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Abstract—Theoretical methods are used with the available experimental data to provide estimates of
parameters for the revised-HKF equations of state for aqueous uranium species. These parameters are
used with standard state thermodynamic data at 25°C and 1 bar to calculate equilibrium constants for
redox reactions among the four most common oxidation states of uranium (U(HI), U(IV), U(V), and
U(VI)), and their hydrolysis reactions at temperatures to 1000°C and pressures to 5 kb. A total of
nineteen aqueous uranium species are included. The predicted equilibrium constants are used to construct
oxidation potential-pH diagrams at elevated temperatures and pressures and to calculate the solubilities
of uraninite as functions of temperature and pH, which are compared to experimental data. Oxidation
potential-pH diagrams illustrate the relative stabilities of aqueous uranium species and indicate that
U(IV) and U(VI) species predominate in aqueous solution in the U-O-H system. Increasing temperature
stabilizes U(VI) and U(III) species relative to U(IV) species, but U(IV) species dominate at oxidation
states consistent with mineral-buffer assemblages and near-neutral pH. At low pH, U(VI) is stabilized
relative to U(IV) suggesting that uranium transport in hydrothermal systems requires either acidic

solutions or potent complexes of U(IV).

1. URANIUM IN GEOLOGIC AND ENVIRONMENTAL
AQUEOUS FLUIDS

Fluids are thought to be responsible for the redistribution of
uranium over wide ranges of temperature and pressure in
crustal environments from soils and marine sediments to
hydrothermal systems and subduction zones. Redox reac-
tions and changes in pH and temperature are likely to cause
the precipitation of uranium-bearing minerals in most sedi-
mentary deposits (Hostetler and Garrels, 1962; Harshman,
1972; Langmuir, 1978; Nash et al., 1981; Northrop and
Goldhaber, 1990) and unconformity-type deposits (Hoeve
and Quirt, 1987; Gustafson and Curtis, 1983; Maas, 1989;
Wilde et al., 1989; Komninou and Sverjensky, 1995a, 1995b,
1996; Raffensperger and Garven, 1995a, 1995b). Similar
parameters are likely to control the transport and deposition
of uranium in other types of hydrothermal deposits (Rich et
al., 1977; Wallace and Whelan, 1986; Turpin et al., 1990;
George-Aniel et al., 1991; Johnson and McCulloch, 1995).
Studies of ore deposits are complimented by analyses of
uranium in hot springs and hydrothermal fluids (Michard et
al., 1983; Chen and Wasserburg, 1986; Sturchio et al., 1987,
1989) as well as analyses of fluid inclusions (Irwin and
Roedder, 1995; Irwin and Reynolds, 1995). Hydrothermal
fluids can also alter minerals used for uranium-lead dating
(Kotzer and Kyser, 1993; Pan et al., 1993; Lumpkin and
Ewing, 1992, 1995), and magmatic/hydrothermal fluids are
thought to fractionate U from Th during the formation of
volatile-rich melts (Keppler and Wyllie, 1990; Peiffert et
al., 1994) and generate the resulting geochemical signatures
of subduction-related rocks.

The widespread use of uranium series disequilibrium to
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date geologic materials reveals many instances of short-term
uranium transport into and out of rock units by aqueous
fluids (Smellie and Stuckless, 1985; Sandoval et al., 1987;
Latham and Schwarcz, 1989; Baaner et al., 1990; Lalou et
al., 1993; Ivanovich, 1994; Yoshida, 1994). One application
of these studies is to use geologic systems as natural ana-
logues for nuclear waste disposal facilities. In addition, many
investigators hope to gain insight into predicting the future
of such repositories by studying the effects of fluids associ-
ated with natural reactors at Oklo, Gabon (Holliger et al.,
1978; Openshaw et al., 1978; Gauthier-Lafaye et al., 1989;
Loss et al., 1989; Nagy et al., 1991; Eberly et al., 1994).
The use of water as a coolant in nuclear power plants, the
storage of nuclear waste in aqueous surroundings, and the
possibility of geologic disposal of high-level nuclear waste
that may contain uranium are practical reasons for knowing
the forms of uranium that are likely to be encountered in
water at high temperatures and pressures.

Lower temperatures and pressures characterize conditions
where uranium may pose less dramatic environmental threats
than the failure of a reactor or a storage facility. Recent
studies have documented the transport of uranium in surface
waters (Cochran et al., 1986; Klinkhammer and Palmer,
1991; Palmer and Edmond, 1993; Snow and Spalding, 1994;
Lienert et al., 1994; Zielinski et al., 1995), and its presence
in porewaters, groundwaters, and aquifers (Kraemer and
Kharaka, 1986; Beaucaire and Toulhoat, 1987; Gascoyne,
1989; Thomas et al., 1993; Dabous, 1994; Hodge et al.,
1996; Duff et al., 1997). Adsorption of uranium on organic
matter, minerals, and colloidal particles is being studied in
the lab and in the field (Carroll et al., 1992; Morris et al.,
1994; Waite et al., 1994; Wersin et al., 1994; Turner et al.,
1996), including applications to marine systems ( Barnes and
Cochran, 1993; Thomson et al., 1993). Throughout the near
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surface environment, redox reactions may control the solu-
bility, exchange, and transport of uranium.

Redox reactions are notoriously sluggish at low tempera-
ture and metastably preserved uranium compounds provide
sources of metabolic energy for microorganisms (Lovley et
al., 1991; Gorby and Lovley, 1993; Lovley and Phillips,
1992). Thermodynamic data for aqueous uranium species
should help to place these microbial processes in a broader
geochemical context and reveal the links between microbial
activity, mineral/fluid reactions, and the redistribution of
uranium during low temperature alteration of uranium ores
(O’Brien et al., 1987; Yeliseyeva and Omel  yanenko, 1987;
Meunier et al., 1992), deposition and diagenesis of black
shales and other sediments (Coveney and Glascock, 1989;
Leventhal, 1991; Kanai and Sakamaki, 1994), weathering
of granitic rocks and other natural sources of uranium
(Latham and Schwarcz, 1987a, 1987b; Short et al., 1988;
Zielinski and Burruss, 1991), and during soil development
(Dyck, 1978; Zielinski and Meier, 1988; Jamet et al., 1993).

The transport of uranium in geologic fluids is a function
of its speciation, and an assessment of speciation must take
into account the various oxidation states of uranium, as well
as the formation of hydroxide and other complexes of each
of these oxidation states. The aqueous ions corresponding
to the four most common oxidation states are U™, U™,
UO3, and UO3? and as many as five stepwise hydrolysis
reactions are possible for these ions. This subset of aqueous
uranium geochemistry is the focus of the present study and
provides a foundation for other theoretical studies of uranium
mineral stabilities ( Shock, 1997) and aqueous uranium com-
plex formation (Shock and Sassani, 1997). The results of
this study build on recent efforts to estimate the thermody-
namic properties of aqueous ions and hydroxide complexes
(Shock et al., 1997a) and association constants at 25°C and
1 bar (Sassani and Shock, 1997a) and on a comprehensive
summary and critique of thermodynamic data for uranium
compounds (Grenthe et al., 1992).

The primary purposes of the present communication are
to (1) build on the current state of knowledge about the
aqueous geochemistry of uranium by providing well-con-
strained estimates of the standard state thermodynamic prop-
erties of ions and hydroxide complexes at high temperatures
and pressures, and (2) provide oxidation potential vs. pH
plots and speciation diagrams at a variety of temperature/
pressure conditions that should be useful in geochemical,
geological, and environmental investigations. The starting
point of the present study is the summary by Grenthe et al.
(1992) which provides standard state data at 25°C and 1 bar
for many redox and hydrolysis reactions involving aqueous
uranium. A variety of correlation algorithms were used with
these data to estimate parameters for the revised Helgeson-
Kirkham-Flowers (HKF) equations of state for aqueous spe-
cies (Helgeson et al., 1981; Tanger and Helgeson, 1988;
Shock et al., 1992). The revised-HKF equations, summa-
rized by Shock et al. (1997a) together with standard state
conventions, allow predictions of the standard state thermo-
dynamic properties of aqueous species to 1000°C and 5 kb.
1t follows that the results presented here go well beyond the
limits imposed on experimental studies undertaken so far.

We hope that additional experimental work will test these
predictions and ultimately lead to their replacement. Mean-
while, many studies can benefit from estimates of the behav-
jor of aqueous uranium species at elevated temperatures and
pressures.

2. SOURCES OF DATA AND REGRESSION RESULTS

Standard partial molal properties of aqueous U™, U™,
UO7, and UOZ? at 25°C and | bar listed in Table 1 are
taken from Shock et al. (1997a) as are the equation-of-state
parameters.” The values of the standard partial molal Gibbs
free energy of formation, AGY, the standard partial molal
enthalpy of formation, AH¢, and standard partial molal en-
tropy, §°, for these ions can be traced to the review by
Grenthe et al. (1992). Correlation methods were used by
Shock et al. (1997a) to estimate values of the standard partial
molal heat capacity, Cj, and the standard partial molal vol-
ume, V°, for U**, U™, and UO7, but the corresponding
values for UO3? were obtained by regressing experimental
data reported by Hovey et al. (1989). The values of C} for
U** and U™** in Table 1 were adopted in this study in prefer-
ence to the estimates made by Grenthe et al. (1992) who
used the Criss-Cobble method (Criss and Cobble, 1964a,
1964b), which generally fails for trivalent and tetravalent
ions as demonstrated by Shock and Helgeson ( 1988). More
accurate estimation methods for highly charged ions were
used in the present study (Shock and Helgeson, 1988: Sas-
sani and Shock, 1992, 1994; Shock et al., 1997a, 1997b).

There are relatively few studies of the hydrolysis of ura-
nium ions at elevated temperatures and pressures which yield
equilibrium constants. One exception is the demonstration
by Parks and Pohl (1988) that the solubility of uraninite,
UQ,(cr), is independent of pH at values above ~4 at tem-
peratures from 100°C to 300°C and reduced conditions (500
bars H, partial pressure). This behavior is consistent with
the predominance of a neutral species above pH = 4. We
have adopted the conclusion reached by Parks and Pohl
( 1988) that this species is U(OH),(aq), which we represent
as UQ,(aq) following the convention adopted by Shock et
al. (1997a) for hydroxide complexes. In this convention, all
hydroxide complex species are represented with no more
than one H in the formula. Thus, for the fourth hydroxide
complex

U(OH),(aq) = UO,y(aq) + 2 HO (A)

and all thermodynamic properties of this reaction are taken
to be equal to zero following the convention for H;COs(aq)
and H,Si0,(aq) adopted by Wagman et al. (1982). The
use of this representation method leads to thermodynamic
properties that facilitate the generation of correlation algo-
rithms for hydroxide complexes as discussed by Shock et
al. (1997a). These algorithms were used to make estimates
of 5°, C5, and V° for most of the hydroxide complexes listed
in Table 1 (see below). In contrast, the values of 5 and

* The data and parameters in Table 1 are available in a format
appropriate for the database of the SUPCRT92 computer code (John-
son et al., 1992) at the GEOPIG home page (http://zonvark.
wustl.edu/geopig/).
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Table 1. Summary of standard state thermodynamic data for U™, U**, UO3, and UO3*, and their nonconventional hydroxide complexes
at 25°C and 1 bar, together with equation of state parameters needed to calculate the same data at high temperatures and pressures.

lIon AGP AH?® ger cpr yes a™ X 10 a4y x 1077 as’ af x 107 by o X 0T WY x 1077
U+ —113550." —116900." —46.1% —-364" —39.3" —2.8438% —14.7220% 11.5280% —2.1703% 5.7945%  —10.4492% 2.2752%
UOH™? —161800) —167700. 1.2»  -38.6" 5.1 28136 —-0.9087 6.1004 —2.7413 —6.8963  —10.8973 1.0376
uo~ —152900.) —153900. 17.5" -80.8' 7.7" 29158 —0.6648 6.0168 —2.7514 —38.5403  —19.4935 0.2873
HUO,(aq) —198000) —205100. 529" —144.6™ 24.9° 5.1622 4.8252 3.8489 —2.9784 —~78.8543  —32.4895 —0.0300
uo; —183700) —193600.' 433 —123.7" 22.5° 5.1728 4.8473 3.8491 —2.9793 ~57.3622  -28.2322 0.9733
U —126650. —141300.* —99.6% 02"  —533¥ ~4.2836" —18.2319% 2.8955% —2.0252% 40.2193% —2.9938% 3.6835%
UOH™*? —182600.8 —198400 —47.8% 17.3% 2.8 2.1611 —2.5064 6.7390 —2.6753 37.5484 0.4894 2.3058
Uuo~? —180600.° —192100.! -33.4" -22.7 —0.4" 2.2403 —2.3083 6.6513 —2.6835 7.3127 —7.6585 1.5684
HUO7 —233200.° —254800." 114" 2.0m 8.9 3.2291 0.1055 5.7039 —2.7833 14.0517 —2.6271 0.7287
UO.(aq) —233800.8 —259700.! -26. 19.1" 5.2" 2.4664 —1.7587 6.4404 -2.7062 17.0840 0.8561 —0.0300
HUO; —-274100.8  —321200.' —41.3 70.2™ 4.8 3.1824 —0.0092 5.7491 —2.7785 68.0400 11.2651 2.2503
Uo; —229690.% —245000." -6.0%  -22.1% 10.2¥ 3.3767" 0.4614%  5.5725%  —2.7980" —0.9002%  —7.5363% 0.6388"
UO,0H(aq) —261600) —295900." —13.9 24.8° 14.5" 3.7390 1.3467 5.2242 —2.8346 20.4246 20172 —0.0300
Uo;s —236600 -273600.! -—19.5 6.7" 12.6" 4.1388 2.3272 4.8294 —2.8751 27.8024 —1.6697 1.9223
Uos? —227680.Y —243550.% —23.5% 10.2% 5.73% 3.0256% ~4.1084" 15.3326% —2.6091% 21.07" 0.43" 1.4099*
UO,OH" —2772505  —301500.% 4.1¢ 4.3 20.7° 4.7640 3.8529 42318 —2.9382 13.2240 —2.1586 0.4925
U0;(aq) —270300.5  —299600." —12.9" —0.8° 14.8° 3.7801 1.4512 5.1736 —2.8389 54213 —=3.1975 —0.0300
HUO; ~314800.f -362900 —20.1" 221" 18.4° 4.9364 4.2748 4.0637 -2.9556 36.9351 1.4672 1.9339
Uo;* —296000.8  —346200.! -27.1 —44 .44 15.47 5.0964 4.6606 3.9223 -29716 13.5130 —12.0788 3.6219

(a) cal mol™". (b) cal mol™" K™'. (¢) em’ mol™". (d) cal mol™' bar™'. (e) cal K mol ' bar . (f) cal K mol™'. (g) Grenthe et al. (1992). (h) Estimated with
Eqn. 57 of Shock et al. (1997a). (i} Estimated with Eqn. 57 of Shock et al. (19972) using estimated values of the slope and intercept. (j) Estimated with methods
proposed by Sassani and Shock (1997a). (k) Estimated from §° in table using Ecn. 63 of Shock et al. (1997a). (1) Estimated from S$° in table using Eqn. 64 of
Shock et al. (1997a). (m) Estimated from S° in table using Eqn. 61 of Shock et al. (1997a). (n) Estimated from $° in table using Eqn. 31 of Shock et al. (1997a),
together with the intercept = —34.5. (p) Estimated from $° in table using Eqn. 60 of Shock et al. (1997a). (q) Estimated from 5° in table using Eqn. 62 of Shock
et al. (1997a). (1) Estimated from $° in table using Eqn. 12 of Shock et al. (1997a) together with values of the slope and intercept consistant with Eqns. 28 and
29 from the same source, using the number of oxygens in the nonconventional hydroxide species. (s) Calculated from log 3 for the association reaction taken
from Lemire and Tremaine (1980). (t) Calculated from §° and AGY in the table using values of §° for Ha(g) and Oy(g) from Cox et al. (1989) and $° of U(s)
from Grenthe et al. (1992). (u) Obtained in this study by regression of experimental solubility data at elevated temperatures. (v) Estimarted ir. this study unless

otherwise indicated (see text). (w) Shock et al. (1997a).

C5 for UOs(aq) were obtained by regressing the log K values
reported by Parks and Pohl (1988) for UO,(cr) + 2 H,O
= U(OH),(aq) recast as the reaction shown in Fig. 1.

U0, (cr) < UO,(aq) (B)

Data for uraninite used in the regression are listed in Table
2. To maintain consistency with results for other complexes
reported by Shock et al. (1997a) and Sverjensky et al.
(1997), the regression was done with the revised-HKF equa-
tion of state by adopting the correlation algorithm for equa-

T T

.8.5 [ UO,(cr) = UO,(aq) 3

T

=10 7
@ Parks and Pohl (1988)
-10.5 F & Grenthe et al. (1992) (calculated) |
) Regression in this study

_11 | . i . i L
1] 50 100 150 200 250 300 350

Temperature, °C

Fig. 1. Equilibrium constants for the hydrolysis of uraninite,
UO,(cr), to the predominant form of U(IV) in aqueous solution at
pH = 4. Symbols represent data from experimental studies, but the
curve shows the results of regression of these data with the revised-
HKF equation of state, using the data for uraninite in Table 2.

tion-of-state parameters given by Shock and Helgeson
(1988). Although there is little variation in log K for reaction
B with temperature, it does not follow that the standard
partial molal properties of UO,(aq) are temperature indepen-
dent, as demonstrated in Fig. 2 which shows values of the
apparent standard partial molal Gibbs free energy, AG®, and
enthalpy, AH°, of formation, as well as §°, 3, and V° as
functions of temperature at vapor-liquid saturation pressures
of H,O(P,,) calculated with parameters from Table 1.
There are many experimental studies and critiques of those
studies that yield hydrolysis constants of uranium cations at
25°C and | bar. We adopted values, when available, from
the comprehensive review by Grenthe et al. (1992) and aug-
mented these values with estimates of our own or those from
Langmuir (1978) and Lemire and Tremaine (1980); see
Table 1. Nevertheless, there is uncertainty about U** hydro-
lysis constants that warrants discussion. Rai et al. (1990)

Table 2. Standard state thermodynamic data and
Maier-Kelley parameters for uraninite consistent with
Grenthe et al. (1992) used in this study to regress the
solubility data of Parks and Pohl (1988).

AG? —246610. cal mol™
AH? —259320. cal mol™
S° 18.4 cal mol™' K™
Ve 24.638 cm® mol ™

a 15.003 cal mol ™' K™
b x 107 7.586 cal mol™' K2

¢ x 107° —1.839 cal K mol™'
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Fig. 2. Apparent standard partial molal Gibbs free energy and
enthalpy of formation and standard partial molal entropy, heat capac-
ity, and volume of UO,(aq) as functions of temperature at P,.

use their experimental solubilities of amorphous, hydrous
UO, to argue that the hydrolysis constants for U™* (other
than that for the formation of UOH **) obtained in the cri-
tique by Baes and Mesmer (1976) are several orders of
magnitude too high. If this is the case, then the hydrolysis
constants recommended by Grenthe et al. (1992) for U(O-
H).(aq) and U(OH); (our UO,(aq) and HUQ;) are also
likely to be too high (a topic discussed in detail by Grenthe
et al., 1992). However, Rai et al. (1990) only provide upper
limits for these constants and those for U(OH);* and
U(OH)? (our UO*? and HUOZ). Therefore, in the absence
of a new lower set of hydrolysis constants, we accepted the
values from Grenthe et al. (1992) and, where necessary,
Lemire and Tremaine (1980) who followed a recommenda-
tion by Langmuir (1978). It is worth noting that the value
of AG? for UO,(aq) in Table 1 comes from the review by
Grenthe et al. (1992) who argue for its consistency with
data from Parks and Pohl (1988), which we used in the
regression analysis discussed above. There remains a need
for additional well-constrained and well-designed experi-
ments to establish the hydrolysis constants of U ™4,

3. ESTIMATION METHODS

Experimental thermodynamic data are available for thou-
sands of ions, electrolytes, acids, dissolved gases, organic
compounds, and other aqueous species. The majority of these
data are restricted to low temperature. Many of the high
temperature/pressure data on aqueous electrolytes and inor-
ganic complexes were used to develop and/or revise the
HKF equation of state, or they were regressed with the equa-
tion of state to obtain species-dependent parameters. This
work is summarized in papers by Helgeson and Kirkham
(1976), Helgeson et al. (1981), Tanger and Helgeson
(1988), Shock and Helgeson (1988, 1990), Shock et al.
(1989, 1992, 1997a), Shock (1995), Amend and Helgeson
(1997), and Sverjensky et al. (1997). One consequence of
regressing data for hundreds of aqueous species is that it has
become possible to search the resulting species-dependent
parameters for correlations. The motivation for this search
is to make estimates of data which are not available from
experiments. The result is that there are now correlation
algorithms which allow estimation of revised-HKF equation-
of-state parameters, as well as methods to estimate standard
partial molal properties at 25°C and 1 bar. Taken together,
these estimation methods allow accurate predictions of equi-
librium constants and other standard state thermodynamic
data, as demonstrated in several publications (Shock and
Helgeson, 1988; Shock et al., 1992, 1997a; Shock, 1995;
Sverjensky et al.,, 1997). Calculated equilibrium constants
also permit highly accurate predictions of mineral assem-
blage solubilities when compared with independent experi-
mental studies (Sverjensky et al., 1991; McCollom and
Shock, 1997). Methods used in the present study are summa-
rized in this section.

These predictions are consistent with the curve shown in Fig. 1 and
generated with the revised-HKF equation of state using the data and
parameters in Table 1.
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3.1. Partial Molal Properties and Equation-of-State
Parameters

Species-dependent parameters for the revised-HKF equa-
tion of state can be estimated with the correlation algorithm
given by Shock and Helgeson (1988) if values of 8°, C3,
and V° are available. Experimental values for these properties
are generally not available for aqueous uranium species.
Therefore, we adopted methods to estimate 5°, C3, and V°
proposed by Shock et al. (1997a). These methods are based
on correlations among the standard partial molal properties
of nonconventional hydroxide complexes and between the
complexes and corresponding properties of the ions. Correla-
tions between 5° of nonconventional hydroxide complexes
of metal cations and S° of the metal cations are of the form

= aSga[ion + b (1)

To
S complex

where the value of the slope, a, depends on the conventional
hydroxide order, and the value of the intercept, b, depends
both on the order of the complex and the charge of the cation
to which hydroxide ions are added to make the complex.
Values of a and b at 25°C and 1 bar are given by Shock et
al. (1997a). After estimating values of S¢npe it is then
possible to use other correlations between Vmpex and
Seomptexn and between Cfompiex and Soompiex - As in the case
of the entropy correlations, these are also linear. Values of
slopes and intercepts at 25°C and 1 bar are summarized by
Shock et al. (1997a).

Given values of §°, C3, and V° at 25°C and 1 bar, together
with values of the species-dependent equation-of-state pa-
rameters, it is possible to predict these properties at elevated
temperatures and pressures. In turn, it is possible to evaluate
the integrals in the expression

T
AGS ;= AGSpr — ST — Tr) + f codr
Tr

T P
- Tf CodIn T + f Vsar (2)
Tr Pr
and predict values of the apparent standard Gibbs free en-
ergy, AG3 7, at high temperatures (7) and pressures (P),
if a value of AG? is available at the reference conditions of
25°C (Tr) and 1 bar (Pr). Experimental values of AG? are
available for most of the hydroxide complexes as indicated
in Table 1. However, in a few cases ( complexes of U** and
UO73 ) estimates were made in the present study using meth-
ods outlined by Sassani and Shock (1997a), who found that
correlations could be constructed using standard state Gibbs
free energy data that are related to those for 5°, C3, and V°
developed by Shock and Helgeson (1988) and Shock et al.
(1997a).

One set of correlations proposed by Sassani and Shock
(1997a) involves AG;{ of cations and the standard Gibbs
free energy of reaction, AG?, corresponding to the associa-
tion of the cation with an anion to form the 1:1 (or first-
order) complex. Correlations of this type are linear and are
documented for C1-, Br~, F~, NOj, ClO;, SO;?, SCN",
and OH ™~ by Sassani and Shock (1997a). This approach was
extended to metal-organic complexes by Shock and Koretsky
(1993, 1995). Correlations for hydroxide complexes from

Sassani and Shock (1997a) that were used in the present
study are given by

AG? = —-0.0327 AG? — 1800 cal mol ™ (3)

for monovalent cations (UQO3), and

AGY = —0.0414 AG? — 15340 cal mol ™' (4)

for trivalent cations (U **). Note that Eqn. 3 was used well
outside of the range of data upon which it is established.
Nevertheless, the resulting value of AG? for UO,OH(aq)
means that this complex can predominate only at pH > 19
at 25°C and | bar, which is complimentary to the statement
made by Grenthe et al. (1992) that **(i)n higher pH regions,
UO; hydroxide species are not expected to be found at
significant concentrations because of disproportionation of
uranium(V').”’

The estimation methods developed by Sassani and Shock
(1997a) include predictions of AG? for higher-order com-
plexes through correlations among association constants for
total association reactions indicated by £, where g corre-
sponds to the conventional hydroxide reaction order and

—AGS

log B, = ——u_
08 B4 = 3303 RT

(5)

In the case of hydroxide complexes the appropriate expres-
sions are

log B, = 1.98 log 8, — 0.16 (6)
log 8; = 2.89 log B, — 1.74 (7)
log B, = 3.58 log B, — 3.58 (8)

The resulting log S values for conventional hydroxide com-
plexes are used to calculate AG} of the nonconventional
species used in this study. Equations 7 and 8 cannot be used
for monovalent cations, which explains why Table 1 lists
only two hydroxide complexes of UOJ. All three correla-
tions were used in this study to estimate log 8, values for
U** which yield the AG? values listed in Table 1. These
independent predictions are necessary because of a lack of
experimental values for the hydrolysis constants of these cat-
ions. No correlations are currently available for estimating prop-
erties of complexes with more than one cation or for mixed-
ligand complexes. Therefore, we have not included estimates
for (UO,),(OH)32, (UO,):(OH);?, (UO,);(OH){, or other
polymeric species. Estimates for these complexes are provided
by Plyasunov and Grenthe (1994 ) and data are also available
at 25°C and 1 bar in the critique by Fuger et al. (1992).

4. PREDICTION OF EQUILIBRIUM CONSTANTS AT
HIGH PRESSURES AND TEMPERATURES

Data and parameters given in Table 1 can be used to
predict thermodynamic data for aqueous uranium ions and
hydroxide complexes including equilibrium constants (K or
B).F A set of redox and hydrolysis reactions is given in Table

+1In this study, the symbol § refers to the equilibrium constant
for total association reactions, and the symbol K is used for all other
types of equilibrium constants.






