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INTRODUCTION

Spent nuclear fuel (SNF) contains more than 95% of
the total radioactivity of materials involved in human
activity [1]. SNF contains 95–98% uraninite, and the
remaining part includes various radioisotopes (~1%
Pu) produced by nuclear reactions. The construction of
underground repositories in deep-seated geologic com-
plexes must involve both natural and artificial (techno-
logical) protective barriers decreasing radionuclide
migration into the biosphere. Spent fuel in a conserving
matrix, a corrosion-resistant container, a buffer from
weakly permeable sorption material (bentonites, zeo-
lites, weathered materials), and a water-proof barrier
(for example, from concrete) are stored at a maximally
possible depth to prevent underground water access to
uraninite pellets for hundreds of years [2]. During this
time period, short- and medium-lived radioisotopes
will decay, and when the geologic environment will be
the only barrier, the safety level of the repository will be
mainly dependent on the intensity of Pu leakage from
SNF and its migration in underground waters. Ura-
ninite is a conserving matrix for this element, which is
incorporated in its crystal lattice [1]. Hence, the stabil-
ity of 

 

UO

 

2(s)

 

 is a decisive factor.

The aim of this work was to describe covariations of
Pu and U contents in underground waters interacting
with 

 

UO

 

2(s)

 

 using a thermodynamic model. At the first
stage, the Eh–pH parameters of the reacting solution
were maintained by the aforementioned buffers (situa-
tion of near-field interaction). Then, particular ground
water compositions were taken from the available liter-

ature and their interaction with solid phases of actinides
or their solutions was evaluated (far-field interaction).
Calculation of the equilibrium states for the system
considered provides only limited insight into the prob-
lem of SNF disposal. Nonetheless, they are important
to estimate the possible concentrations of radionuclides
in different waters and understand the reason for dis-
crepancies between the observed (based on the results
of tests and experiments) and calculated (including
conceptual and methodical errors) data.

 

Program complex and database.

 

 The heterophase
14-component system H–O–Cl–K–Na–Ca–Mg–Fe–
Al–Si–S–C–U–Pu was modeled at 

 

25°C

 

 and 1 bar
using the GIBBS algorithm and the UNITHERM data-
base (HCh package) [3]. Data on U and Pu were taken
from the NAGRA database [4]. Since these databases
are widely accepted and available, we do not present
the complete data set of the Gibbs free energies of for-
mation of solid phases and solution species. According
to the recommendations of [4], the dissolving dioxides
of tetravalent U and Pu were described by thermody-

namic potentials (

 

∆

 

f

 

 kJ

 

 

 

mol

 

–1

 

) characterizing the
stability of their phases with an indefinite degree of
crystallinity. Nuclear reactions promote the formation
of amorphous phases and also prevent their aging. For
this reason, the subscript “s” was used instead of “cr”
or “am” for 

 

UO

 

2(s)

 

 and “hyd,ag” for 

 

PuO

 

2(hyd, ag)

 

, which
denotes a hydrolyzed phase affected by aging. Other
reasons for the disagreement between various experi-
mental data on the solubility of actinide dioxides,

 

AnO

 

2

 

, were previously discussed in [5].
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Abstract

 

—A thermodynamic model is proposed for the description of U and Pu behavior during their possible
leaching from SNF in contact with underground waters. The model is based on the available information on the
technology of long-term storage of RAW in geologic environments, the test results obtained in planned and
operating disposal sites, and experimental data on the solubility of irradiated U and Pu phases. Water–rock
interactions were calculated using the actual compositions of the buffers aimed at suppressing actinide removal
from the radiolysis zone and natural ground waters in equilibrium with various rocks. It was supposed that the
use of model concentrations in two equilibrium phases for the calculation of distribution coefficients (immobi-
lization if 

 

K

 

dis

 

 = 

 

M

 

solid

 

/

 

M

 

aq

 

) provides a fundamental significance to the calculations and may help in the devel-
opment of predictive models.
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Fanghanel and Neck [6] reported the solubility con-
stants of amorphous and crystalline phases of some
actinides (Table 1). They expressed the dissolution as

 

(1)

 

Then, 

 

(2)

 

Table 1 illustrates the difference in solubility
between the crystalline and isostructural amorphous
phases. Thorium was included to represent, because
there are experimental data on the solubility of its crys-
talline and fine-grained crystalline phases. The influ-
ence of the size of 

 

ThO

 

2(s)

 

 particles is thus interpolated
in [6] by the Schindler equation:

 

(3)

 

In particular, 

 

log  = –53.2 

 

± 

 

0.4

 

 corresponds to

the size of dissolving particles 16–58 nm, and 

 

log  =
–47.8

 

 ± 

 

0.3

 

, 3–8 nm.
Note that the solubility constant of the hydrolyzed

dioxide of the highly problematic element Pu most
closely matches the solubility of the amorphous phase.
Among all the actinides, Pu is most readily hydrolyzed.
The hydrolysis of 

 

Th

 

4+

 

 begins at pH 2.5–3.0; that of

 

U

 

4+

 

, one pH unit lower; whereas 

 

Np

 

4+

 

 and 

 

Pu

 

4+

 

 are
hydrolyzed already at pH 0–1 [7]. The low rate of

 

AnO

 

2(cr)

 

 dissolution and subsequent extensive hydroly-
sis provide the irreversibility of reaction (4). The

 

An(OH)

 

4(am)

 

 phase occurs at the surface and constrain
the concentration of actinide in the solution.

 

(4)

 

The An content of a solution in equilibrium with
colloids before the formation of a solid phase can be
estimated by modern physical methods of laser-
induced breakdown detection (LIBD) and laser-

MOn OH( ) z 2n–( ) xH2O s( )⋅ n x–( )H2O+

=  Mz+ zOH–.+

Ksp
0 Mz+[ ] OH–[ ]z γ M( ) γ OH( )z aW( ) x n–( ).=

Ksp
0  for a particle size of d( )log

=  –54.2 crystalline phase( ) 23/d  nm( ).+

Ksp
0

Ksp
0

AnO2 cr( ) Anx OH( )y aq( )
4x y–

Anx OH( )y col( )
4x y– An OH( )4 am( ).

 

induced photoacoustic spectroscopy (LPAS), which
were used in the experiments of Bitea et al. [8]. At pH
0.8–1.2, there is a reaction producing the second Pu

hydroxo complex 

 

Pu

 

, which is in equilibrium
with hydroxide or oxyhydrate colloids (5% of total Pu
content). The calculated solubility constant of the col-

loid form is 

 

log  = –59.0 

 

± 

 

0.3

 

. Therefore, we
believe that the solubility constant of 

 

PuO

 

2(hyd, ag)

 

 in
Table 1 reflects to a first approximation the content of
Pu in the solution in truly dissolved and colloidal forms
(only intrinsic colloids are considered).

Another important point should be noted. In ultra-
acid solutions (where dissolution reactions produce
charged ions), the experimental data on An(IV) solubil-
ity differ by up to six orders of magnitude according to
different authors [4, 6]. The situation changes at pH > 4,
when U and Pu concentrations in solution become inde-
pendent of pH and lie within an interval of two orders
of magnitude (without an allowance for 

 

AnO

 

2(cr)

 

). This
observation is used to estimate the accuracy of model
calculations constrained by the indicated pH interval.

FACTUAL BASIS AND RESULTS OF MODELING

Tests in planned and operating disposal sites and,
especially, experimental data on the solubility of irradi-
ated U and Pu phases indicated that underground
waters interacting with SNF show persistent contents of
An 

 

≥

 

 

 

10

 

–8

 

 mol/l and even up to 

 

10

 

–5

 

 mol/l, and radiolysis
provides Eh values in the adjacent zone of up to
750 mV [9–14].

In order to simulate actinide precipitation during the
interaction with the repository environment (and for the
calculation of distribution coefficients), the results of
the experiments on SNF solubility (e.g., [15]) can be
taken as starting data. These experiments were per-
formed in sealed ampoules filled with Ar or Ar + 

 

ëé

 

2

 

mixture and lasted 545 days. Underground water from
granites (pH 7–8) contains 

 

5.4 

 

×

 

 

 

10

 

–5

 

 mol/l U and 

 

1.5 

 

×

 

10

 

−

 

6

 

 mol/l Pu. Ultrafiltration through a 1.8-nm filter
showed that 96% U and 99% Pu occur in a colloidal
form.

OH( )2
2+

Ksp
0

 

Table 1.

 

  Solubility constants ( ) of oxides and hydroxides of actinides and their Gibbs thermodynamic potentials used
in this paper

Phase Th U Pu

 

∆

 

f

 

, kJ mol

 

–1

 

Reference

An(OH)

 

4(am)

 

–47.0 

 

±

 

 0.8 –54.5 

 

± 1.0 –58.5 ± 0.7 – [6]

AnO2(cr) –54.2 ± 1.3 –60.9 ± 0.4 –64.0 ± 0.5 – [6]

–53.2 ± 0.4* –56.1 ± 1.0** –58.1 ± 1.0** –1004.14 UO2(s) [4]

–963.70 PuO2(hyd, ag) [4]

  *Data on the solubility of fine-crystalline Th dioxide.
**Calculated using data from [4] for a reaction corresponding to (1).

Ksp
0log
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Materials used as engineering barriers (steel and
copper capsules) and potential-controlling redox reac-
tions in natural water–rock systems, primarily, low-
temperature (<100°ë) reactions between ferric and fer-
rous Fe [16], must prevent the creation of oxidizing
conditions, because their interaction with water is accom-
panied by intense hydrogen release. Figure 1 shows Eh
(V) values for redox pairs, including those for U and Pu.
It can be seen that all the pairs (associations) should sta-
bilize UO2(s), Pu(OH)3(cr), and PuO2(hydr, ag), i.e., phases
providing a minimum transition of these elements into
solution. Among favorable conditions are, first, the
closeness of the system and, second, the water–rock
regime when electrochemical reactions in the solution
are controlled by solid-phase reactions. In such a case,
the buffer capacity of geologic environments with arti-
ficial barriers can maintain stable conditions and even
eliminate the effect of radiolysis, which creates local
oxidizing conditions near the surface of SNF. This is
confirmed by the efficient preservation of ores in the
natural deposit of Oklo, Gabon, and West Africa,
which is considered as a natural analogue of SNF
repositories [17].

Table 2 shows U and Pu contents in underground
waters affected by α-radiolysis and interacting with the
aforementioned mineral assemblages. In particular,
U(VI) and Pu(VI) minerals can precipitate from highly
oxidizing solutions, which were observed in some tests.
The material of a steel container (Fe– Fe/Fe3O4 buffer)
is favorable for actinide immobilization in low-valence
compounds, i.e., U(IV) and Pu(III). This fact was
recently confirmed by experiments, which, in addition,
emphasized the contribution of uranium sorption by
magnetite. However, progressive oxidation and the
presence of sulfur in water cause a shift toward the
FeS2/Fe2O3 buffer (line 7, Fig. 1), a pH decrease to
neutral values, and an increase in Pu(III) content up
to 10–8 mol/l.

The model bentonite composition corresponds to
bentonite MX-80 [19], which is mined in Wyoming and
South Dakota and contains about 75% Na-montmoril-
lonite, 15% quartz, 5–8% feldspar, 1.4% carbonates,
0.3% pyrite, and 0.4% Corg. The composition of the

pore solution from bentonite was reported in [20]. Cal-
culations showed that its transformation leads to Eh
values in the pore water between –0.46 and –0.212
(lines 1–3). The uranium content of the pore solutions
[20] increases up to 4.7 × 10–7 mol/l at the expense of
carbonate complexes, because the solution contains up

to 52 mmol/l çë . However, it was shown [21] that
pore solutions in bentonites can have an Na–Cl–SO4

composition (up to 0.06 mol/l sulfate) with a pH 7.3. In
addition, the presence of secondary sulfates and calcite
among clay scales indicates a strong Eh shift toward
oxidizing conditions. According to [20], a favorable
effect can be caused by the addition of Fe(II)-bearing
minerals, for example, Fe amphiboles, pyroxenes, chlo-
rites, and fillings and shavings of Fe(el). Calculations
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Fig. 1. Redox conditions controlled by various redox pairs:
(1) graphite + epidote/calcite + daphnite + quartz + kaolin-
ite, (2) daphnite/pyrite, (3) daphnite/hematite,
(4) Fe/Fe3O4, (5) Cu/Cu2O, (6) Fe3O4/Fe2O3,
(7) FeS2/Fe2O3, and (8) FeCO3/Fe2O3 + Corg. Equilibrium
conditions for the main SNF phase, UO2(s), with nonsto-
ichiometric U3O8(cr) oxide and schoepite UO3 · 2H2O
formed under oxidizing conditions are shown on the right.
Three phases of different Pu valence (III, IV, VI) are given.
It is evident that PuO2(hydr, ag) is the most stable at wide
variations of Eh values, from those of pore and deep-seated
ground waters up to surface waters. Calculations were per-
formed for the interaction of solid phases with water.

Table 2.  Contents of U and Pu in the underground waters of the RAW repositories

Parameter Radiolysis zone Fe/Fe3O4 Bentonite

Eh, mV +750 –627 –396
pH 7–8 9.26 8.97
Utot 5.4 × 10–5 9.86 × 10–10 4.7 × 10–7

Main species U(OH)4(aq) UO2

Solid phases UO3 · 2H2O UO2(s) UO2(s)

Putot 1.5 × 10–6 2.56 × 10–10 4.3 × 10–11

Main species PuOH++ Pu

Solid phases PuO2(OH)2 · H2O Pu(OH)3(s) PuO2(hydr,ag)

CO3( )3
4–

OH( )4
0
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showed that, in such a case, the following reaction
causes a decrease in the U content of solutions:

(5)

Contrasting geochemical types of waters were used
to estimate the mobility of actinides in underground
waters in the case of the depressurization of engineer-
ing barriers and deterioration of their buffer properties
(Table 3). These are ground waters from Sweden gran-
ites (Äspö site after [19]), Miocene rhyolite tuffs (well
J-13 at Jucca Mountain in South Nevada, USA [22]),

UO2 CO3( )3
4– 13H2+ UO2 s( ) 3CH4+=

+ 4OH– 5H2O.+

and fresh waters from the exploited aquifers of liquid
RAW repositories in the Siberian platform [23]. The
table also shows the maximum permissible concentra-
tions of U and Pu, because the removal of radionuclides
by underground waters in dissolved and colloidal forms
is directly related to environmental pollution. The data
of Table 4 show which solid phases limit the concentra-
tions of dissolved actinides under the given conditions,
and which complexes are dominant in the solutions.

It was found that under the reducing conditions of
the Äspö site, low-bicarbonate waters have almost
identical U and Pb contents (10–9 mol/l). However, even
this value is 2.5 orders of magnitude higher than MPC
of Pu, which is the most dangerous among SNF
actinides [25]. This is related to the fact that Pu(III)
shows elevated mobility under the reducing conditions
of the Äspö site both in acid and neutral waters and can
significantly deteriorate the ecological state of water.
Hence, geologic conditions providing the formation of
acidic solutions are not suitable for SNF disposal.

Yucca Mountain is the only site where long-term
disposal of RAW is planned in the aerobic conditions of
the undersaturated zone. Under such conditions, U is
transformed into highly mobile hexavalent species and
can be intensely dissolved:

(6)

or remain in the solution up to water saturation in ura-
nophane, a complex hydrous Ca–Si uranate. Since Pu
occurs under moderately oxidizing conditions in the
tetravalent state, the thermodynamic difference
between the solubilities of U and Pu oxides can reach
almost six orders of magnitude. Hence, negligible (pro-
viding preservation of secondary minerals) infiltration
in the percolation (aeration) zone is the main require-
ment for safety.

Fresh bicarbonate waters of underground horizons
at Eh ~ 0 (below the stability field of such phases as
UO3 · 2H2O or β-UO2(OH)2) are capable of accumulat-
ing up to 10–6 mol/l of dissolved U owing to the forma-
tion of carbonate uranyl complexes. It should be noted
that this value is the maximum possible concentration,
below which they remain undersaturated and, hence,
are potentially aggressive to all U-bearing wastes, ores,
and country rocks. Our calculations showed that the

high stability of carbonate complexes of U  signifi-
cantly reduces the redox potential, which must be
maintained at disposal sites to provide stability of the
significantly less soluble solid phases of U(IV). An arti-
ficial shift toward weaker comlexing anions does not
exert a long-term effect, because the waters of exploited
horizons are characterized by slow water exchange and
return to the geochemical pattern of the host rocks.

UO2 s( ) 1/2O2 2HCO3
–+ + UO2 CO3( )2

2– H2O+=

O2
2+

Table 3.  Composition of the underground waters of various
geochemical types (mmol/l), and the U and Pu contents in
them (measured and calculated values, mol/l)

Parameter Ground waters
Äspö site [19]

Ground waters 
Yucca Moun-

tain [22]

Fresh waters
of the Siberian 
platform [23]

pH 7.9 7.4 7.99–6.44

Eh, mV –280 430 –53

HC 1.13 2.1 4.426

Na 51.3 1.99 1.435

K 0.16 0.129 0.141

Ca 18.5 + 0.14 Sr 0.324 0.6

Mg 1.23 0.083 0.395

Fe, tot 5.86 × 10–3 >0.001 –

Cl 85.4 0.20 0.180

Br 0.199 – –

I 1.3 × 10–3 – –

P 3.8 × 10–5 – –

S 2.76 0.19 –

N 0.018 N  0.14 0.019

SiO2 0.068 1.02 –

Al, tot – – –

Li – 0.009 –

Mn 5.6 × 10–3 >0.0001 –

An, tot** U 10–9–10–7 Pu 10–10–10–8 U 10–8–10–9

An, tot U 10–9 U 2.4 × 10–5 U 4 × 10–6

Pu 10–9 Pu 4.1 × 10–11 Pu 4.3 × 10–11

MPC* 234U 5 × 10–6

g/l
239Pu 10–9 g/l

2.1 × 10–8

mol/l
4.1 × 10–12

mol/l

  *Domestic waters after Laverov et al. [24, p. 8].
**U and Pu contents are taken from the cited publications.

O3
–

O4
3–

O4
2–

H4
+ O3

–
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DISCUSSION

The results of thermodynamic calculations confirm
the main tendencies in the variations of actinide con-
tents in solutions of different compositions occurring
under different redox conditions; however, theoretical
values are usually lower than experimental ones. The
analysis of literature on this problem showed that the
discrepancy is due to five main factors: (1) formation of
colloids (particles 0.001–1.0 µm in size); (2) intense
accumulation of the products of α-radiolysis of water
and electrolytes, which is caused by the radioactive
decay of radionuclides and shifts local redox equilibria;
(3) dissolution of nonstoichiometric and amorphous
phases, which usually show both higher solubilities and
higher reaction rates; (4) observed stable quasi-equilib-
rium (steady) state of the apparent oversaturation in
chloride solutions owing to factors (1), (2), and (3), in
combination with the absence of direct kinetic experi-
mental data on the rate of processes as a function of the
most important parameters of the system; and (5) ignor-
ing organic ligands in models, the main of which are
acetate, oxalate, and thiocyanate.

As to the problem of migration in a colloidal form,
it should be noted that the calculation of saturation indi-
ces for ground waters makes it possible to estimate the
composition of possible natural microparticles, which
will entrap actinides (Table 4). Experimental data [26]
indicate that the entrainment of Pu decreases in the
sequence hematite � siliceous colloids > montmorillo-
nite and, in addition, Pu is firmly kept by iron
(hydr)oxides, but easily released from silica and mont-
morillonite. This suggests that those rocks and environ-
ments must be used that interact with solutions produc-
ing abundant Fe(III) oxides.

Distribution coefficients are usually empirical val-
ues related to particular experimental or natural condi-
tions: Kdis = Msolid/Maq, where the numerator is the ele-
ment content in the solid phase, and the denominator is
the element content in the solution. If the calculations
involve model contents in two equilibrium phases, such
distribution coefficients can be of a more fundamental
character. In addition, the analysis of variations caused
by changes in the composition of solid phases or solu-
tion species can be performed in each point.

Figure 2 shows variations in the distribution coeffi-
cients depending on some parameters (Eh, pCO2, and
pH). In particular, uranium is mobile up to Eh 0.11 V,
and its content in the solution corresponds to the solu-
bility of schoepite (UO3 · 2H2O), whereas the solid
phase of hexavalent Pu PuO2(OH)2 · H2O was found
only under highly oxidizing conditions (Fig. 2a). The
redox barrier can be considered efficient only for U,
because Pu can be remobilized owing to the appearance
of Pu(III) in the solutions. As can be seen in Fig. 2b, Kdis

of both U and Pu has an opposite trend with decreasing
Eh in ëé2-bearing solutions. At Eh = 0.125 V (thin
lines), all uranium occurs in the dissolved state even at
the lowest ëé2(aq) values (Kdis = –1). Since this zone is
characterized by extensive iron oxidation into Fe2O3, it
can be regarded as promising for uranium precipitation
by adsorption on Fe (hydro)oxides, whereas Pu is pre-
sumably precipitated as PuO2(hydr, ag). UO2(s) is stable at Eh +
0.0 V (solid lines), but it can be dissolved with the for-
mation of hydroxo- and carbonate complexes of U(VI).
Even the carbonate barrier, which is formed, for exam-
ple, during the consumption of CO2(aq) for the carbon-
ation of cement constructions, permits up to 10–6 mol/l
U in the solution. It can be seen in Fig. 2c that acidic

Table 4.  Minerals, with respect to which ground waters could be oversaturated, solubility-controlling U and Pu solid phases,
and main species in the solution

Äspö site Yucca Mountain Siberian platform

Minerals with
SI ≥ 1

Fluorite, pyrite, dolomite, apatite, 
chlorite

Quartz, hematite, dolomite,
chlorite

Dolomite

Plutonium PuO2(hydr, ag) PuO2(hydr, ag) PuO2(hydr, ag)

Main dissolved 
species

Pu+++ 2.8 × 10–10
Pu  4 × 10–11 Pu  4 × 10–11

PuOH++ 4.6 × 10–10 PuOH++ 2 × 10–12

PuS  1.1 × 10–10 Pu+++ 1.1 × 10–12

Uranium UO2(s) Uranophane* UO2(s)

Main dissolved 
species

U  1 × 10–9 UO2  1.3 × 10–5 UO2  2.9 × 10–6

(UO2)2(CO3)  4.3 × 10–6

UO2  2.6 × 10–6 UO2  9.6 × 10–7

* Ca[(UO2)(SiO3OH)]2 · 5H2O(s).

OH( )4
0 OH( )4

0

O4
+

OH( )4
0

CO3( )2
2– CO3( )2

2–

OH( )3
2–

CO3( )3
4– CO3( )3

4–
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sulfate solutions contain U as U  (75%) and

USO4(aq) (<15%) and Pu as Pu3+ and PuS  in equal
amounts. Sharp changes in Kdis for U are related to its
sensitivity to the presence of Ca ions in the solution
(taking into account the CaUO4 phase [27]).

Thus, the quantitative results obtained in this study
support the conclusion of very low simultaneous mobil-
ity of U and Pu, only in moderately reducing weakly
alkaline solutions.

CONCLUSIONS

(1) The use of thermodynamic potentials

(∆f  kJ mol–1) for amorphized UO2(s) and PuO2(hyd, ag)

provides the most adequate description of the solubility
of SNF products at a pH > 4.

(2) Even in such a case, the observed experimental
contents of actinides are higher than the model values,
which can be due to several reasons, including the accu-
mulation of natural colloids. Their compositions can be

O2
2+

O4
+

G298
0

estimated by calculating the saturation indices of the
solution.

(3) The approximate concentrations of U and Pu in
the radiolysis zone are close to those in equilibrium
with phases of the highest degree of oxidation, UO3 ·
2H2O and PuO2(OH)2 · H2O according to the NAGRA
database.

(4) Three important environmental parameters (Eh,
pCO2, and pH) differently affect U and Pu mobility
owing to their distinctive susceptibility to redox reac-
tions, hydrolysis, and formation of secondary com-
pounds and stable complexes in the solutions. This dif-
ference can be clearly demonstrated by the calculation
of equilibrium interphase distribution coefficients.
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