ/mol, –
6210.6 ± 7.6 kJ/mol, –2966.0 ± 3.6 kJ/mol, and –9088.5 ± 18.4
kJ/mol for soddyite, uranophane, sodium boltwoodite, and so-
dium weeksite, respectively. However, according to the struc-
ture refinements of these phases, the formula of uranophane is
Ca[(UO2)(SiO3OH)]2·5H2O (Ginderow 1988); weeksite has a
formula of K2[(UO2)2(Si5O13)]·3H2O (Baturin and Sidorenko
1985), with the Si:U molar ratio in the formula of weeksite be-
ing 2.5:1 instead of 3:1. Stohl and Smith (1981) have suggested
a formula of K(H3O)[(UO)2(SiO4)] for boltwoodite based on a
structural determination, but the most recent refinement of the
crystal structure of a boltwoodite solid solution indicates that
there is no “H3O” in the structure, and the sheet in boltwoodite is
similar to that of uranophane with the number of molecular wa-
ters in the interlayer being approximately 1.5 (Burns 1998). Thus,
a formula of (Na,K)[(UO)2(SiO3OH)]·1.5H2O is suggested for
boltwoodite solid solution (Burns 1998). Variations in the num-
ber of water molecules in the formulas have little influence on
the calculated solubility products from the solubility data if the
activity of water in the aqueous solution is close to unity, but
may have a more significant influence on the calculated ∆G0

f.
Thus, mineral formulas based on structural refinements, when
available, are used, and the thermodynamic data have been re-
calculated using the formulas based on structure refinements.

Although identified on the basis of XRD patterns and FTIR
spectra, the chemical analysis of the synthesized samples by
Nguyen et al. (1992) are not exactly identical to their nominal
stoichiometries. Synthetic soddyite was determined to have an
U/Si molar ratio of 1.00:0.55 instead of 1.00:0.50, as indicated
by its nominal formula. The excess silica in the soddyite sample
is consistent with amorphous silica contamination, as indicated
by the FTIR spectra. The measured concentrations of uranium
and silicon agree well with the nominal stoichiometric values
for uranophane, but calcium is lower than the theoretical value.
The analyzed chemical composition of sodium boltwoodite cor-
responds to its theoretical value, but with a weak depletion of
sodium. Although the analyzed U/Na molar ratio for the syn-
thetic sodium weeksite is identical to the nominal stoichiomet-
ric value, the measured silica content is a little high with U/Si
(molar ratio) = 0.38 rather than 0.40. The measured elemental
ratios in the final solutions of the solubility experiments indicate
incongruent release of elements in all the experiments. The low
release of Si relative to U in the soddyite and uranophane ex-
periments could be due to the precipitation of silica, which is
partly confirmed by the high silica concentration in the solution
(higher than the solubility of amorphous silica). The large ex-
cess of Na in solutions of the sodium boltwooodite and sodium
weeksite experiments were mostly from the automatic NaOH
titration device used for pH control, but the significantly elevated
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Si/U in these solutions could have resulted from precipitation of
soddyite or other minerals with low Si/U ratios. Secondary phase
precipitation in the solubility experiments of sodium boltwoodite
and sodium weeksite is suggested by the fluctuation of uranium
solution concentrations with time, and precipitation of soddyite
as a secondary mineral in the sodium boltwoodite experiment
was confirmed by XRD analysis.

Murphy and Pabalan (1995) have concluded that the solu-
bility data reported by Nguyen et al. (1992) for soddyite must
be regarded as a lower limit, as equilibrium was approached
only from undersaturation and that the solubility data for
uranophane, sodium boltwoodite, and sodium weeksite are
unreliable due to their non-nominal stoichiometric solid phase
composition and incongruent elemental release in the dissolu-
tion experiments. Because soddyite precipitated in the sodium
boltwoodite experiment, we have calculated a solubility prod-
uct at infinite dilution (log KSP) of 7.81 for soddyite using the
solubility data from this experiment, which is approximately
2 log units higher than that (5.74) calculated based on the
soddyite solubility experiment. This value of 7.81 represents
the upper solubility limit of soddyite. Assuming that the de-
pleted Ca and Na in the synthesized uranophane and sodium
boltwoodite were replaced by hydrogen to maintain charge bal-
ance in the structure, we calculated log KSP values of 8.26 and 5.6
for the analytical stoichiometric uranophane and sodium
boltwoodite, respectively. In comparison with the 9.46 and 5.82
values calculated assuming the nominal stoichiometry for these
two minerals, this indicates that the small compositional devia-
tions of these minerals from their nominal stoichiometries does
not significantly affect the ∆G0

f obtained from the solubility data.
The incongruent elemental release in the solubility experiments
probably resulted from dissolution of trace amounts of impurities
and subsequent precipitation of secondary phases. Thus, we con-
sider the solubility data for soddyite, uranophane, sodium
boltwoodite, and sodium weeksite reported by Nguyen et al. (1992)
to be plausible approximations of their solubilities.

This analysis has in part been confirmed by the dissolution
experiments of soddyite and uranophane conducted by Moll et

al. (1996) and Casas et al. (1997b). Moll et al. (1996) deter-
mined the solubility of soddyite at 25 °C in air and in an N2-
atmosphere beginning from undersaturation conditions. The
solubility-product (log KSP) obtained was 6.03 ± 0.45 in N2 and
6.15 ± 0.53 in air. Ten solubility experiments of soddyite were
conducted by Casas et al. (1997b) in solutions with different
HCO3

– concentrations (1.0 mM to 20 mM), and the calculated
log KSP decreases systematically as the total concentration of
HCO3

–
 increases. The log KSP values obtained at bicarbonate

concentrations between 5.0 mM to 20 mM were selected and
averaged by Casas et al. (1997b) to obtain a log KSP of 3.9 ±
0.7 for soddyite, based on the argument that other uranyl com-
plexes play an important role in solutions with low carbonate
concentrations. Because all the uranyl hydroxide and carbon-
ate complexes were taken into account in their calculations
(Cera 1998, personal communication) and no other uranyl com-
plexes are known that may be important in the carbonate solu-
tion, this argument is questionable. Considering that: (1) the
equilibria were approached from undersaturation; (2) the ex-
trapolation of the experimental results to infinite dilution is
more accurate when the ionic strength is low, we propose that
the log KSP values at low bicarbonate concentrations should be
closer to the solubility product of soddyite. Thus, the log KSP

values obtained at bicarbonate concentrations between 1.0 mM
to 2.0 mM were averaged to obtain a value of 5.93 ± 0.5. This
value and those reported by Nguyen et al. (1992) and Moll et
al. (1996) were selected and averaged to obtain a value of 5.96
± 0.5 as the solubility product of soddyite used in this study.
The log KSP values for uranophane based on the 12 experiments
reported by Casas et al. (1997b) are in the range of 10.75 to
12.94, with an average of 11.7 ± .0.6. This value is used as the
solubility product of uranophane and is in fair agreement with
the value of 9.42 reported by Nguyen et al. (1992).

Using the experimental results discussed above and the da-
tabase of Grenthe et al. (1992), ∆G0

f,298 values of -3653.0 ± 2.9
kJ/mol, -6192.3 ± 3.4 kJ/mol, –2844.8 ± 3.9 kJ/mol, and –7993.9
± 9.8 kJ/mol were obtained for soddyite, uranophane, sodium
boltwoodite, and sodium weeksite, respectively.


