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Abstract

Boltwoodite and uranophane are uranyl silicates common in oxidized zones of uranium ore deposits. An understanding of
processes that impact uranium transport in the environment, especially pertaining to the distribution of uranium between
solid phases and aqueous solutions, ultimately requires determination of thermodynamic parameters for such crystalline
materials. We measured formation enthalpies of synthetic boltwoodites, K(UO2)(HSiO4)�H2O and Na(UO2)(HSiO4)�H2O,
and uranophane, Ca(UO2)2(HSiO4)2�5H2O, by high temperature oxide melt solution calorimetry. We also studied the aque-
ous solubility of these phases from both saturated and undersaturated conditions at a variety of pH. The combined data per-
mit the determination of standard enthalpies, entropies and Gibbs free energies of formation for each phase and analysis of its
potential geological impact from a thermodynamic point of view.
� 2011 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Uranyl minerals, which contain U6+, are important con-
stituents in the oxidized zones of uranium ore deposits. An
understanding of the stabilities and properties of these
materials is essential to model the distribution of uranium
in near-surface conditions, either in uranium deposits or
sites that have been contaminated by uranium. Of the
uranyl minerals, uranyl silicates such as uranophane and
boltwoodite are among the most common. They form as
alteration products of spent nuclear fuel and other radioac-

tive materials under moist oxidizing conditions (Finch and
Ewing, 1992; Wronkiewicz et al., 1992, 1996), and can form
in the vadose zone following release of uranium into the
subsurface (Catalano et al., 2004). Although processes such
as adsorption of uranium onto mineral surfaces and bacte-
ria, bacterial-mediated reduction of U(VI) (Arnold et al.,
2010), co-precipitation of uranium with other minerals,
and attachment of uranium to colloids may also affect the
environmental mobility of uranium (Barger et al., 2008;
Langmuir, 1978; Nitsche, 1997), the thermodynamic
stability of uranyl minerals is responsible for redistribution
of uranium between solid and aqueous phases under geo-
logic conditions. Thus, the creation of a comprehensive
internally-consistent thermodynamic database for all envi-
ronmentally-relevant uranyl phases is essential for assess-
ment and modeling of uranium transport in natural and
anthropogenic settings.

Enthalpies of formation measured by high temperature
oxide melt solution calorimetry have been reported for
several uranyl oxide hydrates: metaschoepite UO3(H2O)2,
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b-UO2(OH)2, CaUO4, becquerelite Ca[(UO2)3-
O2(OH)3]2�8H2O, Ca(UO2)4O3(OH)4�2H2O, clarkeite
Na(UO2)O(OH), Na-compreignacite Na2[(UO2)3O2-
(OH)3]2�7H2O, and curite Pb2(UO2)8O8(OH)6�2H2O (Ku-
batko et al., 2006); and for several uranyl carbonates: ruth-
erfordine UO2CO3, andersonite Na2Ca[(UO2)(CO3)3]
�5H2O, and grimselite K3NaUO2(CO3)3�H2O (Kubatko
et al., 2005). Enthalpies of formation, together with Gibbs
free energies of formation of these phases derived from sol-
ubility measurements, can be used to calculate entropies of
formation as well, and this approach has been applied to a
range of uranyl oxide hydrate phases (Gorman-Lewis et al.,
2008a), uranyl phosphate phases (Gorman-Lewis et al.,
2009), and to the uranyl silicate soddyite (Gorman-Lewis
et al., 2007).

Uranyl silicates, including soddyite, uranophane
Ca(UO2)2(HSiO4)2�5H2O, and boltwoodite (Na,K)(UO2)
(HSiO4)�H2O, are important minerals associated with alter-
ation of spent nuclear fuel under moist oxidizing condi-
tions. Studies of natural analogues to spent fuel alteration
have demonstrated the importance of the uranyl silicates
(Pearcy et al., 1994). Studies of UO2 conducted under oxi-
dizing conditions using Si-rich water revealed the formation
of uranyl silicate minerals (Wronkiewicz et al. 1992, 1996),
as did similar experiments using radioactive used nuclear
fuel (Finch and Hawthorne, 1998). Deditius et al. (2007)
showed that Na- and K-boltwoodite are the products of
the oxidation of coffinite USiO4�nH2O. Recently, boltwoo-
dite and uranophane were found as uranium-bearing pre-
cipitates in the vadose zone of the Hanford Site, where
uranium was released during weapons-related activities
(Catalano et al., 2004; Um et al., 2009).

In this study we extend the existing database and report
enthalpies, solubilities, Gibbs free energies of formation,
entropies of formation, and standard entropies for Na-bolt-
woodite Na(UO2)(HSiO4)�H2O, boltwoodite K(UO2)(H-
SiO4)�H2O, and uranophane Ca(UO2)2(HSiO4)2�5H2O.
With these parameters, we evaluate the stabilities of the
phases relative to other uranyl mineral species under envi-
ronmentally-relevant conditions.

2. EXPERIMENTAL METHODS

2.1. Syntheses of solid phases

ACS grade reagents and 18 MX H2O were used in all
syntheses. Teflon lined Parr reaction vessels were used for
the hydrothermal treatments of the starting material. Tef-
lon liners in the Parr pressure vessels were conditioned by
at least eight heating cycles with H2O prior to use to mini-
mize release of impurities into the synthesis solutions. Con-
sistent starting materials are essential for reliable syntheses
of uranyl compounds; therefore, amorphous UO3 and
UO2(CH3COO)2�2H2O were prepared for each synthesis
using the following procedures. UO3 was prepared by dis-
solving commercially available UO3 in �6 M HNO3 and
heating the solution to dryness until all gases had evolved
and the solid had a uniform orange color. UO2(CH3-

COO)2�2H2O was prepared by gently heating (just below

boiling) �0.5 g of the freshly prepared UO3 with
�600 cm3 glacial acetic acid until dryness.

Na-boltwoodite was synthesized by combining 0.175 g
of purified uranyl acetate, 0.5 mL of 1 M NaSiO3�5H2O,
and 4.75 mL of H2O in a Teflon lined Parr reaction vessel.
The solution pH was adjusted to ca. 11 using 6 M NaOH,
and was heated at 150 �C for 7 days. The heat treatment
produced a gelatinous material. After rinsing the gel with
boiling water and allowing it to air dry, the resulting pow-
der was soaked in 15 mL of 6 M NaOH for 10 min. Filter-
ing the mineral/NaOH solution through a 10 lm PTFE
filter under vacuum and rinsing it with three 25 mL aliquots
of room temperature H2O produced a flaky light yellow
powder.

Boltwoodite was synthesized by combining 0.160 g of
freshly prepared uranyl acetate, 0.024 g of SiO2 as powder,
0.5 mL of 6 M KOH, and 4.5 mL of H2O in a Teflon lined
Parr reaction vessel. The solution was heated at 180 �C for
7 days. Subsequent processing was identical to the Na-bolt-
woodite synthesis with the exception that 6 M KOH was
used for soaking instead of NaOH. Similar to the Na-bolt-
woodite procedure, this synthesis yielded a flaky light yel-
low powder.

Uranophane was synthesized by combining 0.200 g of
NaSiO3�9H2O, 0.080 g of Ca(CH3COO)2�H2O, 0.160 g of
purified uranyl acetate, and 4.0 mL of H2O in a Teflon lined
Parr reaction vessel. The solution was heated at 100 �C for
72 h and the resulting yellow powder was rinsed four times
using boiling H2O.

2.2. Characterization

X-ray powder diffraction (XRD) patterns were collected
for each synthesis product by grinding �5 mg of sample
into a fine powder with water for uranophane and ethanol
for boltwoodite and Na-boltwoodite and depositing the
paste onto a zero-background quartz slide. Diffraction pat-
terns were collected using a Bruker D8 Discovery diffrac-
tometer equipped with CuKa radiation and a solid-state
detector. FT-IR analyses were performed using an Illumi-
natIR FT-IR microspectrometer with a diamond total
attenuated reflectance (ATR) objective in an open atmo-
sphere. Background spectra were taken prior to each mea-
surement, which were done over a frequency range of 400–
4000 cm�1 using �5–10 mg of powder placed on a glass
slide. IR spectra were in good agreement with previously
published spectra (Cejka, 1999). XRD patterns are reported
in the Supplemental Materials.

Chemical analyses were performed for solutions created
by dissolving �5–10 mg of powder in �50 mL of 2 M HCl.
The solutions were analyzed for total aqueous uranium, so-
dium, potassium, and silicon using inductively coupled
plasma optical emission spectrometry (ICP-OES) with an
analytical uncertainty of 3.5%. Water content was deter-
mined from weight loss using a Netsch 449 TGA/DSC
instrument. Two specimens of each phase were heated to
800 �C at 10 �C/min under flowing argon at 50 mL/min.

After characterization, the products of several synthesis
reactions were combined in a single reaction vessel, and
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homogenized by mixing with a spatula, and used in the sol-
ubility and calorimetric experiments described below.

2.3. Solubility experiments

All solubility measurements were conducted as batch
experiments using Teflon reaction vessels at 22 �C. An Or-
ion combination pH electrode calibrated daily with four
NIST standards (pH 2, 4, 7, and 10) was used for pH mea-
surements. The ionic strength of the buffers was not per-
fectly matched to the ionic strength of the experiments;
however, the additional error associated with pH measure-
ments as a result of the difference in ionic strength and
liquid-junction error is likely much smaller than experimen-
tal error that dominates the stated uncertainties for the cal-
culated thermodynamic parameters (Illingworth, 1981).
Boltwoodite and Na-boltwoodite experiments were done
in either 50 mM KNO3 or NaNO3 to buffer ionic strength.
The experiments using uranophane were not buffered for
ionic strength. Boltwoodite and Na-boltwoodite undersatu-
rated experiments were conducted by adding �350 mg of
the synthesized phase of interest to �120 cm3 of electrolyte;
the supersaturated experiments involved adding �350 mg
of the mineral phase to electrolyte solutions that already
contained dissolved U and Si from additions of UO2(NO3)2
and an aqueous Si ICP standard.

Initial uranophane solubility experiments resulted in the
formation of amorphous silica as the uranophane – aque-
ous solution reaction reached a steady-state. Consequently,
silica gel was added to subsequent experiments in order to
attain steady-state faster and to buffer aqueous silica con-
centrations. The solid phase composition of the experimen-
tal systems contained �400 mg of uranophane and
�300 mg of silica gel and the solution phase contained U
and Ca in the same molal ratio as in uranophane. The con-
centrations of U and Ca were varied to achieve supersatu-
rated and undersaturated starting conditions with respect
to U and Ca; Si was added to the solution to achieve an
aqueous concentration close to the amorphous silica solu-
bility limit.

Experimental systems were all prepared open to the
atmosphere and then sealed during agitation. The head-
space of the systems was refreshed by opening vials to the
atmosphere periodically during sampling and pH monitor-
ing. For all experimental systems, pH was adjusted to a tar-
get pH (see Fig. 2–4 for target pH values) using minute
quantities of concentrated HNO3 and/or NaOH or KOH.
The pH was monitored daily and adjusted as needed
throughout each experiment. For each experiment, the
pH descriptor is the average of the pH values for the solu-
bility plateau data points; however, the actual pH measure-
ment for each data point was used in the subsequent
thermodynamic calculations. Reaction vessels were sealed
and agitated slowly end over end at room temperature. Ali-
quots of the experimental solution were extracted at various
times, filtered through 0.1 lm Millipore Millex filters, and
diluted and acidified for ICP-OES analysis to determine dis-
solved concentrations of U, Si, Na, and K. Control exper-
iments verified that loss of uranium through adsorption to
the filter membrane and reaction vessel was negligible. In

order to verify the composition of the mineral residue at
the end of each experiment, �10 mg of residue was col-
lected for XRD and FT-IR analysis.

2.4. Calorimetry

Molten oxide drop solution calorimetry was performed
using a custom-built Tian-Calvet high temperature micro-
calorimeter (Navrotsky, 1977, 1997). The methodology of
measuring drop solution enthalpies for uranyl-based miner-
als in sodium molybdate at 700 �C is well established (Gor-
man-Lewis et al., 2007; Kubatko et al., 2006, 2005). Drop
solution enthalpies, DHds, were used to calculate enthalpies
of formation using the calorimetric cycles depicted in
Table 1. The final state of SiO2 in these experiments, as
determined earlier (Gorman-Lewis et al., 2007), is cristoba-
lite. To accelerate precipitation of SiO2 as cristobalite and
to obtain consistent values of DHds, 50 mg of cristobalite
was added to the solvent prior to dropping the samples.

3. RESULTS AND DISCUSSION

3.1. Characterization

All observed powder diffraction patterns of Na-bolt-
woodite, boltwoodite and uranophane exhibit sharp pro-
files and no extraneous peaks, confirming the synthesized
mineral as the only crystalline phase (Supplemental Materi-
als Figures S1–S3). Thermogravimetry/differential scanning
calorimetry (TG/DSC) data for all materials confirm the
presence of structural water in the samples (Table 2). Ther-
mogravimetric curves for Na- and K-boltwoodite have two
pronounced weight loss steps. The first step, in the temper-
ature range 80–525 �C for Na-boltwoodite and 75–590 �C
for K-boltwoodite, is profound and can be attributed to
the elimination of water from the interlayer space. Water
content calculated from these data corresponds to the pres-
ence of 1.25 and 0.97 moles of water molecules in Na-bolt-
woodite and K-boltwoodite, respectively. These results are
in agreement with structural analysis (Burns, 1998). The

Fig. 1. Enthalpy of formation of uranophane, boltwoodite and
Na-boltwoodite from oxides as a function of acidity of the oxides
on the Smith scale (Smith, 1987).
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second more gradual weight loss up to 750 �C for both
materials may be caused by the continuous loss of OH�

groups of silicate tetrahedra that also extend into the inter-
layer region. The number of moles of water calculated from
this second step corresponds to the proton occupancy near
the terminal oxygen of silicate tetrahedra. Table 2 shows
the measured proton content.

The TG curve for uranophane exhibits three plateaus
and agrees well with results reported in the literature (Urb-
anec et al., 1985). The first two steps are assigned in the lit-
erature to the loss of interlayer water. The third step is
much less pronounced and has not been assigned to any
particular water arrangement in previous studies. By anal-
ogy to boltwoodite, we attribute this third step to structural
hydroxyl dehydration.

In order to determine the correct stoichiometry for each
phase, the measured chemical composition was combined
with the thermogravimetric data (Table 2), resulting in
the compositions of Na0.93(UO2)(H0.85SiO4)0.93�1.25H2O,
K0.75(UO2)(H0.80SiO4)0.86�0.97H2O, and Ca1.09(UO2)2-

(H0.51SiO4)1.77�5.55H2O for Na-boltwoodite, boltwoodite
and uranophane, respectively. An extra significant digit in
the chemical composition is retained to preserve charge bal-
ance. The formulas show good correlation between partial
occupancy of the protons determined by the TG analysis
and the H-content calculated from charge balance (Table
2). These formulas were used in the calculations of forma-
tion enthalpy according to the thermodynamic cycles (Ta-
ble 1).

3.2. Enthalpies of formation

Drop solution enthalpies measured in sodium molyb-
date solvent at 702 �C are 276.5 ± 5.1, 266.3 ± 4.6 and
731.9 ± 8.0 kJ/mol for Na-, K-boltwoodite and urano-
phane, respectively. These data result in negative formation
enthalpies from constituent oxides: �215.8 ± 6.0 kJ/mol
for Na-boltwoodite Na0.93(UO2)(H0.85SiO4)0.931.29H2O,
�251.2 ± 5.9 kJ/mol for boltwoodite K0.75(UO2)(H0.80-

SiO4)0.860.97H2O, and �322.1 ± 10.7 kJ/mol for uranophane

Fig. 2. Experimental measurements of the solubility of boltwoodite in terms of dissolved U (closed diamonds) and Si (open circles) as a
function of time from undersaturation with respect to U for experiments at pH 7.6 (a) and pH 8.0 (b) and from supersaturation with respect to
U for experiments at pH 8.5 (c), pH 8.0 (d), and pH 7.4 (e).
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Ca1.09(UO2)2(H0.51SiO4)1.77�5.55H2O, indicating significant
stability of these phases relative to UO3, quartz and H2O
(Table 3).

The slight deviations in the composition of each phase
from the ideal stoichiometry result in complex chemical for-
mulas and make further data evaluation difficult. However,
the drop solution enthalpy is a unique characteristic mea-
sured for each material of a specific composition, and,
therefore, it cannot be readily extrapolated to other compo-
sitions. In the thermodynamic cycles shown in Table 1, we
use the corresponding amount of oxides and/or elements to
balance non-ideal stoichiometry and to calculate the correct
formation enthalpies for each phase studied here. It has
been reported in previous research (Ushakov et al., 2002)
that if a secondary phase, site vacancies or interstitial for-
mation do not occur within a sample, formation enthalpies
from the oxides of slightly non-stoichiometric phases do not
deviate from the values for stoichiometric compounds by
more than the uncertainty of the calorimetric measure-
ments. Thus, for the uranyl silicate hydroxides in this study,

we base all of the following thermodynamic and solubility
calculations on the stoichiometric formula of each material
assuming that the enthalpy of formation from oxides is the
same as that measured for the slightly non-stoichiometric
materials.

In Table 3 we report measured enthalpies, entropies and
Gibbs free energies of formation from oxides and from ele-
ments, calculated from high temperature oxide calorimetry
and solubility measurements, as well as previously pre-
dicted values (Clark et al., 1998), for soddyite, boltwoodite,
and uranophane. All values are normalized to one uranyl
unit per formula for easier comparison. The least exother-
mic formation enthalpy from oxides among uranyl silicates,
�117.8 ± 4.3 kJ/mol, is observed for soddyite (UO2)2(-
SiO4)�2H2O (or �58.9 ± 2.2 kJ/mol per (UO2)(SiO4)0.5�
H2O unit) (Gorman-Lewis et al., 2007). Soddyite, the com-
positionally simplest uranyl silicate, is composed of uranyl
silicate chains formed by edge-sharing uranyl pentagonal
bipyramids and silicate tetrahedra, joined together through
uranyl pentagonal bipyramids into a three-dimensional

Fig. 3. Experimental measurements of the solubility of Na-boltwoodite in terms of dissolved U (closed diamonds) and Si (open circles) as a
function of time from undersaturation with respect to U for experiments at pH 7.4 (a), pH 7.7 (b), and pH 8.2 (c) and from supersaturation
with respect to U for experiments at, pH 7.7 (d), and pH 8.0 (e).
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framework structure (Demartin et al., 1992; Burns, 2005).
The sheets in the structures of Na-boltwoodite, boltwoo-
dite, and uranophane are identical and consist of chains
with the same topology as in soddyite. These chains are ar-
ranged in two-dimensional uranyl silicate layers with K+,
Na+, Ca2+ and H2O located in interlayer spaces (Burns,
2005). In addition to Lewis interactions between UO3 and
SiO2 as in soddyite, acid-base interactions between CaO,
Na2O, and K2O, respectively, and SiO2 contribute to the
enthalpies of formation, making them more exothermic as

the oxides become more basic (Table 3). As shown, for
example, for the case of ACoPO4 and AZnPO4 (where
A = Na+, K+, Rb+ and NH4

+) (Le and Navrotsky, 2007,
2008), the enthalpy of formation from constituent oxides
changes linearly with the acidity of the alkali oxides. The
most negative formation enthalpies correspond to the least
acidic cationic oxide K2O. Analogously, we plot enthalpies
of formation of the uranyl silicates Na-boltwoodite, bolt-
woodite and uranophane from oxides as a function of cat-
ion acidity using the Smith scale (Smith, 1987) and observe

Fig. 4. Experimental measurements of the solubility of uranophane in terms of dissolved U (closed diamonds), Si (open circles), and Ca (open
squares) as a function of time from undersaturation with respect to U for experiments at pH 3.2 (a), pH 3.3 (b), pH 3.4 (c), pH 3.5 (d), and pH
3.9 (e), and from supersaturation with respect to U for experiments at pH 3.0 (f) and pH 4.0 (g).
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Table 1
Thermodynamic cycles for enthalpy calculations of samples from oxides and elements.

Na-boldwoodite Na0.93(UO2)(H0.85SiO4)0.93�1.25H2O

Na0.93(UO2)(H0.85SiO4)0.93�1.25H2O xl, 25 �C = UO3 sln, 702 �C +
0.93SiO2 sln, cr, 702 �C + 0.47Na2O sln, 702 �C + (1.25+0.40)
H2O g, 702 �C

DH1 = DHds = 276.5 ± 5.1 kJ/mol (10)

UO3 xl, 25 �C = UO3 sln, 702 �C DH2 = DHds(UO3) = 9.5 ± 1.5 kJ/mol Helean et al., (2002)
SiO2 xl, cr, 25 �C = SiO2 sln, 702 �C DH3 = DHds(SiO2) = 40.6 ± 0.6 kJ/mol Gorman-Lewis et al. (2007)
Na2O xl, 25 �C = Na2O sln, 702 �C DH4 = DHds(Na2O) = �215.8 ± 4.4 kJ/mol Tessier and Navrotsky (2000)
H2O l, 25 �C = H2O g, 702 �C DH5 = DHds(H2O) = 69.0 ± 1.0 kJ/mol Robie and Hemingway (1995)
UO3 xl, 25 �C + 0.93SiO2 xl, 25 �C + 0.47Na2O xl, 25 �C +
(1.25+0.40) H2O l, 25 �C =
Na0.93(UO2)(H0.85SiO4)0.93�1.25H2O xl, 25 �C

DH6 = DHf, ox = �DH1 + DH2 + 0.93DH3 + 0.47H4 + 1.65DH5
= �215.8 ± 6.0 kJ/mol

U xl, 25 �C + 3/2 O2 g, 25 �C = UO3 xl, 25 �C DH7 = DHf(UO3) = �1223.8 ± 0.8 kJ/mol
Si xl, 25 �C + O2 g, 25 �C = SiO2 xl, cr, 25 �C DH8 = DHf(SiO2) = �908.4 ± 2.1 kJ/mol Robie and Hemingway (1995)
2Na xl, 25 �C + ½ O2 g, 25 �C = Na2O xl, 25 �C DH9 = DHf(Na2O) = �414.8 ± 0.3 kJ/mol Robie and Hemingway (1995)
H2 g, 25 �C + ½ O2 g, 25 �C = H2O l, 25 �C DH10 = DHf (H2O) = �285.8 ± 0.1 kJ/mol Robie and Hemingway (1995)
U xl, 25 �C + 0.93Si xl, 25 �C + 0.93Na xl, 25 �C + 1.65H2 g, 25 �C +
3.42O2 g, 25 �C = Na0.93(UO2)(H0.85SiO4)0.93�1.25H2O xl, 25 �C

DH11 = DHf, el = DH6 + DH7 + 0.93DH8 + 0.47DH9 + 1.665DH10
= �2948.8 ± 6.6 kJ/mol

K-boldwoodite K0.75(UO2)(H0.80SiO4)0.86�0.97H2O

K0.75(UO2)(H0.80SiO4)0.86�0.97H2O xl, 25 �C = UO3 sln, 702 �C +
0.86SiO2 sln, cr, 702 �C + 0.38K2O sln, 702 �C +
(0.97 + 0.34)H2O g, 702 �C

DH12 = DHds = 266.3 ± 4.6 kJ/mol (10)

UO3 xl, 25 �C = UO3 sln, 702 �C DH2 = DHds(UO3) = 9.5 ± 1.5 kJ/mol Helean et al., (2002)
SiO2 xl, cr, 25 �C = SiO2 sln, 702 �C DH3 = DHds(SiO2) = 40.6 ± 0.6 kJ/mol Gorman-Lewis et al. (2007)
K2O xl, 25 �C = K2O sln, 702 �C DH13 = DHds(K2O) = �319.2 ± 4.6 kJ/mol Ushakov et al. (2004)
H2O l, 25 �C = H2O g, 702 �C DH5 = DHds(H2O) = 69.0 ± 1.0 kJ/mol Robie and Hemingway (1995)
UO3 xl, 25 �C + 0. 86SiO2 xl, 25 �C + 0.38K2O xl, 25 �C +
(0.97+0.34)H2O l, 25 �C = K0.75(UO2)(H0.80SiO4)0.86�
0.97H2O xl, 25 �C

DH14 = DHf, ox = �DH12 + DH2 + 0.86DH3 + 0.38H13 + 1.31DH5
= �251.2 ± 5.9 kJ/mol

U xl, 25 �C + 3/2 O2 g, 25 �C = UO3 xl, 25 �C DH7 = DHf (UO3) = �1223.8 ± 0.8 kJ/mol
Si xl, 25 �C + O2 g, 25 �C = SiO2 xl, cr, 25 �C DH8 = DHf (SiO2) = �908.4 ± 2.1 kJ/mol Robie and Hemingway (1995)
2K xl, 25 �C + ½ O2 g, 25 �C = K2O xl, 25 �C DH15 = DHf, el (K2O) =�363.2 ± 2.1 kJ/mol Robie and Hemingway (1995)
H2 g, 25 �C + ½ O2 g, 25 �C = H2O l, 25 �C DH10 = DHf(H2O) = �285.8 ± 0.1 kJ/mol Robie and Hemingway (1995)
U xl, 25 �C + 0.86Si xl, 25 �C + 0.38Kxl, 25 �C + 1.31 H2 g, 25 �C +
3.21 O2 g, 25 �C = K0.75(UO2)(H0.80SiO4)0.86�0.97H2O xl, 25 �C

DH16 = DHf, el = �DH13 + DH7 + 0.86DH8 + 0.38DH14 + 1.31DH10
= �2766.8 ± 6.5 kJ/mol

Uranophane Ca1.09(UO2)2(H0.51SiO4)1.77�5.60H2O

Ca1.09(UO2)2(H0.51SiO4)1.77�5.60H2O xl, 25 �C = 2UO3 sln, 702 �C +
1.77 SiO2 sln, cr, 702 �C + 1.09CaO sln, 702 �C + (5.60 +0.45) H2O g, 702 �C

DH17 = DHds = 731.9 ± 8.0 kJ/mol (10)

UO3 xl, 25 �C = UO3 sln, 702 �C DH2 = DHds(UO3) = 9.5 ± 1.5 kJ/mol Helean et al., (2002)
SiO2 xl, cr, 25 �C = SiO2 sln, 702 �C DH3 = DHds(SiO2) = 40.6 ± 0.6 kJ/mol Gorman-Lewis et al. (2007)
CaO xl, 25 �C = CaO sln, 702 �C DH18 = DHds(CaO) = �90.5 ± 1.8 kJ/mol Kubatko et al. (2005)
H2O l, 25 �C = H2O g, 702 �C DH5 = DHds(H2O) = 69.0 ± 1.0 kJ/mol Robie and Hemingway (1995)
2UO3 xl, 25 �C + 1.77SiO2 xl, 25 �C + 1.09 CaO xl, 25

�C + (5.60+0.45) H2O l, 25

�C =Ca1.09(UO2)2(H0.51SiO4)1.77�5.60H2O xl, 25 �C

DH19 = DHf, ox = �DH16 + 2DH2 + 1.77
DH3 + 1.09DH17 + 6.05DH5 = �322.2 ± 10.7 kJ/mol

U xl, 25 �C + 3/2 O2 g, 25 �C = UO3 xl, 25 �C DH7 = DHf(UO3) = �1223.8 ± 0.8 kJ/mol
Si xl, 25 �C + O2 g, 25 �C = SiO2 xl, cr, 25 �C DH8 = DHf(SiO2) = �908.4 ± 2.1 kJ/mol Robie and Hemingway (1995)
Ca xl, 25 �C + ½ O2 g, 25 �C = CaO xl, 25 �C DH20 = DHf (CaO) =�635.1 ± 0.3 kJ/mol Robie and Hemingway (1995)
H2 g, 25 �C + ½ O2 g, 25 �C = H2O l, 25 �C DH10 = DHf(H2O) = �285.8 ± 0.1 kJ/mol Robie and Hemingway (1995)
U xl, 25 �C + 1.77Si xl, 25 �C + 1.09Ca xl, 25 �C + 6.05H2 g, 25 �C +
14.68O2 g, 25 �C = Ca1.09(UO2)(H0.51SiO4)1.77�5.60H2O xl, 25 �C

DH21 = DHf,el = �DH12 + DH13 + 1.77DH14 + 1.09DH16 + 6.05DH15
= �6799.0 ± 11.5 kJ/mol

Number in parentheses inicates the number of drops
xl – crystalline phase.
sln – dissolved phase.
g – gas phase.
cr - crystobalite.
DHds – enthalpy of drop solution.
DHf, ox – enthalpy of formation from oxides.
DHf, el – enthalpy of formation from elements.
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a similar linear relationship, with the strongest contribution
from the most basic oxide K2O (Fig. 1). The strong linear
correlation of formation enthalpies with acidity and ionic
potential of cations provides additional confirmation of
our assumption of the absence of any specific interaction
within the uranyl silicate structures. It is interesting that
the linear trend is observed even with different amounts
of structural water.

3.3. Solubility experiments

Undersaturated experiments concerning the boltwoodite
– aqueous solution reaction required at least 62 days to reach
steady-state conditions (Fig. 2a and b), while supersaturated
experiments reached steady-state conditions within 23 days
(Fig. 2c and d). All experiments exhibited similar extents of
non-stoichiometric dissolution, with Si in excess ofU in solu-
tion by less than an order of magnitude. X-ray powder dif-
fraction (XRD) analysis of mineral residues indicated that
boltwoodite was the only crystalline phase detected. Precip-
itation of an amorphous phase could produce non-stoichi-
ometric results, as shown in Fig. 2. XRD analysis would
not detect the presence of an amorphous phase; however,
an amorphous phase could be detected in FT-IR spectra if
vibrational modes within the amorphous phase differed sub-
stantially from the crystalline phase. In this system, the FT-
IR data of final mineral residues were similar to the starting
materials, suggesting that amorphous materials, if present,
were in small quantities (less than ca. 2%) and/or had similar
vibrational modes to crystalline material as previously de-
scribed by Gorman-Lewis et al. (2008b)

The Na-boltwoodite aqueous solution reaction reached
steady state conditions much faster than the boltwoodite
system, within 5 days from both supersaturation and under-
saturation (Fig. 3). The extent of non-stoichiometric disso-
lution in the Na-boltwoodite systems was much greater
than for the boltwoodite systems; however, U concentra-
tion in both systems was similar. This suggests that an
amorphous phase formed in both Na-boltwoodite and bolt-
woodite systems and controls U dissolution. Similar Si con-
centrations were found in all Na-boltwoodite experiments
which might also suggest the precipitation of an amorphous
Si phase; however, saturation indices (SI) calculated by
PHREEQC with a variety of databases (WATEQ4F (Ball
and Nordstrom, 1991), MINTEQA2 (Allison et al., 1990),
and PHREEQE (Parkhurst et al., 1980)) indicate the solu-
tions are undersaturated with respect to amorphous silica
(SI ca. �1.1 to �1.3) and silica gel (SI ca. �.8 to �1.3). This
suggests that pure amorphous silica phase is not responsible
for the similar Si concentrations in the Na-boltwoodite sys-
tem but does not rule out the possibility that an amorphous
uranyl silicate or sodium uranyl silicate phase formed that
has a different solubility than pure amorphous silica phase.
XRD analysis indicated Na-boltwoodite as the only crystal-
line phase present and FT-IR data of final mineral residues
were similar to the starting materials. This does not rule out
the possibility of an amorphous phase present as well. Pre-
vious workers found FT-IR spectra of amorphous uranyl
silicate phases to be very similar to crystalline phases (see
above). Previous studies measuring the solubility of Na-

boltwoodite also reported non-stoichiometric dissolution
(Ilton et al., 2006; Nguyen et al., 1992). Ilton et al. (2006)
varied bicarbonate concentrations in their experiments con-
sequently enhancing uranyl carbonate aqueous complexa-
tion, and resulting in an increase in uranium relative to
aqueous silica. In this work, all systems were assumed to
be in equilibrium with atmospheric CO2, thus in general
contained significantly lower total dissolved carbonate con-
centrations than those in Ilton et al. (2006). The maximum
dissolved carbonate concentration in our experiments was
approximately 1 mM while the maximum in the Ilton
et al. (2006) experiments was 50 mM. The lower carbonate
concentration in our experiments reduces the extent of
aqueous uranyl carbonate formation relative to that in
the Ilton et al. (2006) experiments, and likely explains
why aqueous silica is higher than aqueous uranium for both
boltwoodite and Na-boltwoodite in our experiments.

All uranophane aqueous solution reactions reached a
steady-state within 10 days (Fig. 4). The initial experiment,
shown in Fig. 4d, did not contain silica gel as noted above,
yet exhibited similar Si concentrations to all subsequent
experiments that contained silica gel. Silica concentrations
in all experiments were well within the ranges reported
for amorphous silica solubility (Morey et al., 1964; Walther
and Helgeson, 1977). Because the silica concentration in
these systems was likely buffered by amorphous silica, the
U:Si ratio in solution would not necessarily correspond to
stoichiometric dissolution of uranophane. Experiments
from undersaturated conditions with respect to uranium re-
sulted in Ca:U ratios of ca. 0.6–0.8, while oversaturated
experiments exhibited Ca:U ratios of ca. 0.4 at pH 3 and
ca. 2.5 at pH 4. XRD patterns of experimental residues
indicated uranophane as the only crystalline phase present
and FT-IR data of final mineral residues were similar to
the starting materials.

3.4. Solubility product calculations

Solubility product (Ksp) calculations are based on the
reaction stoichiometry shown in Table 4. Ksp calculations
were performed using only the data points that correspond
to samples that were taken from each system after it had
achieved steady-state conditions. Figs. 2–4 illustrate that
in most of the experiments, after an initial relatively rapid
equilibration period, a solubility plateau or steady-state oc-
curred. Elemental concentrations varied somewhat during
this steady-state period, mostly due to shifts in solution
pH during the course of the experiment. In effect, these
migrations in pH and elemental concentrations provide
additional constraints on calculated Ksp value because each
individual solubility measurement with its own elemental
concentrations and measured pH was used to calculate a
Ksp value, and these values were averaged over all measure-
ments at a steady-state condition. Measured U, Si, K, Ca,
and Na concentrations and corresponding measured pH
values for each steady state data point that we used for
the calculations are compiled in the Supplemental material
Tables S1–S3. All experiments were assumed to be in equi-
librium with the atmospheric CO2 thus the partial pressure
of CO2 was taken to be 10�3.5. The concentrations of U, Si,
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and relevant cations K, Ca, or Na, the pH of each sample,
and the known amount of NO�

3 from the electrolyte and
acid additions for pH adjustments were accounted for in
the ionic strength calculations for each plateau data point.
We used an extended Debye–Hückel equation to calculate
the activity coefficients, ci, for each experimental condition:

log ci ¼
�Az2i

ffiffi
I

p

1þ aB
ffiffi
I

p þ bI ð1Þ

where I and zi represent the ionic strength and ionic charge,
respectively; A and B are constants with values of 0.5105
and 0.3285 (Helgeson et al., 1981), respectively. Values for
a and b are electrolyte specific, and we used values fromHel-
geson et al. Although the dominant cations in solution are
Na+, K+, and UO2þ

2 and Ca2+ for the Na-boltwoodite, bolt-
woodite, and uranophane systems, respectively, we used a
and b values for RbNO3 of 5.22 and 0.062 in order to be con-
sistent with previous uranyl mineral solubility studies (Gor-
man-Lewis et al., 2008a; Gorman-Lewis et al., 2007) that
choseRbNO3 as the closest approximation for solutionswith
UO2þ

2 as the dominant cation. Standard states employed in
this study for solid phases and for H2O are the pure mineral
or fluid, respectively, at the temperature and pressure of the
experiments, and the solutions are dilute enough that we as-
sume the activity ofH2O to be unity in all cases. The standard
state for aqueous species is defined as a hypothetical one mo-
lal solution whose behavior is that of infinite dilution. Molal
activity coefficients of neutral aqueous species are assumed to
be unity.With these standard states, solubility product calcu-
lations for each plateau data point take into consideration
the aqueous complexation reactions listed in Supplemental
materials Table S4 to calculate activities under each experi-
mental condition. Uncertainties associated with the stability
constants in Table S4 (errors not shown) were not propa-
gated through theKsp calculations; however, the uncertainty

in the experimental measurements likely dominates the er-
rors associated with the Ksp values and these values are
reported.

Calculated solubility products, averaged for all of the
plateau data points, with their 2r uncertainties for each
phase, are listed in Table 4. Solubility product calculations
for experiments in which steady state was approached from
undersaturation are within experimental uncertainty of the
values determined from supersaturation experiments for all
experimental systems. Experiments conducted at different
pH values using the same mineral phase also yield solubility
product values that are within experimental uncertainty of
each other. Agreement between solubility product values
from under- and super-saturated experiments, and from
experiments conducted at different pH values, suggests that
the dissolution reactions that we modeled were formulated
correctly as listed in Table 4 and that the experiments in-
deed reached equilibrium.

This work is the first reported solubility measurement of
boltwoodite; however, two previous studies reported Na-
boltwoodite solubility. Nguyen et al. (1992) performed sol-
ubility measurements from undersaturated starting condi-
tions. Their post-experimental XRD analysis indicated the
presence of additional peaks not attributed to Na-boltwoo-
dite that appeared to correspond to soddyite peaks. Ilton
et al. (2006) performed a variety of experiments measuring
Na-boltwoodite dissolution; however, all of their starting
conditions were from undersaturated states. Their experi-
ments also exhibited non-stoichiometric dissolution, yet
XRD analysis of the mineral residues indicated Na-bolt-
woodite as the only crystalline phase present. The authors
were unable to identify if precipitation of an amorphous
phase caused the non-stoichiometric dissolution. While
these previous studies did not collect solubility data from
supersaturation, our log Ksp value (6.07 (�0.16/+0.26)) is

Table 2
Results of the elemental analyses and TG study.

Sample Cation:U /
Si:U Molar
ratio

Weight loss,%
(first TG step/
total)

# moles water /#
moles H+(from TG
data)

# moles H+

(from charge
balance)

Final formula

Na(UO2)(HSiO4)�X(H2O) 0.93 ± 0.04/
0.93 ± 0.04

5.61 ± 0.0.03/
7.31 ± 0.16

1.25 ± 0.06/
0.72 ± 0.08

0.80 Na0.93(UO2) (H0.85SiO4)0.93�1.25H2O

K(UO2)(HSiO4)�X(H2O) 0.75 ± 0.02/
0.86 ± 0.04

4.41 ± 0.08/
6.52 ± 0.16

0.97 ± 0.02/
0.88 ± 0.09

0.68 K0.75(UO2) (H0.80SiO4)0.86�0.97H2O

Ca(UO2)2(HSiO4)2�X(H2O) 1.09 ± 0.01/
0.88 ± 0.01

11.88 ± 0.82/
13.07 ± 0.49

5.60 ± 0.34/
0.98 ± 0.13

0.90 Ca1.09(UO2)2(H0.51SiO4)1.77�5.60H2O

Table 3
Thermodynamic functions for formation of uranyl silicates from oxides and elements.

Phase, formula DHf ox, kJ/ mol DHf, el, kJ/mol DGf, el, kJ/mol DGf, el, kJ/mol, predicted DSf, el, J/mol�K
Soddyite
1/2(UO2)2(SiO4)�2H2O

�58.9 ± 2.2 �2022.7 ± 2.5 �1826.1 ± 2.1 �1818 ± 7 Clark et al. (1998) �659.4 ± 10.9

Boltwoodite
K(UO2)(HSiO4)�H2O

�251.2 ± 5.9 �2766.8 ± 6.5 �2758.6 ± 3.5 �2763 ± 8 (Clark et al. (1998) �27.5 ± 7.3

Na-boltwoodite
Na(UO2)(HSiO4)�H2O

�215.8 ± 6.0 �2948.8 ± 6.6 �2725.2 ± 2.6 �2984 ± 13 (Clark et al. (1998) �352.5 ± 7.2

Uranophane
1/2Ca(UO2)2(HSiO4)2�5H2O

�161.1 ± 5.4 �3399.5 ± 5.8 �3099.3 ± 5.6 �3123 ± 16 Clark et al. (1998) �1007.6 ± 12.0
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within error of the previous measurements by Nguyen et al.
(1992) (5.82 ± 0.16) and Ilton et al. (2006) (5.86 ± 0.24 and
5.85 ± 0.26 using Pitzer and Davies equation, respectively).
However, because we measured solubility from both super-
saturation and undersaturation, our solubility constant va-
lue is better constrained than those from the previous
studies.

The difference between our boltwoodite and Na-bolt-
woodite Ksp values indicates that the identity of interlayer
cations in uranyl phases can strongly influence their solubil-
ity. Previous measurements of Na and K analogues of ura-
nyl oxide hydrates have also exhibited similar behavior,
with the Na analogue being more soluble (Gorman-Lewis
et al., 2008a). Very little is known about the solid phase
activity coefficients of uranyl phases; however, our work
suggests even minor substitution of Na into boltwoodite
could have a large impact on its solubility. This is impor-
tant in environmental settings where a mixed Na–K phase
would likely dominate over pure end-member phases. Ngu-
yen et al. (1992) and Casas et al. (1994) performed solubility
measurements on synthetic and natural uranophane,
respectively. Synthetic uranophane experiments yielded a
log Ksp value of 9.42 (±0.48) while natural uranophane
yielded apparent (not corrected for ionic strength effects)
log Ksp values of 6.5 and 7.8 (±0.8) with no report of the
ionic strength of the systems. Nguyen et al. (1992) charac-
terized their pre- and post-experimental mineral phases
with XRD, confirming that no mineral alteration occurred
during the course of the experiments. Post-experimental
analysis on natural samples by Casas et al. (1994) consisted
of scanning electron microscopy and electron dispersion
spectroscopy, and these analyses revealed the presence of
minerals with habits similar to rutherfordine and schoepite.
Minerals other than uranophane may have controlled solu-
tion compositions in the natural uranophane experiments;
consequently, Ksp values from Casas et al. (1994) may not
reflect uranophane solubility. Our Ksp value is not consis-
tent with previous measurements; however, none of the pre-
vious measurements constrained their Ksp values as we did
with solubility measurements from both supersaturation
and undersaturation experiments.

3.5. Gibbs free energy and entropy of formation

Calculated Ksp values for each phase can be used to ob-
tain the standard state Gibbs free energy of formation by
first calculating the standard state Gibbs free energy of
reaction, DGo

r , for each dissolution reaction using the fol-
lowing equation:

DG0
r ¼ �2:3026 RT � logKsp ð2Þ

where R is the universal gas constant and T is absolute tem-
perature. We used known standard state Gibbs free energies
of formation of other components in the dissolution reac-
tions (Table 4) and the calculated values of DG0

r to obtain
the standard-state Gibbs free energies of formation of the
three solid phases. Standard state Gibbs free energies of
formation, obtained from Cox et al. (1989), for DG0

f ðUO2þ
2

Þ,
DG0

f ðKþÞ,DG
0
f ðNaþÞDG

0
f ðCa2þÞ,DG

0
f ðH4SiO4Þ; and DG0

f ðH2OÞ are
�952.6 ± 1.7 kJ/mol, �282.5 ± 0.1 kJ/mol, �262.0 ±
0.1 kJ/mol, �1307.7 ± 1.2 kJ/mol, �552.8 ± 1.1 kJ/mol
and �237.1 ±0.1 kJ/mol, respectively. To obtain the 2r er-
rors associated with the DG0

r values, we propagated the
largest error associated with the respective log Ksp values.
Each data point from a solubility measurement yields calcu-
lated values for the standard state Gibbs free energy of for-
mation for the mineral of interest, and the average value for
each mineral is reported in Table 3. The 2r errors are cal-
culated from propagating the errors associated with the
DG0

f values of the mineral phase constituents and DG0
r :

Chen et al. (1999) and Clark et al. (1998) created the
database of formation enthalpies and Gibbs energies pre-
dicted for several environmentally relevant U-bearing
phases. Predicted values for uranyl silicates are shown in
Table 3 in comparison with the data in the current study.
Predicted DG0

f for boltwoodite and uranophane are in rea-
sonable agreement with the reported results, however the
Gibbs free energy of formation for Na-boltwoodite deter-
mined from our solubility measurements is more than
200 kJ/mol more positive than the predicted value. The rea-
sons for this discrepancy are not clear.

4. DISCUSSION

Uranyl silicate minerals are abundant on the surface of
uraninite, (UO2+x) exposed to groundwater (Finch and Ew-
ing, 1992). Formation of silicates is controlled by the Si
concentration in solution and direct precipitation of uranyl
silicates from solution requires extremely high Si concentra-
tions. Under lower silica saturation conditions, the initial
precipitation of mixed schoepite [(UO2)8O2(OH)12](H2O)12]
and metaschoepite [UO3(H2O)2] is favored. Precipitation is
in turn followed by irreversible dehydration and structural
rearrangement with the formation of dehydrated schoepite
of approximate stoichiometry UO3(H2O)0.8 (Finch and Ew-
ing, 1992; O’Hare et al., 1988). Those uranyl hydroxides are
found to be the first stable alteration product of uraninite
corrosion. Reaction (3), Eq. (4) and Fig. 5a indeed indicate
that such formations are favorable under both natural

Table 4
Dissolution reactions and solubility products for uranyl silicates minerals.

Mineral Phase Dissolution reactions Mass action equations log Ksp ± 2r (I = 0)

Boltwoodite K[UO2(HSiO4)]H2O + 3H+ = K+ + UO2þ
2 + H4SiO4 + H2O Ksp ¼

aKþ�aUO2þ
2

�aH4Sio4

a3
Hþ

4.12 (�0.48/+0.30)

Na-boltwoodite Na[UO2(HSiO4)]H2O + 3H+ = Na+ + UO2
2+ + H4SiO4 + H2O Ksp ¼

aNaþ�aUO2þ
2

�aH4Sio4

a3
Hþ

6.07 (�0.16/+0.26)

Uranophane Ca(UO2)2(HSiO4)2�5H2O + 6H+ = Ca2+ + 2UO2
2+

+ 2H4SiO4 + 5H2O
Ksp ¼

aca2þþ�a2UO2þ
2

�a2
H4Sio4

a6
Hþ

10.82 (�0.62/+0.29)
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water and waste tanks conditions even if concentration of
dissolved uranium is relatively low (data are taken from
Gorman-Lewis et al., 2008a).

UO2þ
2 þ 3H2O ¼ UO3ðH2OÞ2 þ 2Hþ ð3Þ

DG0
rn ¼ 31:8� 3:9kJ=mol

DGrn ¼ DG0
rn þRTln aðHþÞ2=aðUO2þ

2 Þ
h i

ð4Þ

Becquerelite, Ca[(UO2)3O2(OH)3]2�8H2O, has been also
observed among the first alteration products of uraninite.
Finch and Ewing (1992) found that becquerelite is likely
to replace schoepite if additional Ca2+ can be supplied from
groundwater. Indeed, according to reaction 5 and Eq. (6),
shown in Fig. 5b, the formation of becquerelite becomes
thermodynamically favorable at higher pH and in the pres-
ence of significant Ca2+:

6UO3ðH2OÞ2 þ Ca2þ ¼ Ca½ðUO2Þ3O2Þ3ðOHÞ3�2 � 8H2Oþ 2Hþ ð5Þ
DG0

rn ¼ 40:2� 27:5 kJ=mol

DGrn ¼ DG0
m þRTln aðHþÞ2=aðCa2þÞ

h i
ð6Þ

For example, under Ca2+ activities of 10�3–10�5 mol, as
have been found in Yucca Mountain groundwater (Kerrisk,
1987), becquerelite is stable at pH above 5–5.5. Wogelius
et al. (2007) also suggested that becquerelite easily forms
as a direct product of in situ oxidation of UO2 if Ca

2+ is lea-
ched from other mineral surfaces.

Prolonged exposure of schoepite or becquerelite to
groundwater enriched with both Ca2+ and silicate leads to
complete alteration of minerals to uranyl silicates, with
uranophane and soddyite being the most abundant. Reac-
tions (7) and (9) for uranophane formation in aqueous solu-
tion have negative standard Gibbs free energies, indicating
that this formation is indeed favorable under standard state
conditions.

2UO3ðH2OÞ2 þ Ca2þ þ 2H4SiO4

¼ CaðUO2Þ2ðHSiO4Þ2 � 5H2Oþ 2Hþ þH2O ð7Þ
DG0

rn ¼ �3:6� 14:1kJ=mol

DGrn ¼ DG0
m þRTln aðHþÞ2=aðCa2þÞaðH4SiO4Þ2

h i
ð8Þ

1=3Ca½ðUO2Þ3O2ðOHÞ3�28H2Oþ 2=3Ca2þ þ 2H4SiO4

¼ CaðUO2Þ2ðHSiO4Þ25H2Oþ 4=3Hþ þH2O ð9Þ
DG0

rn ¼ �17:0� 15:1kJ=mol

DGrn ¼ DG0
rn þRTln½aðHþÞ4=3=aðCa2þÞ2=3aðH4SiO4Þ2� ð10Þ

These reactions are consistent with the observation of
Wronkiewicz (Wronkiewicz et al., 1992) that formation
of uranophane is usually preceded by becquerelite appear-
ance and rarely occurs directly from schoepite. Also Finch
and Ewing (1992) reported that becquerelite has been
found in contact with muscovite and therefore is stable
at high silica content. It often coexists with uranophane.
Fig. 6(a) and (b) show the stability fields of becquerelite
and uranophane at a fixed Ca2+ activity of 10�3 mol,
equal to the approximate groundwater Ca2+ content in
the Yucca Mountain area and at a silicate activity of
10�4 mol. Thus, the favorable conditions for forming less
soluble uranophane would be higher pH at higher Ca2+

concentrations.
Soddyite forms even more readily from metaschoepite

(reaction 11). However, the exposure of soddyite to Ca2+-
rich solutions does not always favor the formation of
uranophane (reaction 12):

2UO3ðH2OÞ2 þH4SiO4 ¼ ðUO2Þ2ðSiO4Þ � 2H2Oþ 4H2O ð11Þ
DG0

rn ¼ �28:9� 15:5kJ=mol

ðUO2Þ2ðSiO4Þ � 2H2OþH4SiO4 þ Ca2þ þ 3H2O

¼ CaðUO2Þ2ðHSiO4Þ2 � 5H2Oþ 2Hþ ð12Þ
DG0

rn ¼ 25:2� 12:7kJ=mol

A plot of H4SiO4 activity vs. pH of reaction 12 at fixed
10�3 mol Ca2+ indicates that under environmental condi-
tions uranophane would be more stable than soddyite
(Fig. 7). The H4SiO4 activity – Ca2+/(H+)2 activity diagram
for the CaO–UO3–SiO2–H2O system predicted by Chen
et al. (1999) agrees with our results.

Fig. 5. pH – Log a (UO2þ
2 ) diagrams for the formation of metaschoepite (a) and pH – Log a (Ca2+) diagram for becquerelite (b).
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In K+- and Na+ -rich silica-bearing water, boltwoodite,
K(UO2)(HSiO4)�H2O, and Na-boltwoodite, Na(UO2)(H-
SiO4)�H2O, phases can be found (Wronkiewicz et al.,
1992, 1996). The formation of both minerals from metasc-
hoepite is thermodynamically favorable under environmen-
tal conditions (shown in Fig. 8a and b, in according to
reactions 14 and 16 at the fixed K+ or Na+ concentration
5 � 10�4), however K-boltwoodite can form under more
acidic pH.

UO3ðH2OÞ2 þKþ þH4SiO4

¼ KðUO2ÞðHSiO4Þ �H2OþHþ þ 2H2O ð13Þ
DG0

rn ¼ �10:7� 8:4kJ=mol

DGrn ¼ DG0
rn þRTln½aðHþÞ=aðH4SiO4Þ� ð14Þ

UO3ðH2OÞ2 þNaþ þH4SiO4

¼ NaðUO2ÞðHSiO4ÞH2OþHþ þ 2H2O ð15Þ
DG

	
rn ¼ 2:2� 8:1kJ=mol

DGrn ¼ DG0
rn þRTln½aðHþÞ=aðNaþÞaðH4SiO4Þ� ð16Þ

Fig. 6. The bequerelite/uranophane equilibrium at different H4SiO4 (a) and Ca2+ (b) activities as a function of pH.

Fig. 7. pH – Log a(H4SiO4) diagram for the system soddyite –
uranophane.

Fig. 8. pH – Log a(H4SiO4) equilibrium diagrams at fixed K+ and Na+ concentration 5 � 10�4 mol for the boltwoodite (a) and Na-
boltwoodite (b) formation from metaschoepite, respectively.
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Uranophane and boltwoodite are also found to be dom-
inant phases in contaminated sediments close to leaking
tank farms at the Hanford Site (Um et al., 2009). Their for-
mation reaction can be expressed as follows:

3UO2þ
2 þKþ þ Ca2þ þ 3H4SiO4 þ 6H2O

¼ KðUO2ÞðHSiO4Þ �H2O

þ CaðUO2Þ2ðHSiO4Þ2 � 5H2Oþ 9Hþ ð17Þ
DG0

rn ¼ 81:0� 16:1kJ=mol

DGrn ¼ DG0
rn þRTlnð½Hþ�9=½Ca2þ�½H4SiO4�3½Kþ�½UO2þ

2 �3Þ ð18Þ
According to reaction 17 and Eq. (18), at a typical re-

ported composition of leaking Hanford tank waste ðUO2þ
2 Þ

activity of 10�4, Ca2+ activity of 3.5 � 10�3, K+ of
2.5 � 10�2, and H4SiO4 activity of 4.5 � 10�3 (Um et al.,
2009), our thermodynamic data confirm that these minerals
are thermodynamically stable at any pH above 4, a result
which is consistent with groundwater compositions and
observations at the Hanford Site (Um et al., 2009).
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