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ABSTRACT

Experimental and natural analog data indicate that uranyl silicate minerals are likely to form as oxidation
products of spent nuclear fuel in a high-level radioactive waste repository at Yucca Mountain, Nevada.
Although these minerals would control releases of uranium and possibly much of the radionuclide
inventory of high-level waste, the fundamental thermodynamic properties of these minerals required for
predictive modeling of their behavior are poorly known. A basis for thermodynamic modeling of uranium
chemistry is provided by a recently compiled database, which contains no data for uranyl silicate
minerals. Two recent publications purporting to have determined equilibrium solubilities for uranyl

silicates were critically reviewed. Generally the derived thermodynamic data are judged to be unreliable
because detailed reaction stoichiometries were undetermined, incorrect chemical formulas were used in

thermodynamic analyses of the solubility data, and the dissolution reaction limits were not reversed. An
experimental plan has been developed to determine thermodynamic properties of uranyl silicate minerals
through original experimentation and data interpretation. The plan is developed for the study of
uranophane, soddyite, and schoepite solubilities at 25, 60, and 90 0C. Plans are also described for
experiments that are designed to determine the importance of coprecipitation reactions as mechanisms for
limiting the release and transport of actinides such as plutonium and neptunium.
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1 INTRODUCTION

Yucca Mountain (YM), Nevada, has been specified by the Nuclear Waste Policy Act as amended to be

studied as a potential repository site for high-level nuclear waste (HLW). YM is composed of silicic

volcanic rocks with minimal reducing capacity (e.g., Caporuscio and Vaniman, 1985). The HLW

repository would be located above the water table where rock porosity is filled with both gas and liquid

phases. The ambient gas in the subsurface at YM is air with an elevated CO2 content (Thorstenson et al.,

1990), and the aqueous phase is dilute but rich in aqueous silica (Yang, 1992) and oxidizing. Even

saturated zone groundwaters in the tuffaceous rocks at YM contain appreciable dissolved oxygen (Kerrisk,

1987).

Spent nuclear fuel is a primary waste form to be disposed in the proposed repository at YM. The metal

content of spent fuel is typically 95 to 99 percent U, up to 1 percent Pu, and up to 4 percent other

actinides and fission products (Barner, 1985). The U in spent fuel is predominantly in the reduced 4+

valence state. However, in the oxidizing conditions of YM, U is thermodynamically stable in the 6+

valence state.

Spent fuel will be unstable in the oxidizing environment of YM. In the presence of an oxidizing aqueous

phase, especially involving radiolytically produced oxidants, the alteration rate of spent fuel is likely to

be appreciable. However, the rate of release of U and much of the radionuclide inventory from the

engineered barrier system (EBS) may be largely unrelated to this oxidation rate because of incorporation

of these species in relatively stable secondary solid phases. It has been hypothesized that the source term

for release of many important radionuclides will be governed by the properties of secondary solids

composed of oxidized U (uranyl) and other components of the environment such as silica, rather than by

the properties of spent nuclear fuel. The potential significance of secondary uranyl phases in a repository

for spent nuclear fuel under oxidizing conditions is widely recognized in studies of experimental and

natural analog systems (e.g., Shoesmith et al., 1989; Bates et al., 1990; Finch and Ewing, 1990, 1991;

Wilson, 1990a,b, 1991; Sunder et al., 1991; Murphy and Pearcy, 1992; Wronkiewicz et al., 1992;

Pearcy et al., 1994; Lichtner, 1994). For example, in long term experiments designed to simulate

conditions in a repository at Yucca Mountain, Wronkiewicz et al. (1992) observed that UO2 reacted with

synthetic groundwater altered progressively to uranyl oxide hydrates, uranyl silicate hydrate, and uranyl

alkali and alkaline earth silicates. The same paragenesis is characteristic of oxidation of natural uraninite

(UO 2) deposits. For example, Pearcy et al. (1994) describe the same sequence of alteration of natural

uraninite in the U deposit at Nopal I, which has been studied as a natural analog of the proposed

repository system at YM. Natural uranyl minerals incorporate chemical species other than their primary

componenents (e.g., Frondel, 1958; Casas et al., 1994). Coprecipitation of much of the radionuclide

inventory of spent nuclear fuel in relatively stable secondary uranyl minerals is a likely process in the

long term evolution of the proposed repository at YM. Under these conditions releases of radionuclides

from the EBS would be largely controlled by the behavior of secondary uranyl minerals.

Uranyl minerals are an essential component of realistic descriptions of oxidation of spent fuel in a

repository at YM for conditions following breach of waste containers and influx of an aqueous phase.

Despite the likely formation of secondary uranyl phases and the possibility that they could dominate

radionuclide release from the EBS in a repository at YM, thermodynamic data required for realistic

modeling of the behavior of these minerals in a repository environment are limited. In the recently

compiled, comprehensive thermodynamic database for U (Wanner and Forest, 1992), there are data for

hydrated oxides and hydroxides of hexavalent U, but no data for uranyl silicates. Although experimental
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studies have been conducted on coprecipitation in reduced U02 in relation to nuclear waste isolation (e.g.,
Bruno and Sandino, 1988), literature review disclosed no studies of trace metal (e.g., actinide)
coprecipitation in uranyl minerals. Because of inadequate data, and perhaps other reasons, the role of
uranyl minerals is generally absent from performance assessments for the YM HLW repository system
(e.g., U.S. Nuclear Regulatory Commission, 1995). Dissolution and growth experiments of such phases,
and measurements of the extent to which they can incorporate other species in small but significant
quantities, would provide important fundamental contributions to testing hypotheses concerning their role
in repository performance.

This report presents a review of empirical thermodynamic data for uranyl silicate minerals focusing on
two published dissolution solubility studies. It is concluded that important uncertainties are associated with
the data and thermodynamic interpretations in both studies. Consequently, the report concludes with a
plan for original experimentation to be conducted at the CNWRA to expand database for the
thermodynamics of uranyl silicate minerals.

1-2



2 REVIEW OF URANYL MINERAL THERMODYNAMICS

2.1 SUMMARY OF URANYL MINERAL THERMODYNAMICS IN WANNER
AND FOREST (1992)

A comprehensive review of literature on thermochemical data for U was published recently

(Wanner and Forest, 1992) in connection with development of a reliable database for use in safety

assessments of radioactive waste repositories. The review put great emphasis on critical analyses of low

temperature thermodynamics of U in aqueous solution, as well as on critical evaluation of thermodynamic

data on U bearing mineral phases. It has been widely adopted among chemists and geochemists, and it

provides a primary resource for experimental planning, data interpretation, and predictive modeling at

the CNWRA. A summary of thermodynamic data, including standard Gibbs free energy of formation

from the elements (AGf), standard enthalpy of formation from the elements (AHF), standard entropy

(S0), and heat capacity (C 0) recommended in the Wanner and Forest (1992) review for U(VI) solids is

given in Table 2-1. Notabry absent are values for uranyl silicates. As pointed out by Wanner and Forest

(1992), no experimental thermochemical or solubility data exist for a large number of U containing

minerals. However, new solubility data have been published on some uranyl silicates since the Wanner

and Forest (1992) review was published. These studies are reviewed in detail in succeeding sections of

this report.

2.2 REVIEW OF NGUYEN et al. (1992)

Nguyen et al. (1992) performed solubility measurements at 30 'C on uranyl silicate minerals

in support of the Yucca Mountain Site Characterization Project. From their measurements, they derived

solubility products for the dissolution reactions and Gibbs free energies of formation for the minerals.

The minerals studied by Nguyen et al. (1992) are soddyite, nominally (UO2)2SiO4o2H2 0, uranophane,

nominally Ca(UO2)2[SiO 3(OH)]2o5H 2O, Na-boltwoodite, nominally Na(H30)(UO2)SiO4eH 2O, and Na-

weeksite, nominally Na2(UO2)2(Si 2 05)3o7H2 0. Starting materials were synthesized from chemical

reagents at room temperature and annealed in a pressurized vessel at 80 to 150 'C.

Crystallinity and composition of the synthetic minerals were tested by X-ray diffraction (XRD),

Fourier transform infrared spectroscopy (FMIR), inductively coupled plasma (ICP) arc spectroscopy, and

atomic absorbance (AA) spectroscopy. XRD and FTIR data showed generally good correspondence

between the synthetic minerals, published data, and data for natural samples of these minerals. However,

amorphous silica was noted in the FTIR spectrum for soddyite, and it was asserted to be present at less

than 1 mass percent (Nguyen et al., 1992).

Chemical analytical data for the synthetic samples indicated significant deviations from nominal

stoichiometries (Table 2-2) (Nguyen et al., 1992). Soddyite was determined to have 10 percent excess

Si at a Si/U ratio of 0.55 on a molar basis. Excess Si is consistent with the amorphous silica

contamination indicated by the FTIR spectra, and the analytical amount is consistent with less than 1 mass

percent. The analyzed Si/U ratio for uranophane corresponds well to the nominal stoichiometric value

(lTable 2-2). However, the data indicate a deviation in the Ca content corresponding to 25 mole percent

less than the nominal stoichiometric amount. Similarly, the analytical Si/U ratio of synthetic Na-

boltwoodite corresponds to the nominal stoichiometry, but the measured Na content is nearly 8 mole

percent low. The analytical Na/U ratio of Na-weeksite corresponds to the nominal stoichiometry, but the

analytical Si is 12 mole percent below the nominal stoichiometric amount. Speculatively, cation deficits
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Table 2-1. Thermodynamic properties of U(VI) solids recommended by Wanner and Forest (1992)

t'j

U(VI) Solid AHW (kJ/mol) S° (J/K/mol) AGf° (kJ/mol) Equation for Cp0 (J/K/mol) [valid T range]

'y-U0 3 -1223.8±1.2 96.11±0.40 -1145.7±1.2 88.103 +0.016640*T - 1012800*T- 2 [298-850K]

aI-UO3 -1217.5±3.0 99.4± 1.0 -1140.4±3.0 81.84±0.30 [298.15K]

#-UO3 -1220.3±1.3 96.32+0.40 -1142.3±1.3 86.170+0.024984*T- 1091500*T-2 [298-678K]

e-UO3 -1217.2±1.3

6-U0 3 -1209±5

U0 3(amorphous) -1207.9±4.0 76.01+0.03806*T - 231000*T-2 [400-650K]

U0 4 ' 4H 20 -2394.8±2.1 _

U04 * 2H2 0 -1784.0±4.2 _

U03 . 2H2 0 -1826.1±1.7 188.54±0.38 -1636.5±1.7 84.238+0.294592*T [298-400K]
(schoepite) I

O-UO 2(OH)2 -1533.8±1.3 138±4 - 1398.7±1.8 41.8+0.200*T+3530000*T- 2 [298-473K]
(- #-UO3. H2 0) I

-y-U02 (OH) 2 -1531.4± 1.3
(m Y-UO 3 * H20)

a-U03. 0.85H20 -1491.9± 1.3

c1-UO 3 * 0.9H2 0 -1506.3±1.3 126±7 -1374.6±2.5

U0 3 0.393H2 0 -1347.8±1.3

U03* 0.648H2 0 -1424.6± 1.3



Table 2-2. Molar ratios of U, Si, and cations for uranyl silicates and uranyl silicate dissolution

studies of Nguyen et al. (1992)

Nominal Solid Chemical Final Aqueous
Stoichiometry Analysis Solution

Mineral U:Si:cation U:Si:cation U:Si:cation

soddyite 1:0.5:0 1.00:0.55:0 1.00:0.87:0

uranophane 1:1:0.5 (Ca) 1.00:0.98:0.37 1.00:0.26:0.42

Na-boltwoodite 1: 1: 1 (Na) 1.00:1.00:0.92 1.00:9.31:92.5

Na-weeksite 1:3:1 (Na) 1.00:2.61:1.00 1.00:9.50:121.1

in the U minerals may be an indication of partial reduction of U(VI) in the oxygen-purged reaction

vessels, and incorporation of small amounts of U(iV) in the minerals. No chemical analytical data or

gravimetric data are presented for the amount of H2 0 in the synthetic minerals, although FTIR data

demonstrate its presence (Nguyen et al., 1992).

The synthetic materials were dissolved in aqueous solutions in an inert gaseous (largely CO2

and °2 free) environment to determine mineral solubilities. Solutions were maintained at controlled pH

between 3 and 4.5 using automatic NaOH and HCl04 titration devices. The U concentrations in the

solutions were tracked over periods of less than 150 d until changes in U concentration with time were

small (Nguyen et al., 1992). Data for soddyite and uranophane followed a coherent pattern of diminishing

dissolution rate with time, finally achieving a maximum, constant U concentration. Data for U

concentrations in Na-weeksite and particularly Na-boltwoodite dissolution experiments followed less

coherent patterns with some indications of diminishing concentrations of U with time at the end of the

experiments. Final aqueous solutions were collected and analyzed for major components of each mineral

and ionic strength. Final solids were examined by XRD indicating that soddyite, uranophane, and Na-

weeksite retained their structures, and no precipitation of other crystalline material was detected.

However, soddyite was observed to have precipitated in the Na-boltwoodite solubility experiments

(Nguyen et al., 1992). Reaction of multiple U minerals provides a logical explanation for increasing then

decreasing aqueous U in this experiment.

Elemental ratios in the final solutions (Table 2-2) in the experiments reported by Nguyen et al.

(1992) bear on the nature of the dissolution reactions. In the soddyite experiment, the Si/U release ratio

was considerably higher than either the nominal stoichiometric ratio or the ratio in the analyzed solid.

Excess aqueous silica could be a consequence of dissolution of amorphous silica in addition to soddyite.

U sorption on container materials could also have an effect. In the uranophane experiment, net Si/U

release to the aqueous solution was only 25 percent of the stoichiometric and analytical molar ratios in

the solid, but Ca/U in solution corresponded closely to the analytical ratio in the solid. The uranophane

data suggest that a secondary silica phase (e.g., amorphous silica) precipitated; that Ca and U were

released in proportions corresponding to their molar ratio in the reactant (i.e., stoichiometric release);

and that the Ca/U ratio of the reactant uranophane corresponded to the bulk chemical analysis of the solid

and not to the nominal stoichiometry. The Si/U concentration ratio in solution was 3 to 10 times greater,

and the Na/U ratio was approximately 100 times greater in solution than the solid analytical or nominal
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stoichiometric ratios in Na-boltwoodite and Na-weeksite studies. The large excess Na in solution was
possibly derived from the automatic NaOH titration device used for pH control. Elevated Si/U could have
resulted from incongruent dissolution of the primary reactant and precipitation of soddyite or another
mineral with a lower Si/U ratio. Soddyite was confirmed by XRD as a reaction product in the Na-
boltwoodite experiment.

Dissolution studies for soddyite from Nguyen et al. (1992) provide the most likely basis for
retrieval of reliable thermodynamic data. However, it must be assumed that the soddyite conformed to
its nominal ideal stoichiometry with excess Si in the reactant material and in solution being a consequence
of the presence and dissolution of amorphous silica. For the reaction

(UO2)2 SiO4o2H 20 + 4 H+ = 2 UO2
2 + + SiO2(4 + 4 H2 0

and corresponding equilibrium constant defined by

K = [UO 2 +]2 [SiO2(,D] / [H+]4

where square brackets represent thermodynamic activities corresponding to a standard state of a one molal
solution referenced to infinite dilution, Nguyen et al. (1992) report log K = 5.74+0.21 and the
corresponding standard free energy of formation of soddyite from the elements, AGf0 = -3,685+20
kJ/mole (Uncertainties are propagated standard deviations of analytical results). However, in this
experiment equilibrium was approached only from undersaturation (i.e., it was not reversed), so the data
must be regarded as lower limits.

The preceding discussion illustrates that there is considerable uncertainty concerning the mineral
phases that may have reached equilibrium in the experiments of Nguyen et al. (1992). Especially the
stoichiometries of the multicomponent uranyl silicate phases are uncertain, and/or misrepresented (e.g.,
U:Si:cation ratios), or unknown (1120 contents). These stoichiometries are critical in the determination
of thermodynamic properties from the solubility measurements. However, despite contradictory analytical
data for the solids and contradictory data for the solid to solution mass transfer, Nguyen et al. (1992)
assumed nominal stoichiometries for their synthetic minerals in performing their thermodynamic analysis.
In the absence of detailed constraints on mineral stoichiometries and their proper use in interpretive mass
action relations, thermodynamic data derived by Nguyen et al. (1992) for uranophane are deemed to be
unreliable. Documented incongruent dissolution of Na-boltwoodite and possible incongruent dissolution
of Na-weeksite based on U time series data and chemical mass transfer to solution, as well as
uncertainties and/or misrepresentations regarding the stoichiometries of these minerals, make
thermodynamic interpretations of the data unreliable. Thermodynamic data derived from soddyite are
plausible, but nevertheless require assumptions about mineral stoichiometry and reaction coefficients, and
represent a minimum limit on solubility.

2.3 REVIEW OF CASAS et al. (1994)

Casas et al. (1994) present petrographic descriptions and data from dissolution studies of natural
U minerals including the uranyl silicate uranophane. Uranophane #446 (sample numbers are assigned by
Casas et al., 1994) from Shinkolobwe, Zaire, is associated with quartz, plumbojarosite, and alunite, and
an unidentified black phase (Casas et al., 1994). In dissolution studies of this sample, no effort was made
to separate uranophane from other minerals, and no analyses of Ca or Si were performed for the aqueous
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phase. Consequently, dissolution data for this sample cannot be interpreted in terms of an equilibrium

solubility.

Uranophane #655, also from Shinkolobwe, is associated with uraninite, soddyite, and minor

schoepite. Hand separated samples of macroscopically pure uranophane were used in the dissolution

experiments. The uranophane was reported to have the composition CaO 89U2. 12Si1 88 011 .4.4H2 0 (Casas

et al., 1994). Uranophane formulas based on 11 0 are difficult to compare strictly to the nominal formula

Ca(UO0)2[Si0 3(0H)] 2*5H2 0 because of the lack of reported hydroxyl. However, the analyzed U:Si:Ca

ratio corresponds approximately to the nominal stiochiometry.

Uranophane #548 from Shinkolobwe contains minor Pb and is associated with Ni-sklowdowskite

and several other minerals, including kasolite, schoepite, ianthinite, soddyite, quartz, and Co and Ni

sulfides. No mineral separates were obtained from this material. The material was used in dissolution

kinetic studies under atmospheric (oxidizing and CO2 bearing) conditions in a synthetic granitic

groundwater. The dissolution rate of uranophane #548 was determined to be 4x 10-9 moles of U/him2

surface area for conditions that were apparently far from equilibrium at pH 7.9 ± 0.1 (Casas et al., 1994).

Equilibrium was not achieved in these studies, and Ca and Si were not analyzed, so solubility limits

cannot be determined.

Uranophane #514 and associated fl-uranophane (a polymorph of uranophane) from Nisto Mines,

Canada, are associated with abundant quartz and lesser Fe oxides and monazite. Compositions of the two

uranophane phases are reported to be nearly the same and represented by

(Cao.8Pbo.0 15 )(Sil. 8 Alo.0 3)U2.llOlle4.2H20. Hand separated samples of macroscopically pure

uranophane (plus 0-uranophane?) were used in dissolution studies of sample #514. However, scanning

electron microscopy (SEM) examinations showed the experimental samples to contain large amounts of

quartz.

Solubility studies on uranophane were performed in distilled water at room temperature in an

N2 (anoxic) atmosphere. The experiments were conducted at successive values of pH, which was

controlled by NaOH or HC104 titrations. Solubility data are reported graphically as logarithms of total

concentrations of Ca, Si, and U as functions of pH (Casas et al., 1994). Generally the U concentration

data are scattered, ranging over one to two orders of magnitude for each sample and each pH.

Two alternate thermodynamic interpretations of uranophane solubility data from anoxic

dissolution experiments were presented by Casas et al. (1994). In the first interpretation of data for

uranophane sample #655, it was assumed that reaction proceeded according to the nominal mineral

stoichiometry. Furthermore, it was assumed that the mass action relation characterizing equilibrium

involved nominal stoichiometric and reaction coefficients, i.e.,

Ca (UO2)2 [Si0 3(OH)]2e5H20+6H+- Ca2++2UO2
2 ++2H 4 SiO4+5H20.

These approximations were employed despite analytical data for the reactant material demonstrating a

deviation from the nominal stoichiometry. Also, aqueous solution data (e.g., the U:Si:Ca ratio) were

noted to be highly variable and to deviate from nominal stoichiometric values. In this thermodynamic

interpretation, nonideality of the aqueous phase and aqueous activity coefficients was also neglected. In

contrast to these major simplifications, aqueous uranyl hydrolysis was treated in detail involving 10 mass

action hydrolysis constants. An additional complication was the observed precipitation of schoepite

(nominally U03e2H20) in the experiments using uranophane #655.
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Given these assumptions and uncertainties, an analytical expression was derived by Casas et al.
(1994) relating the logarithm of total U concentration in solution to pH. This relation has one adjustable
parameter, the solubility (equilibrium) constant (K) for uranophane dissolution. This constant was adjusted
to achieve a rough approximation to the higher values of U concentrations in the uranophane #655
experiments as a function of pH. This fit yielded a value of log K=6.5, which was purported to be a
"conservative value" (Casas et al., 1994). Using the derived value, the adopted curve for the total
aqueous U concentration as a function of pH exceeds all U data from experiments using uranophane
samples #446 and #514 by as much as three orders of magnitude. Considering the questionable treatment
of reaction coefficients and mineral stoichiometry, the neglect of aqueous solution nonideality, and the
poor fit to the highly scattered database, the derived equilibrium constant is judged to be unreliable. Casas
et al. (1994) acknowledged that this model provides a poor fit to the data.

In a second interpretation of the data from anoxic dissolution of uranophane sample #655, the
mass action equation for dissolution of uranophane was solved for the equilibrium constant for each
experimental solution. Analytical values for aqueous concentrations of Ca2 +, H4SiO4, H+, and a value
of the concentration of UO2 + generated from the total U concentration and equations for the 10 uranyl
hydrolysis equilibria were used in the mass action equation. Aqueous activity coefficients were again
neglected, and the mass action relation was written for nominally stoichiometric uranophane. The value
obtained was log K=7.8±0.8, approximately an order of magnitude greater than that derived by the first
method (Casas et al., 1994).

The second approach is more realistic than the first because it correctly represents the relative
concentrations of reactant species in the aqueous solution. However, it misrepresents relative proportions
of these species in the solid phase relative to the solid analysis. Data are not reported by Casas et al.
(1994) in a manner that permits evaluation of the relative proportions of U, Si, and Ca released to
solution for each experiment. Considering the questionable treatment of the mineral stoichiometry and
the neglect of aqueous activity coefficients, the equilibrium constant derived by the second method is also
judged to be unreliable. It may be somewhat better than that derived by the first method. However, the
large reported uncertainty (presumably the standard deviation of values derived from different sets of
measurement) is an indication that processes other than those modeled were active in the experiments.

For dissolution of uranophane sample #514, U concentrations were shown first to increase and
then generally to decrease with time. These data were interpreted to demonstrate that precipitation of a
secondary U phase accompanied uranophane dissolution (Casas et al., 1994). Apparently uranophane was
not the (or was not the sole) solubility limiting phase in the experiments. Indeed, soddyite [nominally
(UO2)2SiO4e2H 2O] was identified spectroscopically as a reaction product in experiments using
uranophane #514 (Casas et al., 1994). Aqueous Ca and Si concentrations in these experiments increased
with time in each of the multiple solubility studies at different pH, were approximately equal, and showed
no clear dependence on pH in the various experiments (Casas et al., 1994).

Assuming that soddyite was the solubility limiting phase in the uranophane #514 experiments,
values for the dissolution equilibrium constant for soddyite were approximated by Casas et al. (1994).
The two methods employed in estimating equilibrium constants from uranophane #655 experiments and
the associated simplifications were invoked. An analytical curve was fit to the smaller values of total
dissolved U as a function of pH in the first method. Aqueous Ca2+, H4SiO4 , and H+ data were used in
a mass action relation for dissolution of nominally stoichiometric schoepite to solve for the equilibrium
constant in the second. The derived values are log K= -0.2 and log K=3.0±2.9, respectively (Casas
et al., 1994). Considering the speculative nature of the solubility determining reaction in the uranophane
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#514 experiments, the absence of chemical data for the schoepite, the neglect of aqueous activity

coefficients, and the highly scattered data, the derived thermodynamic data are judged to be unreliable.

2.4 DISCUSSION OF EMPIRICAL THERMODYNAMIC DATA FOR

URANYL SILICATE MINERALS

The preceding reviews illustrate that considerable uncertainty remains regarding the

thermodynamic properties of uranyl silicate minerals. Principal problems in the experimental studies by

Nguyen et al. (1992) and Casas et al. (1994) are that reaction stoichiometries were not firmly ascertained,

incorrect chemical formulas for mineral reactants were used in thermodynamic analyses of solubility data,

and no deliberate efforts were made to reverse experimentally the solubility limits.

Furthermore, no empirical attempt has been made to determine the temperature dependence of

the uranyl silicate solubilities or thermodynamic properties. Finally, solid solution of minor species was

observed in several natural uranyl silicates investigated by Casas et al. (1994), and Th has been reported

in substitution for Ca in uranophane (Frondel, 1958). However, no thermodynamic data or analysis has

been applied to evaluation of this mechanism for incorporating radioactive waste species other than U in

uranyl silicate minerals that would be secondary after spent fuel.

The experimental studies reviewed in this report do provide evidence that carefully planned,

executed, and properly interpreted solubility experiments could provide high quality thermodynamic data.

Consequently, a plan for original experimentation designed to advance knowledge of the thermodynamic

properties of uranyl minerals and to permit reliable predictions of their role in controlling radionuclide

release from a nuclear waste repository is described in the succeeding section.

Comparison of the soddyite dissolution solubility limit reported by Nguyen et al. (1992) to the

interpretation of the uranophane #514 dissolution experimental data in terms of soddyite precipitation by

Casas (1994) provides contradictory evidence for reversibility. Derived values for log K for soddyite

dissolution are 5.74+0.21 and 3.0±2.9, respectively, in the Nguyen et al. (1992) dissolution and Casas

et al. (1994) precipitation interpretations. These relative values are backwards from values that would

bracket reversible soddyite solubility, which is a further indication of erroneous data interpretation.
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3 EXPERIMENTAL PLAN

To provide better data on the thermodynamic properties of uranyl minerals, experiments are planned to

determine their solubilities. The experiments will focus on the following phases: i) schoepite, ii) soddyite

and iii) uranophane. These minerals represent the characteristic sequence of progressive alteration of U02

to uranyl hydrates (schoepite), hydrated silicates (soddyite), and hydrated alkaline earth silicates

(uranophane). They are also predominant uranyl phases observed in experimental and natural analog

systems relevant to the proposed repository at YM (e.g., Wronkiewicz et al., 1992; Pearcy et al., 1994).

As discussed previously, these minerals may play an important role in controlling the source term for

radionuclide release from the EBS. The experimental design will take into consideration the results of

previous publications, some of which have been critically reviewed in previous sections of this report,

and will attempt to avoid shortcomings of these preceeding studies.

3.1 MATERIALS

The solubility experiments will use mineral samples that have been synthesized in laboratories

of the Center for Nuclear Waste Regulatory Analyses. Although natural samples are available, the

amounts that can be acquired are typically of insufficient quantity or purity for use in solubility

experiments. In addition, crystal defects in natural samples, which may be present due to radiation

damage, could adversely affect the results of the experiments. Furthermore, radioactive decay daughter

products (e.g., Th) in natural samples may complicate determination of U concentrations if techniques

that measure activities (e.g., liquid scintillation) are used.

Synthesis methods to be used in this study will rely on procedures given in previous

publications. For example, Nguyen et al. (1992) described their procedure for synthesizing soddyite,

uranophane, sodium boltwoodite, and sodium weeksite using reagent chemicals (e.g., uranyl acetate,

calcium acetate, sodium metasilicate, acetic acid). Their procedure involved reacting the chemicals at

room temperature, refluxing at about 90 IC, and, except for soddyite, recrystallization at some higher

temperature. Plesko et al. (1992) described their method of synthesizing weeksite, boltwoodite, and

soddyite using the chemical reagents potassium nitrate, uranyl nitrate, and Ludox AS-40 colloidal silica.

Their procedure involved hydrothermal synthesis in Au tubes at 200 and 300 °C using cold-seal pressure

vessels. This study was designed to study phase equilibria in the K2 0-UO3 -SiO2-H 2 0 system. However,

only the phase diagram at 300 °C is presented in their paper, thus no information is available regarding

optimal synthesis conditions at lower temperatures. Bruno and Sandino (1989) synthesized schoepite at

25 °C by titrating a solution of uranyl perchlorate with a concentrated NaOH solution and allowing the

precipitate to crystallize at room temperature and under N2 atmosphere for a few weeks. More recently,

Cesbron et al. (1993) performed approximately 50 hydrothermal syntheses of uranyl silicates and

determined optimum chemical conditions for uranophane crystallization at 150 'C.

We have recently attempted to use the method of Cesbron et al. (1993) to synthesize

uranophane. Initial results indicate that their method is simpler and more convenient than that used by

Nguyen et al. (1992), and perhaps produces uranophane of better crystallinity. It may be possible to

improve the synthesis procedures used by Nguyen et al. (1992) for soddyite by conducting the synthesis

at 150 'C, instead of room temperature. This approach will be investigated in the planned study.

Characterization of starting materials for solubility experiments will be conducted using various

techniques, including XRD, optical microscopy, and SEM, as well as by chemical analysis using ICP.
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Additional characterization may employ electron microprobe analysis (EMPA) and FTIR. The solid phase
at the end of the solubility experiments will also be characterized to determine if alteration of the starting
material or formation of secondary phases occurred during the experiments. Mass balance relations among
solid and aqueous phases will also be employed in data interpretations to determine reaction coefficients
and mineral stoichiometries.

3.2 EXPERIMENTAL CONDITIONS

The initial solubility experiments will be conducted at 25 'C using polypropylene or Teflon
vessels. The mixtures will be kept agitated, and the temperature will be controlled by immersing the
bottles in a constant-temperature water bath. To minimize complications in data interpretation arising
from the complexity in aqueous uranyl speciation, the pH of the experimental solutions will be kept close
to 3.0 and CO2 (g) will be purged from the system using either N2(g) or Ar(g) atmosphere. At a pH of
3.0, or less and under minimal pCO2 conditions, the UO2

2 + ion is the predominant aqueous uranyl
species. Under these conditions U sorption on container materials will be insignificant relative to
dissolved concentrations. The contribution of uranyl hydroxy species to the total U concentration will be
calculated using hydrolysis constants of UP 2

2+ from Wanner and Forest (1992).

The approach to equilibrium will be followed by taking aqueous samples periodically for
elemental analysis using ICP, ICP with mass spectrometry (ICP-MS) or AA spectrometry. The pH of the
solutions will also be measured using combination pH-electrodes. Because it is important to determine
the congruency of the dissolution reaction, all major cations in the mineral will be analyzed. Thus, for
uranophane experiments, aqueous samples will be analyzed for Ca, Si, and U. In addition to the analytical
instruments listed above, other analytical techniques may be used if needed for U analysis, including
liquid scintillation counting, polarography, ultraviolet-visible spectrophotometry, or kinetic
phosphorescence analysis. If deemed necessary, experiments at a constant solution pH may be conducted;
these experiments will require the use of computer-controlled autotitrators to dispense NaOH or HNO3
and keep the pH constant.

To determine the temperature dependence of the solubility reactions, additional experiments will
be conducted at 60 and 90 'C. The 60 'C experiments will be conducted in a similar manner to the
25 'C studies. However, adjustments to the experimental procedure will likely be required for the 90 'C
experiments. For example, mineral oil, which has a much higher heat capacity and boiling point relative
to water, will be required as the constant-temperature bath medium. Alternatively, the temperature of the
reaction vessels could be controlled at 90 'C using an especially machined aluminum heating block
similar to the one used by Nguyen et al. (1992).

Most of the experiments will be approached from undersaturation. However, it is important to
demonstrate that chemical equilibrium has been achieved by conducting reverse experiments, that is, from
the supersaturated state. These latter experiments will be initiated by spiking the solutions remaining at
the end of the forward experiments with U, Si, and/or Ca in molar amounts that exceed the solubility
limit of the mineral of interest. Progress of the precipitation reaction will be followed by periodically
taking aqueous aliquots for elemental analysis and measuring the pH of the solutions.
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3.3 COPRECIPITATION EXPERIMENTS

Although U isotopes dominate the radionuclide inventory of spent nuclear fuel in terms of mass,

other actinides, such as plutonium (Pu), dominate the radionuclide inventory in terms of radioactivity,

particularly for time periods of 1,000 yr or more after disposal. Release to the accessible environment

of radionuclides other than U may be mitigated by coprecipitation with uranyl minerals. The importance

of this mechanism will be investigated by conducting experiments on coprecipitation of Pu and neptunium

(Np) with the uranyl minerals studied in the solubility experiments. The procedure used for these

experiments will be essentially a variation on the procedure for the uranyl mineral reverse experiments.

The solutions remaining at the end of the solubility experiments will be spiked, not only with the major

cations, but also with trace amounts of Pu and/or Np. Progress of the coprecipitation reaction will be

followed by periodically taking aqueous aliquots for elemental analysis and measuring the pH of the

solutions. The dependence of the coprecipitation reaction on the concentration of the trace actinide will

be studied by varying the concentration of Pu or Np spike. Most coprecipitation experiments will be

performed at 25 'C; some experiments at 60 or 90 TC may be conducted.
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