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ABSTRACT
The near field of a repository for high-level nuclear waste has been studied. The thesis is
focused on the modelling of a redox front which is created when oxidants produced by a
radiolytic process in a damaged canister escape to the surroundings, and on the design of a fast
and flexible model to calculate the radionuclide transport in the repository. In addition, the
thesis includes an attempt to validate the processes involved in the redox front model and a
sensitivity analysis of the uncertainties in the parameter-values regarding the release of
radionuclide from the Swedish K.BS-3 repository.
The redox front model considers that the transport of oxidants in the clay surrounding the
canister is by diffusion and that the transport in the fractures in the rock surrounding the
repository is by flow with diffusion into the rock matrix. The advance of the redox front was
calculated for three rales of production of oxidants. The range of the calculated travelled
distances of the front is from a few centimetres lo over a thousand metres. The long distances
were, however, found to be unrealistic. The assumed radiolysis rates denoted low and high in
the thesis are probably rot realistic but can be seen as upper limits. Lower radiolysis rates are
expected in the repository. Thus, it is unlikely that ihe redox front will ever move past the
hentonite clay surrounding the canister and if it does the front may move less than 100 m.
Several of the modelled processes were compared with data from an uranium mine in Pocos de
Caldas, Brazil.
The designed fast and flexible model to calculate the transport of radionuclides in the
repository near-Held uses a coarse compartmentalization of the repository by embedding
analytical solutions in /.ones where other techniques, such as finite difference methods, would
need a very fine discretization. The model allows us to consider simultaneously a multitude of
palhways by w'i> •> ihc nuclides are released from the repository. The concentration within the
canister may ' e -i irmined by (he nuclide own's solubility or by a congruent dissolution of (he
fuel matrix ' , .1 few compartments are required to obtain a good accuracy in (he calculated
release. A( - ; t mes for short-lived nuclides, (he calculated releases arc exaggerated. The
error can t .
a Jerably reduced by increasing the number of compartments. Uncertainties in
the releasi at sii _• from the model are small in comparison to those arising from the variability
in (he par .in y -values and material properties. Parameters such as hole size in the canister
wall, urana -t .olubility, sorption. and the hydraulic properties of the fractured rock nearest to
(he canij 1» , r e uncertain and variable. This will overshadow uncertainties due to model errors
even fot. e coarse discretization.
Keyword: Repository, Model, Redox Fronts, Release, and Compartment.
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1

INTRODUCTION AND BACKGROUND

Disposal of high-level nuclear waste in repositories located in deep geological formations
is being studied by several countries in different parts of the world. These engineered
repositories utilize the "multi-barrier" concept, whereby the waste is placed inside a series of
engineered structures and natural barriers which act in concert to control the rate of release of
radionuclides over long periods [ 1 ]. The repositories differ in the engineering design and in the
geological formation where they are located and in the form of the waste that they contain. The
waste is either spent fuel or vitrified waste packaged in a metal canister. The primary
components of repositories are the near-field and the far-field subsystems. The near-field
comprises the waste package, the backfill barrier system and the immediate surrounding rock,
while the far-field comprises the natural barriers (e.g., host rock between the repository and the
biosphere). These two sub-systems define a series of barriers that act to assure the safe
isolation of nuclear waste. During repository evolution, there is a continuous decrease in the
overall activity of the waste with time. A degradation of the package containing the nuclear
waste is eventually expected and some radionuclides are therefore expected to return to the
biosphere at some time in the future.
An important area addressed in the thesis is the radionuclide release in the near field of a
repository of the KBS-3 type, the Swedish concept of a repository for spent nuclear fuel [2]. In
this concept, the repository is located in crystalline rock. The copper canisters containing the
spent fuel are placed in boreholes in the floors of tunnels at a depth of -500 m as shown in
Figure 1. At such depths, the rock is fractured with water-bearing fractures at typical distances
of several metres. The nearest few metres around the tunnels are more fractured due to blasting
damage and rock stress changes. The deposition holes are backfilled with compacted bentonite
and the tunnels with a mixture of sand and bentonite. The canisters will eventually degrade and
nuclides will leak out. The safety of the repository is ensured to a major extent by the longevity
of the copper canister and the general performance of the near-field barriers.
The longevity of the copper canister is ensured by the reducing redox potential prevailing
around the canister and the low ratio of moving water to solid rock. Copper is a near-noble
metal under the groundwater redox conditions expected in deep granite, reducing and depleted
of oxygen [3J. The canister may, however, initially be defective or damaged later by mechanical
or corrosion processes.
The performance of the near-field barriers is assessed by the radionuclide release escaping
from the repository. This release is controlled by the various processes occurring in the
repository such as dissolution of the waste matrix, diffusion, advection, and chemical and
sorption processes. In a repository where the backfill and the rock matrix have very low
hydraulic conductivities, the radionuclide transport will occur mainly by diffusion. Transport
by advection is restricted to the flowing water in the fractures in the rock. The waste matrix,
mostly containing uranium dioxide, will dissolve when water comes into contact with the spent
fuel and nuclides embedded in the matrix will be liberated. This process is controlled by the rate
at which the uranium is released from the canister. The clay has a high porosity, even when
compacted, and a good cation-exchange capacity. Therefore many sorbing radionuclides with
short half-lives and high sorption properties may be delayed in the clay until they have decayed
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to insignificant concentrations. Another process that will influence the radionuclide release is
radiolysis of the water entering the canister. This process increases the solubility and lowers the
sorption of some radionuclides by changing the redox potential in the repository from reducing
to oxidizing. The change in redox potential is demarcated by the formation of a redox front in
the repository separating the reducing from the oxidized zone. As more oxidai.'s are produced
in the canister, the front will advance, reaching the fractures in the rock. Thus redox-sensitive
nuclides migrating with a higher solubility and lower sorption may be transported to a large
extent in the far field if the oxidants reach the fractures in the rock.
The fundamental requirement of a suitable repository is that it should be relatively stable
and its behaviour adequately predictable. The need for predictability arises from the need to be
able to evaluate the long-term radiological safety of a disposal facility. Such an evaluation is
necessary in order to demonstrate that a repository will comply with safety regulations. The
essence of predictive safety assessments is to use models which describe, in a simplified but
adequate fashion, the many processes leading to the degradation of the barrier system and the
transport of radionuclides in the repository [ I ]. The ability to predict how these processes occur
is the central issue in demonstrating the long-term safety of any waste repository.
The near-field transport calculations of a repository may be complex, considering that the
nuclides migrate through several barriers and through various pathways, which may be
different for different canisters depending on where the damage in the canister and the fractures
in the rock are located. The complexity of this situation makes it difficult to obtain analytical
solutions representing the whole picture of the near-field transport in the repository. Standardnumerical techniques such as finite difference methods require a detailed discretization of the
system to be modelled. Therefore nuclide-release calculations would be very time-consuming if
they were made using standard numerical techniques. In addition, possible variations in the
system such as changes in the geometry, addition of new pathways, change in the transport
properties and water flow rates in the fractures would also be laborious and time-consuming to
set up in a detailed 3-D model. Thus, to circumvent these problems, there is a necessity for
devising a model that allows the release calculations to be performed rapidly without loss of
accuracy or confidence in the results obtained.
In this thesis, the evolution of a redox front in the near-field repository and the
development of a fast multiple path model to calculate (he radionuclidc release from the
repository are addressed. The redox front moves much more slowly than most of the dissolved
nuclides and it is possible that the front locates close to the canister because of the limited
production of oxidants in the canister. At this stage, we do not attempt to couple both models.
The thesis consists of 'hree parts. The first part gives an insight into the nuclear waste
repository and the processes influencing the radionuclide transport in it. In the second part, the
transport of oxidants giving rise to the movement of a redox front in (he repository is modelled.
The transport of oxidants in the clay surrounding the canister, produced by radiolysis of the
water entering the canister, occurs by diffusion. In (he rock, the transport of oxidants is
modelled by flow in fractures, wiih diffusion into the rock matrix. This part includes (he
validation of the model concerning the processes involved in it. In the third and final part, (he
near-field transport is modelled as occurring through a network of resistances and capacitances
coupled together like an electrical circuit network. The model takes into account all possible
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pathways by which the nuclides are transported. To speed-up the calculations, analytical
solutions are embedded in certain zones. The potential of the model is shown by making a
parameter-sensitivity analysis of the KBS-3 repository in order to quantify uncertainties
regarding the release to the far field.

2

PROCESSES IN THE NEAR FIELD OF A NUCLEAR
REPOSITORY

WASTE

Several processes may occur in the near Held of a nuclear waste repository. Some
processes, such as the transport of corrosive agents to the canister, will influence how long a
canister will remain intact. Other processes will govern the radionuclide migration, such as
dissolution, sorption. diffusion, and advection. In addition, radiolysis may change the chemical
environment in and around the canister from reducing to oxidizing.

2.1

REDOX POTENTIAL IN THE REPOSITORY AND LONGEVITY OF THE
CANISTER

Copper canisters are thermodynamically stable in pure water. Surface waters infiltrating
downwards are oxidizing. They are depleted of oxygen by various mechanisms. Reactions with
dissolved organic matter consume some oxygen and reactions with reducing minerals consume
yet another part. The ferrous iron in Swedish crystalline rock varies between I and 8 wt*& (4).
Deep groundwaler in the Swedish bedrock is at a near-neutral pH and is depleted of oxygen. At
100 m depths and below, the waters are reducing, i.e. Eh < -100 mV (3). The ratio o( moving
water to solid rock is small and the rock has a large rcdox capacity. In the backfill material
surrounding the canister, bentonite. the ferrous iron varies between 0.1 and I wt% after an
oxidizing heat treatment for the removal of organic* [4]. The iron content in bentonite MX-80 is
in the range of 2.S to 3 wt% and 25 to 50% of this iron is divalent. After the bentonile has been
subjected to a heat treatment, the fraction of ferrous iron is reduced to 5 to 10% [4]. A reducing
redox potential will then prevail around the canister.
The canister will remain intact over a long time if the reducing redox potential around the
canister prevails. The canister may. however, be initially defective or be damaged later by
mechanical or corrosion processes. Initial defects may be eliminated by rigorous quality
control, but there is always a chance that a defect in a canister is missed. The probability of this
happening is <0.1% [5]. No mechanical failure is expected from pressure build-up inside the
canister or from rock movements for millions of years [5]. The possibility that corrodants could
diffuse to the container surface and cause corrosion must be considered. These oxidants could
arise from entrapped air in backfill materials in the deposition hole and tunnel when it is sealed.
Sulphide in the bentonitc can make copper precipitate as copper)I) sulphide, allowing water to
oxidize the amount of copper needed to form this precipitate. The supply of oxidants and
sulphides from these sources is limited. There could be a continuous supply of sulphide from
the groundwater which contains a level of -0.5 mg/dm1 [6|. The canister longevity will thus
depend on where corrosion lakes place and on how rapidly corrosive substances arc transported
to the canister. Owing to the low supply of these corrodants to the canister, only local corrosion
attack is of decisive importance for the life of the canister. The corrosion of the copper canister
is then limited to small areas or pits. Pitting corrosion was recognized in the Swedish studies as
a potential failure mecha lisms for copper containers (2]. Corrosion analysis has, however,
shown (hat (here is no rapid mechanism lhat may lead to canister corrosion [6]. For the purpose

-5ofthcanalysisofthcnuclidetransponinthenearrield.it is assumed that Ihe canister has an
miual damage with a size of 5 mm2 [5].

2.2

NEAR-FIELD TRANSPORT PROCESSES

Processes governing radionuclide release in the repository are: rate of dissolution of the
waste matrix, sorption. diffusion and advection processes. Radionuclides escaping from a
damaged canister will leak out into the clay. They will migrate furthrr into water-bearing
fractures in the rock. Figure I schematizes the KBS-3 concept of a repository. It shows the
small damage in the canister wall and four possible pathways for the migration of the
radionuclide. The deposition hole is backfilled with compacted benlonitc and the tunnel with a
mixture of sand and bentonile. The clay and ihe rock matrix have very low hydraulic
conductivities. Radionuclide transport in Ihe clay will occur mainly by diffusion. Transport by
advection is restricted to fractures in Ihe rock.

~ fcy ft»ft£i of

Figure I

DfatMt^

A schematic view of the KBS-3 repository design, showing a small hole in the
canister and (he location of the various escape routes.

Sorbing nuclidcs. during their Iransport through the backfill materials, may be retarded by
sorption processes. The benlonite clay is made up of very small panicles wiih a large surface
area. The surface is chemically active and adsorbs water molecules strongly which makes ihe
benionile swell markedly [2 and 5). Compacted bcnlonitc has a very low hydraulic conductivity
[7] and water flow under normal repository gradients is practically negligible. Ions dissolved in
water will, however, move in Ihc voids between the clay particles by molecular diffusion.
Cations will adsorb on the clay particle surfaces because these arc negatively charged. The
negative surface charge will render it more difficult for the anions to enter the smallest passages
due to electric repulsive forces.

The near-field rock is fractured and practically all the water flows in the fractures. The
rock matrix is porous but the hydraulic conductivity is so low that practically no water flows
through the rock matrix. The frequency of conducting fractures is small and varies between 1
per a few metres and I per nearly 100 m | 8 . 9 and 10]. Fractures are not open over their whole
surface. Only small parts of a fracture conduct water in what is often called channels {11 and
12). The channel transmissivity varies within a wide range. 1! is means that not all deposition
holes will be intersected by a fracture and only a few will be intersected by a channel with a
high flow rate.
The safety assessment of a spent nuclear fuel repository requires information concerning
the rales at which radionuclides will be released from the fuel elements after groundwaler
breaches the fuel cladding and contacts the fuel. Three main release mechanisms have been
identified, operating on different lime scales [13]. First, there is the rapid release of soluble
fission products (e.g.. cesium and iodine) from the fuel/cladding gap as soon as gioundwaler
penetrates the fuel cladding. Second, there is a leaching of fission products (e.g. cesium, iodine
and lechnetium) from the fuel grain boundaries. Third, there is the very slow release of
radionuclides from the fuel matrix due to the slow dissolution of the UO? grains.
The dissolution of the fuel matrix controls the release of the major fraction of the
radionuclide inventory. Radionuclides are released as the fuel matrix dissolves. If the transport
rate of the uranium through the buffer is slow and the UCh is the thermodynamically stable
uranium solid, the rate of dissolution of the fuel matrix is limited by the solubility of the I'Or
If the UOj is not the thermodynamically stable uranium solid, the rale of dissolution of the
matrix may be controlled by Kinetic transformation rates rather than by the transport of
dissolved uranium away from the canister (14].
The solubility of uranium in the spent fuel is strongly influenced by the redox conditions
at the fuel surface, which may be changed by radiolysis. The radiolysis will locally develop an
oxidizing environment in which the uranium has a solubility of the order of milligrams per litre
instead of micrograms per litre or less under reducing conditions [15]. The uranium U(IV) is
oxidized lo U( VI) which can dissolve at the higher solubility limit. When the radiolysis rate and
the resulting formation of U( VI) are larger than what can be released from the canister, new
crystalline phases will be formed. The re-crystallized uranium will not necessarily reincorporate the other radionuclides which arc originally embedded in the UO2 matrix. Under
these conditions, the upper limit for the escape rate of the nuclidcs will be determined by their
own solubility. In the clay, as a consequence of the radiolysis. radionuclides escaping from the
canister will move more rapidly because they will he less retarded in the oxidized pathways.

2.3

RADIOLYTIC PROCESS PRODUCING OXIDANTS

Water penetrating a damaged canister may reach the gap between the fuel pellets and the
Zircaloy cladding, welting the spent nuclear fuel. The radiation, mainly the alpha-particle
radiation, will split the water into hydrogen and oxidizing agents, mainly hydrogen peroxide:
alpha-particle radiation + 2H;O => Hi + HjO:

(I)
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The range of the alpha-particle radiation in water is -0.03 mm [16], i.e., of the same
magnitude as the water film in the gap between the fuel pellets and the Zircaloy tube. This short
range means that the radiolysis is limited to the water in the gap around the fuel pellets and its
magnitude is directly proportional to the exposed surface area (=144 m2 per canister). This
available surface area and the thickness of the water film in the gap determine how much water
may be penetrated by alpha-particle radiation. There are many uncertainties involved when
trying to estimate the net radiolytic productions of oxidants. This is reflected in the very wide
range of estimates in Table I.

Table I

Production

Estimated Values of The Hydrogen Peroxide Production Per
Canister in One Million Years. This Corresponds to a G-Value
of -1 for the Production of Hydropgen [16].
(mol)

Reference

144
Christensen and Bjergbakke [16]
low
29 000
Christensen and Bjergbakke [16]
high
144/100
Nerelnicks and Faghihi [17]
small
Note: low and high are for the case when there is no limitation in the water
supply to the canister. Small is for the case when the amount of water is
limited. G-value means the amount ofoxidant (reductant) per unit of energy.

The hydrogen production resulting from alpha- and beta-particle radiation, in water in a
copper canister, has been estimated by Christensen and Bjergbakke [16], They found that the
beta-particle radiation produces a great number of radicals that aid the recombination of the
radiolysis products and that the redox couple Fe(H)/Fe(III) catalyses this recombination.
Calculations were made for an Fe(II) concentration in water of 0.6 mg/I, which is within the
range of concentrations found in Swedish groundwater, 0.3 to 1 mg/I [5]. In this case, the
oxidant production is 144 mol H2O2 per canister in one million years. In a hypothetical case, in
which no iron is dissolved in the water, the production of oxidants per canister would increase
to 29 000 mol of H2O2 during the same period of time. These two productions would be
obtained if there were no limitations on the supply of water and if water filled all the available
spaces in the canister. Neretnieks and Faghihi [!7], on the other hand, proposed a production
of oxidants by radiolysis of 1.44 mol in one million years, which is two orders of magnitude
lower than (hat estimated by Christensen and Bjergbakke. This small oxidant production is
obtained by limitations in the amount of water to be radiolysed. The pressure produced by the
hydrogen gas in the interior of the canister which will limit the inward transport of water, as is
the case when the canister is locally corroded. The formation of corrosion products in the gap
around the fuel pellets reduces the amount of water in the gap available for radiolysis.

3

REDOX FRONT MODELS

The environment of deep repositories for high-level nuclear waste is a reducing
environment, but it may be changed by the escape of oxidants from the canister produced by the
radiolysis of the water in contact with the spent fuel. These oxidants may oxidize the reducing
species in the bentonite and later in the rock. A redox front will be formed demarcating the
oxidized and reducing 2 ones. Under oxidizing conditions, uranium dioxide and other redoxsensitive elements are oxidized to a higher oxidation state and become more soluble. The
sorption in the backfill material becomes lower. These nuclides migrating with a higher
solubility and lower sorption may be transported to a large extent in the far field if the oxidants
reach the fractured rock. Nuclides having a much lower solubility in a reducing environment
than in a oxidizing environment, such as U, Np, and Tc, will precipitate at or just downstream
of the redox front.

3.1

MODELLING OF A REDOX FRONT IN THE KBS-3 REPOSITORY

The approach taken here has been to •: :t up a mathematical model of the movement of the
redox front in the clay, bentonite, surrounding the canister and in the fractured rock around the
deposition hole. In the clay, the movement of the redox front is calculated by a mass balance
involving the reductant capacity of the clay and the oxidant production in the canister. In the
fractured rock, the transport of the oxidants is modelled as taking place through fractures.

The Model
The starting point for the modeling is the breach of the canister containing the radioactive
waste. Once the canister has been breached, water intrudes into the canister and the spent fuel
becomes wet. The radiation, mainly the alpha-particle radiation, breaks down the water
molecules into oxidants, mainly hydrogen peroxide, and reductants, mainly hydrogen, The
hydrogen is assumed to diffuse away from the canister due to its low reactivity, whereas the
oxidants will react with the reducing species in the canister and, if the amount of oxidants is
sufficiently large, with the reducing species outside the canister. The model assumes that all
oxidants produced by the radiolysis of the water escape from the canister and react with the
ferrous mineral in the clay. When the oxidants reach the rock, they may diffuse into the
unoxidized clay, into the rock or be removed by the flowing water in the fractures intersecting
the repository hole. In the fracture, the oxidants diffuse into the reck matrix and react with the
reducing species in the rock. The redox reaction of the oxidants with the reducing species in the
clay and in the rock matrix may be generalized by:

2Fe 2+ + H2O2 + 2H+ => 2Fe ?+ + 2H2O

(2)
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where the various oxidants, including the oxidized nuclides, are summarized and denoted by
the hydrogen peroxide formula H2O2. As this reaction is known to be instantaneous and
irreversible, a very sharp redox front is formed separating the oxidized zone from the reducing
zone.

General Assumptions
Several assumptions were made when modelling the transport of oxidants from the
canister. The main are:
a)
b)
c)
d)
e)

The canister is locally damaged and oxidants escape from the canister through a small
hole.
The deposition hole in the repository is intersected by a fracture. The location of this
fracture is opposite to the damage in the canister wall.
Oxidants are produced only after the canister is breached.
Oxidants do not react with the canister material.
Only diffusive transport takes place in the clay surrounding the canister.

Redox Front in the Bentonite
The oxidants escape through the small damage in the canister wall into the bentonite
where they react with the ferrous iron available there. In addition to the above assumptions, it is
assumed that all reducing species (ferrous iron) in the bentonite are available to react with the
oxidants [7]. Figure 2 shows the spread of the redox front from the small hole in the canister
wall. The time needed to oxidize the reducing species in the bentonite is calculated by a mass
balance between the reducing capacity of the bentonite and the rate of production of oxidants,
for the time interval between the breach of the canister T| and the time at which the oxidants
reach the rock T2:

q o fV =

r2

Ncdt

where V is the volume of the oxidized clay just before the oxidants reach the fracture mouth in
the rock, q0 is the concentration of the reducing species in the clay, and of is the stoichiometric
factor for the redox reaction. Tb" volume V of oxidized clay is determined by the relative
location of the hole in the canister and of the fracture intersecting the repository hole. If the hole
and the fracture are opposite each other, we can approximate the shape of the oxidized clay by a
hemisphere (see Figure 2).
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Reducing
clay
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hole

Canisler

Hole
-#•-

Oxidanls
produced
by
radiolysis

Figure 2

The advance of the redox front when the canister is locally damaged. The arrows
show the direction of the spherical spread of the redox front.

At this stage, the calculation of the movement of the redox front is limited to the clay. The
time needed for the redox front to reach the fracture mouth for two breaching times is shown in
Figure 3.

150-/
I.ow radiolysis rale
0.1% Fc(ll)

2

O

I.O7rFe(II)

50-

o100000

100

Breaching time, years
Figure 3

The canister is locally damaged. Times are given for the redox front to reach the
rock, for high and low radiolysis rates. For the small radiolysis rate, the oxidants
never reach the rock and are not shown.

For a content of Fe(II) of 0.1 wt%, the reducing capacity of the clay in the hemisphere is
equivalent to a produr'' m of-2.5 mol of H2O2, which is approximately twice the productior
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oxidant produced at the small radiolysis rate (1.4 mol in one million years). Thus, for small
radiolysis rates (<2.5 moI/IO6 years), the reducing capacity of the clay given by the content of
ferrous mineral (0.1 to 1 wt%) will suffice to entrap the redox front within the clay. For the
other production rates (low, 144 mol/106 years and high, 29 000 mol/10 6 years), the time to
reach the fractured rock is short, except for the low production rate and with an Fe(II) content
of 1.0 wt%.

Redox Front in the Fractured Rock
The rock is modelled as a fractured medium with sparse channels in the fracture planes. In
the fracture, the oxidants are transported by advection. From water in the fracture, they diffuse
into the rock matrix and react with the ferrous iron as shown in Figure 4. The advective
transport of a species along.. fracture, neglecting the axial dispersion [18], is:

3c'
<k

3c'
3z

f 3q
m dt

_

(4)

wht re c f is the concentration of oxidants in the water in the fricture, u is the water velocity in
the fracture, q is the concentration of oxidized Fe(II) in the rock, and m is the ratio of water
volume in the fracture to the solid volume of the rock. The first term in this equation accounts
for the accumulation of oxidants in the fracture, the second accounts for the transport by flow in
the channel, and the third stands for diffusion into the rock matrix.

Clay

Rock matrix
Reducing zone

Oxidants into
the fracture1™

Redox front

Oxidized zone
'cf(t)

Water flowing in the channel

z-axis

Diffusion of oxidants
into the rock matrix
Symmetry line between two fractures
Figure 4

A schematic view of the channelling model. The z axis is in the flow direction and
the x axis in the diffusion direction.
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In the rock matrix, the diffusion transport is modelled as diffusion from two water flow
channels into a slab of thickness S. The rate of movement of the redox front in the direction
perpendicular to the wall of the fracture is:

dt

where D e is the effective diffusivity, xr is the location of the redox front, and c p is the oxidant
concentration in the pore water. The concentration gradient is evaluated by assuming a quasisteady state due to the high redox capacity of the rock compared to the intruding oxidants from
the fracture. Combining Equations (4) and (5), analytical solutions are obtained for the time
interval before and after the redox front has reached the centre of the slab at the clay-rock
interface at the mouth of the fracture. Here, only the solution for the time interval before the
front reaches the centre of the slab is shown:

/v/

S/2

^ c _ _

X

V (Sfcp-qo-f J T:

ct(t)dt

=

_ _ _ ! * _

z,

(S/2)2mu

where x is the penetration of the redox front into the rock from the fracture, z the penetration
distance along the fracture, and tcr is the time to reach the centre of the slab at the clay-rock
interface, which may be calculated from Equation (5). At the fracture mouth, it is assumed that
all the oxidants in the fracture intersecting the deposition hole are transported into the one-metrewide channel downstream. The time-dependent concentration of oxidants, cf(t), can then be
calculated from the amount of oxidants that actually diffuse into the fracture and from the water
flow rate in the channel.
The fraction of oxidants diffusing into the fracture is determined by considering the
further oxidation of the clay and its uptake into the rock. Details of the calculations are shown in
Paper I. Once the fraction of oxidants into the fracture is determined, the distance reached by the
tip of the redox front along the fracture is calculated using Equation (6). The tip of the front
reaches further (200 to 1500 m) when a high production rate is assumed. For a low production
rate, short distances are reached (2 to 50 m), see Figure 5. These large differences in distances
are determined by the amount of oxidant intruding into the fracture. The tip of the redox front
advances a longer distance if the channel has a high flow rate. The maximum penetration of the
redox front into the rock matrix is of the order of a few centimetres.
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3.2

The advance of the tip of the redox front along a channel in the fracture after one
million years for two channels with different flow rates. The canister is locally
damaged.

MODEL VALIDATION BY OBSERVATIONS IN A NATURAL ANALOGUE

The calculations predict redox front movements over long times and distances. Such
fronts have been found in nature. One such occurrence is in the Osamu Utsumi uranium mine at
Poc,os de Caldas in the state of Minas Gerais, Brazil. Here, the fronts are clearly seen in the
open pit uranium mine. In the mine setting, many processes were found to be similar to those
processes which are thought to take place in a repository for high-level nuclear waste, such as
the formation and movement of the redox front and the precipitation of uranium dioxide at the
redox front.
The redox front at Poc.os de Caldas is created by infiltration of rainwater containing
dissolved oxygen. The redox front appears as "fingers", declining at a certain angle downward
from the ground surface. The shape of these fingers, formed mainly by the oxidation of pyrite
in the rock, shows that the solute transport occurs mainly by advection in fractures, associated
with diffusion of the oxygen into the surrounding rock. The mechanisms involved in the
formation of redox fingers and wedges are illustrated in Figure 6. Oxygenated rainwater
infiltrates into the ground, and some of it flows in the rock matrix with a local flow rate that is
determined by Ihe hydraulic conductivity of the rock. In the fractures and in fracture zones, the
conductivity is higher and more water will flow. The water that flows in a fracture comes either
from direct infiltration from the ground or from the inflow through the rock matrix. This is
illustrated by the flow vectors that show the direction of the water flow. The redox front forms
a wedge around the fracture, owing to the water flow. In addition, the water, which has
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reached the fracture by flowing through either the fracture from the beginning or through
already oxidized rock, still contains oxygen. As the water flows down into the reducing rock,
the oxygen diffuses into the rock matrix and reacts with the pyrite.

Water flow
with dissolved
oxygen

t t t f

Ground surface

Reducing region

Figure 6

t

Fracture

Flow of
oxygenated
water in fracture

Oxygenated water flows in a fracture, and dissolved oxygen diffuses into the rock
matrix, where it reacts with the pyrite at the redox front.

To explain the location of the redox front in P090S de Caldas, several models, with
various levels of complexity, were used. These models, both for porous and fractured media,
are summarized in Table II. To account for erosion, the velocity of the front is superimposed on
the velocity of erosion. When the process is allowed to go on for a long time, in models whose
velocity of advance is time-dependent, a stationary state develops and the depth of the front
stabilizes at a constant distance from the ground surface.
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Table II

A Summary of the Final Equations of the Various Redox Front Models
Front Velocity
Advance of the front
v

x (into matrix) and z (along fracture)

f

Porous medium
Diffusion

I

./2Dec0 i

Advection

/ 2D C c o rX

f q 0 Vt

V

u»c n

V fqo
x=

(constant flux)

^

'
t

Fractured medium
constant flux

u o (s/2)
Dc

ADTC7 i
V2fql,Vt"

De

V

fq o

Front \ elocity
flux varies inversely
with depth

2(n+l) | D e q 0 f

! u o ] 2 j " "' |t) 2(n+l)
Advance (jf the front

to an exponent n

1 Dcqof
Note: co is the constant concentration at the inlet, qo is the initial concentration of the reducing
species, De is the effective diffusivity, f is the stoichiometric factor for the reaction. S is the
fracture spacing, t is time, u,, is the infiltration flux at the ground .surface, :.„ is an arbitrary
depth at which the infiltration flux is constant, n is the exponent utilized in the equation for the
variation of the water flux with depth.

Redox Front at the Uranium Mine in Pocos de Caldas
For the porous medium approach, it may be noted that the velocity of advance of the
redox front, due to diffusion, decreases with time, whereas for transport by flow, the velocity
is constant. The advance of the front by diffusion would be ~1 m in one million years. If
erosion is taken into account, the front would stabilize only a few centimetres from the surface.
When water flows through the rock (advection), it is conceivable that the front movement
would just balance the erosion. If erosion is slightly faster, the front disappears, and if the
erosion is slower for a long period of time, the front could reach very large distances.
The fingering in the rock and the depths reached by the redox front can be explained by
oxygenated water flowing through fractures or zones with high hydraulic conductivity. The
fractures are independent and have different flow rates. Several models were applied. In one, it
was assumed that the flow rat»; in a given fracture is constant, independent of the depth. For
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this approach, the depths reached by the redox front could be extremely large, even accounting
for erosion. The reason for this is the assumption of a high and constant water flow rate in the
fractures and the fact that they are assumed to be independent of each other. In another model,
the stream tube concept was used, in which the water flow rate decreases with depth. Holmes et
al. [19] found that the flux varies inversely with depth in a manner which might be
approximately represented by an exponent "n" of -0.5. There are, of course, considerable
variations in different locations. The infiltration flux u0 at a depth of 1 m was assumed to vary
between 0.1 and 1 m 3 /m 2 year. Figure 7 shows that the depth reached by the redox front
accounting for erosion can vary considerably with the flux and the exponent n.

300

Fracture spacing
S= 10 m.

20(1

100

0.0
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Water flux, m'/in2-year

Figure 7

Steady state advance of the redox front in the fracture as a function of the infiltration
flux at the ground surface for various values of the exponent in the equation of the
flux varying inversely with depth. Erosion is assumed to be 30 m per million year.

Process Validation by Observations in Pocos de Caldas
Simple calculations can explain the movement of the redox front in general terms, but
there is a great simplification of the processes known to be occurring at such fronts [20]. This
was evident in the study of the movement of the redox front at P050S dc Caldas, where some of
the simplest models were quite useful for analysing the ongoing processes. Simple mass
balance models help to give an insight into some of the main processes. Concerning the
movement of the redox front, the Poc,os de Caldas natural analogue study showed that matrix
diffusion is clearly present as a mechanism to access the interior of the rock matrix. Channelling
is also clearly present over considerable distances, and channels may carry some water and its
dissolved constituents further than does the average flow rate. Dissolution and precipitation of
uranium at the redox front is clearly in evidence. The fact that oxidizing species are reduced
when they reach the redox front is validated by the field observations. Basic assumptions of
model mechanisms such as water flow in fractures and diffusion into the rock matrix are also
validated by the field observations.
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3.3

DISCUSSION OF THE REDOX FRONT MODEL

The redox front model predicts long distances of advance of the oxidants escaping from
the canister in the fractured rock. The travelled distances are conditioned by the amount of
oxidants intruding into the fracture, and the wetted surface area in the channel, from which the
oxidants diffuse into the rock matrix.
The amount of oxidants intruding into the fracture will depend on the rate of radiolysis by
which the oxidants are produced in the canister. It will also depend on the Fe(II) content in the
clay and rock. The radiolysis rates are not well known. A range of four orders of magnitude in
the rate of radiolysis was u.sed to bracket possible rates. Some recent field observations in a
uranium ore body at Cigar lake [21] indicate that radiolysis is about two orders of magnitude
less than what would be the "high" case. A factor of uncertainty also arises in assessing the
movement of the front along the channels. The magnitude of the channel surfaces is poorly
known. A channel width of I m has been used here. The channel width may well be less and
the front would then move further. On the other hand, individual channels are probably not
isolated for long distances but are parts of a complex network. In this case, the channel divides
inio other channels, and the oxidants get access to more flow-wetted surface, from which they
can migrate into the rock matrix by diffusion.
In spite of these uncertainties, it is unlikely that the redox front will ever move past the
bentonite. If it does, the tips of the redox front may move <100 m in a channel with a high flow
rate. No credit has been given to the large amount of copper in the canisier, which could act as a
reducing agent. If it did react, no redox front would form in the bentonite even at the highest
rate of radiolysis.
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4

A MODEL TO CALCULATE RADIONUCLIDE RELEASE

In a repository of the KBS-3 type, the radionuclide transport occurs mainly by diffusion
through a barrier system and through various pathways depending on the location of the waterbearing fractures in the rock. The escape of the radionuclide from the canister is through a small
hole. A view of this repository is shown in Figure 1, where the possible pathways are: directly
to the water in a fracture intersecting the deposition hole Q I, up to the disturbed zone around
the tunnel Q2. into the tunnel backfill and further to a fracture (zone) intersecting the tunnel Q3.
and through the rock to a nearby fracture or fracture zone Q4.
The physical geometry of the repository, the various materials through which the nuclides
are transported, and the various possible pathways make it difficult to express the nuclide
transport in an analytical form. Moreover, possible variations in the system make it tedious and
time-consuming to set up and run detailed three-dimensional transport calculations using
conventional numerical techniques. To circumvent these problems, a new technique was
developed. This technique uses the advantages of the Integrated Finite Difference method [22]
combined with analytical solutions at locations where standard numerical techniques would
need a very detailed discretization. This technique has been used to develop a compartment
model. The model accounts for the dissolution rate of the waste matrix and the transport of the
radionuclides in the various materials. The transport is by diffusion. Advection is confined to
the fractures in the rock. A verification of the model and some illustrative examples of
calculations are presented.

4.1

MODEL FORMULATION

Radionuclides leaking from a damaged canister spread into the backfill material
surrounding the canister and then migrate through different pathways into water-bearing
fractures in the rock surrounding the repository. If the backfill and other materials surrounding
the canister have u low permeability, water flow is excluded from these materials and the solute
transport is only by diffusion. Some nuclides will be delayed by sorption on the materials
through which they move and those nuclides with short half-lives may decay to insignificant
concentrations before they reach the flowing water in the fractures in the rock.
The mathematical formulation conceptualizing the model arises from the material balance
for a single nuclide over a unit volume. This fc:;nulation describing the physical processes that
determine the nuclide transport results in two equations. The first equation models the transport
of the solid dissolved, including the sorption in the solid material. The second equation models
the amount of nuclidc as solid inventory. These two equations coupled by u dissolution term qj
are expressed as follows:
K^

to

= q d +VD L .Vc - K k

= - m I - qd

(7)

(8)
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where k is the decay constant, c is the concentration in the pore water, m is the mass of nuclide
as solid (as precipitate) in the unit volume, and K is a distribution coefficient. This coefficient K
considers the nuclides dissolved in the water and sorbed in the solid, and can be expressed as:

K = Ep + (l-Ep)kuP

(9)

where e p is the porosity of the material, p is the density of the solid material, and kj is the
nuclide sorption coefficient.
For the purpose of numerical simulation, it is more convenient and less restrictive to
formulate the model in terms of integrated finite differences [22]. Here, the concept of
"compartments" is introduced to define the discretization of the system. The barrier system is
then discretized into compartments. Average properties are associated over these compartments
with representative nodal points within the compartment. Within a compartment the average
properties such as concentration vary smoothly. The compartments nay have any shape, but are
of the same material. The material balance over a compartment connected to some ottur
compartments for a fully dissolved single species is then expressed as follows:

v

i * v ~ j r ~ Z*

A

( c j" c i) " v i **>-i ^<-i

(10)

ADC\

611 \ •

Vj is the volume of the compartment, A is the cross-sectional area used for diffusion, and d is
the diffusion length. The left-hand side accounts for the accumulation of the species in the water
and the solid by sorption. The right-hand side accounts for the diffusive transport from one
compartment to the adjacent compartments and the degradation rate of the species by decay. The
sub-index "i,j" defines the radionuclide flow from compartment "i" to the adjacent compartment
"j". Equation (10) can be re-written and expressed in matrix form as:

(II)

where c is the vector of concentrations of dimension equal to the number of compartments, and
F is the matrix of coefficients accounting for the transport and decay of the species. This system
of equations is solved using standard numerical techniques based on the Gear implicit multivalue method [23]. The solution is straightforward once the initial conditions have been
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deflned. These conditions are defined by the amount of the species dissolved and the amount of
the species existing as solid inventory in the compartments. The default initial condition is zero
concentration for all compartments, except for the compartment acting as a source where the
initial conditions are determined by the inventory and the solubility of the species.
To handle the inventor)' in the source, two situations are considered:
a)

b)

nuclides are found free of the fuel matrix in the canister. They may then be handled as
being independent of each other with the nudide inventory and the nuclides own
solubility as only limitations: the solubility limit approach.
nuclides are embedded in the fuel matrix. This case is formulated considering a congruent
dissolution of the matrix (14 and 24]. Here, the nuclides are liberated from the matrix as
the matrix dissolves. As the matrix consists mainly of uianium dioxide, the rate N c at
which the embedded nuclides are liberated depends on the uranium dissolution rate Nu
and on the nuclide fraction in the fuel matrix. This process is formulated as:

where M, m.,Irix and Mu milIr j, are the amounts (moles) of the embedded nudidc and the
uranium dioxide in (he fuel matrix, respectively. The material balance for the nuclidc in
the fuel matrix is expressed as:

The dissolution rate term Nc is included as a production term in the equations defining the
source.

4.2

APPROACHES USED BY THF MODEL

The elements required to define the compartmentalization are the geometry and
dimensions of ihe syslem, and the properties of the materials through which the nuclidcs
migrate. The compartments are defined by their volume, iheii diffusion length and crosssectional area used by the diffusion. Conceptually, the model uses a rather straightforward
compartmentalization process. This coarse comparfmentalization could yield poor or even
meaningless numerical results. To avoid this, analytical or semi-analytical solutions arc
introduced into the model in the /ones where a finite difference scheme would require a fine
discretization. Some of the approaches used fry the model to describe the solute transport arc
described in the following sections.
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Transport into a Large Compartment
Species diffusing out of a small hole into a very large volume of material spread out
sphericaiiy. Very neai the hole, the cross-section is still of the order of the si/e of the hole.
Further away, the cross-section increases considerably as the "sphere" grows. Thus, most of
the resistance to diffusion is concentrated very near the mouth of the hole. For the situation
depicted in KBS-3, diffusive transport from a small hole in the canister wall into the bentonite,
the resistance to the diffusive transport is then replaced by a plug with an equivalent resistance
as shown in Figure 8.

Canister wall

Ciay

Hole
diameter

Hemisphere
with known
concentration
on surface
No
Resistance

Real case

Figure 8

Model case

Model equivalent case

A schematic view of the real case and the model case that are used to obtain the
resistance-equivalent plug.

This resistance is calculated by integrating the transport rate equation, N = - 2n r2 Dc *jp-,
from a small hemisphere into a very large volume, between the limits of the sphere of radius
rspn and an outer radius r. Since the species spread over a large volume in the surrounding
medium r » rsph, the nuclidc transport rate simplifies to N = 2 K rspn Dc Ac. In the model
depicted in Figure 8, the real situation is approximated by using an equivalent plug. This plug
of a cross-sectional area equal to the hole area has a thickness Ax given by Ax = rhoie^2 •

Transport into a Narrow Slit
For diffusive transport into a narrow fracture, most of the resistance to the transport is
located nearest to the fracture because of the contraction in the cross-sectional area. The
transport resistance is then approximated by a plug through which the nuclides are transported.
The plug has a transport area equal to the cross-sectional area of the fracture, and a diffusion
length equal to a factor times the fracture aperture. Neretnieks analytically modelled the
stationary transport from the benlonitc .surrounding a canister for spent nuclear fuel into a
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fracture [25]. The procedure uses the exact solution of the steady-state two-dimensional
diffusion equation for a sector of the clay barrier representing half the fracture spacing which
allows symmetry conditions to be used. After some simplifications, the resistance of the plug at
the mouth of the fracture is expressed as Rt = 'jFi.o/S) 5 / (De A|V.
The factor F,,o/8 was calculated by Neretnieks for a number of fracture spacings, fracture
apertures and barrier thicknesses. For fractures with an aperture varying between 10 4 and 10-1
rn, and a backfill thickness of 0.30 to 0.35 m, the factor ranges between 3 and 7. It can be
visualized as having a plug of clay at the mouth of the slit with a thickness of F» ()/8 times the
slit aperture.

Transport into the Flowing Water
For compartments in contact with water flowing in fractures in the rock, the diffusive
transport is determined by an equivalent flow rate Q et| . This parameter represents a fictitious
(low of water which carries with it a concentration equal to that at the compartment interface. It
has been derived by solving the equations for diffusional transport to the passing water by
boundary layer theory [26J. This entity is obtained from:

= IVw.

where W is the width of the compartment in contact with water flowing in fractures, fracture
zones or damaged zones, and T) is the mean thickness of penetration into the water by diffusion
from the compartment. The residence time, tw, is the time that the water is in contact with the
compartment. This time is obtained from the flux of water U o , the flow porosity, and the length
of the pathway in contact with witer.

4.3

MANAGING THE MATERIAL BALANCE IN THE COMPARTMENTS

The terms determining the material balance for the compartment are: the rate at which the
species are transported to the adjacent compartments, degradation by decay, dissolution of the
solid inventory and the accumulation of the species in the compartment. To account for the solid
inventory, !he physical compartment is defined by two fictitious subcompartments; one to
handle the solid inventory and the other to handle the species dissolved in the water and sorbed
in the solid material.
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Figure 9

A schematic view of the processes occurring in a compartment for a single nuclide.
The compartment is described by two fictitious subcompartments.

The two subcompartments are coupled by a dissolution term qj, see Figure 9 A change in
the solid inventory Ms with time is determined by the degradation of the inventory by decay,
and the dissolution of this into the water. This is formulated as:

• ^ = - M s ,i X - q j

dt

(15)

and the formulation for the dissolved and sorbed species is:

(16)

where the left-hand side is the change in mass in the porous material, and the terms on the righthand side are for the dissolution of the solid, the degradation of the dissolved and sorbed
species by decay, and rate at which the species are transported away by diffusion. The term Ac
is defined as the concentration difference between two adjacent compartments Acy = Cj - Cj.

Basic Equations for Radionuclide Chains
The present model considers only the migration of radionuclide decay chains of the form
A —> B —» C —». .. —* N. The mathematical handling for a nuclide chain is very similar to
the formulation describing the release of a single nuclide. For a nuclidc chain, the material
balance over a compartment is described by a set of linear differential equations. The
calculations for the members in the chain are made in succession, beginning with the first
member of the chain, the mother nuclide. The mother nuclide is independent of the other
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nuclides in the chain. The decay term for a parent is a source term for a daughter nuclide and is
included as such in the calculations for the daughter.
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Figure 10 A schematic view of the processes occurring in a compartment for the daughter
nuclide.

The solid inventory balance Ms is determined by the production of solid by decay of a
parent nuclide, the degradation of the solid by decay, and the solid dissolution into the liquid
phase qj as it is schematized in Figure 10. For nucfide "n" in compartment "i", the solid balance
is:

dM"si
dt

(17)

and for the dissolved and sorbed species it is:

)

(18)

These equations are very similar to the governing equations for a single nuclide, except
for the term for the production from the preceding nuclide in the chain. The initial conditions
and constraints for the compartments are handled in the same way as for single nuclides.

-25-

4.4

VERIFICATION OF THE MODEL

Verification is addressed by comparing the results given by the model with known
analytical solutions and by comparison with an independent numerical code. Here, the accuracy
of the steady state and transient solutions given by the code NUCTRAN for this model has been
investigated by defining test cases. Analytical solutions were used to verify the numerical
.solution and the steady state solution of NUCTRAN [27 and 28]. For the verification of the
non-stationary solution, a well-verified numerical code TRUMP-code [29 and 30) is used.
TRUMP is a computer program used to solve mass and heat transfer problems. A detailed
description of the NUCTRAN-verification exercise is documented in Paper III.
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Figure 11 The relative fluxes are given for various subdivisions of the cylinder into
compartments, when the access and escape of the nuclides occur through small
holes. Numbers on the curves indicate the number of compartments used in the
calculations.

A verification test simulating the nuclide transport escaping from the canister into the
bentonite in the KBS-3 repository is shown in the following example. The solute transport for
various compartmentalizations of a solid cylinder is calculated. The transport at the ends of the
cylinder occurs through small circular holes through which the solute enters and leaves the solid
cylinder. The cross-sectional area of the hole or plug is very small and the concentration of the
solute in the hole is constant. The calculations for this test case are summarized in Figure 11.
Comparison of results showed that the accuracy of the compartment model is good
compared with that of models that use a very detailed discretization. When mass transport is
dominated by resistances at sensitive points, accurate results are obtained with a few
compartments as shown in Figure 11. For long-lived nuclides, no large error in the release rate
is expected. For the short-lived nuclides, the solution obtained may be somewhat erroneous at
short times but the error may be greatly diminished by a subdivision of the large compartments
at the sensitive zones. Figure 11 shows that considerable improvement in accuracy is gained if
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large compartments are subdivided into two or four compartments. A finer subdivision
improves the accuracy only slightly.

4.5

ILLUSTRATIVE CALCULATIONS

As an illustration of the capability of the model, the Np-229 release and a radionuclide
chain release from the KBS-3 repository ure calculated.
To calculate the radionuclide release the model requires: a) data on the nuclides such as
diffusion, sorption, half-life, solubility and inventory, b) data on the backfill materials such as
porosity and density, e) data on the sinks such as the equivalent water flow rates and d) data on
the geometry and dimensions of the system. The results obtained using this model are the
nuclide release through the various pathways, the concentrations in all compartments and the
variation in the nuclide inventory in the source. Information on the required data can be found in
Tables A1 and A2 in the Appendix. The geometrical dimensions of the repository' of interest for
the compartmentalization of the system are: the canister with a diameter of 0.8 m, a length of
4.5 m, a thickness wall of 0.06 m, and a hole size at the canister wall of 5 mm-; thv. deposition
hole 7.5 m long and with a diameter of 1.5 m; the tunnel with a cross-sectional area of 3.2 x 4
m- and a distance between the centre of two canisters of 6 m.
The compartmentalization of the KBS-3 repository reduces to 13 compartments, enough
to obtain an acceptable accuracy in the release of long-lived nuclides. This number may be
increased if at short time a larger accuracy is needed, as shown in Figure 11. The coarse
compartmentalization of the repository is discussed in Paper IV The results of this exercise are
shown in Figures 12 and 13.
The results for the Np-237 are shown in Figure 12. The neptunium in the canister
diffuses through the hole into the bentonite and then migrates through the four possible
pathways (Ql to Q4 in Figure 1) into the water (lowing in the rock. From the top graph we can
predict that less than 2c/c of the neptunium escaping from the canister leaves the repository and
that most of the release is preferentially through the fracture intersecting the deposition hole
path-1, i.e. the shortest path. Later, the release is preferentially through path-1 and through the
disturbed zone path-2. The graph illustrating the variation in concentration with time for specific
zones in the repository shows a large retarding effect on the concentration in the zones far from
the bentonite. The retarding effect is mainly due to the high sorption capacity of the bentonite
for this nuclide. It lakes over 1 million years for the concentration in the bentonite to reach the
maximum value.
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Figure 12 Calculations in the KBS-3 repository for Np-237 using the congruent approach for
the dissolution of the matrix.

The results for the chain U-238 => U-234 => Th-230 => Ra-226 are shown in Figure 13.
The Ra-226 shows the highest release from the repository, even higher than that of the uranium
that is the generate-source of radium. A fraction of the Ra-226 is transported through the barrier
system as U-238. Once again, the role of the sorption in the materials for the release is shown.
The radium has a much lower sorption coefficient than the uranium and therefore a higher
activity in the pore water of the compartments is obtained. If the transport properties in all
materials were the same, a secular equilibrium would be obtained. It means that the activity
release rates of the parent nuclide U-238 and the daughters are equal.
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Figure 13 Calculations in the KBS-3 repository for a nuclide chain.

4.6

DISCUSSION OF THE MODEL

The model may handle the inventory of the species in the canister in two ways, using a
solubility limit approach or a congruent dissolution approach. The solubility limit approach is
used for nuclides free from the fuel matrix. If the approach is used for nuclides embedded in the
matrix, it overestimates the release rate from the repository. Thus, for nuclides embedded in the
matrix, the approach may be considered to be quite conservative. On the other hand, the
congruent approach for nuclides embedded in the matrix gives more realistic results, but this
approach is based on a simplification of the dissolution of the matrix that could be a much more
complex process (see Section 2.2).
The compartmentalization of the geometrical system is very coarse and rather simple. For
the specific case of the KBS-3 repository, the use of this coarse compartmentalization (<20
compartments) does not largely influence the accuracy of the results. The coarse
compartmentalizatton is made possible by embedding analytical solutiors at critical points. In
the KBS-3 repository, these locations control the release and therefore the accuracy of the
release is not greatly affected by the coarse compartmentalization.
The model has shown its capability by calculating the non-stationary release in the KBS-3
repository and in an alternative repository of the very long tunnel type for diverse situations [31
and 32]. Applicabilities of the model are shown in Paper IV. The accuracy of the model when
applied to the KBS-3 is quite good and is sufficient in many cases using of the order of 20 to 30
compartments, considering that uncertainties in the location of fractures, the size of the damage,
etc. may be considerably larger. A sensitivity analysis has been made in order to quantify
uncertainties regarding the release. This is described in the following section.
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5

IMPACT OF THE UNCERTAINTIES IN THE PARAMETERS ON THE
RELEASE

In the Swedish KBS-3 repository, radionuclide transport occurs mainly by diffusion
through four main barriers. The first barrier is the fuel matrix itself, which consists of pellets of
95% of uranium dioxide crystals. Incorporated in the crystals are other radionuclides such as
fission products and actinides that are liberated as the crystals dissolve. This process is
controlled by the rate at which the uranium can be transported away from the canister and by the
uranium solubility that limits the uranium escape rate. The second barrier is the copper canister
from which the radionuclides diffuse into the bentonite. The third barrier is the backfill material,
where the transport of some nuclides may be strongly retarded by sorption. The fourth barrier is
the fractured rock surrounding the repository, where the nuclide may be retarded.
In many of the properties or parameters defining these barriers, there is a natural
variability and often an uncertainty in, e.g., the size of the damage at the canister wall, flow
rates in the channels, locations of fractures intersecting the repository, diffusion and sorption
coefficients, etc. These uncertainties may give an inaccurate release to the far field.

5.1

ENTITIES INFLUENCING RADIONUCLIDE TRANSPORT IN THE NEAR FIELD

The nuclide transport depends mainly on the chemical and diffusive properties of the
nuclides, and sorption on the various materials by which the nuclides migrate. Other entities that
strongly influence the release to the far field are the geometry and the water (low rates in
channels intersecting the repository. A short description of the main parameters or variables
affecting the release is given as follows:
The damage in the canister wall is assumed to be a very small hole, so there will be a large
resistance controlling the nuclide escape rate from the canister. As the copper canister is
resistant to corrosion, no large growth of the hole is expected for the copper/lead canister
studied here [5]. In many situations, the hole size controls the nuclide transport in the
repository. If for some reason the canister loses its integrity, the nuclide transport is no longer
controlled by the small hole. The control of the nuclide transport is then shifted to the backfill or
to the water flow rate in the fractures in the rock.
The solubility of the nuclides limits the concentration in the canister and the rate of release
of the species escaping from the canister. Solubility is used in the performance assessment of
the near field to establish the upper limit of radionuclide release from the waste matrix through
the canister (source term). The solubility of the nuclides may be altered by possible changes in
the redox potential in the repository. Under oxidizing conditions, uranium dioxide and other
redox-sensitive elements are oxidized to a higher oxidation state and become more soluble.
The diffusion coefficient, De, controls the migration of the radionuclidcs through the
various barriers to the flowing water in the rock. Diffusion in near-field materials is an entity
that has been much studied and is expected to have a low uncertainty.
The sorption coefficient k(| determines the capacity of the material to delay the mobility of
the nuclides. If the transport of a short-lived nuclidc is delayed by sorption, the nuclide may
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decay to insignificant concentrations before it reaches the flowing water in the fractures in the
rock. The sorption for some nuclides is sensitive to changes in the redox potential of the
medium. If this potential stays unchanged, a low uncertainty in the sorption coefficient is
expected.
The hydraulic properties of the rock, such as water flux, channel frequency and flow
distribution, aperture of the channels, etc., define the nuclide transport between the backfill and
the mobile water in the fractures in the rock. The channel aperture determines the contact area
between the mobile water and the backfill through which the nuclides access the mobile water.
The channel frequency may have a great impact on the near field release to the far field. If a few
channels only are present in the rock, many canisters may in practice have no access to mobile
water. The water flow rate distribution is also important, because some canisters may be
intersected by channels with high water flow rates. Measurements of channel frequency and
water flow rate may present considerable difficulties and their values may vary considerably.
This hydraulic information about the rock is used to determine the equivalent flow rate, Qec) an
entity that is used to account for the diffusive transport into the flowing water in the fractures in
the rock.

5.2

PARAMETER SENSITIVITY ANALYSIS

In order to quantify uncertainties regarding the release to the far field, a sensitivity
analysis has been performed with respect to the uncertainties in the parameters governing the
release. The methodology used is easy to grasp and quickly conveys the important issues. It
assumes that uncertainties in the release from parameter interaction are negligible. First, the
overall performance model, which assesses the maximum nuclidc release rate from the
repository in terms of the best estimates of parameters is established. This overall performance
model is defined as the central case. Second, by varying each parameter individually by a factor
according to its variability, the relative change in release rate related to the central case is
calculated for each of the parameters. This relative change shows the effect of the uncertainty in
the parameter on the nuclide release. Finally, the logarithms of the relative maxima are plotted
versus their corresponding variability factors.
For the analysis, a few nuclides have been chosen, considering the half-life and the
capacity of sorption and diffusion in the backfill material. They are the fission products
strontium, cesium and iodine and the actinides plutonium and uranium. The group of nuclidcs
belonging to the fission products has a high solubility whereas (he other group presents
solubility limitations.
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Data Used to Determine the Central Release-values
For the safety analysis of the KBS-3 repository, best estimated values and conservative
values based on experimental data have been proposed for most nuclides of interest. Table Al
in the Appendix shows values for diffusivity, sorption, and solubility data in saline water and
reducing conditions. These values, significant with respect to safety of the final disposal, lead
with a high probability to an overestimation 01 radiation doses in the biosphere. Data on
equivalent flow rates are found in Table A2. The uncertainties between parameters may differ
widely, e.g., the flow rates in the disturbed zone and in the channels intersecting the deposition
hole may vary by two or more orders of magnitude, whereas the diffusivity and sorption in the
bentonite surrounding the canister is expected to have an uncertainty of not more than a factor of
two or three. Data on factors of variability of the parameters based on expected variations are
aiso found in Tables AI and A2.
The releases of the soluble fission nuclides cesium strontium and iodine are calculated.
The calculations for these nuclides consider only the fraction in the fuel/cladding gap that is
rapidly transported from the canister, 10# of the total inventory. The other fraction, not
considered, is embedded in the matrix and therefore its release is slow in comparison to the
fraction in the fuel/cladding gap. In the case of the plutonium, the calculations take into account
the fact that this nuclide is embedded in the uranium dioxide matrix.

Summary of the Results
The results of the sensitivity analysis are summarized in two figures; Figure 14 showing
the effect of uncertainties in the parameters on the peak radionuclide release to the far field and
Figure 15 showing the radionuclide release distribution for the central case for some
representative nuclides.
The effect of uncertainties in the parameters on the release cannot be generalized for all
nuclides, but some patterns of their influence can be given. Variations in the size of the damage
in the canister wall have a strong influence on the release. Variations in uranium solubility have
a strong influence on the release of those nuclides that are embedded in the uranium dioxide
matrix. Variations in the nuclide's own solubility is only important for those nuclides that may
be considered to be free from the matrix. Variations in the adsorption capacity of the bentonite
surrounding the canister and in the equivalent flow rate in the fractures in the rock nearest to the
canister, e.g. a fracture intersecting the deposition hole and disturbed zone, have a strong
influence on the release. Therefore, parameters such as hole size, uranium solubility, sorption,
and equivalent flow rates have to be accurately determined in order to minimize uncertainties in
the release to the far field. For nuclides with a high diffusion coefficient in the bentonite, e.g.,
cesium and strontium, the hydraulic properties of the fractured rock nearest to the deposition
hole have to be well determined. For the iodine, on the other hand, with a very low diffusion
coefficient, uncertainties in the hydraulic properties of the near-field rock have a very small
effect on the release. For the iodine, uncertainties in the release arise from variations in
diffusivity. The uranium release, with a very high inventory, is not affected by uncertainties in
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the hydraulic properties of the rock.
The released nuclide fraction through each pathway is not greatly influenced by
uncertainties in the transport properties of the backfill materials, whereas uncertainties in the
water flow rates in the fractures have a strong influence on the peak nuclide release distribution.

Variability factor
Benionite

Sand-bentonite Rock

Variability factor
Equivalent flow rales

Figure 14 Impact of the uncertainties in the parameters on the peak radionuclide release from
the KBS-repository.

-33-

1.00

Cs-137

Sr-W

Pu-239 Cs-135

I-129

U-238

Nuclides

Figure 13 The radionuclide release distribution is given for the central case that is defined by
the central parameter-values. The released fractions are determined when the release
rate reaches its maximum value.

5.3

DISCUSSION OF THE UNCERTAINTIES IN THE RELEASE

Uncertainties in the calculated release of nuclides escaping from the repository arise from
uncertainties in the parameter-values governing the nuclide transport in the repository and from
uncertainties due to the model itself.
The sensitivity analysis showed that uncertainties in some parameter-values have a strong
intluence on the release. A factor 10 of uncertainty in release may be found. This factor is
comparable to the uncertainties in the parameter-values that range between 5 for the transport
properties and 30 for the hydraulic properties of the rock.
Uncertainties arising from the model itself may have different sources. One source may be
the description of the scenario concerning the location of the hole in the canister wall, the
location of the fracture intersecting the deposition hole, the number and characteristics of the
pathways by which the nuclides are transported, etc. Another source may be assumptions
relating to the mechanisms involved in the rate of dissolution of the waste matrix and in the
nuclidc transport through the different barriers. Model simplifications may also cause
uncertainty, e.g. nuclidc transport in the interior of the canister, which is considered to be a
well-mixed tank reactor. Another simplification is the assumption that all the capacity of the
bentonite surrounding the canister is equilibrated. In fact, in the case of a small damage in the
canister wall, the transport through the bentonite only occurs through a portion of it. Finally,
other source of uncertainty is inherent in the numerical model, a rough discretization of the
barrier system may be used by embedding analytical solutions in sensitive zones. Sources of
uncertainties such as the description of the scenario, mechanisms and simplifications are
handled by making conservative assumptions. Uncertainties arising from the rough
discretization could be large for nuclides of shod half-life. These uncertainties may, however,
be greatly reduced by a subdivision of sensitive compartments.
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6

CONCLUSIONS

The near field of a repository for high-level nuclear waste has been studied. The work is
focused on the modelling of the redox front which originates v/hen the oxidants in the canister
escape to the surroundings and on the development of a fast and flexible model to calculate the
transport of radionuclidcs escaping from the canister. In both cases, the KBS-3 canister is
considered.
The advance of the redox front was determined for three rates of production of oxidants.
The range of the predicted travelled distances of the front is from less than a metre to over a
thousand metres. The long distances were, however, found for the unrealistic high radiolysis
rate. The calculations were made assuming the transport of oxidants in n.dividual channels over
long distances which could also be unrealistic. It is, for example, unlikely that the redox front
will ever move past the hentonite and if it does the front may move less than 100 m in u channel
with a high water flow rate.
Application of the redox front model at the Pocos de Caldas Natural analogue served to
explain the main mechanisms and processes contributing to the formation and movement of the
redox front, such as transport of the ^i^ants through fractures with diffusion into the rock
matrix. In addition, evidence of dissolution and precipitation of redox-sensitivc nuclides
moving past the redox front and matrix diffusion were also found in Pocos de Caldas.
The model developed to calculate the migration of radionuchdes from the canister is fast
and flexible. The model uses a coarse compartmcntalization of the system by embedding
analytical solutions in rones where other models, such as finite differences, would need a very
Fine discretization. The concentration of the radionuclides within the canister may be determined
by the nuclide own's solubility or by congruent dissolution of the fuel matrix. A small number
of compartments suffices to obtain a good accuracy in the release. For short-lived nuclides
inaccurate results could be obtained, but this uncertainty is largely reduced by an increase in the
number of compartments. Uncertainties in the release arising from the model are small in
comparison to those arising from the variability in the parameter-values and material properties.
The sensitivity analysis showed that the variability in the parameter-values does not have
the same impact on the release of all nuclidcs. Parameters such as hole size in the canister wall.
uranium solubility, sorption, and the hydraulic properties of the fractured rock nearest to the
canister have to be well known in order to minimize uncertainties in the calculated release.
Variability in the material properties has no large influence on the release distribution from the
repository, but the water flow rates strongly influence which path will dominate the escape
route. Short-lived nuclidcs preferentially migrate through the shortest path and long-lived
nuclides preferentially migrate to the disturbed zone around the tunnel and to a smaller extent to
the fracture intersecting the deposition hole.
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NOTATION
A
c
c*
cP
De
d
t
Kj
kj
M
N
Qo,
q
qo
r
S
Ti
T2
t
U ()
u
u0
V
Vf
W
x
xr
/.

= cross-sectional area for diffusion (m2)
= concentration (mol/m3)
= concentration in the fracture (mol/m3)
= concentration in the pore water in the rock matrix (mol/m3)
= effective diffusivity (m2/yr)
= diffusion length (m)
= stoichiometric factor for the oxidation reaction
= distribution coefficient
= sorption coefficient (m-Vkg)
= solid inventory (mol)
= dissolution rate or production rate (mol/yr)
= equivalent water-flow rate (m3/yr)
= concentration of the oxidized reducing species in the solid (mol/m3)
= initial concentration of the reducing species in the solid (mol/m3)
= radius (m)
= thickness of the slab or spacing between fractures (m)
= breaching time of the canister (yr)
= time at which the redox front reaches the fracture (yr)
= time (yr)
= flux of water (mVm 2 -yr)
= water velocity (m/yr)
= infiltration flux (Darcy velocity) ( m 3 / m 2 y r )
= volume (m 3 )
= velocity of the redox front (flow direction) (m/yr)
= width (m)
= distance (diffusion direction) (m)
= location of the redox front (m)
= distance (flow direction) (m)

Greek
8
ep
T)
X
p

= fracture aperture (m)
= porosity
= mean penetration thickness (m)
= decay constant (yr')
= density (kg/m3)
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APPENDIX: Tables

Table Al

Best Estimates of Parameters in a Saline and Reducing Environment as Used in
SKB-91 [ 2 , 5 , 8 , 2 0 ] .
Bentonite
Sand-Bentonite
Rock
ka
kj
De
Nuclide Inventory Solubility Half-life
De
De
Ki
1O-I3
io- 10
hiyh
1.57x107 2.5xlO' 12
0
0
I-129
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0

Cs-135
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S

2x1 (C
3.03

Variability factor
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7
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3
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0025
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3
^

5

;
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10
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3

0.1

I0" 1 3

3
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13

3
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13

9

o.32

' ur]*

0.032

13
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io-

i ur
'

13

5

3

0.05

' o.oi
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Note: initial nucliJe inventory per canister in (mo!), .solubility cs in (mol/l), half-life (\r),
effective diffussion coefficient De in (nr/s), sorpiion coefficient kj in (m'/kg).

Equivalen Flow Rates Q eq in the Various Sinks [9] (Ql to Q4
see Fig. 1) and Material Properties.
Disturbed i Fracture
Fracture: in
Deposition hole Tunnel
Zone
Zone
Q2
03
04
01
6
Equiv. flow rate (I/yr)
0.25
0.5
4
20
30
10
30
Variability factor

Table A2

Material
Material Property
Solid Density (kg/m3)
Porosity (%)

Bentonite
2 700
25

Sand-Bentonite
2 280
24
;

Rock
2 700
0,5

