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ABSTRACT

Three models have been developed and applied in the performance assessment of a final
repository. They are based on accepted theories and experimental results for known and
possible mechanisms that may dominate in the oxidative dissolution of spent fuel and
the release of nuclides from a canister. Assuming that the canister is breached at an early
stage after disposal, the three models describe three sub-systems in the near field of the
repository, in which the governing processes and mechanisms are quite different.

In the model for the oxidative dissolution of the fuel matrix, a set of kinetic descriptions
is provided that describes the oxidative dissolution of the fuel matrix and the release of
the embedded nuclides. In particular, the effect of autocatalytic reduction of hexavalent
uranium by dissolved H2, using UO2 (s) on the fuel pellets as a catalyst, is taken into
account. The simulation results suggest that most of the radiolytic oxidants will be
consumed by the oxidation of the fuel matrix, and that much less will be depleted by
dissolved ferrous iron. Most of the radiolytically produced hexavalent uranium will be
reduced by the autocatalytic reaction with H2 on the fuel surface. It will reprecipitate as
UO2 (s) on the fuel surface, and thus very little net oxidation of the fuel will take place.

In the reactive transport model, the interactions of multiple processes within a defective
canister are described, in which numerous redox reactions take place as multiple species
diffuse. The effect of corrosion of the cast iron insert of the canister and the reduction of
dissolved hexavalent uranium by ferrous iron sorbed onto iron corrosion products and
by dissolved H2 are particularly included. Scoping calculations suggest that corrosion of
the iron insert will occur primarily under anaerobic conditions. The escaping oxidants
from the fuel rods will migrate toward the iron insert. Much of these oxidants will,
however, be consumed by ferrous iron that comes from the corrosion of iron. The non-
scavenged hexavalent uranium will be reduced by ferrous iron sorbed onto the iron
corrosion products and by dissolved hydrogen.

In the transport resistance network model, the transport of reactive actinides in the near
field is simulated. The model describes the transport resistance in terms of coupled
resistors by a coarse compartmentalisation of the repository, based on the concept that
various ligands first come into the canister and then diffuse out to the surroundings in
the form of nuclide complexes. The simulation results suggest that carbonate accelerates
the oxidative dissolution of the fuel matrix by stabilizing uranyl ions, and that phosphate
and silicate tend to limit the dissolution by the formation of insoluble secondary phases.

The three models provide powerful tools to evaluate "what if" situations and alternative
scenarios involving various interpretations of the repository system. They can be used to
predict the rate of release of actinides from the fuel, to test alternative hypotheses and to
study the response of the system to various parameters and conditions imposed upon it.

Keywords: model, oxidative dissolution, spent fuel, radiolysis, release, mass transport,
radionuclide, hydrogen, corrosion, canister, near field, repository.
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A writer keeps surprising himself … he doesn't know what he is saying until
he sees it on the page.

Thomas Williams (1806 ~ 1872)
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1 BACKGROUND AND INTRODUCTION

The permanent disposal of spent nuclear fuel in a repository located in deep geological
formations is being studied worldwide. The common principle is to construct a deep
repository with multiple barriers to retard the release of radioactive substances from the
spent fuel into the geosphere and their subsequent migration into the biosphere.

In the SKB concept [1, 2], the spent fuel, after being decommissioned from the reactor,
will first be stored in a temporary storage depot for about 40 years. During these 40
years, much of the residual heat will have been emitted and some of the short-lived
fission products will have decayed. The spent fuel will then be encapsulated in copper/
iron canisters and buried at a depth of ca. 500 metres underground, as shown in Fig. 1-1.
The canisters will be deposited one by one, with the long axis vertical, in boreholes
drilled in the base of tunnels in the crystalline rock. The boreholes will be filled with
compacted bentonite clay that holds the canisters in place and isolates them from the
groundwater in the surrounding rock. The remaining cavities, including the access
tunnels, will at the time of closure of the repository be backfilled with a mixture of e.g.
bentonite and aggregate.

The canister serves, obviously, as a central barrier in the system. To provide an adequate
radiation shield against the spent fuel together with the required durability, the planned
canister consists of a copper shell and a cast iron insert [3], as shown in Fig. 1-2. The
copper shell, with a thickness of 50 mm, gives the canister its corrosion resistance. The
cast iron insert, with 50 mm separation between the fuel channels, gives the canister its
mechanical strength to support the fuel bundles and to resist external pressures in the
final repository. The bottom of the canister will be joined to its shell by electron beam
welding and the lid will be sealed with either a central bolt or eight bolts along the
periphery of the insert.

Cladding tube Spent nuclear fuel Bentonite clay Surface portion of deep repository

500 m

Fuel pellet of
uranium dioxide

Copper canister
with cast iron insert

Crystalline
bedrock

Underground portion
of deep repository

Figure 1-1 Schematic design of a deep repository of the SKB type.
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Provided that the quality of materials is well inspected and that the procedures of
fabrication are rigorously controlled, a faultless canister should remain intact over a very
long time after disposal if no dramatic changes in the geochemical conditions of the
repository and no major rock movements occur [2]. In general, the granitic groundwater
in crystalline rock surrounding the repository is neutral, dilute, and reducing, with a pH
value between 7 and 9 and an Eh value between – 0.45 and 0 V [1]. The compacted
bentonite clay and the backfill material in the deposition hole may further decrease the
redox potential of the intruding groundwater [4]. The anaerobic corrosion of both the
copper shell and the cast iron insert will then ensure that the lifetime of the canister is in
excess of many millions of years after disposal [5, 6]. Should the canister after a long
time be breached the radiation associated with the spent fuel that consists approximately
of 97 % UO2 will have decayed to fairly low levels before the fuel is exposed to any
groundwater. This will ensure that the oxidation-state of UO2 pellets does not exceed
the upper limit of stability of the fluorite structure, U3O7 (UO2.33) [7]. As a result, the
dissolution of the fuel matrix will be extremely slow, involving mostly the ion transfer
of U4+ species, and UO2 or U4O9 will be the thermodynamically stable uranium solid.
The rate of dissolution of the fuel matrix will thus be limited by the solubility of UO2
under reducing conditions, if the mass transport of dissolved uranium species away from
the fuel surface is slow [8]. This will ensure an effective confinement of nuclides that
have been originally incorporated in the fuel matrix, and the rate of congruent release of
nuclides will be extremely small.

However, the possibility that the copper/iron canister might be breached earlier cannot
be entirely ruled out. A recent study suggested that a set of material and manufacturing
defects are likely to arise in the fabricating procedures that are candidates for serially
produced canisters [9]. In particular, a small defect may be present through the copper
shell due to e.g. an unsuccessful electron beam weld, and a small crack may exist at the
interface between the cast iron insert and its lid [10]. As a result, a defective canister
might be penetrated by groundwater at an early stage, e.g. at a time of only 1000 years
after disposal [2, 10]. In such a case, the redox conditions near the fuel pellets may well
be modified as a result of the radiolysis of groundwater [11], and UO2 or U4O9 may no

Figure 1-2 Configuration of a copper/iron canister of the SKB type.
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longer be thermodynamically stable. A film of U3O7 that denotes the end of the fluorite
structure range for uranium oxide may then form at the fuel surface [4, 7], due to the
attack of the radiolytic oxidants. The oxidative dissolution of the fuel matrix, as uranyl
ions, will thus dominate the redox chemistry near the fuel, and it will be controlled by
the rate of solid transformation rather than by the rate of transport of dissolved uranium
species away from the fuel surface [4, 7, 8]. Consequently, uranium dioxide (UO2) that
makes up the fuel matrix will become more soluble, and the incorporated nuclides will
be released more rapidly. This case is, hence, considered to be very important in the
performance assessment of a repository [1, 2]. It is often a focus of study of the long-
term behaviour of dissolution of spent fuel, and subsequently the behaviour of release of
nuclides, once a pathway between the deep groundwater in the fractures in the rock and
the fuel is established [12-14].

The safety and performance assessment of a repository require information regarding the
rates at which nuclides are released from the canister, once dissolution commences. The
release of nuclides is controlled, however, not only by the dissolution of the spent fuel
matrix but also by several other processes that may effectively affect the transport of
nuclides in the near field of the repository [1], such as diffusion, advection, sorption,
chemical reaction and radioactive decay. In a repository where the backfill and the rock
matrix have very low hydraulic conductivities, the transport of nuclides is dominated
mainly by diffusion, while advection is restricted to the flowing water in the fractures in
the rock [13]. The bentonite clay, on the other hand, has a high porosity even when it is
compacted and a high cation-exchange capacity. Many sorbing nuclides with short half-
lives and high sorption properties may thus be delayed in the bentonite clay until they
have decayed to insignificant concentrations [13, 15]. The other nuclides e.g. actinides
that do not decay to any appreciable degree may penetrate through the clay, by various
pathways, to reach the water flowing in the fractures in the rock, as sketched in Fig. 1-3.

The redox reactions between the oxidants (including the oxidation products) and the
reducing species in the bentonite clay will, in addition, change the redox potential in the
repository from reducing to oxidizing. This will result in the formation of a redox front
that separates the oxidized from the not yet oxidized clay [12], as sketched in Fig. 1-3.
The redox-sensitive nuclides, e.g. uranium, will then precipitate at the redox front, due
to the solubility difference between oxidizing and reducing environments. Only a small
fraction will migrate further to the mobile water in the fractures in the rock. The redox
front may thus significantly retard the transport of redox-sensitive nuclides in the near
field, and it may serve as a thermodynamic sink that indirectly enhances the dissolution
of the fuel matrix within the canister [14]. The redox front will gradually advance and
an increasing volume of the bentonite clay will be oxidized as more radiolytic oxidants
are generated. This will allow the redox-sensitive nuclides with high solubilities and low
sorption properties to be transported to a large extent into the far field once the redox
front reaches the fractures in the rock.

The processes that can be of importance for the long-term safety of a repository are,
therefore, very complex and often slow, and they often interact and influence each other.
Moreover, the time span that must be considered in the performance assessment is very
long, often in excess of many hundreds of thousands of years. Safety assessments can
thus not be based solely on the results of experiments. The analyses must be based on
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models for known and possible interactions between the components in the near field of
a final repository [1, 2].

In the SKB concept, the near field is defined as the spent fuel, the canister, the bentonite
buffer in the boreholes, the backfill in the tunnels and the portion of the rock that has
been affected both mechanically and chemically by the repository [1, 2]. The near field
of a repository that encompasses a defective canister can hence be divided roughly into
three systems, as shown in Fig. 1-3, where the governing processes and mechanisms are
quite different from each other. In the first system, i.e. the fuel rod itself, the oxidative
dissolution of the fuel matrix, that is triggered and governed by the radiolysis of water,
acts as the only source for the release of nuclides [16]. In the second system, that is
made up of the interior region of the canister, the corrosion of the cast iron insert may
result in the formation of a porous precipitated film [17]. This film, if formed, can
effectively retard the transport of any dissolved species to and from the underlying cast
iron surface. Moreover, many redox reactions take place in the system, including not
only the consumption of radiolytic oxidants by both solid and dissolved ferrous iron but
also the reduction of dissolved hexavalent uranium by both dissolved hydrogen and
adsorbed ferrous iron [18]. In the third system, that consists of the small hole through
the canister wall and the region surrounding the canister in the near field, molecular
diffusion plays the most important role in dominating the transport of nuclides, together
with sorption and the movement of the redox front [14, 19].

To develop a functional model that can be used in the performance assessment of a
repository, it is thus essential to understand the local characteristics and behaviour of
these individual systems. For this purpose, three models are developed and applied in
the thesis: a model for the oxidative dissolution of the fuel matrix (Papers I and II), a
reactive transport model (Paper III), and a transport resistance network model (Papers I
and IV).

Bentonite

Tunnel

Copper shell
Cast iron insert

Fuel
Damage

Rock

Fracture
Redox front

Figure 1-3 Schematic view of the transport of nuclides from a defective canister.
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This thesis consists of three parts. In the first part (Chapter 2), the three models are
developed based on accepted theories and experimental results for known and possible
mechanisms that dominate the oxidative dissolution of the fuel matrix and the release of
nuclides from a canister. These models are not only flexible and adaptable, but they can
also be coupled together to carry out the performance assessment of a repository. In the
second part (Chapter 3), the three models are applied step by step to different systems
and different conditions in the near field of the repository. The aim is to explore the
possible effects of the geochemical conditions of the repository, the precipitates within
the fuel rod, the dissolved H2 and the corrosion of the cast iron insert on the dissolution
of the fuel matrix and on the release of nuclides in the long term. The third and final part
of the thesis (Chapter 4) gives a general discussion and presents the conclusions drawn
from the modelling efforts.

In the development of the models, attempts have been made to provide each of the three
models with a general framework to take into account the most important processes and
mechanisms involved in each of the three systems of the near field of the repository.

In the model for the oxidative dissolution of the fuel matrix (section 2.1), a set of kinetic
descriptions is provided that describes the important processes governing the release of
nuclides originally embedded in the fuel matrix. These processes include the radiolysis
of water, the oxidation of the fuel surface, the dissolution of the oxidized surface layer,
the release of the incorporated nuclides, and the autocatalytic reduction of hexavalent
uranium by dissolved H2 with UO2 (s) on the fuel pellets acting as a catalyst.

In the reactive transport model (section 2.2), a set of governing equations is provided to
describe the mass transport of multiple species, involving both local equilibrium and
kinetically controlled redox reactions within a defective canister. These redox reactions
include both homogeneous and heterogeneous reduction of the radiolytic oxidants by
ferrous iron and the heterogeneous reduction of hexavalent uranium by ferrous iron
sorbed onto the iron corrosion products and by dissolved hydrogen. The other reactions,
such as aqueous complexation, dissolution-precipitation and adsorption-desorption, are
all assumed to be in local equilibrium. The boundary conditions of the canister system
are specified in the model by coupling two sub-models with reference to the oxidative
dissolution of the fuel matrix and the anoxic corrosion of the cast iron insert.

In the transport resistance network model (section 2.3), the mass transport of long-lived
actinides in the near field is simulated. The model is based on the concept that various
ligands first come into the canister from the deep groundwater and then diffuse out to
the surroundings in the form of nuclide complexes. The transport resistances through the
damage in the canister wall, through the bentonite, and through the flow in the fractures
in the rock are all taken into account in the model by a coarse compartmentalisation of
the repository. In addition, the model accounts for the movement of the redox front in
the bentonite clay by assuming an instantaneous redox reaction between the escaping
oxidants and the reducing species from the surroundings.

In the application of these models, efforts are made to evaluate "what if" situations and
to study the response of the system being studied to different conditions imposed upon
it. The departure point is that the canister is assumed to be breached at an early stage
after disposal (103 year), when the ionizing radiation associated with the fuel is still full
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of vitality. The damage/defect through the canister wall is defined as a hole penetrating
the welded joint of the copper shell, as specified by SKB [1, 2]. The corresponding
reference-scenario of the near field, as sketched in Fig. 1-3, is obviously not the most
likely state of the repository where the canisters fulfil the integrity requirements that
have been established for encapsulation. Nevertheless, it is a more dangerous situation
so that the consequences of a leak in a canister must be examined.

In section 3.1, the transport resistance network model is used to study how the formation
of secondary phases within the canister is influenced by various ligands from the deep
groundwater, provided that oxidizing conditions prevail constantly at the fuel surface all
the time. The simulations suggest that carbonate favours an acceleration of the oxidative
dissolution of the fuel matrix by stabilizing the dissolved uranyl ions and that phosphate
and silicate tend to limit the dissolution by the formation of poorly soluble precipitates.
The effects of sulphate, fluoride and chloride are, however, marginal at most.

In section 3.2, the model for the oxidative dissolution of the fuel matrix is used to study
how the dissolution of the fuel matrix is affected by the formation of secondary phases
within the fuel rod, given that the reducing effects of H2 and ferrous iron are very minor.
The simulations suggest that the nuclides released from the fuel matrix will precipitate
rapidly to fill most of the available voids near the fuel pellets, if the Zircaloy claddings
are physically present. The dissolution process will then be significantly retarded and
only a small fraction of the nuclides released can escape away from the canister.

In section 3.3, the application of the model for the oxidative dissolution of the fuel
matrix to the fuel rod itself provides an insight into how the build-up of hexavalent
uranium near the fuel pellets is affected by the radiolytic H2 and by ferrous iron. The
simulations suggest that most of the radiolysis-produced oxidants will be consumed by
the oxidation of the fuel matrix, and that much less will be depleted by dissolved ferrous
iron. By far the largest amounts of the radiolytically produced hexavalent uranium will
be reduced by the autocatalytic reaction with dissolved hydrogen as a reductant. The
concentration of hexavalent uranium within the fuel rod will thus be much lower than
even the concentration of tetravalent uranium under reducing conditions. This makes it
inconceivable for secondary uranium phases to be formed in the water film around the
fuel pellets.

In section 3.4, some scoping calculations are performed, based on the reactive transport
model, to explore how the chemistry within the canister is influenced by the anaerobic
corrosion of the cast iron insert, and how the transport of uranium is retarded by the
formation of an iron-corrosion film. The results suggest that the rapid build-up of H2
within the canister will be due mainly to the anaerobic corrosion of the cast iron insert
rather than to the radiolysis of water. Much of the radiolytic oxidants escaping toward
the insert will be depleted in the corrosion film. The non-scavenged hexavalent uranium
will be reduced by ferrous iron sorbed onto the iron-corrosion products and by dissolved
hydrogen.

These simulations highlight the most important processes and mechanisms that govern
the oxidative dissolution of the fuel matrix and the release of nuclides from a defective
canister. Attempts to refine the three models must, however, continue, when more
information becomes available.
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2 DEVELOPMENT OF MODELS

To understand each of the major processes and mechanisms that determine the long-
term radiological safety of a repository, an extensive range of experimental studies has
been performed worldwide under various conditions. In particular, efforts have been
made to study the oxidative dissolution of spent fuel [7, 20-26], the corrosion of cast
iron [6, 27-30], the adsorption and reduction of uranium on iron corrosion products [31-
39], and the mobility of nuclides in bentonite clay [15, 40-46]. Considerable ambiguities
and uncertainties still remain, however, in most of the mechanisms that may greatly
affect the performance of a repository, such as the effect of hydrogen on the oxidative
dissolution of spent fuel and the corrosion of Zircaloy claddings that shield the fuel
pellets [2]. This makes it necessary to develop functional models for the performance
assessment of a final repository, which help to identify the most important processes and
mechanisms involved in the system, and can guide and stimulate experimental studies to
some extent.

The need for developing a model for the performance assessment of a repository arises,
however, mainly from its ability to demonstrate the stability and safety of the planned
repository on a long time scale. The long-term behaviour of a repository is concerned
not only by the regulatory agencies, by those responsible for the protection of water
resources but also by the owners of the repository site and by the residents living in the
vicinity. They often show great concern about what the rate of release of nuclides from
spent fuel might be and what would happen if a final repository should be in a worst
case situation ("what if" questions). In this regard, experiments are seldom considered
directly helpful, since they commonly focus on a single process and are performed for at
the most a period of from a few days to a few years. A functional model that combines
the approved theories and experimental evidence can, however, be used not only to
bridge the time difference but also to simulate the complex conditions in a repository by
taking a wide range of the governing processes into account.

In applying a model for the performance assessment of a repository, one is obviously
relying on the validity of the model, i.e. the fact that it properly mimics the physics and
chemistry of the overall interactive system. The performance prediction of the model
cannot, however, be validated by field results until the full time span of the prediction
has elapsed. Alternative validation procedures could be adopted, e.g. natural analogue
studies, but these are seldom fully appropriate. The model predictions will thus seldom
be considered to be absolutely accurate. Nevertheless, models developed from basic
principles on the basis of available knowledge are a useful means of gaining insight into
the most important processes that govern fuel dissolution and nuclide release. They are
also useful for assessing where the major uncertainties in the data and assumptions are
to be found. In addition, models can be very powerful tools when they are appropriately
employed to evaluate "what if" situations and alternative scenarios involving various
interpretations of the system being studied. They can be used to study the response of
the system to various parameters and conditions imposed upon it. The simulations also
make it possible to evaluate the merits of alternative designs and worst-case situations.
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In this chapter, three models are formulated both conceptually and mathematically. Each
of these models takes into account the important processes and mechanisms involved in
the dynamic system being studied. They can appropriately be coupled to constitute a
serviceable model for the performance assessment of a repository.

2.1 A Model for the Oxidative Dissolution of Spent Fuel

The oxidative dissolution of spent fuel has been systematically explored worldwide by
using e.g. the segments of spent fuel in synthetic groundwater [20, 22, 26] or specially
designed UO2 electrodes in radiolytically decomposed water [7, 23, 24]. A large number
of different reactions near the fuel surface have been found. The common and important
ones include: oxidation and dissolution of the fuel matrix; decomposition of H2O2;
reduction of the oxidized surface layer; recombination of radicals; and precipitation of
secondary phases. At present, however, no detailed mechanistic understanding of the
oxidative dissolution of the fuel matrix has yet been achieved. Nevertheless, it is well
accepted that the chemical stability of the fuel matrix is defined mainly by the redox
potential near the fuel pellets [7] and, as shown schematically in Fig. 2-1, there are four
dominant processes taking place near the fuel under natural repository conditions [2].

Conceptual Model

The main source of oxidants to drive the oxidative dissolution of spent fuel will be the
radiolysis of groundwater, that produces equivalent quantities of oxidizing and reducing
species, including OH, O2, O2

-, H2O2, H, H2, and eaq [47]. The strong gamma and beta
fields associated with the fuel will decrease by a factor of > 103 in the first few hundred
years after disposal [4]. Groundwater reaching the fuel will thus be subjected mainly to
alpha radiolysis, since the canister is expected to survive this period [2].

The oxidizing species produced consist mainly of hydrogen peroxide and oxygen that
are extremely reactive, while the reducing species are mostly H2 [11]. Investigations
[48] indicated that ~ 99 % of the oxidants originally generated would back react with the
reducing species, and only ca. 1 % are available to oxidize the fuel matrix. This small
fraction of oxidants is, however, sufficient to increase the redox potential near the fuel
pellets, leading to major structural modification of the fuel surface and the formation of
a stable surface layer of U3O7 (5 ~ 8 nm thick) [49].

The U3O7 phase is effectively the end of the fluorite structure-range for uranium oxide,
and it is a threshold surface composition for the onset of oxidative dissolution of the
spent fuel matrix [7]. Oxidation beyond the U3O7 stage will be accompanied by film
dissolution as uranyl ions, and by the release of nuclides that have originally been
incorporated in the fuel matrix.

The release of nuclides from the spent fuel depends, however, largely on their location
within the fuel matrix. Three main release mechanisms that operate on different time
scales have been identified [50]. First, there is a rapid release of soluble fission products
(e.g. Cs and I) from the fuel/cladding gap as soon as groundwater penetrates the fuel
cladding. Second, there is a leaching of fission products from the fuel grain boundaries.
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Third, there is a very slow release of nuclides from the fuel matrix due to the dissolution
of the UO2 grains. Thus, the release of the major fraction of the nuclide inventory will
be controlled primarily by the dissolution of the fuel matrix.

The rate of oxidative dissolution of the fuel matrix is determined mainly by the nearby
concentration of the radiolytic oxidants. It may, however, be significantly affected by the
chemical and physical conditions near the fuel pellets. Once dissolution commences, the
ligands that come with the intruding groundwater are expected to accelerate dissolution
of the fuel matrix by stabilizing the dissolved uranyl ions [4]. The fuel cladding that,
even if damaged, will still be physically present is expected to limit the dissolution by
retarding the transport of the dissolved species to and from the fuel surface. Provided
that the effect of hydrogen is minor, this will favourably lead to the rapid formation of
precipitates within the fuel rod, as suggested by the observations in some experiments
where H2 is absent or at a very low concentration [51-53]. The precipitates, if formed,
may considerably decrease both the water available for radiolysis and the area of the fuel
surface that can otherwise be attacked by the oxidants [14]. The rate of dissolution of
the fuel matrix, and subsequently the rate of release of the embedded nuclides may thus
be significantly inhibited.

There is, however, an increasing amount of evidence indicating that dissolved H2 may
substantially suppress the oxidative dissolution of the fuel matrix, particularly if the
concentration of H2 is high [54, 55]. This suggests that it is unlikely to form secondary
phases within a canister, where H2 is generated not only by the radiolysis of water but
also by the anoxic corrosion of the cast iron insert [17]. The concentration of dissolved
H2 within a canister generally depends on the relative rates of formation of H2 and of its
transport away from the canister, and the partial pressure of H2 at the repository depth.
Given that the rate of mass transport of H2 away from the canister is limited, e.g. when
the canister wall has only a very small defect, the concentration of H2 is expected to
quickly exceed its solubility in the groundwater. As a result, the H2 concentration near
the fuel surface will be limited only by the partial pressure of gaseous H2, which has a
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Figure 2-1 Schematic view of the main processes near the fuel pellets.
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maximum value equal to the hydrostatic pressure at the depth of a repository (5 MPa at
500 m). The dissolved hydrogen might then significantly reduce the extent of oxidation
of the UO2 pellets by participating in heterogeneous reactions at the fuel surface, most
probably at the reactive grain-boundary sites [24, 56]. In addition, it might favourably
reduce the dissolved hexavalent uranium to the tetravalent state, as suggested by some
experimental studies at T � 120 �C [57] and at 80 �C [58]. The available evidence up to
now does not, however, permit detailed conclusions to be drawn with regard to the role
of H2 in determining the dissolution of the fuel matrix. Nevertheless, it is probable that
UO2 (s) itself can act as an effective catalyst, and considerable reduction reactions may
therefore take place on the fuel surface between the chemisorbed uranium ions and H2
[16]. Exclusion of the possible effects of H2 from the long-term prediction of dissolution
of the fuel matrix within a canister would thus give very conservative results.

To take into account the reductive effect of the dissolved H2 and the other processes at
the fuel surface, as shown in Fig. 2-1, a model is here developed that provides a detailed
description of the kinetics of oxidative dissolution of the fuel matrix, by combining the
fundamental and experimental evidences.

Mathematical Model

The model for the oxidative dissolution of spent fuel is developed on the basis of an
earlier model proposed by Neretnieks [12] that was based on experimental evidences
and natural analogous studies [48, 59-62].

The basic idea behind the model is that only a fraction of the radiolysis-produced
oxidants contributes to the oxidation of the fuel surface. The rest either recombine or
decompose into more stable species, or escape away from the fuel. If H2O2 produced by
radiolysis is simulated by an equivalent amount of O2 [59], the oxidants available for
oxidation can be expressed as an effective yield of the radiolytic products (or G-value).
The rate of effective production of the radiolytic oxidants per m2 of wetted fuel surface
can thus be given [12]:

btpaffGtpR fuelwox
ra
ox )(4//)( max �� (2-1)

and correspondingly, the rate of effective production of the radiolytic H2 per m2 of the
wetted fuel surface is written, from a mass-balance point of view, as:

btpRra )(2H � (2-2)

where p(t) is the radiation energy per kg of fuel, including the effects of ��, �� and
��radiation; Gmax is the maximum G-value for the equivalent oxidant production,; fox is
the fraction of the maximum G-value to produce oxidants; fw is the fraction of radiation
energy deposited in water if the gaps are filled with water only; afuel is the mass-specific
surface area of the fuel matrix; b is a constant determined by the fuel characteristics, set
equal to Gmaxfoxfw/afuel/4; and 1/4 is a factor that converts the oxidizing equivalents to
moles of oxygen.

The concept of the wetted fuel surface introduced here refers only to the surface of the
fuel that is directly exposed to the water film around the fuel pellets. If secondary phases
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precipitate in the water film, the fuel surface available for oxidation would decrease by a
factor that is determined by the porosity [14].

The radiation energy p(t) generated by the spent fuel will gradually decay with time, and
a quantitative expression for long times (> 1000 years) can be approximated by [12],

2
1)( ctctp �� (2-3)

where t is the fuel-disposal time in years; and c1 and c2 are respectively two constants
that characterise the nature of the fuel and its in-reactor history.

The fraction of radiation energy, fw, is introduced in Eq. (2-1) to account for the fact that
only the radiation energy emitted sufficiently near the fuel surface is able to split nearby
water, the rest being simply exhausted within the fuel pellets themselves [48]. This
fraction thus depends not only on the size of the fuel pellets but also on the magnitude
and dimensions of the inter-fragment cracks and of the fuel/cladding gap.

The fraction of the maximum G-value, fox, has been estimated from experimental results
on the fuel [1], from observations in a natural ore deposit [48], and from simulations of
the water radiolysis [12]. An adequate value is deemed to be 0.01, i.e. only 1 % of the
maximum G-value is effective for the final oxidant production.

The kinetics of oxidation of the fuel pellets by radiolytic oxidants, which is supported by
a set of experimental studies and literature data [59-61], reads:

2/O
d

oxox CkR � (2-4)

where kox is the rate coefficient of the oxidizing reaction at the fuel surface; d is the
reaction order that may be 0.5 or 1; CO is the equivalent concentration of oxidants at the
fuel surface; and 1/2 is a factor that converts the number of moles of the oxidized
uranium to the number of moles of O2.

The rate of oxidative dissolution of the spent fuel matrix is generally governed by the
oxidation step at the fuel surface [7, 62], i.e. it is limited by the oxidation rate. This
gives the rate of dissolution of the oxidized surface layer:

d
oxdiss CkR O� (2-5)

Correspondingly, the rate of the congruent release of the nth nuclide that has originally
been incorporated in the fuel matrix reads:

d
oxmndissmnnrels CkIIRIIR O, ���� (2-6)

where In and Im are, respectively, the inventories of the nth nuclide and of uranium in the
fuel matrix.

Provided that the dissolved H2 near the fuel surface plays the same role as was observed
in the studies by Bunji and Zogovic [57], the kinetics of autocatalytic reduction of the
dissolved hexavalent uranium by dissolved hydrogen can be expressed as [16]:
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fuelredred aXCHkR /21
VI

21
H

21
H� (2-7)

where HH is Henry's constant for hydrogen; and CH and XVI are the concentrations of
dissolved hydrogen and dissolved hexavalent uranium at the fuel surface, respectively.
The rate coefficient of reduction of hexavalent uranium at the UO2 (s) surface, kred,
obeys the Arrhenius equation, i.e.:

)exp(
RT

EAk a
red

�

� (2-8)

where the pre-exponential factor A =1.3�105 M-0.5 bar-0.5 mol U(VI) kg-1 UO2 s-1, and
the activation energy Ea = 7.27�104 J mol-1.

Thus, Eq. (2-7) provides a general framework to take into account the reductive effect of
H2. It needs, however, to be validated by an extensive range of experimental evidences.
Nevertheless, it is nowadays a useful means of exploring the possible counteractions of
hydrogen opposed to the radiolytic oxidants, and to assess where the major uncertainties
in data are to be found.

The set of equations described in the model gives, in essence, the fluxes of the radiolytic
oxidants, hydrogen and the dissolved hexavalent uranium at the fuel surface. Hence, the
model can be used to specify a set of Neumann boundary conditions at the fuel side. It
can, on the other hand, easily be extended or be coupled to describe different processes
for the fuel dissolution and the nuclide release. Attempts have been made, by applying
the model, to study the redox scavenging effects of Fe(II) on radiolytically produced
oxidants [12], the possibility and consequences of precipitation within the fuel rod [14],
and the influence of secondary water radiolysis [63] and the possible effects of hydrogen
[16] on the oxidative dissolution of spent fuel.

2.2 A Model for the Reactive Transport within a Canister

Once they are released from the fuel matrix, the radiolytic oxidants and the nuclides will
escape into the gap between the Zircaloy cladding and the fuel pellets towards a limited
defects in the Zircaloy cladding, and thence through an intervening solution to the point
of damage in the cast iron insert. The dissolved species will interact with one another as
they diffuse, forming more stable species. In particular, they will be subject to a variety
of redox reactions within the canister, as shown schematically in Fig. 2-2, due mainly to
the anoxic corrosion of the cast iron insert that continuously provides ferrous iron to the
intervening solution.

Conceptual Model

The canister has only a small damage through its iron insert, which conceptually denotes
all the cracks/defects that exist. The system is, in addition, taken to be divided into three
regions, in which the dominant reactions are quite different.
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In the first region, that consists only of the fuel rod itself, the oxidative dissolution of the
fuel matrix plays the most important role in determining the chemistry near the fuel
pellets [12, 14]. It acts, in essence, as the only source releasing hexavalent uranium into
solution due to the attack of the radiolytic oxidants, mainly O2 and H2O2 (denoted O2 in
Fig. 2-2), onto the fuel pellets. The Zircaloy cladding that, even if damaged, will still be
physically present substantially reduces the water-filled voids in the fuel rod [64], and
thus limits the fuel dissolution. The cladding is, on the other hand, expected to have very
limited defects, due to its great resistance to corrosion [2], and this will limit the
transport of the dissolved species to and from the fuel surface. As a result, H2 that is
generated both by the radiolysis of groundwater and by the anoxic corrosion of the cast
iron insert will rapidly build-up within the fuel rod. By far, the largest amount of
dissolved hexavalent uranium (denoted UO2

2+ in Fig. 2-2) will then be reduced by
dissolved H2, using UO2 (s) on the fuel pellets as a catalyst [16]. They will precipitate,
as UO2 (s), back onto the fuel surface, and thus secondary phases cannot precipitate in
the water film around the fuel pellets, due to the low uranium concentration.

In the second region, i.e. the intervening solution between the fuel rod and the corrosion
film of the cast iron insert, the only redox reaction is the oxidation of ferrous iron by
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radiolytic oxidants. The reduction of dissolved hexavalent uranium by dissolved ferrous
iron is thermodynamically possible, but it was not found to take place in recent studies
[37-39].

In the third region, an iron corrosion film grows very slowly as the cast iron insert is
oxidized and partly dissolves. The corrosion of the iron insert may initially take several
forms due to the complexity of physical and chemical conditions within the canister,
such as the large-scale corrosion cells or more localised corrosion in pits, crevices and
cracks [27, 65-67]. It may, however, result in a porous deposited film adhering to the
iron surface on a long-time scale. The mechanism of formation of such a corrosion film
has not yet been fully understood, even under anaerobic conditions. Nevertheless, some
detailed analysis suggests that, once an initial deposited film has formed, any further
iron released by the anoxic corrosion of the iron insert would precipitate close to the
metal/film interface and push the existing film ahead of it [17]. A porous hydroxide or
oxide film would then gradually build up, as observed by Evans [68], overlying a very
thin inner layer on top of the iron surface. Subsequently, the corrosion of the iron insert
may slow down due to a mass transport limitation of diffusion in the pores of the film.

The formation of a porous corrosion film provides, however, not only a great transport
resistance but also a large amount of sorption sites for the outgoing radiolysis-produced
oxidants and the dissolved nuclides. More noteworthily, it facilitates both homogeneous
and heterogeneous redox reactions within the canister, by providing H2 and ferrous iron
into solution [17]. The oxidation of ferrous iron by O2 or radiolysis-produced oxidants is
favoured thermodynamically and kinetically not only by hydrolysis but also, much more
promptly, by specific adsorption to iron-corrosion products [69]. As a result, a FeIII/FeII

redox front will form within the corrosion film, as shown in Fig. 2-2, to the left of which
only FeIII (s) exists and to the right of which FeII (s) co-exists with FeIII (s). Given that
the redox reactions are fast in comparison with the mass transport, the oxidants would
be depleted near the FeII/FeIII (s) front. Thus, the dissolved uranium species and possibly
the other redox-sensitive nuclides would be effectively reduced and immobilised in the
oxidant-free region, by two different mechanisms. In the first mechanism, as suggested
by recent studies [37-39], the dissolved hexavalent uranium can effectively be reduced,
subsequent to adsorption, by the oxidation of ferrous iron adsorbed onto iron-corrosion
products, such as hematite, yielding a UO2/Fe(OH)3 mixed solid phase. In the second
mechanism, as suggested by Bunji and Zogovic [57], UO2 (s), if present, can act as an
effective catalyst for the reduction of dissolved hexavalent uranium with dissolved H2 as
a reductant. The united efforts of the two mechanisms would then favour the scavenging
of the dissolved UVI species, leading to the formation of an UVI/UIV redox front and an
UVI-dissipation front if these redox reactions are fast. The UO2 (s) phase would thus mix
with the iron-corrosion products to the right of the UVI/UIV redox front up to the UVI-
dissipation front. If the reactions are not very fast compared to diffusional transport,
however, all the reactants would be present to some degree throughout the porous iron-
corrosion film. The composition of the corrosion film that consists of FeII(s), FeIII(s) and
perhaps UO2 (s) will dynamically change from the outer layer to the cast iron surface.

Obviously, the anoxic corrosion of the cast iron insert plays a very important role in
determining the redox chemistry within the canister, and in retarding the transport of
dissolved nuclides out of the canister. Thus, a reactive transport model is here developed
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to gain an insight into the dominating processes within a defective canister. It gives a
general description of the mass transport of multiple components and species involving
both local equilibrium and kinetically controlled reactions in the system.

Mathematical Model

In the model, it is assumed that the canister is completely water-saturated and that the
supply of water is not limiting. The species coming with the intruding groundwater such
as chloride, phosphate, calcium and sodium will participate in a variety of chemical
reactions with uranium and iron species, such as complexation including hydrolysis and
acid-base reactions, dissolution-precipitation, adsorption and ion exchange. Their effects
are, however, generally minor compared to the effect of carbonate on the dissolution of
the fuel matrix, and subsequently, on the release of nuclides [19]. Thus, at present, the
model only takes carbonate (denoted CO3

2- in Fig. 2-2) into account to simulate the
effects of ligands from the deep groundwater.

The model includes, in addition, the retarding effect of the damaged and porous Zircaloy
cladding around the fuel pellets. The corrosion film on the cast iron surface is treated as
a porous medium with a constant tortuosity and porosity. The film dissolution and
growth are assumed to occur at the film/solution interface only, and no precipitation
takes place in the pores.

The geometry of the system is, on the other hand, simplified to be one-dimensional. The
available water within all the fuel rods in the canister is modelled as a film between the
fuel pellets and the Zircaloy cladding, with a thickness �w of 30 to 50 	m [64]. The
space, l, between the cladding and the iron surface is estimated from the remaining void
volume of the canister [3], which is equivalent to ca. 18 mm if spread out over all the
fuel rod surface. These abstractions oversimplify the interior of the canister system, but
they are reasonable and very profitable to clarify the roles that the various processes play
in the specific system.

Governing equations

A partial differential equation describing the conservation of solute mass in the aqueous
phase of the system that includes both transport and reaction can be set up for each of
the species in a general one-dimensional form [70, 71]:
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in which the diffusion operator is given by,
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where ci is the concentration of the ith species in solution; � is the porosity, which is
unity throughout the system, except for the region occupied by the Zircaloy cladding and
by the corrosion film; A is the cross-sectional area, which is not constant but varies by a
factor of 5 from the fuel surface to the cast iron surface; Di is the bulk-solution diffusion
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coefficient of the ith species; Ntot is the total number of species in solution, including
mobile aqueous species (Di
0) and immobile precipitates or sorbed forms (Di�0); and ri
is the total reaction rate of the ith species in solution that can further be divided into
local equilibrium reactions ri

eq and kinetically controlled reactions ri
kc such that,

kc
i

eq
ii rrr �� (2-11)

Equations (2-9) and (2-10) provide a general formulation for the conservation of solute
mass, but they require a great number of unknowns to be solved simultaneously. It is,
however, possible to significantly reduce the number of independent species, if local
equilibrium can be assumed among the species that are involved in "sufficiently" fast
reactions in the system [72]. In general, most of the reactions that take place between
aqueous species are much more rapid than the normal rates of mass transport, and are
thus ''sufficiently fast'' so that local equilibrium can be assumed at every point within the
system. By comparison, however, redox reactions such as water radiolysis are often
''insufficiently fast'' at low temperatures, and kinetic laws have to be applied to represent
the real processes. Similarly, a number of mineral-water reactions such as dissolution of
iron oxides are very slow at low temperatures, and the assumption of local equilibrium
is not justified. Nevertheless, very little is known about the mineral-water reaction rates
and even less about mineral reactive surface areas in natural systems. Assumption of
local equilibrium is thus commonly made for heterogeneous reactions that are lacking
kinetics descriptions [70, 72, 73].

Thus, it is assumed that the homogeneous and heterogeneous redox reactions involved
in the system are the only reactions that are kinetically controlled. The other reactions,
such as aqueous complexation, dissolution-precipitation and adsorption-desorption, are
all assumed to be in local equilibrium. This leads to a natural partitioning of the system
into Npre primary species and Nsec secondary species [70, 71]. In the model, it is defined
that H+, CO3

2-, Fe2+, Fe3+, and UO2
2+ are parts of the primary species that constitute the

aqueous components Nc in the system. The reduction product of dissolved hexavalent
uranium, i.e. UO2 (s), the radiolysis-produced oxidants, O2, and the corrosion/radiolysis-
produced, H2, are the other parts of the primary species that participate only in the redox
reactions.

The assumption of local equilibrium reactions provides, then, an algebraic link between
the aqueous components and the secondary species via the law of mass action. It gives
for each aqueous complexation [71, 72]:
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where xi is the concentration of the ith complexed species; x
iK  is the thermodynamic

equilibrium constant of the ith complexed species; �i and �k are the activity coefficients
of the kth aqueous component and of the ith complexed species, respectively; x

ikA  is the
stoichiometric coefficient of the kth aqueous component in the ith complexed species; ck

is the concentration of the kth aqueous component; Nc is the number of all the aqueous
components; and Nx is the number of complexed species.
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This equation holds also for the aqueous components themselves, which are included in
the complexes Nx. The total soluble concentration of each aqueous component is then
written as:
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For each dissolution-precipitation reaction of the iron-corrosion products, the law of
mass action gives [71]:
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where p
iK  is the thermodynamic equilibrium constant of the ith precipitated species;

p
ikA  is the stoichiometric coefficient of the kth aqueous component in the ith precipitated

species; and Np is the number of precipitated species.

This equation does not contain the precipitated concentration pi because the activity of a
pure solid is considered to be unity, and the equality holds only when a precipitate exists
in association with the solution. The total precipitated concentration of each aqueous
component is given by,
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In the system, the adsorption-desorption reactions take place primarily at the surface of
the corrosion products that is commonly characterized by a specific functional group of
the �FeOH type. If, analogous to homogeneous complexation, the sorption site �FeOH
is defined to be a component, the surface complexation modelling of the adsorption-
desorption equilibrium [34, 74] can be included in the general framework of the laws of
mass action [75]. This leads to the following equations for each adsorption reaction,
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where si is the concentration of the ith adsorbed species; s
iK  is the equilibrium constant

of the ith adsorbed species; sFe is the concentration of the �FeOH surface site; s
ikA  is the

stoichiometric coefficient of the kth aqueous component in the ith adsorbed species; zk is
the charge number of the kth aqueous component; s� is a Coulombic correction factor;
and Ns is the number of adsorbed species.

Equation (2-16) is similar to Eq. (2-12) for the aqueous complexes, but it includes a
Coulombic correction factor s� that is often defined as an electrostatic component [75].
If a diffuse double-layer model [34, 74] is used, the electrostatic components concerned
are such that [27],
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The electrical potential in the surface complexation model, �, is commonly determined
by simultaneous solutions of the surface charge-surface potential relationship and of the
surface charge balance, using the Gouy-Chapman theory [74, 75].

The total sorbed concentration of each aqueous component is then written as,
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The partition between the primary and secondary species favours, on the other hand, the
elimination of the rates of local equilibrium reactions, ri

eq, because a component is
reaction invariant if it has a unique oxidation state [71]. Assuming that the bulk-solution
diffusion coefficients are the same for all aqueous species (the use of different diffusion
coefficients for the various aqueous species would require special treatment in order to
preserve electroneutrality [70]), grouping the governing differential equations (2-9) for
each of the primary species gives [18]:
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where Npre is the number of the primary species, including both the aqueous components
and the other primary species that participate only in the redox reactions, i.e. UO2 (s), O2
and H2. The latter are considered to be the only forms in existence in the system.

The total analytical concentration, Uk, is defined for each of the primary species as
suggested by Yeh and Tripathi [71],

prekkkk NkSPXU  , 1,                                       ������� (2-20)

The kinetically controlled reaction rate, kc
kR , is also defined for each of the primary

species. It sums up the rates of all the redox reactions in which a component participates
and it thus depends on where and how the redox reactions take place.

In the system, ferrous iron is oxidized either by radiolytic oxidants [69], when they are
available, or by hexavalent uranium sorbed onto iron corrosion products in the oxidant-
free region in the corrosion film [37-39]. Assuming that all ferric iron species, between
which local equilibrium is rapidly reached, are produced directly from the oxidation of
ferrous iron, the kinetically controlled reaction rates of these two iron components are
closely related by the following kinetic description [18]:
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where the subscript VI denotes the uranyl component; the subscripts II and III denote
ferrous and ferric iron components, respectively; k' and k'' are respectively the rate
constants of the homogeneous and heterogeneous oxidation of ferrous iron by oxidants;
k''' is the rate constant of heterogeneous oxidation of ferrous iron by hexavalent uranium
sorbed onto iron-corrosion products [37-39].
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Hexavalent uranium participates only in heterogeneous redox reactions in the oxidant-
free region in the corrosion film. It can, however, be reduced not only by ferrous iron
sorbed onto the iron corrosion products [37-39] but also by dissolved hydrogen using
the UO2 (s) formed as a catalyst [16]. Given that UO2 (s), once formed, will not dissolve
unless oxidized, the kinetic laws of the two reductive mechanisms gives [18],
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where the subscripts IV and H denote UO2 (s) and the dissolved hydrogen, respectively;
and MIV is the relative molecular mass of UO2 (s), MIV = 0.27 kg mol-1.

The radiolytic oxidants that are consumed by the oxidation of ferrous iron are generated
solely from the radiolysis of groundwater within the fuel rod [16]. A full description of
the kinetically controlled reaction rates of the oxidants can thus be given, provided that
the water film around the fuel pellets is well mixed [18],
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where the subscript O denotes the radiolytic oxidants.

H2 is generated, however, not only from the radiolysis of groundwater but also from the
anoxic corrosion of the cast iron insert. The latter will quantitatively be described by the
boundary conditions at the iron surface. Only the radiolysis-produced H2 contributes to
its redox reaction rate within the canister. Thus, the kinetically controlled reaction rate
of the dissolved hydrogen is,
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Since carbonate makes no contribution to any of the redox reactions, its kinetically
controlled reaction rate kcRI  is simply zero throughout the system.

Initial and boundary conditions

In the model, it is assumed that the canister is suddenly flooded with water as soon as it
is penetrated at e.g. a time of 1000 years after disposal, and that the fuel pellets enclosed
are all immediately wetted. This implies that, initially, the total analytical concentrations
of most components are zero throughout the system. Only carbonate and ferrous iron
have known soluble concentrations from the intruding groundwater.

The boundary conditions at the fuel surface couple the oxidative dissolution of the fuel
matrix to the reduction of radiolytic oxidants and the oxidation of dissolved H2. The



20

surface can thus be treated as a Neumann or Cauchy boundary by applying the kinetics
and dynamics of the oxidative dissolution of spent fuel that are described by Eqs. (2-4)
to (2-7). In a similar manner, the cast iron surface can be treated as an impervious solid-
water interface as the fuel surface, if the effect of the small damage through the cast iron
insert is disregarded. The boundary conditions at the cast iron surface couple the anodic
dissolution of iron to the cathodic reduction of O2 and/or water, producing H2 under
anoxic conditions. They can thus be specified by the model of Walton [65, 76], which
provided a detailed description of the electrochemical kinetics of the iron corrosion
under anoxic conditions. The boundary conditions for those primary species that do not
participate in any reactions at either the spent fuel or the cast iron surface are simply the
Neumann boundaries with zero flux.

Thus, the set of governing differential algebraic equations, supplemented by the kinetics
of the redox reactions and the initial and boundary conditions, gives a full description of
the reactive transport model. This model provides a general framework to account for
the interactions of multiple components and species involving multiple processes within
a defective canister. It can be extended to include more mechanisms and processes when
more information becomes available.

The model is to be executed numerically to obtain a solution with desirable properties of
accuracy, stability, monotonicity, and computational efficiency. The nonlinear and stiff
inherence of the system of equations makes, however, the global implicit method (one
step method) difficult to use [70, 73]. The complexity of kinetics of the redox reactions
and the speciality of the diffusion-controlled mass transport make the sequential non-
iterative approach or the Strang approach even less favorable [73]. By comparison, the
sequential iterative approach (SIA) may be effective for the model developed, due to its
modular structure and its reduction of operator splitting error [71]. Nevertheless, it may
show a numerically unstable behavior and computationally inefficiency in the long-term
predictions of the model. Thus, the Pseudo Stationary State (PSS) approach seems to be
preferable, because it can well be applied to systems where some processes are very fast
compared to others and where one is interested in long time scales [77, 78]. To explore
the validity and applicability of the PSS approach, scoping calculations are needed to
highlight the local characteristics and behaviors of the system, and to demonstrate which
processes dominate in the overall behaviour of the system [18]. These calculations will
also provide a basis for refinement of the model to make it computationally efficient.

2.3 A Model for the Release of Nuclides from a Canister

Once they have passed through the interior of the canister, the radiolytic oxidants and
the radionuclides will leak out through defects in the canister wall into the surrounding
bentonite clay. They will then be subject to a variety of hydrophysical and chemical
processes as they are transported by various pathways into the water-bearing fractures in
the rock surrounding the repository, as shown in Fig. 1-3. The hydrophysical processes
generally include advection and convection, dispersion and diffusion, compaction and
consolidation, and radioactive decay. The chemical processes are mainly complexation
and redox reactions. The combined effects of all these processes on solute transport are
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too complex to be well understood. However, only the information on the rates at which
nuclides transport in the near field, particularly for the reactive actinides with long half-
lives, is of great concern in the performance assessment of a deep repository. It is thus
sufficient to develop transport models from a pessimistic or conservative point of view
to take into account only the most important processes.

Conceptual Model

To leak out of the canister, the dissolved nuclides must be transported through the gap
between the Zircaloy cladding and the fuel up to a defect in the cladding, and thence
through the cast iron insert to a defect in the copper shell. In order for this to be possible
at all, defects must be simultaneously present in the copper shell, cast iron insert and
Zircaloy cladding. All three of these materials are, however, very resistant to corrosion.
The gaps/defects that could be utilized for transport inside the canister would be very
limited even if all these materials were defective simultaneously. The potential transport
resistance would thus be very large, and it is difficult to quantify exactly. For simplicity,
however, one can incorporate all transport resistance inside the canister into that through
the copper shell, and one can merge all the defects in the copper shell into a small hole,
as shown in Fig. 2-3. This implies that there is no transport resistance whatsoever within
the canister and that all nuclides and other dissolved species are directly available for
transport through the small hole. A substantial overestimate of the rate of transport of
the nuclides will be the result. Nevertheless, both the area and the length of the hole can
be varied as a visualization tool to account for the influence of the interior resistance.

The transport of nuclides and other dissolved species in the bentonite clay and in the
rock matrix is dominated solely by molecular diffusion, because both of them have very
low hydraulic conductivities. The bentonite clay, on the other hand, has a high porosity
even when compacted and a high cation-exchange capacity [15]. Many sorbing nuclides
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Figure 2-3 Schematic view of transport process of nuclides from a defective canister
(a) reference case; (b) model case; (c) resistance network.
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with short half-lives and high sorption properties may thus decay to insignificant levels
during their transient outward diffusion [1]. The other nuclides that do not decay to any
appreciable degree, e.g. actinides, may penetrate through the clay, by various pathways,
to reach the water flowing in the fractures in the rock [13]. Given that the bentonite clay
is homogeneous in texture and that a fracture intersects the canister at nearly the same
level as the small hole in the canister wall, the nuclides would diffuse radially out of the
canister and spherically spread out into a very large volume of the clay. This case is, as
sketched in Fig. 2-3, not only conservative in that it physically minimizes the transport
resistance to diffusion, but also plausible in practice. Some species might diffuse axially
through the bentonite clay up to the disturbed zone in the rock around the tunnels, as
schematically shown in Fig. 1-3, where the hydraulic conductivity is higher than that in
the undisturbed rock. In that case, the diffusion distance would be longer and the
nuclides would decay to an even higher degree [1].

The bentonite clay contains, in addition, many reducing components, mostly ferrous iron
and some organic matter. The iron content in e.g. the bentonite MX-80 is 2.5 ~ 3 wt. %,
and 25 ~ 50 % of this iron is ferrous (the fraction of ferrous iron could be reduced to 5 ~
10 % if this clay were heated to remove organic matter before deposition) [79]. The pore
water in the clay is, on the other hand, constantly being supplied with reducing species
from minerals in the rock. The redox conditions in the repository are thus chemically
reducing before any oxidizing species leaks out of the canister. The radiolysis-produced
oxidants, and possibly the oxidation products of the redox-sensitive nuclides, will then
readily react with the reducing species during their outward diffusion. As a result, the
redox conditions in the vicinity of the canister will first be changed from reducing to
oxidizing. The redox front that demarcates the oxidizing and reducing zones will then
gradually advance, and an increasing volume of the bentonite clay will be oxidized as
more oxidation products are generated and transported into the buffer [12]. At the same
time, the redox-sensitive nuclides, e.g. uranium, will precipitate at the front, due to their
solubility difference in oxidizing and reducing conditions. Only a small fraction of these
nuclides will migrate in reducing states away from the redox front that will penetrate
into the rock if the reducing components in the accessible clay are exhausted [15].

Once they have passed through the bentonite clay, the nuclides will migrate forward into
the water-bearing fractures in the rock, where advection controls the mass transport. The
hydraulic properties of the rock, such as the fracture aperture, the fracture frequency, the
water flux and the flow distribution, are thus of great importance in determining the
transport of nuclides at this stage. The fracture aperture and frequency codetermine the
contact area between the mobile water and the clay, and thus they greatly influence the
near field release to the far field. The flow distribution of water is also important, since
some canisters may be intersected by fractures with high flow rates. Measurements of
the fracture frequency and of the water flux, however, present considerable difficulties,
and their values may vary significantly. The concept of an equivalent flow rate Qeq [80]
is thus commonly used to account for hydraulic information. This entity denotes, in
essence, a fictitious rate of water flow that leaves the near field of the repository with
the concentration equal to that at the buffer/rock interface [80, 81].

The rate of transport of nuclides depends, in general, not only on the path by which the
nuclides are transported from the near field to the far field, but also on the concentration
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difference between the interior of the canister and the groundwater far from the deep
repository. The latter is controlled mainly by the dissolution of the fuel matrix, and it
can be affected to some extent by the geochemical conditions of the repository.

The ligands will first diffuse into the canister from the deep groundwater, as shown
schematically in Fig. 2-3 (a), and they will then diffuse out to the surroundings in the
form of nuclide complexes. The inward diffusion of ligands may take different pathways
from the outward diffusion of nuclides. For simplicity, however, one can assume that
they have only one transport path in the near field. The complexation within the canister
may initially accelerate the dissolution of the fuel matrix by stabilizing the uranyl ions,
but it may later limit a further rise in the concentration of uranium by the formation of
secondary species. Provided that oxidizing conditions prevail at the fuel surface and that
the reducing effects of hydrogen and ferrous iron are minor, secondary uranium phases
are likely to form rapidly once dissolution commences [7, 19]. The oxidative dissolution
of the fuel matrix, and the subsequent release of nuclides, would then be dominated by
the properties of the precipitated phases, such as composition, morphology and degree
of protectiveness [4, 82]. The precipitates thus formed may generally take several forms,
such as schoepite, rutherfordite, soddyite, becquerelite and uranyl orthophosphate [82].
The specific constitution is to be determined by the rate of supply of ligands from the
deep groundwater, in addition to the chemistry of the dissolution process [4].

To evaluate the transport of nuclides in the near field of the repository and to explore the
possible effects of ligands, a resistance network model is here developed that is based on
the pessimistic case shown in Fig. 2-3. The model that describes the transport resistance
in the near field as coupled resistors is constructed, however, independently of the long-
term behaviour of dissolution of the fuel matrix. It gives a PSS description of the release
of nuclides, by assuming that the conditions change slowly both inside and outside the
canister and by neglecting any changes in e.g. the area of the defect in the canister wall.

Mathematical Model

Disregarding any influences of sorption, reaction and radioactive decay, the transport
resistance to migration of all the dissolved species (including both actinides and ligands)
in the near field is roughly made up of three resistors, as shown in Fig. 2-3 (c). The first
is the transport resistance within the canister that results from the diffusion through the
small hole in the canister wall, and it is simply given by:
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where Ahole is the area of the small hole in the canister wall; i
wD  is the diffusivity of the

ith aqueous species in the groundwater; and Mx is the number of the aqueous species. �x
is the thickness of the canister wall. One can, however, use it as a visualization tool to
explore the possible influence of the interior resistance produced by the limited gaps
within the canister.

The second resistance is the transport resistance through the bentonite clay, and this
consists of two parts. The first part focuses on the region very close to the canister, due
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to the radial expansion of diffusion from the hole-outlet to the bentonite clay [13]. The
second part focuses on the region very near to the fracture in the rock, due to the sharp
contraction of diffusion from the bentonite clay to a narrow fracture [83]. These two
resistances can both be given in terms of the length of an equivalent plug, if the concept
of a resistance equivalent plug [13] is introduced, as:
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where i
eD  is the effective diffusivity of the ith aqueous species in the clay, and Af is the

area of the fracture opening in contact with the bentonite buffer.

The length �y of the equivalent plug corresponding to iRctb  is given by [13]:

 )2/(hole �Ay �� (2-27)

and the length �z of the equivalent plug at the mouth of the fracture corresponding to
iRbtf  [83] is:
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where bf is the half-width of the fracture, and Fx,0 is an effective diffusion length
function. The factor Fx,0/bf has been found to range from 3 to 7 [83] for fractures with an
aperture varying from 10-4 to 10-3 m and a buffer thickness ranging from 0.30 to 0.35 m.

The last resistance is associated with the advection in the fractures in the rock. If the
concept of an equivalent flow rate Qeq [80] that accounts for the transport capacity of the
water flowing in the fractures is introduced, the resistance is given by:
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where Qeq is an equivalent flow rate of water that can carry solutes in the fractures in the
rock. It is often taken to be 1�l0-3 m3/yr in the safety assessment of a repository, in the
SKB concept [80].

Considering this total resistance network, the overall resistance Ri to mass transport of
the ith dissolved species in the near field can be written as:
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and correspondingly, a mass transfer coefficient with respect to Ahole for each of the
dissolved species can be calculated as,
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This yields a general description of the rate of transport of the actinides away from the
canister, if the subscript j is used to indicate the actinides,
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where 0
ic  and �

ic  are, respectively, the concentrations of the ith aqueous species inside
the canister and in the deep groundwater far from the repository; aij is the stoichiometric
coefficient of the jth actinide in the ith aqueous species, and Ma is the number of
actinides.

The concept of a total analytic concentration [71] is commonly employed to quantify a
specific component. This gives for each of the actinides:
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where Cj
0 and Cj

� are the total analytic concentrations of the jth actinide inside the
canister and in the deep groundwater far from the repository, respectively, and Qj

tot is an
equivalent total-flow rate of the jth actinide that stands for a flow rate of an imaginary
water that leaves the near field with the concentration Cj

0. It is roughly an inverted
measure of the overall transport resistance in the barriers that include the flowing water
in the fractures in the rock,
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For each of the ligands that first come into the canister and then leak out in the form of
nuclide complexes, however, the mass-transfer rate must be zero by the principle of
mass conservation. This gives, if the subscript k is used to indicate the ligands,
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where Ck
0 and Ck

� are the total analytic concentrations of the kth ligand inside the
canister and in the deep groundwater far from the repository, respectively; aik is the
stoichiometric coefficient of the kth ligand in the ith aqueous species, and Ml is the
number of ligands.

Obviously, given Cj
� and Ck

�, Eq. (2-32) is well related to Eq. (2-36) by ci
0 or, by Cj

0

and Ck
0 that generally depend on the dynamics of dissolution of the fuel matrix within

the canister. A model for the oxidative dissolution of the fuel matrix is thus required to
provide a proper coupling, in order to obtain a description of the evolution of transport
of actinides in the near field. Provided that oxidizing conditions prevail at the fuel
surface all the times, however, Cj

0 would be limited by the solubility-determining phases
that are determined primarily by Ck

0 within the canister [82]. In this limiting Stationary
State case, the concentration ci

0 would, by the law of mass action, be a function of the
concentration of each of the aqueous components that consist of both actinides and
ligands. A chemical equilibrium model [82] that includes all the relevant actinides and
ligands would thus provide a firm algebraic link between Eqs. (2-32) and (2-36). The
transport problem involving Ma + Ml unknowns will then be solvable, and this will give
an insight into the extreme effects of ligands on the dissolution of the fuel matrix [19].

In developing this transport-resistance-network model, the influence of the rate of redox
reactions is not explicitly included. It is assumed that the concentration of the actinides
near the fuel can be determined in some way. Later in this work, the redox reactions will
be included. A very conservative evaluation would thus be given to the rate of release of
nuclides from the repository, if this model were employed to simulate the transport of
redox-sensitive actinides in the near field. Assuming that the redox reactions take place
very rapidly i.e. instantaneously in the bentonite clay, however, the set of equations
formulated in the model would still hold. In this limiting case, the oxidizing species
cannot co-exist with the reducing species in the bentonite buffer. The redox front thus
formed would become a sharp interface, and the concentrations of both the radiolytic
oxidants and the redox-sensitive nuclides would decrease linearly from the hole-outlet
to the redox front [12]. As a result, iRctb  and iRbtf  can be roughly used to measure the
transport resistance from the canister to the front and from the front to the fracture,
respectively, as soon as the front moves away from the canister [14]. This implies that
the movement of the redox front in the bentonite buffer would have no great influence
on the overall transport resistance. The only effect of the front is that it may lead to the
precipitation of redox-sensitive actinides in the near field.

Thus, for each of the dissolved species, a mass transfer coefficient from the canister to
the redox front is given by:
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and a mass transfer coefficient from the front to the deep groundwater far from the final
repository is given by:
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In this way, Eq. (2-32) can be used to give a fictitious rate that quantifies the transport of
the jth actinide away from the repository, in which it is assumed that no precipitation
occurs, i.e.:
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If precipitation takes place at the redox front, however, the rate of transport of the jth
actinide away from the repository should be modified as:
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where rf
ic  is the concentration of the ith aqueous species at the redox front that is

limited by a set of solubility-determining phases under reducing conditions.

Comparing these two fictitious rates, one can determine the possibility of precipitation
of the redox-sensitive actinides at the front. A general description of the rate of transport
of the jth actinide away from the canister can then be properly given:
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Correspondingly, the rate of transport of the jth actinide away from the repository is:
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The radiolytic oxidants are, however, completely exhausted at the redox front. The rate
of transport of the radiolytic oxidants away from the canister, NO, can thus be given by:

O
O
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where CO is the concentration of the radiolytic oxidants within the canister, mol m-3.

Provided that both the radiolytic oxidants and the redox-sensitive nuclides co-contribute
to the propagation of the redox front, the rate of movement of the front in the bentonite
clay can, by applying the law of mass balance to the redox reactions, be written as:
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where rrf is the radius of the redox front relative to the hole outlet of the canister; fj is the
stoichiometric factor of the jth actinide in the reaction with Fe(II), which is simply zero
for the redox-insensitive actinides, and CFe is the concentration of ferrous iron, Fe(II), in
bentonite clay.

This equation states clearly that the escaped oxidants, including the oxidation products,
are balanced instantaneously by the accessible reducing species in the clay. It could be
used to determine when the redox front moves into the fractures in the rock. At present,
however, the reducing component considered is only ferrous iron that is to be supplied
by the pore water, the bentonite clay and the rock. The other reducing species such as
organic matter can, nevertheless, be included in the Fe(II), from a mass balance point of
view [12].

The model developed is simple both conceptually and mathematically, even though an
effort has been made to account for the conservative effect of the redox reactions within
the bentonite buffer. The assumption of instantaneous reaction is obviously unrealistic.
Nevertheless, the model provides a general framework that takes into account most of
the important resistance to mass transport in the near field of a repository. It is flexible
and adaptable, and it can be coupled to models for the oxidative dissolution of spent fuel
to enable the performance of a repository to be assessed.
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3 APPLICATION OF MODELS

The three models developed have been applied to an SKB-specified scenario as shown
in Fig. 1-3, to explore the local characteristics of the system, to evaluate "what if"
situations and to study the response of the system to different conditions imposed upon
it. The simulations performed are helpful to gain an insight into the most important
mechanisms that govern the fuel dissolution and the nuclide release, and to assess where
the major uncertainties in data and assumptions are to be found.

3.1 The Effect of the Deep Geochemical Conditions

This section studies the influence of various ligands, how they can act as conveyors of
dissolved hexavalent uranium and how they can affect the formation of precipitates
within the canister under fully oxidizing conditions.

Provided that oxidizing conditions prevail at the fuel surface all the time (i.e. the fully
oxidizing conditions), the dissolution of the fuel matrix would make the concentration
of uranium rapidly rise and approach its solubility limit [7]. As a result, the release of
the nuclides originally embedded in the fuel matrix, and their subsequent transport away
from a defective canister would be solubility-limited, and would be favourably affected
by the geochemical conditions of the repository [4]. An overestimate of the transport of
uranium in the near field would then be obtained in this very limiting case if any redox
reactions in bentonite clay were disregarded. Thus, a study of the ligand-concentration-
dependence of the rate of release of uranium from the repository would highlight the
possible effects of various ligands on the oxidative dissolution of the fuel matrix [19].

Coupled to a chemical equilibrium model for the solubility of uranium under oxidizing
conditions [82], the transport resistance network model was used to determine the rate
of release of uranium from the repository, NVI, as a function of the composition of the
deep groundwater and the pH at 25 �C and at 1 atm. The thermodynamic equilibrium
constants of the dominant species are essentially taken from the NEA Thermochemical
Data Base of Uranium [84], with some uranium minerals added, such as becquerelite
[85], uranyl orthophosphate [86] and others [87, 88]. The thermodynamic equilibrium
constants for uranium phosphate complexes and uranium hydroxide complexes have all
been modified using the most recently published data [85, 86]. The other parameters
used are tabulated in Table 3-1.

In the calculations, the diffusivities of aqueous uranium species are all assumed to be the
same due to the scarcity of the data, and so are the diffusivities of the other species. This
simplification may have some influence on the results, but the error is probably very
small, because the uncertainties in the thermodynamic data are normally larger than
those in the diffusivities.
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The effect of carbonate, sulphate, fluoride and chloride

Figure 3-1 shows NVI vs. pH for various total concentrations of carbonate [CO3
2-]T

�,
sulphate [SO4

2-]T
�, fluoride [F-]T

�, and chloride [Cl-]T
� in an imaginary groundwater.

Table 3-1 The basic parameters used in the calculations.
Notation Nomenclature Value
�x
Ahole
Af
bf
Fx,0/bf
D
De
Dw,n
De,n

*

Qeq

The thickness of the canister wall.
The area of the small hole in the canister.
The area of the fracture opening in contact with the buffer.
The half-width of the fracture.
A factor regarding the effective diffusion length function.
The diffusivity of uranium species in groundwater.
The effective diffusivity of uranium species in the clay.
The diffusivity of non-uranium species in groundwater.
The effective diffusivity of non-uranium species in the clay.
The equivalent flow rate of groundwater in the fractures

6e-2 m
5e-6 m2

1e-4 m2

1e-4 m
5
1e-9 m2 s-1

1e-10 m2 s-1

1.5e-9 m2 s-1

5e-13 m2 s-1

3e-11 m3 s-1

* These are mostly anionic ions and are subject to ion exclusion effects
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Figure 3-1 The rate of release of uranium NVI vs. pH for various (a) [CO3
2-]T

�;
(b) [SO4

2-]T
�; (c) [F -]T

�; and (d) [Cl -]T
� concentrations in deep groundwater.
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It is seen that NVI increases strongly with increasing [CO3
2-]T

� from 1�10-4 up to 1�10-2

M in the high pH region. The rate NVI reaches a maximum value of ~ 8�10-7 mol/yr at
[CO3

2-]T
� =1�10-2 M. Thus, carbonate has a strong influence of increasing the rate of

release of uranium in the high pH region. In the low pH region, where rutherfordite
UO2CO3 (cr) becomes the solubility-limiting solid, NVI falls somewhat in contrast to the
value in a distilled water environment.

Compared with carbonate, sulphate and fluoride have a weak effect increasing the rate
NVI in the low pH region. In the high pH region, the release rate NVI is independent of
concentrations of sulphate and fluoride. The rate NVI does not, however, change visibly
with increasing [Cl-]T

� from 1�10-2 up to 1�10-1 M, even in the low pH region. Thus,
chloride has a very minor influence on the rate of release of uranium in comparison with
that of fluoride, sulphate and carbonate.

The effect of phosphate, silicate, calcium and sodium

Figure 3-2 shows NVI vs. pH for various total concentrations of phosphate [PO4
3-]T

�,
silicate [H4SiO4]T

�, calcium [Ca2+]T
�, and sodium [Na+]T

� in an imaginary groundwater.

pH

10-5

10-6

10-7

10-8

10-10

10-11

4 5 6 7 8 9 10

10-9

(a) PO3-
4< 10-8 M

   10-7 M
   10-6 M
   10-5 M
   10-4 M

Th
e 

re
le

as
e 

ra
te

 o
f u

ra
ni

um
 (m

ol
/y

r)

pH

10-5

10-6

10-7

10-8

10-10

4 5 6 7 8 9 10

10-9

(b) H4SiO4

   1.95x10-3 M
   10-3 M
   10-4 M
   10-5 M
< 10-6 M

Th
e 

re
le

as
e 

ra
te

 o
f u

ra
ni

um
 (m

ol
/y

r)

pH
4

10-5

10-6

10-7

10-8

(c) Ca2+

5 6 7 8 9 10
10-9

< 10-8 M
   10-4 M
   10-3 M
   10-2 M
   10-1 M

Th
e 

re
le

as
e 

ra
te

 o
f u

ra
ni

um
 (m

ol
/y

r)

pH

10-5

10-6

10-7

10-8

10-10

10-11

4 5 6 7 8 9 10

10-9

(d) Na+< 10-4 M
   10-3 M
   10-2 M
   10-1 M

Th
e 

re
le

as
e 

ra
te

 o
f u

ra
ni

um
 (m

ol
/y

r)

Figure 3-2 The rate of release of uranium NVI vs. pH for various (a) [PO4
3-]T

�;
(b) [H4SiO4]T

�; (c) [Ca2+]T
�; and (d) [Na+]T

� concentrations in deep groundwater.
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It is seen that NVI decreases markedly with increasing [H4SiO4]T
� from 1�10-6 up to

1.95�10-3 M over the whole pH region, where soddyite (UO2)2SiO4�2H2O becomes the
solubility-limiting solid. The rate NVI reaches a minimum value of ~ 3�10-9 mol/yr at
[H4SiO4]T

�=1.95�10-3 M. Thus, silicate has a strong effect of decreasing the rate NVI of
release of uranium.

Phosphate has almost the same effect of decreasing the rate NVI as silicate, but only in
the low pH region, where uranyl orthophosphate (UO2)3(PO4)2�4H2O (cr) becomes the
solubility-limiting solid when [PO4

3-]T
� increases from 1�10-8 to 1�10-4 M. The rate NVI

is independent of the concentration of phosphate in the high pH region. Similarly,
sodium decreases the rate NVI by the formation of Na2U2O7 (cr) in the high pH region,
and so does calcium by the formation of becquerelite Ca[(UO2)6O4(OH)6]�8H2O. The
effect of sodium is, however, weaker than that of calcium unless their concentrations are
both greater than 1�10-4 M. In the low pH region, the rate NVI is independent of the
concentrations of both calcium and sodium.

Sensitivity analysis of the release rate to the ligand concentrations

To evaluate the sensitivity of the release rate NVI to a variation in the concentrations of
the dominant species in the deep groundwater, the standard Swedish groundwater [89]
that has a pH of 8.12 has been selected as the reference. The calculations indicated that,
in the base case, the equivalent total flow rate Qtot is ~ 0.0023 l/yr if the area of the
damage through the canister wall is 5 mm2. In addition, the solubility of uranium is ~
2.1�10-6 M, and the rate NVI of release of uranium is ~ 4.3�10-9 mol per year. The
fraction of release of uranium is thus 5�10-13 per year, because the mass of UO2 in a
canister is about 2400 kg (~ 8880 mol).

If the total concentration of each component in the reference groundwater is increased
by one order of magnitude, the response of the rate NVI is clear, as shown in Fig. 3-3. It
is seen that NVI is most sensitive to a variation in the [CO3

2-]T
� in the high pH region,

where the rate increases by nearly two and a half orders of magnitude. The rate NVI is
also sensitive to a variation in the [H4SiO4]T

� in the high pH region, which lowers the

pH

10-5

10-6

10-7

10-8

10-10

4 5 6 7 8 9 10

10-9

(a)

Varying chloride
Varying sulphate
Varying fluoride

Ref. groundwater

Varying carbonate
Distilled water

Th
e 

re
le

as
e 

ra
te

 o
f u

ra
ni

um
 (m

ol
/y

r)

pH

10-5

10-6

10-7

10-8

10-10

10-11

4 5 6 7 8 9 10

10-9

(b)
Distilled water
Ref. groundwater

Varying sodium
Varying calcium

Varying silicate
Varying phosphate

Th
e 

re
le

as
e 

ra
te

 o
f u

ra
ni

um
 (m

ol
/y

r)

Figure 3-3 The sensitivity of the rate NVI to an increase of concentrations of the
dominant species in groundwater, vs. pH at 25�C and 1 atm.
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release rate by nearly one order of magnitude. The variation in [Ca2+]T
� in the high pH

region decreases NVI by nearly a factor of 5, and so does the variation in [PO4
3-]T

� in the
low pH region. The release rate NVI is, however, less sensitive to variations in other
concentrations, including [Na+]T

�.

Sensitivity analysis of the release rate to the area of the defect in the canister

Figure 3-4 shows NVI vs. pH for various areas of the defect through the canister wall, in
connection with the reference Swedish groundwater. It is seen that the release rate NVI is
almost proportional to the area of the defect if Ahole < 103 mm2 when the transport
resistance is mainly concentrated there, leading to a very small equivalent total-flow-rate
Qtot, as shown in Fig. 3-5. This suggests that the flow in the fractures in the rock is of
little importance for mass transport in the near field as long as the canister has only
limited defects. If Ahole > 106 mm2 (this might happen if the canister were e.g. sheared in
two parts by a major rock movement), however, the defect through the canister wall
would play a very minor role in determining the transport resistance and the equivalent
total flow rate Qtot. In such a case, the transport resistance would be associated mainly
with the mobile water in the fractures in the rock, and the equivalent flow rate Qeq
would be the limiting factor. In other cases where 103 mm2 < Ahole < 106 mm2, the defect
through the canister wall, the bentonite buffer, and the water flow in the fractures play
comparable roles for the near-field transport, as shown in Fig. 3-5.

In conclusion, the simulations suggest that carbonate tends to accelerate the oxidative
dissolution of the fuel matrix by stabilizing the dissolved uranyl ions, and that silicate
and phosphate tend to limit the dissolution rate by the formation of poorly soluble
precipitates. The transport resistance is, on the other hand, concentrated mainly in the
damage through the canister wall if Ahole < 103 mm2, and a very small equivalent total-
flow-rate Qtot is the result. Moreover, it is found that the rate of release NVI of uranium
from the repository would vary from ~ 5�10-11 up to 1�10-6 mol per year, depending on
the pH and composition of the deep groundwater, if the damage in the canister wall
were only 5 mm2. The fraction of the uranium released is thus 1.2�10-10 per year at
most.
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Figure 3-4 The sensitivity of the rate NVI to variation in the area of the damage in the
canister, vs. pH at 25�C and 1 atm.
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3.2 The Effect of the Precipitates within the Fuel Rods

This section studies how the rate of radiolysis of water and thereby the rate of oxidative
dissolution of the fuel matrix is influenced by the formation of secondary phases within
the fuel rods.

The assumption that oxidizing conditions prevail constantly at the fuel surface at all
times is, obviously, very conservative, as it implies that the radiation power associated
with the spent fuel is always sufficient to maintain such conditions. Moreover, it implies
that precipitates form immediately after the canister is breached. The single application
of the transport resistance network model would thus give a very overestimate of the
rate of release of nuclides from the repository if any reactions in the bentonite clay were
neglected. To estimate the rate of transport of nuclides away from the canister, or the
rate of dissolution of the fuel matrix, however, it is necessary to take into account the
movement of the redox-front in the bentonite clay. More realistically, the inhibiting
effect of secondary phases on the interfacial dissolution of the spent fuel matrix cannot
be ignored, and nor can the decay of the radiation power. This requires that the transport
resistance network model be properly coupled to the model for the oxidative dissolution
of the fuel matrix.

Given that the reducing effects of hydrogen and ferrous iron are very minor, secondary
phases are likely to form rapidly within the fuel rod due to the solubility and transport
limitations of radionuclides [14]. The fuel rod that is bound together in a fuel assembly
consists of cylindrical pellets of spent fuel and Zircaloy cladding, as shown in Fig. 3-6.
The gap between the fuel pellets and the cladding has about the same width as the inter-
fragment cracks, of the order of only 30 to 50 �m [90]. The free volume available for
the storage of water in e.g. a BWR fuel rod is normally of the order of 8 to 12 cm3 [64].
It is not, however, possible to know the exact area of the cracks and gaps inside a fuel
rod that are available for water penetration. Nevertheless, it seems reasonable to suppose
that water penetrating into the cladding will be evenly distributed in the cracks within
the pellets and in the gaps, as indicated by the complexity of the voids in Fig. 3-6. On
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vs. the area of damage in the canister.
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the other hand, a knowledge of this is not useful, since the amount of penetrating water
may be limited and insufficient to fill the available volume. Thus, it is assumed in the
model that all the fuel pellets within the cladding are suddenly wetted by water once the
canister is penetrated. Moreover, it is assumed that the available water within all the fuel
rods in the canister is well mixed and is concentrated as a film between the fuel pellets
and the cladding, as shown in Fig. 3-7.

The Zircaloy cladding that, even if damaged, will still be physically present not only
substantially limits the water-filled voids/gaps in the fuel rod [64] but is also expected to
have very limited defects due to its great resistance to corrosion [2]. As a result, the
secondary phases, if they are precipitated as the concentration of dissolved nuclides
exceeds the solubility of their respective limiting phases, will decrease not only the area
of the fuel surface available for oxidation but also the amount of water available for
radiolysis. The rate of production of oxidants and the rate of dissolution of the fuel
matrix will then both be significantly lowered.

Trapped voids
(matrix)

Cracks
(gaps)

UO2 matrix

Defect

Gap Grain boundary Cladding

Fuel rod

Figure 3-6 Longitudinal section through a fuel rod.
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Figure 3-7 Schematic view of the main processes within a fuel rod.
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In the model, it is assumed that the secondary phases precipitated will uniformly fill the
free volume inside the spent fuel rod in a porous structure. It is also assumed that none
of the nuclides released will be reincorporated into secondary phases formed by other
nuclides. This assumption is perhaps unrealistic, because trace metal coprecipitation is a
well-established phenomenon in chemistry. Nevertheless, it is conservative from the
viewpoint of mass transport. Accounting for the most important processes within the
fuel rod, as sketched in Fig. 3-7, the system of governing equations describing mass
conservation can be formulated as follows by applying the model for the oxidative
dissolution of the fuel matrix without considering the possible effect of H2 [14].

In the fuel matrix:

11, ��

���� nnnnnrelsfuel
n IIRA

dt
dI

��� (3-1)

In the solution near the fuel pellets:

dt
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dt
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V oxfuel
ra
oxfuel

�
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In the precipitate formed by the element e:
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11
�
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where V is the initial volume of water-filled gaps in a canister over all the fuel rods, � is
the porosity of secondary phases precipitated near the fuel pellets; �n is the rate constant
of decay of the nth nuclide, which is an isotope of the element e, and n-1 refers to the
parent of the nth nuclide; Cn is the concentration of the nth nuclide at the fuel surface;
Mprec,n is the mass of the precipitate formed by the nth nuclide ; CO is the concentration
of the radiolytic oxidants at the fuel surface (in unit of mol m-3); NO is the rate of mass
transport of the radiolytic oxidants away from the fuel rod; and � and �e refer to the sum
over all the elements and over all the isotopes of the element e, respectively.

The kinetic rates ra
oxR , Rox and Rrels,n have been defined in the model for the oxidative

dissolution of the fuel matrix. The rate of net supply of the nth nuclide to water volume
�V in the fuel rods in a canister, Rnesp,n, is here defined to sum all the contributions that
change the concentration Cn, except that of the precipitates, i.e.:
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dt
dVCVCVCNRAR nnnnnnnrelsfuelnnesp
�

����� �����
�� 11,, (3-6)

where Nn is the rate of transport of the nth nuclide away from the fuel rod.

In this way, the rate of incorporation/release of the nth nuclide into/from the secondary
phase that its element e forms, Rprec,n, can be formulated as a function of the net supply
rate, Rnesp,n, of each of the isotopes of the element. The secondary phase of the element e
cannot, however, form unless its concentration Ce reaches its solubility limit Soxd,e under
oxidizing conditions. The rate Rprec,n will thus retain its initial value of zero until the rate
of escape of the element e away from the fuel rod, Ne, cannot match the rate of its
release from the fuel, Rrels,e, to carry away enough of the element. The secondary phase,
once formed, will initially accumulate within the fuel rod but will later dissolve to
maintain the concentration Ce at its solubility limit. The nth nuclide will then contribute
directly to the precipitation of the secondary phase that its element e forms, if its net
supply rate Rnesp,n is greater than zero. Otherwise, it could be brought into the secondary
phase only by precipitation of its isotopes, and the nth nuclide originally incorporated in
the precipitate tends to be released.

Considering the co-effects of all the isotopes, the rate of incorporation of the nth nuclide
into the precipitate will be related only to its instantaneous concentration in solution, as
the secondary phase accumulates layer by layer. The rate of release of the nth nuclide
from the precipitate will, however, be related only to its inventory in the outmost layer
of the precipitate, as the secondary phase dissolves layer by layer. The distribution of the
nth nuclide in the precipitate that its element e forms will thus strongly depend on the
history of precipitation/dissolution of the precipitate, and on its radioactive decay and
ingrowth. As a result, the rate Rprec,n is difficult to formulate rigorously. For simplicity,
however, it is assumed in the study that all the isotopes of the element e are momentarily
fully distributed in the precipitate that it forms. If the precipitation and dissolution of the
secondary phase are assumed to be congruent with respect to the concentration in the
solution and to the inventory in the precipitates, respectively, this gives:
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where the superscripts + and – refer to the positive and negative rate Rnesp,n, respectively.

The rate of transport of the nth nuclide and of the radiolytic oxidants away from the fuel
rod, i.e. Nn and NO, also play important roles in the build-up of solutes within the fuel
rod, as shown in Eqs. (3-2) and (3-6). Provided that there is no transport resistance
whatsoever within the canister, they can be described by the model for mass transport in
the near field, i.e. by Eqs. (2-42) and (2-44), taking into account the redox reactions in
the bentonite clay. Thus, the set of equations (3-1) to (3-7) provides a firm link between
the dissolution model and the transport resistance network model that includes the
movement of the redox front in the bentonite clay. They can thus be coupled together to
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explore the possibilities and consequences of precipitation in the water film around the
fuel pellets.

The application has been performed to the SKB-specified scenario, as shown in Fig. 1-3,
by providing proper initial conditions [14]. In the basic case, the canister is assumed to
have an initial damage through its wall with an area of 5 mm2. The time of penetration
of the canister is set at 1000 years after disposal. The initial inventories of the actinides
that are of great concern in the fuel matrix are taken from previous studies [1, 2]. The
solubilities and the effective diffusivities of the actinides involved are tabulated in Table
3-2, and they are all assumed to be constant without considering their dependence on the
geochemical conditions of the deep repository. The other parameters used in the base
calculations are listed in Table 3-3.

Table 3-2 The solubilities and diffusivities of the actinides concerned.
Reducing conditions Oxidizing Conditions Diffusivities (m2 s-1)

Actinide Solubility
Sred,e (M)

Limiting
phase

Solubility
Soxd,e (M)

Limiting
phase

In
water

In
bentonite

U 1.86e-7 UO2 3.0e-3 Schoepite 1.0e-9 1.0e-10
Np 6.92e-9 Np(OH)4 1.0e-3 NpO2OH 1.0e-9 1.0e-10
Pu 1.57e-10 Pu(OH)4 3.0e-9 Pu(OH)4 1.0e-9 3.0e-10
Th 2.40e-10 ThO2 2.4e-10 ThO2 1.5e-10 7.0e-11

Table 3-3 The basic parameters used in the base calculations.
Notation Nomenclature Value
t0 The time of penetration of the canister. 1000 yr
c1 A constant related to the radiation power in Eq. (2-3) 11.5
c2 Another constant related to the radiation power in Eq. (2-3) -0.755
Gmax The maximum G-value for the oxidant production 3e-7 mol J-1

fox The fraction of maximum G-value to produce oxidants 0.01
fw The fraction of radiation energy deposited in water 0.01
d The order of the oxidizing reaction at the fuel surface 0.5
kox The rate coefficient of the oxidizing reaction at the fuel 2.45e-10 Junit
�x The length of the damage in the canister wall. 0.1 m
Ahole The area of the damage in the canister wall. 5e-6 m2

V The initial free volume in all fuel rods in a canister. 6e-3 m3

Mfuel The mass of the fuel matrix in a canister. 2400 kg
Afuel The initial fuel surface area in a canister. 100 m2

CFe The concentration of reducing species in bentonite clay. 200 mol m-3

Dw,ox The diffusivity of oxidants in the groundwater 4e-9 m2 s-1

De,ox The effective diffusivity of oxidants in the clay. 2.5e-12 m2 s-1

Qeq The equivalent flow rate in the fractures in the rock. 3e-11 m3 s-1

Af The area of the fracture opening in contact with the buffer. 1e-4 m2

bf The half-width of the fracture. 1e-4 m
Fx,0/bf A factor regarding the effective diffusion length function. 5
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The evolution of the oxidative dissolution of the fuel matrix

The simulations performed suggest that the concentration of the radiolytic oxidants near
the fuel surface quickly rises to a peak value of ~ 8.4�10-6 M, as shown in Fig. 3-8 (a),
soon after the canister is penetrated. This is due partly to the strong radiation power
associated with the fuel, and partly to the great transport resistance to diffusion that is
provided mostly by the small cracks in the Zircaloy cladding and by the small damage
through the canister wall. The rapid decrease in concentration thereafter is, however,
attributed less to the rapid oxidation of the fuel surface, and more to the precipitation of
secondary phases that results in a significant decrease in the amount of water available
for radiolysis. The porosity of the secondary phases, as indicated by the solid line in Fig.
3-10, decreases rapidly from an initial value of 1 down to 0.006 at ~ 4�105 years. This
suggests that about 99.4 % of the nuclides released from the fuel matrix precipitate
again to form secondary phases so that the free volume in all the fuel rods in a canister
drops to two orders of magnitude lower than the initial value of 6�10-3 m3. Furthermore,
calculations show that more than 98 % of the precipitates consist of 238U, which is
consistent with its fraction in the nuclides in the matrix. This suggests that the larger the
inventory of the nuclide the greater is its contribution to the secondary phases formed.
The very slow increase in the porosity thereafter indicates that the dissolution of the
secondary phases prevails over the precipitation at the later stage, and that the interfacial
dissolution of the fuel matrix tends to cease.

The comparison of the cumulative fractional dissolution of the fuel matrix with and
without considering the influence of precipitation makes the effect of precipitates even
clearer. It is seen in Fig. 3-8 (b) that such a fraction levels out once the secondary phases
fill most of the free volume in the fuel rods, and that only ca. 2.1 % (50 kg) of the fuel
matrix is oxidized and dissolved up to 107 years. The average rate of dissolution of the
matrix is therefore only ca. 5 mg/yr. Moreover, calculation shows that ~ 76.3 % (142.0
mol) of the nuclides released are reprecipitated, and thus only ~ 23.5 % of the nuclides
released can escape from the canister within 107 years. If the diminishing effect of the
secondary phases is neglected, however, the cumulative fractional dissolution of the fuel
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(b) Comparison of the cumulative fractional dissolution of the fuel matrix.
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matrix quickly rises, and ~ 28.2 % (675 kg) of the fuel matrix is oxidized and dissolved
within 107 years. Thus, the precipitation of secondary phases in the fuel rod significantly
inhibits the oxidative dissolution of the fuel matrix, by considerably decreasing the
water available for radiolysis and the fuel surface area available for oxidation.

The pertinent rates and fractions of escape/transport of the most important actinides in
the near field of the repository are tabulated in Table 3-4.

The evolution of the concentration of actinides near the fuel surface

The total concentration of hexavalent uranium near the fuel surface quickly reaches and
then stabilizes at its solubility limit, as shown in Fig. 3-9 (a). This indicates that a
secondary phase of uranium rapidly forms within the fuel rod if the effect of dissolved
H2 is minor and if the claddings physically present inside the canister have only limited
defects. The concentrations of the isotopes of uranium, however, are not only different
but also vary with time. It is seen that the larger the inventory of the isotope, the greater
is its concentration, and that the slower the radioactive decay, or the faster its ingrowth,
the more stable is the concentration. In addition, the concentration of 238U is found to be
basically around 2.96�10-3 M. This suggests that > 98 % of the aqueous uranium is 238U,
and thus that it dominates not only in the chemistry near the fuel surface but also in the
precipitation of secondary phases within the fuel rod.

Similarly, the concentration of 237Np (the only isotope of neptunium involved) quickly
reaches and then stabilizes at its solubility limit under oxidizing conditions. It drops
sharply, however, about 1.5�105 years after penetration of the canister. This implies that
the secondary phase that it forms has been fully dissolved, and that its supply due to the
very slow dissolution of the fuel matrix falls short of its demand to escape at this stage.
The evolution of the total concentration of plutonium near the fuel pellets is, as shown
in Fig. 3-9 (b), quite similar to that of neptunium. Nevertheless, the period during which
plutonium stabilizes at its solubility limit is ~ 5.3�106 years, i.e. much longer than that

Table 3-4 The escape/transport rates and the pertinent fractions of the actinides
within 107 years, on average.

Actinide i
relsM i

escF i
escm i

rfF i
rfm

U 44.0 kg 23.5 % 1.03 mg (36.6 Bq) 1.6 % 16.7 �g (0.6 Bq)
Npa 58.0 g 95.5 % 5.54 �g (145.0 Bq) 5.7 % 0.3 �g (8.3 Bq)
Pub 168.0 g 0.004 % 0.64 ng (1.42 Bq) 100 % 0.6 ng (1.4 Bq)
Thc 5.7 g 0.002 % 12.9 pg (3.9e-4 Bq) 100 % 12.9 pg (3.9e-4 Bq)
M irels
F iesc
m iesc
F irf
m irf

The cumulative amount of the actinide released from the fuel in 107 yrs.
The fraction of the actinide escaped from the canister to that released from the fuel.
The average amount of the actinide escaped from the canister per year.
The fraction of the actinide transported away from the front to that escaped from the canister.
The average amount of the actinide transported away from the redox front per year.

a

b

c

Almost 4.5 % of neptunium released decays to 233U in 107 yrs.
Almost all plutonium released decays to uranium, i.e., 235U and 238U.
Almost all thorium released is preserved inside the canister as precipitate.
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required for neptunium. Moreover, it is seen that the total concentration of plutonium,
and thus its release and transport behavior, is dominated firstly by 239Pu and then by
242Pu after 105 years. This results mainly from the fact that 239Pu initially has a much
larger inventory than 242Pu in the fuel matrix, although it decays much faster. In like
manner, 230Th dominates in the release and transport of thorium in the near field in the
first 106 years after which 232Th dominates, as shown in Fig. 3-9 (c). The only difference
between thorium and plutonium is that the concentration of 232Th does not drop in the
later period, due to the contribution from the decay of both 234U and 236U to the
secondary phase which thorium forms. The total concentration of thorium thus stabilizes
at its solubility limit up to 107 years.

Sensitivity analysis

The data used in the basic calculations are essentially within reasonable bounds. Some
of them are, however, very conservative and even unrealistic, e.g. the free volume in all
the fuel rods in a canister. Sensitivity analyses have thus been performed with respect to
the most important variables by changing their magnitudes one at a time, while keeping
other parameters constant.

The size of the damage in the canister wall

The size of the damage in the canister wall through which oxidants and nuclides escape
directly affects the transport resistance to diffusion, and thus it has a certain effect on the
oxidative dissolution of the fuel matrix. The average dissolution rate would, according
to the calculations, increase by a factor of 7 if the area of the damage were increased by
a factor of 80 from 5�10-6 m2 to 4�10-4 m2. Correspondingly, the average rate of escape
of uranium away from the canister would increase by a factor of 30 over 107 years.
Moreover, it is found in Fig. 3-10 (a) that the porosity of the secondary phases, an
indicator of the dissolution process, is very sensitive to variations in the area of the
damage, but only in the later period. This suggests that the size of the damage has only a
negligible effect on the formation and accumulation of secondary phases within the fuel
rod when the radiation emitted from the fuel itself is still full of vitality. An enlargement
of the damaged area might, however, bring about a fast dissolution of the precipitates
and thus it might indirectly enhance the later dissolution of the fuel matrix by increasing
the free volume within the fuel rod.

Sensitivity analyses with regard to the sizes of the fractures and to the rate of water flow
in the fractures in the rock show that these have little effect on either the dissolution of
the fuel matrix or the escape of actinides away from the canister. These factors are thus
of little importance as long as the canister has only very limited defects.

The initial free volume inside a canister

The initial free volume in all the fuel rods in a canister has only a very small influence
on the escape of oxidants and nuclides out of the canister, since it makes no contribution
to the transport resistance. Nevertheless, an increase in the initial free volume can slow
down the precipitation of secondary phases, as shown in Fig. 3-10 (b). As a result, much
more water will be available for the radiolysis. The oxidative dissolution of the fuel
matrix will thus be markedly accelerated, particularly in the beginning.
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Secondary phases, however, always precipitate to fill by far most of the voids near the
fuel pellets in the case that the Zircaloy claddings are physically present, and this gives
rise to a very small volume for the storage of water. The dissolution of the fuel matrix is
thence governed mainly by the escape of nuclides from the canister in the long term, i.e.
by the transport resistance. The porosity � therefore tends to have the same evolution in
the later period, since the area Ahole of damage is the same. If the claddings have entirely
disappeared, i.e. V=1.0 m3, secondary phases can also form but they cannot significantly
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diminish the interfacial dissolution of the fuel matrix, since the decrease in porosity is
only small. The average rate of dissolution of the fuel matrix within 107 years will thus
increase by a factor of 13 over that in the basic case. The average rate of escape of the
actinides will, however, change very little.

The initial surface of the fuel matrix, the order and the rate coefficient of the oxidizing
reaction at the fuel surface also have large uncertainties. Sensitivity analyses suggest
that these factors affect only the initial stage of the dissolution and the initial movement
of the redox front in the bentonite buffer until considerable precipitation has taken place
within the canister.

The time of penetration of the canister

The time of penetration of the canister, t0, is supposed to be in the range between 103

and 106 years after disposal [2, 10]. An increase in the penetration time can, as shown in
Fig. 3-10 (c), delay the precipitation of secondary phases, due to a significant reduction
in the radiation power, and can increase the minimum value attained by the porosity �.
The calculations suggest, in addition, that the maximum concentration of the radiolytic
oxidants would be three orders of magnitude lower if t0 = 105 years, and five orders of
magnitude lower if t0 = 106 years than in the basic case where t0 = 103 years. Thus, the
rate of dissolution of the fuel matrix would be considerably decreased if the time t0 to
penetrate were prolonged, and so would the rates of escape of the oxidants and nuclides
away from the canister.

Obviously, the precipitation of secondary phases within the fuel rod can be an important
mechanism that inhibits the oxidative dissolution of the fuel matrix, if the effects of the
reducing species such as hydrogen and ferrous iron are minor. In particular, it is found
that secondary phases quickly fill most of the available voids near the fuel pellets, and
thus slow down the dissolution, provided the claddings are physically present and if the
canister has only limited defects. This suggests that the fuel dissolution is dominated on
a long-time scale by the dissolution of precipitates formed, or by the escape of nuclides
from the canister. Thus, the size of the damage through the canister wall determines not
only the transport of nuclides in the near field but also the dissolution of the fuel matrix
in the later stage. An increase in the size of the damage can speed up the movement of
the redox front in the bentonite clay, and can impel the dissolution of secondary phases.
Other factors, such as the fuel surface, the order and the rate coefficient of the oxidizing
reactions, and the area of the fracture opening to the buffer, generally have very small
effects on the long-term behaviour. The precipitates settled within the fuel rod have, on
the other hand, almost the same proportions of U, Np, Pu and Th as they have in the fuel
matrix, and thus by far the largest proportion of the precipitates consists of 238U. The
redox-sensitive nuclides escaped (U and Np) are always reprecipitated at the redox front
as it moves in the clay, while the redox-insensitive nuclides such as Pu and Th do not.

3.3 The Effect of Hydrogen

This section explores the consequences of the autocatalytic reduction of hexavalent
uranium by dissolved H2, and emphasises the effects of scavenging of oxidants by both



44

hydrogen and ferrous iron, in order to gain an insight into how they cooperate against
the radiolytic oxidants on a long-term scale.

The assumption that the reducing effects of hydrogen and ferrous iron are very minor is,
perhaps, unrealistic. Experimental evidence has indicated that dissolved hydrogen may
substantially inhibit the dissolution of the fuel matrix, particularly if its concentration is
high [56-58]. A sufficient supply of ferrous iron may, as suggested by some calculations
[12], also suppress the oxidation of the fuel pellets by consuming the radiolytic oxidants
if the redox reactions are fast. Both reductants are, therefore, expected to reinforce each
other in the canister system to compete with the radiolytic oxidants and lower the rate of
oxidative dissolution of the fuel matrix. Thus, it is warranted to explore how the build-
up of hexavalent uranium near the fuel pellets is influenced by the radiolytic H2 and by
ferrous iron, by applying the model for the oxidative dissolution of the fuel matrix to the
fuel rod itself [16].

In this study, it is assumed that the kinetics of autocatalytic reduction of hexavalent
uranium by dissolved H2, using UO2 (s) on the fuel pellets as a catalyst, follows the
observations of Bunji and Zogovic [57]. The kinetics of homogeneous oxidation of the
radiolytic oxidants by ferrous iron follows the well-known description by Tamura et al.
[69]. The fuel rod system is, in addition, simplified to be one-dimensional with a cross-
sectional area set equal to the surface area Afuel of the fuel matrix. The available water
within all the fuel rods in the canister is modelled as a film between the fuel pellets and
the cladding, as shown in Fig. 3-11 (the film thickness �w can be used as a visualization
tool to study the influence of the amount of penetrating water).

Assuming that the solution in the system is well mixed, a set of governing equations that
describes the conservation of solute mass can be given for the radiolytic oxidants:

O
O JwRRR

dt
dC

w Feox
ra
ox ������ (3-8)

for the radiolytic hydrogen:

HH
H JRR

dt
dCw red

ra
���� (3-9)
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Figure 3-11 A model system for the fuel rods.
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and for dissolved hexavalent uranium:

VI
VI JRR

dt
dXw reddiss ���� (3-10)

where the kinetic rates ra
oxR , raRH , Rox, Rdiss and Rred have been defined in the model for

the oxidative dissolution of the fuel matrix (see chapter 2). The rate of depletion of the
radiolytic oxidants by dissolved ferrous iron RFe is here defined by the following kinetic
description [69],

pH2
OII 10C'

4
1 XkRFe � (3-11)

where XII is the concentration of ferrous iron near the fuel pellets and k' is the rate
constant of homogeneous oxidation of ferrous iron by oxidants.

The last term on the right-hand side of each of the equations denotes the diffusion flux
of the species away from the fuel rod. In practice, the presence of the diffusion terms
makes the set of ordinary differential equations unsolvable unless further descriptions of
the mass transport of species in the near field of a repository are available. Previous
studies [14, 19] showed, however, that these diffusion terms are very minor compared to
the other terms, due to the large transport resistance provided by the small defects in the
claddings and by the small damage through the canister wall. These terms can thus be
omitted from the equations, and an overestimate of the dissolution of the fuel matrix is
obtained as a result.

In this manner, the set of governing equations were solved numerically by specifying the
initial conditions of zero concentrations of the radiolytic oxidants, H2, and hexavalent
uranium and by keeping the concentration of ferrous iron constant at a specific value.
The results with respect to the evolution of the concentrations of these three species at
25 �C and at pH = 8 and �w = 40 �m are shown in Figs. 3-12 to 3-14, respectively, for
various concentrations of ferrous iron.
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It is seen in Fig. 3-12 that the concentration of the radiolytic oxidants within the fuel rod
can only reach a maximum value of ~ 2�10-6 M in the limiting case where no diffusion
terms are taken into account. Moreover, the figure indicates that the oxidant-scavenging
effect of ferrous iron is negligible until its concentration attains ~ 10-7 M. Given that the
corrosion of the cast iron insert of the canister takes place under anaerobic conditions,
however, the concentration of ferrous iron is only of the order of 10-6 M at most [18].
This suggests that the build-up of the radiolytic oxidants near the fuel pellets would be
dominated mainly by the radiolysis of water. The oxidant-scavenging effect of ferrous
iron may play a role, but only when the radiation field associated with the spent fuel has
decayed to a fairly low level.

The partial pressure of the radiolytic H2 and the concentration of hexavalent uranium
within the fuel rod are, however, very sensitive to the local concentration of ferrous iron.
The presence of 10-8 M ferrous iron near the fuel surface consumes only about 1 % of
the radiolytic oxidants. It makes, however, the partial pressure of the radiolytic hydrogen
rapidly reach the maximum value of 50 bar, as shown in Fig. 3-13, and makes the
concentration of hexavalent uranium rapidly decrease to lower than 10-10 M, as shown in
Fig. 3-14. Even less ferrous iron, such as 10-12 M, has an invisible influence on the
build-up of the radiolytic oxidants, as shown in Fig. 3-12, but it gives H2 a chance to
accumulate within the fuel rod. As a result, as shown in Fig. 3-14, the rate of dissolution
of the fuel matrix decreases significantly even when the partial pressure of the radiolytic
H2 is still very low. This suggests that, once it has dissolved from the fuel matrix due to
attack by the radiolytic oxidants, hexavalent uranium would be reduced very quickly by
the dissolved H2. Most of the dissolved hexavalent uranium would thus reprecipitate as
UO2 (s) on the fuel surface and the concentration of hexavalent uranium would be lower
than that of tetravalent uranium under reducing conditions.

Furthermore, it is seen in Fig. 3-14 that the concentration of hexavalent uranium within
the fuel rod can only reach a maximum value of ~ 2�10-7 M when ferrous iron is absent.
Compared to the results of previous simulations [14] (see section 3.2), this indicates that
the chemistry near the fuel pellets would be quite different if the reducing effect of H2
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were taken into account, and precipitation of secondary U(VI) phases within the fuel rod
would be impossible.

Sensitivity analysis

In the basic calculations, the time of penetration of the canister is set to be 103 years
after disposal. A reduction in the penetration time would certainly result in an increase
in the rate of dissolution of the fuel matrix, due to the time-dependence of the radiation
power of the spent fuel. Nevertheless, sensitivity analyses indicated that the maximum
concentration of hexavalent uranium within the fuel rod would be only one order of
magnitude greater if the canister were breached already 100 years after disposal. This
suggests that the dissolution of the fuel matrix is likely to depend linearly on the inverse
of the time of penetration of the canister, and that secondary uranium phases cannot
precipitate even in the worst case.

Sensitivity analyses with respect to the uncertainties of pH, the rate coefficient kred, and
the film thickness �w were also performed based on the basic case where �w = 40 �m,
pH = 8, [Fe2+] = 10-7 M and kred = 2.27�10-8 M-0.5 bar-0.5 mol U(VI) kg-1 UO2 s-1. The
results suggest that pH has a very similar effect to that of ferrous iron on the dissolution
of the fuel matrix, as shown in Fig.3-15. A unit decrease in pH is equivalent to a 100-
fold decrease in the concentration of ferrous iron, due to the kinetics of oxidation of
ferrous iron, as indicated by Eq. (3-11). In like manner, the rate coefficient kred has a
considerable influence on the reduction of hexavalent uranium at the UO2 (s) surface. A
decrease by one order of magnitude in the rate coefficient kred would lead to an increase
by one order of magnitude in the concentration of hexavalent uranium, as shown in Fig.
3-16. The tendency of evolution of the concentration would not, however, change, since
the reduction of hexavalent uranium is in effect only a consequence of the oxidative
dissolution of the fuel matrix that is triggered and controlled by the radiolysis-produced
oxidants. The thickness �w of the water film around the fuel also affects the dissolution
of the fuel matrix. The dependence of the concentration of the radiolytic oxidants on the
film thickness is shown in Fig. 3-17, in which �w = 18 mm corresponds to a limiting
case where the claddings have entirely disappeared. An increase in the thickness �w
would certainly increase the available volume of the dissolved species and thus decrease
the dissolution rate. This influence is, however, subordinate to the possible influence of
the rate coefficient kred.

Thus, together with the results of previous simulations [14] (see section 3.2), this study
provides strong evidence that most of the radiolytic oxidants would be consumed by the
oxidation of the fuel matrix and much less would be depleted by the ferrous iron nearby.
More remarkably, it was found that the autocatalytic reduction of hexavalent uranium by
dissolved hydrogen with the fuel pellets acting as catalyst would considerably overcome
the oxidation at the fuel surface by the radiolytic oxidants. Most of the dissolved
hexavalent uranium would reprecipitate as UO2 (s) on the fuel surface as a result, and
the concentration of hexavalent uranium would be much lower than that of tetravalent
uranium under reducing conditions. This suggests that the competing effect of hydrogen
should not simply be excluded from the long-term prediction of the dissolution of the
fuel matrix. Further experimental studies are thus required to confirm these findings and
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to provide a well-accepted kinetic description of the effect of H2, since only the data of
Bunji and Zogovic [57] have been available.

3.4 The Effect of Corrosion of the Cast Iron Insert

This section studies the influence of corrosion of the cast iron insert, how the chemistry
within the canister is affected by the production of both ferrous iron and hydrogen under
anaerobic conditions, and how the transport of uranium is retarded by the formation of a
corrosion film. The dominance of the anaerobic corrosion of the cast iron insert and the
applicability of the PSS approach to the reactive transport model developed in section
2.2 are also explored.

Since the presence of ferrous iron near the fuel pellets effectively favours the build-up of
the radiolytic H2 [16], the corrosion of the cast iron insert may play a critical role in
affecting the dissolution behaviour of the fuel matrix by continuously providing ferrous
iron towards the fuel. More importantly, the corrosion may contribute directly to the
build-up of H2 by water reduction, if it occurs under anoxic conditions. In addition, it
may facilitate both homogeneous and heterogeneous redox reactions within the canister
by the formation of a porous deposited film adhering to the iron surface. As a result, the
escaping oxidants from the fuel rod can be favourably depleted, and the transport of
nuclides out of the canister can be favourably retarded by both sorption and reduction.
Thus, it is necessary to include the multiple effects of corrosion of the cast iron insert in
the performance assessment of the repository, by applying e.g. the reactive transport
model formulated in section 2.2 that takes into account the important processes within
the canister [18]. Before numerical execution of the model developed, however, scoping
calculations are needed to highlight the local characteristics of the canister system. The
aim is to provide a basis of refinement of the model to make it computationally efficient,
by indicating which processes dominate in the overall behaviour of the system.
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The build-up of hydrogen and ferrous iron within the canister

The concentration of dissolved hydrogen within the canister is generally limited by the
solubility of H2 in the groundwater. The latter depends on the partial pressure of gaseous
H2, which cannot exceed the hydrostatic pressure at the depth of a repository (50 bar at a
depth of 500 m). If hydrogen is generated solely by the radiolysis of water, the build-up
of H2 near the fuel pellets would be affected by the nearby concentration of ferrous iron.
Given that the canister is penetrated 1000 years after disposal, it would take roughly
another 1000 years to reach the maximum value of 50 bar of H2 if 10-8 M ferrous iron is
present within the fuel rod at pH = 8, as shown in Fig. 3-13. If less than 10-9 M ferrous
iron is present near the fuel pellets, however, the system would never be saturated with
the radiolysis-produced H2. By comparison, H2 fills the canister much more quickly if
the corrosion of the cast iron insert occurs under anaerobic conditions. This was found
as the result of calculations using the empirical model of Bond et al. [10], in which it
was assumed that a corrosion film of magnetite grows uniformly over the entire iron
surface at a given corrosion rate in the range of 0.1 ~ 1 µm/yr. The results suggest that
hydrogen that is generated solely by the iron corrosion would rapidly exceed the
solubility within about 35 years, as shown in Fig. 3-18, even if the corrosion rate is only
0.1 �m/yr. Thus, it can reasonably be assumed that the canister system is always in
equilibrium with 50 bar H2 in the case of anaerobic corrosion of the cast iron insert. A
set of Fe-titration simulations can then be used to simulate the evolution of pH and Eh
in the system and to estimate the solubility of the corrosion products, by providing a
system that is completely saturated with 50 bar H2.

In the set of simulations, the solution used was distilled water, chloride solution or
carbonate solution that was initially charge-balanced by sodium or calcium to ensure the
solution had a pH of ~ 8.0, and a Eh of – 0.3 V as the SKB groundwater [2]. 1 �mol
Fe3O4 or a certain amount of other Fe salts were then titrated into the solution in e.g. 50
steps. The results obtained by PHREEQC [91] indicated that the pH of the solution
would increase, and the Eh decrease, somewhat until magnetite is precipitated. The
composition of the solution has, however, a very minor influence on the final pH and Eh
values, and on the final concentration of ferrous iron. The pH always ends at ~ 8.2, as
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shown in Fig. 3-19 (the result of one of the simulations performed in the solution
containing the same concentration of carbonate as in the SKB groundwater). The
concentrations of ferrous iron are all roughly at 10-6 M as the system is in equilibrium
with Fe3O4. Thus, it can be deduced that the canister system is not only in equilibrium
with 50 bar H2 and magnetite on a long-term scale, but that it also keeps a constant pH
close to 8.2.

Obviously, these findings are very important in refining the proposed reactive transport
model, if the corrosion of the cast iron insert does take place under anaerobic conditions.
Otherwise, if the radiolytic oxidants participate significantly in the corrosion reactions,
the amount of H2 generated by the iron corrosion would be considerably decreased and
magnetite might not be the stable form of the iron-corrosion products.

The dominance of the anaerobic corrosion of the cast iron insert

In the canister system shown in Fig. 2-2, the escaping oxidants from the fuel rod must
pass through the intervening solution between the fuel rod and the corrosion film before
they reach the iron surface. Thus, the intervening solution where the radiolytic oxidants
can be consumed only by dissolved ferrous iron becomes the focus of study, in order to
estimate the evolution of concentration of the oxidants adjacent to the corrosion film. By
this estimation, one can explore the dominance of the anaerobic corrosion of the cast
iron insert and the possible positions of the redox fronts formed.

In the study, a constant cross-sectional area through the solution is assumed that would
not lead to serious distortion of the results. The governing equations that describe the
conservation of oxidants and ferrous iron, respectively, in the intervening solution can
then be given by applying the principle of the reactive transport model [18],
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These equations are supplemented by the boundary conditions of both ferrous iron and
the radiolytic oxidants. The boundary conditions of ferrous iron are as follows:
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where x = 0 and x = l represent the boundaries at the fuel rod and at the corrosion film,
respectively, and XII,right is the concentration of dissolved ferrous iron at the corrosion
film adjacent to the intervening solution.

The boundary condition of the radiolytic oxidants at the corrosion film can be given by:
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The boundary condition of the radiolytic oxidants at the fuel rod is, however, difficult to
quantify. Nevertheless, it can roughly be provided as the solution of a set of equations
(3-8) to (3-11), in which the diffusion terms are neglected with a conservative estimate
of the concentration of oxidants as a result. In this way, the concentration of ferrous iron
near the spent fuel surface must be known, and that requires, in turn, the solution of the
equations (3-12) and (3-13). Thus, iteration has to be performed between the two sets of
governing equations in each single time step in order to obtain the corrections to the
concentrations of the radiolytic oxidants and ferrous iron.

Given that XII,right is 10-5 M and that the iron corrosion rate is 0.1 �m/yr, the set of
equations was solved numerically at pH = 8. The results with respect to the evolution of
the concentration of the radiolytic oxidants and ferrous iron in solution and at both
boundaries are shown in Figs. 3-20 to 3-22.

It is seen in Figs. 3-20 and 3-22 that, soon after penetration of the canister, the radiolytic
oxidants can reach a maximum concentration of only ca. 1.2�10-7 M at the corrosion
film as it increases to a thickness of approx. 1 �m in about 9 years. The concentration of
the oxidants thereafter decreases rapidly at both boundaries, and simultaneously, more
and more ferrous iron reaches the fuel pellets, as shown in Fig. 3-21. In particular, it
takes only about 4500 years to decrease the concentration of the oxidants to a value less
than 10-10 M in almost the entire solution, as shown in Fig. 3-22. At a time of 28210
years after disposal of the fuel, almost the entire solution is saturated with ferrous iron
as the corrosion film reaches a thickness of 3.0 mm, as shown in Fig. 3-21. From then
until the time when the corrosion film reaches the fuel rod, the concentration of the
oxidants at the corrosion film gradually increases, but it never exceeds 10-9 M, as shown
in Fig. 3-22.

In addition, Fig. 3-22 indicates that the concentration of the radiolytic oxidants will be
far less than 10-6 M at the fuel rod 1000 years or more after penetration of the canister.
To oxidize and corrode the iron insert at the same rate as that of the anaerobic corrosion
(0.1 �m/yr), however, this concentration is required to be at least 10-6 M to provide
sufficient oxidants. This suggests that, even if all the escaping oxidants from the fuel rod
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are directly available for the corrosion of the cast iron insert, the contributions they
make to the corrosion rate is at the most marginal.

These results show clearly that the corrosion of the iron insert occurs primarily under
anaerobic conditions, and that the radiolytic oxidants may make a small contribution but
only within the first thousand years after penetration of the canister. Furthermore, it is
probable that only a very thin layer of the corrosion film could, at most, be oxidized by
the oxidants, because the concentration of the oxidants adjacent to the iron-corrosion
film is less than 10-9 M over almost 105 years (this concentration may be even lower if
the transport-limiting effect of the cladding is considered). Thus, the development of the
FeIII/FeII front within the corrosion film would be very slow, especially compared to the
growth of the film itself. As a result, the reduction of dissolved hexavalent uranium by
ferrous iron adsorbed onto the iron-corrosion products and by dissolved H2 would be the
most important mechanisms to retard the transport of hexavalent uranium out of the
canister. Further experimental studies are required to confirm the findings of Charlet et
al. [37, 38] and of Bunji and Zogovic [57].

The applicability of the PSS approach to the reactive transport model

In a typical system where the PSS approximation is valid, the slow reactions, e.g. the
redox reactions, continuously change the concentrations of some of the species in the
system. The slow changes in these concentrations may influence the fast reactions such
as the aqueous complexation reactions, but they can quickly adapt to reach a pseudo
“equilibrium” state with time constants of e.g. fractions of seconds [77, 78]. Thus, the
long-term behaviour of the system would be governed by the slow reactions, and the fast
reactions that follow can be assumed to be in equilibrium at all times.

The PSS approximation can further be extended to a reactive transport system, if the
flow of fluid through the system is very slow and even “slow” redox reactions will have
time to adapt so that they can be thought of as being in equilibrium at any moment [78].
In the canister system, the change in the radiation power associated with the fuel is very
slow compared even to the redox reactions involved. The production of the radiolytic
oxidants within the fuel rod is thus of great concern in determining the characteristics
and behaviour of the system. Comparison of the full numerical and the PSS solution to
Eq. (3-8) may then give sufficient information with respect to the applicability of the
PSS approach to the system, if the diffusion term is neglected. The results indicated that
the PSS solution coincides entirely with the numerical solution, except for a few days
just after the canister is breached, as shown in Fig. 3-23, where the concentration of
ferrous iron is assumed to be constant at 10-8 M. The larger the concentration of ferrous
iron near the fuel pellets, the shorter is the time needed for the two solutions to coincide.
In addition, coincidence was obtained in a comparison between the numerical and PSS
solutions of the governing equations (3-12) and (3-13). This suggests that any changes
in the rate of production of the radiolytic oxidants would quickly be adapted by the
concentration changes in the solution within the canister. The PSS approximation is thus
applicable to the canister system, which is also supported by the results of a comparison
of the time constants of the various redox reactions involved.

These simulations revealed that the rapid build-up of H2 within the canister is attributed
mainly to the corrosion of the cast iron insert, that would take place primarily under
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anaerobic conditions, rather than to the radiolysis of water. The system that is rapidly
equilibrated with 50 bar H2 would exhibit constant pH and Eh levels throughout the
system. In addition, the simulations suggested that it would take ~ 2�105 years to fill the
system with the iron-corrosion products, if the canister were penetrated 1000 years after
disposal and if the corrosion rate is only 0.1 �m/yr. More importantly, it was indicated
that the reduction of dissolved hexavalent uranium by dissolved H2 and by ferrous iron
sorbed onto the iron-corrosion products would be the most important mechanisms to
retard the transport of uranium out of the canister. These findings provide a firm basis to
refine the reactive transport model developed. In particular, the applicability of the PSS
approximation to the system would make the numerical implementation of the model
computationally very efficient.

Time after disposal (yrs)
103 104 105

10-9

10-4

10-5

10-6

10-7

10-10

10-11

CO at fuel rod

CO at corr. film

CO at fuel rod
if Fe(II) is absent

10-8

C
on

c.
 o

f o
xi

da
nt

s 
an

d 
fe

rro
us

 ir
on

 (M
)

XII at fuel rod

Time after the fuel is wetted (days)
0.0

10-5

10-7

10-8

10-9

Predicted by the ODE solution

10-6

[Fe2+] = 10-8 M
pH = 8

0.2 0.4 0.6 0.8 1.2

Predicted by the PSS solution

1.0

C
on

c.
 o

f t
he

 ra
di

ol
yt

ic
 o

xi
da

nt
s 

(M
)

Figure 3-22 Evolution of conc. of oxidants
and ferrous iron at both boundaries.

Figure 3-23 Comparison of evolution of
conc. of oxidants by different methods.



54

4 DISCUSSION AND CONCLUSIONS

Three models have been developed in the study of the oxidative dissolution of spent fuel
and the release of nuclides from a canister. Assuming that the canister is breached at an
early stage after disposal, the three models describe three subsystems of the near field of
the repository, in which the governing processes and mechanisms are quite different.

The model for the oxidative dissolution of the fuel matrix focuses on the spent fuel itself,
and it provides a set of kinetic descriptions of the important processes that relate to the
oxidative dissolution of the fuel matrix and the release of the embedded nuclides. In
particular, the effect of autocatalytic reduction of hexavalent uranium by dissolved H2,
using UO2 (s) on the fuel pellets as a catalyst, is taken into account. The reactive
transport model focuses on the interactions of multiple processes within a canister, in
which significant redox reactions take place as multiple species diffuse. The effect of
corrosion of the cast iron insert of the canister and the reduction of hexavalent uranium
by ferrous iron sorbed onto the iron-corrosion products and by dissolved hydrogen are
included. The transport resistance network model focuses on the transport of long-lived
actinides in the near field, and it describes the transport resistance as coupled resistors
by a coarse compartmentalisation of the repository.

The three developed models have been applied to an SKB-specified scenario, as shown
in Fig. 1-3, to provide an insight into the important processes that govern the long-term
radiological safety of a repository. The simulations performed by various interpretations
of the conditions associated with the spent fuel highlight the roles that the important
mechanisms and factors might play under repository conditions.

Provided that oxidizing conditions prevail constantly at the fuel surface at all times, the
oxidative dissolution of the fuel matrix would make the concentration of uranium near
the fuel pellets rise rapidly and approach its solubility limit. The release of the nuclides
originally incorporated in the fuel matrix, and subsequently their transport away from
the defective canister, would thence be solubility-limited and be favourably affected by
the properties of secondary phases precipitated, and thus by the concentration and rate of
supply of the groundwater species. Assuming that any secondary phases formed do not
interfere with the mass transport, the application of the transport resistance network
model would provide an overestimate of the rate of transport of uranium in the near
field. The results suggest that the rate of release of uranium from the repository would
vary from 5�10-11 up to 1�10-6 mol per year if the damage through the canister wall
were only 5 mm2, depending on the pH and composition of the deep groundwater. The
fraction of uranium released is thus 1.2�10-10 per year at most, as the mass of UO2 in a
canister is ca. 2400 kg. Moreover, the simulations suggest that carbonate favours an
acceleration of the oxidative dissolution of the fuel matrix by stabilizing the dissolved
uranyl ions, and that phosphate and silicate tend to limit the dissolution by the formation
of poorly soluble secondary phases. By comparison, the effects of sulphate, fluoride and
chloride are marginal at most.
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The assumption that oxidizing conditions prevail constantly at the fuel surface all the
time is obviously very unrealistic, since it implies that the radiation power associated
with the fuel is always sufficient to maintain such conditions. Given that the reducing
effects of hydrogen and ferrous iron are very minor, however, secondary phases are
likely to form rapidly due to the solubility limitations, if the rate of escape of nuclides is
small. The secondary phases thus formed will preferentially settle inside the claddings.
This will decrease not only the area of the fuel surface available for oxidation, but also
the amount of water available for radiolysis. As a result, the rate of production of the
radiolytic oxidants and the rate of oxidative dissolution of the fuel matrix will both be
significantly lowered. The application of the model for the oxidative dissolution of the
fuel matrix indicates that only about 2.1 % (50 kg) of the fuel matrix could be oxidized
and dissolved up to 107 years if the effect of precipitates is involved. This is much less
than the fraction of 28.2 % (675 kg) if precipitates are not allowed to form. Moreover,
the simulations suggest that the nuclides released from the fuel matrix would precipitate
rapidly to fill most of the available voids near the fuel pellets, if the Zircaloy claddings
are physically present. The dissolution process will then tend to be significantly retarded
and only about 23.5 % of the nuclides released can escape away from the canister in 107

years. The secondary phases formed within the fuel rod have, on the other hand, almost
the same proportions of U, Np, Pu and Th as they have in the fuel matrix, and more than
98 % of the precipitates consist of 238U. The redox-sensitive nuclides escaped, i.e. U and
Np, always reprecipitate at the redox front as it moves in the bentonite clay, while the
redox-insensitive nuclides such as Pu and Th do not.

If the reducing effects of hydrogen and ferrous iron are included, the chemistry near the
fuel surface is quite different. A sufficient supply of ferrous iron can consume part of the
radiolytic oxidants, and thus suppress the oxidative dissolution of the fuel matrix. The
dissolved hydrogen can use the UO2 (s) on the fuel pellets as a catalyst to reduce part of
the dissolved uranium, and thus lower the concentration of hexavalent uranium. The
specific application of the model for the oxidative dissolution of the fuel matrix to the
fuel rod itself highlighted their combined effects. The simulations suggest that by far the
largest amounts of the radiolysis-produced oxidants are consumed by the oxidation of
the fuel pellets, and that much less is depleted by dissolved ferrous iron. The presence of
ferrous iron within the fuel rod effectively favours, however, the build-up of the
radiolytic H2, particularly if more than 10-8 M ferrous iron exists. As a result, most of
the radiolytically produced hexavalent uranium is reduced by the autocatalytic reaction
with H2 on the fuel surface. The concentration of hexavalent uranium within the fuel rod
is thus much lower than even the concentration of tetravalent uranium under reducing
conditions. This makes it inconceivable for secondary uranium phases to be formed in
the water film around the fuel pellets.

Hydrogen comes, however, not only from the radiolysis of water but mainly from the
corrosion of the cast iron insert of the canister if it occurs under anaerobic conditions.
Moreover, the corrosion of the cast iron insert may result in a porous deposited film
adhering to the iron surface in the long term, as it continuously provides ferrous iron
towards the fuel. The corrosion film, if formed, may facilitate both homogeneous and
heterogeneous redox reactions within the canister. As a result, the escaping oxidants
from the fuel rod can favourably be depleted, and the transport of nuclides out of the
canister can favourably be retarded by both sorption and reduction. Thus, it is necessary
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to include the effects of corrosion of the cast iron insert into the performance assessment
of a repository, by developing a reactive transport model that accounts for most of the
important processes within a defective canister. The model developed has not, however,
been fully numerically implemented. Nevertheless, some rather simple but illuminating
scoping calculations suggest that the rapid build-up of H2 within the canister would be
attributed mainly to the corrosion of the cast iron insert that would take place primarily
under anaerobic conditions, rather than to radiolysis of water. Much of the radiolytic
oxidants escaping toward the cast iron insert would be depleted in the corrosion film,
with a slow movement of the FeIII/FeII front as a result. In addition, the system that is
rapidly in equilibrium with 50 bar H2 would maintain a constant pH and Eh throughout
the system. The non-scavenged hexavalent uranium would be reduced not only by
ferrous iron sorbed onto the iron-corrosion products but also by dissolved H2.

Obviously, the application of the models to different scenarios and different conditions
provides valuable information to enable the important mechanisms and processes that
govern the oxidative dissolution of the fuel matrix and the release of nuclides from a
defective canister to be understood. Attempts to refine the three models must, however,
continue, as more experimental evidence become available. In particular, the kinetics of
the autocatalytic reduction of hexavalent uranium by dissolved H2, used in the model for
the oxidative dissolution of the fuel matrix, is based solely on the experiments of Bunji
and Zogovic [57]. Their results seem convincing, but their experimental conditions are
quite different from the conditions inside the canister. Further experimental studies are
thus required to confirm the findings of Bunji and Zogovic [57]. In like manner, only the
experimental studies from a French group [37-39] support the kinetic description of the
reduction of hexavalent uranium by ferrous iron sorbed onto iron-corrosion products.
More experimental observations and measurements have to be made, particularly with
regard to the effects of ferrous iron that sorbs onto magnetite. Last, but not least, further
work is required to numerically implement the reactive transport model using the PSS
approach, and to improve the transport resistance network model by taking into account
both sorption and non-instantaneous chemical reactions in the bentonite clay.
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5 NOTATION

Symbols used only in one or two places are defined there and are not listed here.

afuel the mass-specific surface area of the fuel matrix, m2 kg-1

aij the stoichiometric coefficient of the jth actinide in the ith aqueous species
aik the stoichiometric coefficient of the kth ligand in the ith aqueous species
A the cross sectional area of the canister system, m2

Af the area of the fracture opening in contact with the bentonite buffer, m2

Ahole the area of the small hole in the canister wall, m2

p
ikA the stoichiometric coefficient of the kth aqueous component in the ith

precipitated species
s
ikA the stoichiometric coefficient of the kth aqueous component in the ith adsorbed

species
x
ikA the stoichiometric coefficient of the kth aqueous component in the ith complexed

species
b a constant determined by the fuel characteristics
bf the half-width of the fracture, m
ci the concentration of the ith species in solution, M *
ck the concentration of the kth aqueous component, M

0
ic the concentration of the ith aqueous species inside the canister, mol m-3 *
�

ic the concentration of the ith aqueous species in deep groundwater, mol m-3;
rf
ic the concentration of the ith aqueous species at the redox front, mol m-3

Ce the concentration of the element e near the fuel surface, mol m-3

CFe the concentration of ferrous iron in bentonite clay, mol m-3

CH the concentration of dissolved hydrogen, M
CO the equivalent concentration of oxidants, M *
Cn the concentration of the nth nuclide near the fuel surface, mol m-3 *
Ck

0 the total analytic concentration of the kth ligand inside the canister, mol m-3

Cj
0 the total analytic concentration of the jth actinide inside the canister, mol m-3

Ck
� the total analytic concentration of the kth ligand in deep groundwater, mol m-3

Cj
� the total analytic concentration of the jth actinide in deep groundwater, mol m-3

d the reaction order of the oxidizing reaction at the fuel surface
Di the bulk-solution diffusion coefficient of the ith species, m2 s-1

i
eD the effective diffusivity of the ith aqueous species in the clay, m2 s-1

i
wD the diffusivity of the ith aqueous species in the groundwater, m2 s-1

e refers to an element
fj the stoichiometric factor of the jth actinide in the reaction with Fe(II)
fox the fraction of the maximum G-value to produce oxidants
fw the fraction of radiation energy deposited in water
F the Faraday constant, C mol-1

Fx,0 an effective diffusion length function
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Gmax the maximum G-value for the equivalent oxidant production, mol J-1

HH the Henry's constant for hydrogen, bar M-1

Im the inventory of uranium in the fuel matrix, mol
In the inventory of the nth nuclide in the fuel matrix, mol
k' the rate constant of homogeneous oxidation of ferrous iron by oxidants, M-1 s-1

k'' the rate constant of heterogeneous oxidation of ferrous iron by oxidants, M-1 s-1

k''' the rate constant of heterogeneous oxidation of ferrous iron by hexavalent
uranium sorbed onto iron-corrosion products, M-1 s-1

ki the mass transfer coefficient of the ith species in the near field, m s-1

kox the rate coefficient of the oxidizing reaction at the fuel surface,
mol UO2 m-2 s-1(M O2)-0.5

kred the rate coefficient of reduction of hexavalent uranium by dissolved hydrogen,
M-0.5 bar-0.5 mol U(VI) kg-1 UO2 s-1

ikaway the mass transfer coefficient of the ith species from the redox front to the deep
groundwater far from the repository, m s-1

ik rf the mass transfer coefficient of the ith species from the canister to the redox
front, m s-1

O
rfk the mass transfer coefficient of the radiolytic oxidants from the canister to the

redox front, m s-1

p
iK the thermodynamic equilibrium constant of the ith precipitated species
s
iK the thermodynamic equilibrium constant of the ith adsorbed species
x
iK the thermodynamic equilibrium constant of the ith complexed species

l the space between the cladding and the iron surface, m
Ma the number of actinides
Ml the number of ligands
Mx the number of aqueous species involved in the simulation of mass transport
Mprec,n the mass of the precipitate that the nth nuclide forms, mol
MIV the molecular mass of UO2 (s), kg mol-1

n refers to an isotope of the element e
n-1 refers to the parent of the nth nuclide
Ne the rate of escape of the element e away from the fuel rod, mol s-1

Nc the number of aqueous components
Nj the rate of transport of the jth actinide away from the canister, mol s-1

Nn the rate of transport of the nth nuclide away from the fuel rod, mol s-1

NO the rate of transport of the radiolytic oxidants away from the canister, mol s-1

Np the number of precipitated species
Npre the number of primary species
Ns the number of adsorbed species.
Nsec the number of secondary species
Ntot the number of species in solution
Nx the number of aqueous complexed species in the canister system
NVI the rate of release of hexavalent uranium from the repository, mol s-1

esc
jN the rate of transport of the jth actinide away from the repository, mol s-1

jN away a fictitious rate that quantifies the transport of the jth actinide away from the
repository if precipitation occurs at the redox front, mol s-1
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jN over a fictitious rate that quantifies the transport of the jth actinide away from the
repository if no precipitation occurs at the redox front, mol s-1

p the radiation energy per kg of fuel, W kg-1

pi the concentration of the ith precipitated species, M
PH the partial pressure of hydrogen, bar
Pk the total precipitated concentration of the kth aqueous component, M
Qeq an equivalent flow rate of water that can carry solutes in the fractures, m3 s-1

Qj
tot an equivalent total-flow rate of the jth actinide leaving the near field, m3 s-1

ri the total reaction rate of the ith species in solution, M s-1

rrf the radius of the redox front relative to the hole outlet of the canister, m
ri

eq the local equilibrium reaction rate of the ith species in solution, M s-1

ri
kc the kinetically controlled reaction rate of the ith species in solution, M s-1

R the gas constant, J mol-1 K-1

iRbuff the transport resistance of the ith species through the bentonite clay, s m-3

Ri the resistance to mass transport of the ith species in the near field, s m-3

Rdiss the rate of dissolution of the fuel matrix, mol UO2 m-2 s-1

RFe the rate of depletion of radiolytic oxidants by ferrous iron, M s-1

Rox the rate of oxidation of the fuel matrix, mol O2 m-2 s-1

Rnesp,n the rate of net supply of the nth nuclide to the water volume within all fuel rods
in a canister, mol s-1

Rprec,n the rate of incorporation/release of the nth nuclide into/from the secondary phase
its element e forms, mol s-1

Rred the rate of reduction of hexavalent uranium by dissolved hydrogen, mol m-2 s-1

Rrels,e the rate of release of the element e from the fuel matrix, mol s-1

Rrels,n the rate of release of the nth nuclide from the fuel matrix, mol m-2 s-1

iRbtf a part of the transport resistance of the ith species through the bentonite clay that
is close to a fracture in the rock, s m-3

iRcan the transport resistance of the ith species within the canister, s m-3

 ctb
iR a part of the transport resistance of the ith species through the bentonite clay that

is close to the canister, s m-3

iRfra the transport resistance of the ith species in a fracture in the rock, s m-3

kc
kR the kinetically controlled reaction rate of the kth primary species, M s-1

raRH the rate of effective production of radiolytic hydrogen per m2 of the wetted fuel
surface, mol O2 m-2 s-1

ra
oxR the rate of effective production of radiolytic oxidants per m2 of wetted fuel

surface, mol O2 m-2 s-1

sFe the concentration of the �FeOH surface site, M
si the concentration of the ith adsorbed species, M
s� a Coulombic correction factor
Soxd,e the solubility limit of the element e under oxidizing conditions, mol m-3

Sk the total sorbed concentration of the kth aqueous component, M
t the time of disposal of the canister, years
t0 the time of penetration of the canister after disposal, years
T the temperature, K
XII the concentration of ferrous iron, M
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XVI the concentration of dissolved hexavalent uranium, M
Uk the total analytical concentration of the kth primary species, M
V the initial volume of water-filled gaps in a canister over all the fuel rods, m3

xi the concentration of the ith complexed species, M
Xk the total soluble concentration of the kth aqueous component, M
zk the charge number of the kth aqueous component
�w the thickness of the water film between the fuel pellets and the cladding, mm
�x the thickness of the canister wall, m
�y the length of the equivalent plug corresponding to iRctb , m
�z the length of the equivalent plug corresponding to iRbtf , m

Greek letters

� the porosity
� the activity coefficient
� the electrical potential at the �FeOH surface site, V
�n the rate constant of decay of the nth nuclide, s-1

� the sum over all the elements
�e the sum over all the isotopes of element e

Subscripts

I carbonate
II ferrous iron
III ferric iron
VI uranyl
IV UO2 (s)
H hydrogen
O radiolytic oxidants
i the ith species
k the kth species
n the nth nuclide
e the element e

Abbreviations

Cunit M-0.5 bar-0.5 mol U(VI) kg-1 UO2 s-1

Junit mol UO2 m-2 s-1(M O2)-0.5

SKB Swedish Nuclear Fuel & Waste Management Company
PSS Pseudo Stationary State
SIA the Sequential Iterative Approach

* C and c are used to denote concentrations in mol per unit volume of solution. In
sections where transport of species is described, it is practical to use the volume as m3.
In sections where only speciation calculations are described, chemists commonly use
dm3 for the volume. For these reasons, the same basic symbol can have different units.
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