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Abstract

Oxidative dissolution of uranium dioxide and the subsequent migration of uranium
in a subsurface environment and an underground waste disposal have been simu-
lated with reactive transport models. In these systems, hydrogeological and chemical
processes are closely entangled and their interdependency has been analyzed in de-
tail, notably with respect to redox reactions, kinetics of mineralogical evolution and

hydrodynamic migration of species of interest.

Different codes, where among CASTEM, CHEMTRAP and HYTEC, have been
used as an intercomparison and verification exercise. Although the agreement be-
tween codes is satisfactory, it is shown that the discretization method of the trans-
port equation (i.e. finite elements (FE) versus mixed-hybrid FE and finite differ-

ences) and the sequential coupling scheme may lead to systematic discrepancies.
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1 Introduction

Oxidative dissolution of uraninite and spent fuel, and the subsequent migra-
tion of uranium, are relevant processes for accidental radioactive pollutions
and the disposal of spent nuclear fuel. A resembling leaching behaviour of
uraninite and spent fuel has been observed under oxic or mildly reducing con-
ditions (Bruno et al., 1995; Cachoir et al., 1996; Wronkiewicz et al., 1996;
Serrano et al., 1998). Uranium dioxide, UO,, is readily oxidized to UOq,
(x<0.67) and then to uranyl-oxide hydrates such as becquerelite and schoepite.
This transient process is kinetically favored but thermodynamically unstable
and, depending on the chemical composition of leachates, followed by the
formation of uranyl silicates (soddyite) and/or alkali-alkaline earth silicates
(bolwoodite, uranophane) as end products. The actual mobility of uranium
is the result of competition between aqueous ligands (carbonates, hydroxyls,
phosphates, sulfates, organics), precipitation of secondary uranium minerals
and sorption on solid phases (clays, ferric hydroxides, humic substances). In
soils, uranium migration is usually restricted to a few tens of centimeters but
can be enhanced by colloidal transport and carbonate complexation (van der

Lee et al., 1992; Elless and Lee, 1998).

The hydrogeological and chemical reactions of deep-underground or subsur-
face systems are closely entangled, and transport models coupled with chem-
istry are increasingly used to simulate the dissolution and migration processes
(van der Lee and De Windt, 2001). The main objective of this paper is to
present an intercomparison study using different reactive transport codes,

where among CASTEM (CEA, 1999), CHEMTRAP (Lucille et al., 2000),
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HYTEC (van der Lee and De Windt, 2001) and PHREEQC (Parkhurst and
Appelo, 1999). To a lesser extent, the hydro-geochemical behaviour of such
systems characterized by strong redox fronts and kinetics is also discussed.
The first case-study concerns the leaching of an uranium enriched zone by
rain water infiltration, and the second the spent fuel degradation in a waste

storage disposal under oxidizing conditions.

2 Reactive transport modeling

CASTEM, CHEMTRAP and HYTEC combine chemical reactions with hy-
drogeological processes such as groundwater flow, advective transport with
dispersion, diffusion, and for HY TEC, colloidal transport. Chemical processes
include, among others, aqueous speciation and redox reactions, interface re-
actions (surface complexation, ion exchange), and dissolution/precipitation of
solids (colloids, minerals). The models make use of thermodynamic databases,
hence several hundreds of simultaneously reacting species can be considered.
As the codes become increasingly complex, a comprehensive verification pro-
cess is essential. Comparing numerical results with analytical solutions veri-
fies that the numerical algorithms correctly reflect the mathematical concepts
and provides insight into the inherent approximations. The set of analytical
solutions, however, is restricted for reactive transport codes. Only the bench-
marking between peer codes allows to verify and test the performances of the
global procedures (numerical behaviour, input and database management) for

more complex applications.

In CASTEM, discretization of the transport equation is based on mixed-hybrid

finite elements, MHFE, with a constant concentration in the center of each



element (Chavant and Roberts, 1991). CHEMTRAP and HYTEC use a finite
elements (FE) approach with concentrations defined at the nodes and a lin-
ear interpolation between adjacent nodes. Both approaches are well suited for
irregular regions and to locate nodes where improved accuracy is needed. FE
ill-defines the initial mass of minerals and geometrical boundaries of geochem-
ical zones (defined by a certain number of elements) due to the interpolation
procedure between adjacent nodes. Finite differences or the mixed-hybrid FE

approaches are more precise with respect to this point.

Each model couples geochemistry with transport according to the sequential
iterative approach : chemistry and transport are solved one after the other
within a single time step (Yeh and Tripathi, 1989; van der Lee and De Windt,
2001). Since the two sets of equations are interdependent, iterations are re-

quired to increase the accuracy to an acceptable level.

The three models use the assumption of local thermodynamic equilibrium
(mass balance) and an improved Newton-Raphson procedure to solve the al-
gebraic set of equations. In addition, CHEMTRAP and HYTEC, which share
the same chemical engine CHESS (van der Lee, 1998), provide a mixed ki-

netic/equilibrium approach with respect to dissolution and precipitation:

G = ArTer (3 -) (1)
where A, is the surface in contact with the solution (m?/1), k is the rate
constant (mol/m?/s), and Q/K is the ratio between the saturation state of
the solid and its equilibrium constant. The term []; [C;]* is solution depen-
dent with [C;] being the activity of species (catalysis if a; is positive or in-
hibition otherwise). Since CASTEM does not include kinetics and CHESS is

common to both CHEMTRAP and HYTEC, we completed the set of mod-



els with PHREEQC (Parkhurst and Appelo, 1999) for the second test-case.
This code uses an explicit finite difference algorithm for calculation of 1D
advective-dispersive transport, a mixed kinetic-equilibrium approach and an

non iterative sequential coupling scheme.

As proposed in the study of CRWMS-MO (1998), the EQ3/6 dataset of Wolery
(1992) was selected and enriched with experimental data for uranyl silicates
(Nguyen et al., 1992). The rate constant for the uranyl minerals was derived
according to Eq. 1 from experimental results at room temperature (Bruno
et al., 1995; Pérez et al., 1997). Although probably relevant, no temperature
correction was attempted here. The oxidative dissolution rate of spent fuel was
derived from the study of Gray et al. (1992). The data used for the uranium
minerals are reported in Table 1. The intrinsic constants of Gabriel et al.
(1998) were used to model surface complexation of UOy*>T and UO,OH™ on
goethite (specific surface = 60 m?/g) and hydrous ferric oxides (specific surface
= 100 m?/g). The densities of low and high affinity sites were respectively of

3.75 and 0.095 pmol/m?.

3 Subsurface migration of uranium

The configuration of the first benchmark is shown by Figure 1. Rain water
infiltrates in a subsurface aquifer and leaches a zone enriched in uraninite.
Rainwater is in equilibrium with the atmosphere (fugacity O, = 0.2, fugacity
CO, = 3 107*). For reasons of simplicity, the unsaturated zone was neglected
and dissolved oxygen does not react with any redox species before reaching
UQO,. Calcite and quartz are the main minerals of the aquifer, and goethite

is present at a lower content (2.5 %). The aquifer has a relatively high pH



(9.0-9.5) and low carbonate contents (~ 2 10~* mol/l). The enriched zone of
the aquifer has an average weight content in UO4 of 5 %. The percolation rate
was set to 2.5 m/y for a porosity of 40 %. The longitudinal and transverse
dispersivities were respectively 1 m and 1.5 m. A 1D grid (32 nodes) along
the symmetrical axis and a 2D grid (19 x 32 nodes) were used with Dirichlet

conditions at the upper parts. Temperature was fixed to 25 °C.

Figure 2A shows the 2D concentration profiles of dissolved oxygen, Os(aq),
after 100 y as an indicator of redox conditions. UO, acts as a reducing buffer
and the oxidative dissolution of UQO,, which is assumed to be in equilibrium
in this case, depletes the oxygen content of the groundwater. The dissolved
uranium concentration, U(aq), depends on precipitation of secondary uranium
minerals, sorption on the solid phase, dispersion and dilution. Under all cir-
cumstances, UO,(OH);~ remains the predominant species in solution. Figure
2B illustrates that U(aq) is controlled by kinetic precipitation of schoepite
which replaces, in situ, the uraninite when assuming equilibrium conditions.
Under kinetic control (A, = 1 m?/1 arbitrarily), schoepite precipitation occurs

more downstream.

At equilibrium, uranophane is the most stable mineral and the uranium solu-
bility is reduced by 4 orders of magnitude (Fig. 2C). Downstream migration
is slowed down due to sorption on goethite surfaces : this kind of retention
is likely to occur in most subsurface systems. Colloidal transport, however,
may act like a vehicle for uranium and for heavy or toxic metals in general,
which tend to strongly sorb on these particles. Modeling of uranium migra-
tion including the colloidal effect is possible with HY TEC and the results are
illustrated by Figure 2D. As 50 mg/l of hydrous ferric oxides (HFO) colloids

migrate downwards from the upper right corner, the mobility of uranium is



moderately enhanced. Note that colloidal transport is significant only when
uranium is strongly, eventually irreversible sorbed on HFO —otherwise, re-

tention by mineral goethite dominates.

Concentration profiles calculated with CASTEM, CHEMTRAP and HYTEC
in 1D and along the 2D symmetry axis are compared and shown by Figure 3.
The agreement between codes is satisfactory despite some small discrepancies
in UO, and U(aq) concentrations. Not shown here, tracer profiles compare
very well. The discrepancy is also reflected by comparing the calculated times
needed for total dissolution of UO,. The time depends on whether the simula-
tion has been performed in one- or two dimensions: 270 and 170 y (CASTEM),
280 and 165 y (CHEMTRAP), 290 and 185 y (HYTEC). The important dif-
ference between 1D and 2D grids is due to the 2D dispersion of Os(aq) which
more correctly simulates the attack of UO, both at the front and laterally.
This effect also explains the increase of the Oy(aq) concentration along the 2D
symmetry axis. The discretization method partly explains the discrepancies.
The mass distribution is correctly localized for MHFE (concentrations de-
fined by elements) but is over-estimated for FE (linear interpolation between
nodes). A approximative weighting factor (0.8), estimated from geometrical
considerations, was therefore applied to FE simulations. Deviations between
CHEMTRAP and HYTEC comes from the use of, respectively, triangular
and rectangular FE. Obviously, this type of discrepancy decreases with the
grid resolution. A second source of error is the iterative coupling scheme of
the model. This source is particularly relevant for the numerically ’stiff’ cases
(e.g., schoepite precipitation at equilibrium in 1D) which presents the greatest
discrepancies in U(aq) and an erroneous re-precipitation of UO, down-stream,

as computed by CASTEM. The differences between results remains however



acceptable small and the three codes deal reasonably well with sharp redox

fronts, often problematic for reactive transport codes (Béverman et al., 1999).

4 Spent fuel leaching

Thick unsaturated host rock could possibly host an underground repository
for nuclear spent fuel provided arid climates (e.g. Yucca Mountain). A pos-
sible engineering design would be the disposition of corrosion-resistant waste
packages in open air galleries (oxidizing conditions). After a very long period
of time, package and cladding failures could occur exposing the spent fuel to
natural waters. The dripping flow of such waters would be however very weak.
The waste packages are unsaturated too, and therefore homogeneously in con-
tact with atmospheric oxygen. Figure 1 schematically illustrates the geometry,
which is reduced to a 1D column for the current source term modeling. Due to
the very weak dripping flow, a constant flux was imposed as boundary condi-
tion. Constant concentrations (Dirichlet condition) will indeed over-estimate
the flux from the host rock. The hydrogeological and geochemical parameters

are given by Table 2, and an average temperature of 70 °C was assumed.

In the specific context of the present HYTEC calculations, the chemical pro-
cess is controlled by the combination of permanent oxidative dissolution and
precipitation kinetics of uranyl phases. After 5000 y, the phase transformation
of spent fuel to schoepite is completed throughout the package. Uranophane
precipitates at the expense of schoepite with a maximum concentration of 1071
mol/1 at the package top. Soddyite and Boltwoodite-Na also precipitate for a
while, but disappear on the long term. The mineralogical sequence is globally

in agreement with the experiments of Wronkiewicz et al. (1996). Note that



secondary hindrance mechanisms, such as precipitation of schoepite around
the fuel pellets or water lack in some parts of the waste, may increase this
time significantly. A comparison between the results obtained by HYTEC and
PHREEQC is shown by Figure 4. The grid size is of 51 nodes. Not shown
here, CHEMTRAP produces results virtually identical to HYTEC, which is
expected since the system is dominated by geochemistry and both codes share
the same geochemical model CHESS. The mineralogical compositions calcu-
lated after 100 y by HYTEC and PHREEQC are in very good agreement. For
uranophane, the two profiles close to the left axis correspond to precipitation
at equilibrium and the other to kinetic precipitation. Time series of pH and
U(aq) concentration compare fairly well. At the bottom of the waste packages
(source term), the change in pH is small (< 0.5) and the U(aq) concentration
progressively decreases to become constant (10~° mol/l) after consumption of
all UO,. Due to the weak water flux, the U source term would be constantly

tiny.

5 Conclusions

Reactive transport models offer the mean of studying geochemically com-
plex systems in a hydrodynamic context. As permanent progress is achieved
with regard to both conceptual and mathematical aspects of the model, a
verification protocol and standard test-cases are needed in addition to ana-
lytical solutions. Benchmarking between peer codes also allows to verify the
code behaviour. In this context, calculations of UO, dissolution and uranium
migration has been performed with CASTEM, CHEMTRAP, HYTEC and

PHREEQC. The numerical results are in fairly good agreement, although the



discretization approach and coupling algorithm lead to systematic discrepan-
cies. In complement, 1D simulations which are still commonly performed due
to CPU limitations are often unable to correctly model the systems and a 2D
geometry becomes essential. For the proposed applications, it has been shown
that the geochemical reactions are closely related to the hydrodynamic pro-
cesses, especially when the reactions are kinetically controlled, colloid migra-
tion is active or the contaminant source significantly disturbs the geochemistry
of the migration field. Use of reactive transport models is therefore effective to
gain a conceptual and quantitative understanding of such natural and multi-

barrier systems.
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Fig. 4. Evolution of the mineralogical composition over the whole package after
100 y, and time profiles of pH and dissolved uranium concentration at the bottom.
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Table 2

Hydrogeological and geochemical parameters of the second benchmark.

Hydrogeology pore velocity = 3.36 cm/y,

dispersion/diffusion coeff. = 1 107% m?/s

Dripping pH = 8.2,
solution [Nat]z = 1.99 mmol/1,[Ca?T]7 = 0.094 mmol/l,

[SiO2]r = 1.36 mmol/], [C17]r = 0.94 mmol/]

Gases fug. CO9 = 0.001, fug. O2 = 0.20

Spent fuel content = 450 g/1 of water,

specific surf. = 39 cm?/g

Secondary minerals nucleation surf. = 100 cm?/1,

specific surf. = 6 cm?/g
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