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Abstract

Possible transformation of Na-montmorillonite to Ca-montmorillonite, by ion-exchange,
in the bentonite buffer in a final repository for spent nuclear fuel can lead to a drastic
decrease in the swelling capacity and a significant increase in the permeability of the
bentonite. The ion-exchange mechanism of the Na-montmorillonite to form Ca-
montmorillonite has been studied, by using the coupled transport/reaction model.

In most typical sites of the Swedish granitic bedrock where there are no large fractures
and fractured zones, groundwater flow in the bedrock is often limited. The results of this
study show that the ion-exchange process will be very slow in this case. The ion-
exchange takes place uniformly inside the bentonite and no sharp reaction front will be
developed. Only a few percent of the total Na-montmorillonite is exchanged within 1 to
10 thousand years after the sealing of the repository. The permeability of the bentonite
will be increased only marginally. This is the most realistic case.

When the groundwater flow in the granitic bedrock is assumed to be unlimited, an upper
bound of the conditions of the water flow, sharp ion-exchange front can be formed and
propagate within the bentonite buffer, from the bedrock side to the canister side. The
formation and propagation of the front is mainly driven by the mass transport of the
sodium and calcium cations through the bentonite/bedrock interface. When the
groundwater in the bedrock is assumed to be the Aspo water, with a high calcium
concentration, the break-through time of the ion-exchange front can be a few thousand
years. When the water is assumed to be Allard water with low calcium concentration,
the break-through time can be as long as 105 to 106 years.

When a canister has manufacturing defects, both the pyrite oxidation and the ion-
exchange processes can occur simultaneously. A redox front and an ion-exchange front
develop from both sides of the bentonite buffer. Before the two fronts meet, they travel
relatively independently in the bentonite. After they meet, the two fronts interact with
each other only marginally. The propagation rate of both fronts and their other
characteristics do not seem to be influenced by the encounter.

Even if large scale ion-exchange happens, the release of the dissolved uranium species
from the bentonite to the granitic bedrock can still be extremely small. The release is
mainly controlled by the redox process of pyrite oxidation. As long as the redox front
does not break through the bentonite buffer, uranium release is very small.
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1. Introduction

In a final repository for spent nuclear fuel, highly compacted bentonite is used as
buffering material around the fuel-containing copper canisters in vertical emplacement
holes. The backfill material in the tunnels is also characterised by a mixture of bentonite
and sand. The bentonite contains mainly the clay mineral montmorillonite.
Montmorillonite has several favourable properties for retarding the release of
radionuclides. However, changes in near-field groundwater flow and geochemistry over
time can possibly alter the properties of the bentonite.

In two previous reports (Liu and Neretnieks, 1996a; 1996b), we have studied the two
mechanisms that can possibly affect the long-term properties of the bentonite buffer in a
final repository, by using a coupled mass transport with geochemical reaction model.
The two mechanisms are: oxidation of the reducing mineral pyrite in bentonite by
radiolytically generated oxidant, and low-temperature alteration of Na-montmorillonite
in bentonite to illite. In the former report, the groundwater in the granitic bedrock was
assumed to be the water in typical Swedish bedrocks (Allard water) (Allard et al., 1983).
In the latter, it was assumed to be the groundwater measured at the site of the Aspo
Hardrock Laboratory (the Asp6 water) (Smellie and Laaksoharju, 1992). Numerical
simulation results showed that, under the conditions of groundwater flow and
geochemistry in the near-field considered in this study, low-temperature alteration of
montmorillonite to illite is unlikely to occur.

There is another mechanism that can also possibly affect the long-term properties of the
bentonite buffer. It is the process of cation-exchange, with the sodium cations in the
montmorillonite in bentonite being substituted by calcium cations. The possible
transformation of Na-bentonite to Ca-bentonite through cation-exchange leads to a
drastic decrease in its swelling capacity and thus to a significant increase in permeability
(Pusch et al., 1991). Wanner et al. (1992) has presented a thermodynamic model for ion-
exchange within bentonite. In the model, the system considered was a batch mixing tank
or a series of mixing tanks. Mass transport was not considered.

In this report, we will present a coupled transport/reaction model, in which the ion-
exchange mechanism is included. The sodium cations in the Na-montmorillonite can
possibly be replaced by calcium cations through ion-exchange. The source of the calcium
cations can be the small amount of calcite (1.4% by wt.) originally present in the
bentonite, as well as that diffused into the system from the flowing water in granitic
bedrock. (The Aspo water contains very high concentration (1890 mg I"1) of calcium
(Smellie and Laaksoharju, 1992)).

In this report, we first focus only on the ion-exchange mechanism, ignoring the pyrite
oxidation that may take place from the inside of the buffer due to radiolytically
produced oxidant if there is a damaged canister. Then both the ion-exchange and the



pyrite oxidation mechanisms are considered, to study not only the effect of each single
mechanism, but their concurrent effects on the long-term properties of the bentonite
buffer. Thereby the interaction of the two mechanisms can also be studied.

In the project Site-94 conducted by the Swedish Nuclear Power Inspectorate (SKI), the
performance of a hypothetical repository has been assessed, by using site-specific data
from the Aspo Hard Rock Laboratory in south-eastern Sweden (Arthur and Apted,
1996). The influence of the uncertainties inherent in site characterisation on the
performance assessment results is one of the main issues in the Site-94 project. The
influence of this site-specific groundwater in the granitic bedrock on the ion-exchange
process will be considered in this study.

The model presented in this study takes into account the variation of the groundwater
composition in the granitic bedrock. Numerical simulations are conducted with both
Allard water and the Aspo water as the groundwater in the granitic bedrock outside the
bentonite buffer, and with the ion-exchange mechanism included in the model. Results
obtained by using the two groundwater compositions are compared. The results will
also be compared with those obtained in our previous reports (Liu and Neretnieks,
1996a; 1996b), without considering ion-exchange, whenever appropriate .

In our previous models (Liu and Neretnieks, 1996a; 1996b), two assumptions were
made regarding the flow of the groundwater in the granitic bedrock: an unlimited flow
and a limited flow. Field investigations revealed that the assumption with limited flow is
more realistic (Neretnieks, 1993). But we still consider the scenario with unlimited flow
of groundwater in the granitic bedrock to illustrate an upper bound of the rate of change.
This will be a very conservative scenario. Only when the canisters happen to be located
in a highly fractured zone is it possible that the groundwater flow becomes near what
would be unlimited from the transport pores in the rock.

In our previous reports (Liu and Neretnieks, 1996a; 1996b), two levels of pyrite content
in the bentonite were assumed, both values were taken from the literature (KBS-3, 1983;
Eriksen and Jacobsson, 1983). The amount of pyrite in the bentonite buffer affects only
the rate of redox front propagation. When we consider only the ion-exchange
mechanism, it will have no effect on the results at all. When both the mechanisms of
pyrite oxidation and ion-exchange are considered simultaneously, the amount of pyrite
will influence the rate of redox front movement and therefore influence the interaction of
the redox front with the ion-exchange front.

In the following, we will first present some theoretical background of ion-exchange
reactions and the incorporation of the ion-exchange sub-model into the coupled
transport/reaction model. We then describe the model settings for this specific study.
The set-up of the initial and boundary conditions with input data will be outlined.
Different combinations of the scenario variables (like whether it is the Aspo water or



Allard water in the granitic bedrock, whether there is unlimited or limited groundwater
flow in the bedrock, etc.) will give different cases to study. Conceptual models will be
devised for these cases. Through theoretical argument we will rule out some cases which
are redundant and less interesting. By approximate analytical solutions, we can also
discuss the importance of the scenario variables in different cases and avoid detailed
numerical simulations for the cases. The analytical treatment gives insights into which
mechanisms are important under different conditions and confirms that the detailed
numerical results are reasonable. At last, several more complicated and more important
cases are retained to be studied by detailed numerical simulations. The numerical
simulation results are then presented and discussed. Finally, conclusions are drawn from
this study.

2. Theoretical background

2.1. Ion-exchange reactions

Ion-exchange reactions are characterised by the following features: exchange of ions of
similar charge, reversible and stoichiometric. The exchange takes place between an ionic
solution and an insoluble solid that is in contact with it. For the solid to exchange ions it
must have ions of its own, and there must be a pathway for these ions to move back and
forth. In the simplest structures the ions are located on the surface of the solid. More
commonly, the exchangeable ions are in channels, or pores on the molecular scale within
the solid.

Montmorillonite in the bentonite buffer is a clay mineral. Clay minerals are essentially
hydrous aluminosilicates, with layer structures. Montmorillonite is a three-sheet mineral
made up of an octahedral sheet and two tetrahedral sheets (the 2:1 group). It usually has
intersheet water layers and shows extensive substitution by magnesium and iron of the
silicon in the octahedral sheet. Because of the substitution, montmorillonite often has a
deficiency of positive charge, and this causes extensive adsorption of cations on the
surfaces and edges of the clay sheets. These surface sorbed cations are readily
exchangeable. Therefore, montmorillonite shows a high capacity of ion-exchange with
adjacent solutions (Brownlow, 1979).

Ion-exchange reactions can be written in the following generic form:

nMXm+mNn+ = mNXn + nMm+ (2.1)



where Mm+ and Nn+ are two free ions, MXm is the solid phase which contains the

original exchangeable ions Mm+, NXn is the solid phase in which the exchangeable ions,

Mm+, have been substituted of Nn+.

When the reaction reaches equilibrium, the relevant concentrations satisfy the relation of
equilibrium:

[Mm +] n[NX n]m YM^rNX, = K ( 2 2 )

[MXm] n[N n +]m 7MXm7N-

where the square brackets represent concentrations, the y's stand for activity
coefficients, and K is the equilibrium constant. Usually the common logarithm (with a
base of 10) of K is used in computer models.

2.2. Ion-exchange sub-model in the coupled transport/reaction model

The computer program of the coupled mass transport with geochemical reaction model
used in this study is CHEQMATE (Haworth et al., 1988), in which the geochemical
equilibrium sub-model is essentially the program PHREEQE (Parkhurst et al., 1985). In
PHREEQE, aqueous phase species are categorised as primary species and second
species. The primary species represent the independent species of the system which
cannot be written as reactions of other primary species. A secondary species can be
formed by reactions of primary species.

When the ion-exchange sub-model is integrated into the coupled transport/reaction
model, one more primary species is needed. The reaction expressed in Eq. (2.1) cannot
be directly used in the model. Instead, it is split into two reactions, all involving only
primary species. The primary species chosen in the program CHEQMATE is the
insoluble matrix structure X". Then the reaction of Eq. (2.1) can be written as two
equations (Haworth et al., 1995). For simplicity, we do not discuss the general case of
Eq. (2.1), but consider only the special case of cation-exchange of Na-montmorillonite.
The discussion can be readily generalised to represent other more complicated reactions.

In an Na-montmorillonite the intersheet ions are sodium cations. These sodium cations
can be replaced by calcium cations in solution by ion-exchange. An ion-exchange reaction
of the sodium montmorillonite to produce calcium montmorillonite can be written as the
following:

2NaX + Ca2+ = CaX2 + 2Na+, logK (2.3)



where NaX represents Na-montmorillonite and CaX2 represents Ca-montmorillonite,
logK is the common logarithms of the equilibrium constant. A value of 1.63 is assumed
for logK (Wanner et al., 1992).

When X" is assumed to be a primary species, the above reaction can be written as two
independent reactions:

Na+ + X* = NaX logKi (2.4)

Ca2+ + 2X" = CaX2 logK2 (2.5)

where logK in Eq. (2.3) equals logK2 - 21ogKi.

In order to have all the exchange sites be occupied initially to maintain electrical
neutrality, a very large value is assumed for Kj. In CHEQMATE (Haworth et al., 1995),

it is assumed to be 1020. The value for logK2 then becomes 41.63. Different values of the
logarithms of the equilibrium constants are shown in Table 2.1.

Table 2.1. Different values of the logarithms of the equilibrium constants.

Logarithms of equilibrium constant Values

logK 1.63
logK, 20.0
logK2 41.63

Under certain circumstances, the assumption of an extremely large value for K| makes
the Jacobian matrix of the highly non-linear equilibrium equations become singular, and
causes convergence problem in the iteration. The problem has been encountered in this
study. To solve the problem, initial guess of the aqueous concentrations for iteration
must be as close to the final solution of the equations as possible. The best initial guess
is usually obtained from experience and a trial-and-error process.

The activity coefficients of the free ions in Eq. (2.1) (Mm+ and Nn+) are obtained as
usual from theories of electrochemistry, like Debye-Hiickel equation, Davies equation,
etc. (Robinson and Stokes, 1970). The different equations for the activity coefficient
calculations are chosen by the computer program used, depending on which parameters
are available in the thermodynamic database. There are several conventions for treating
the activity coefficients of the solid species (MXm and NXn) in ion-exchange reactions.
One is to set the activity coefficients for the surface species to be 1. The second
treatment is based on the Gaines-Thomas model (Gaines and Thomas, 1953), in which



the activity of a sorbed species is represented by its mole fraction relative to the total
sorption sites. In the computer program CHEQMATE (Harworth et al., 1995), both
treatments are available. In this particular study, the former treatment is adapted,
because the ratio of the mole fractions of Na-montmorillonite to Ca-montmorillonite is
relatively constant.

3. Coupled transport/reaction model and Model settings

3.1. Coupled transport/reaction model

Detailed description of the model has been given in our previous reports (Liu and
Neretnieks, 1996a; 1996b). Only a brief summary of the model will be presented here
for a complete presentation.

A final repository of spent nuclear fuel will be situated in crystalline bedrock, a natural
geological formation. Any natural systems are open in the sense that material and energy
are continuously input in and output from the system. In a repository in particular,
residual heat emitted from the spent fuel will increase the temperature of the location
during some transient time. The maximum temperature could be about 80°C and the
temperature drops to the normal value (about 25°C) in 10 000 to 20 000 years (KBS-3,
1983). This temperature increase is not considered in this study. Groundwater flowing
in the fractures of the bedrock can intersect the deposition holes of the repository.
Dissolved species in the groundwater may reach a metastable equilibrium, both within
the aqueous phase and between the aqueous and the solid mineral phases, when the
residence time of the water is relatively longer than typical chemical reaction time. This
is usually the case. Local equilibrium assumption is thus valid for describing the
chemical characteristics of the system.

The chemical equilibrium is achieved only locally, and it is influenced by many factors:
the groundwater flow (advection) and the diffusive mass transport of the dissolved
species. When new species are brought into a water, either by advective transport or by
diffusive transport, old equilibrium conditions are no longer satisfied, the system will
evolve toward new equilibrium corresponding to the new conditions. The evolution is
characterised by chemical reactions within the aqueous phase, dissolution/precipitation
of minerals, as well as sorption/desorption and ion-exchange on the mineral surface.
These processes are quantitatively described in coupled transport/reaction model.



3.2. Model settings

The basic model settings in this study are essentially the same as in our previous reports
(Liu and Neretnieks, 1996a; 1996b). In the model, a one-dimensional column, 0.38 m
long, is selected to represent the bentonite buffer. This column is discretised into 19 cell,
for numerical simulations.

The boundary conditions for the numerical simulations are as follows. To the left of the
cells, one cell is added to represent the spent nuclear fuel. When we focus only on the
ion-exchange mechanism, no oxidant is generated in this cell. If both the ion-exchange and
the pyrite oxidation mechanisms are studied, oxidant is generated in this cell, at a rate
obtained from the literature (Christensen and Bjergbakke, 1982). The oxidant oxidises
the uraninite in the spent fuel. Hexavalent dissolved uranium species are produced and
transported into the bentonite buffer to oxidise the pyrite mineral in it. A redox front
can form in the bentonite, propagating from the canister side toward the granitic bedrock
side.

To the right of the column, another cell is annexed to represent the granitic bedrock.
Compositions of either the Asp8 water or Allard water are input in this cell as a
boundary condition. Moreover, the groundwater can be assumed to have an unlimited
flow rate, giving constant composition of the groundwater, or an limited flow of the
groundwater in the bedrock can be assumed. The latter is much more realistic. The water
flux that carries dissolved species to and from the buffer is 4 • 10 m3 m'2 yr" in the
central case. When the concentrations of calcium and sodium ions are different in the
waters in bedrock and bentonite, an ion-exchange front may be formed. This front will
propagate in the direction pointing from the granitic bedrock toward the bentonite
buffer.

More than 90 chemical species made up of 12 elements are included in the model. The
twelve elements are Ca, Mg, Na, K, Fe, Al, Si, C, S, U, H and O. Six minerals are
involved in the numerical simulations. They are calcite, hematite, illite, Na-
montmorillonite, pyrite and uraninite. As for the initial condition, the Na-
montmorillonite is the major component of the bentonite buffer. It can be converted to
Ca-montmorillonite by cation-exchange. The bentonite buffer also contains small
amounts of calcite and pyrite. The uraninite represents the spent fuel and is contained in
the first cell of the system. All the minerals initially presented in the system are
equilibrated with the pore water, giving a certain speciation of the pore water in the
bentonite buffer. Hematite and illite are not present initially in the system but can
precipitate when oxidation and low-temperature alteration of the bentonite buffer take
place, respectively.

The ion-exchange reaction of Na-montmorillonite is represented in the model by
including three more species, X" as a primary species to represent the matrix structure of



the montmorillonite mineral, NaX to represent the Na-montmorillonite and CaX2 to
represent the Ca-montmorillonite produced by ion-exchange reaction of Na-
montmorillonite. These species and the related reactions are added into the
thermodynamic database of the computer program.

The total number of cation exchange site is also needed for the computer simulation. The
cation exchange capacity (CEC) for montmorillonite is found to be 76.4 meq/lOOg (van
Olphen and Fripiat, 1979). In this study, the content of montmorillonite in bentonite is
assumed to be 80% by wt. (KBS-3,1983). This gives a concentration of cation exchange
site of 4.07 moles per litre of pore water, when the porosity of bentonite is assumed to
be 30%.

Commercial Na-bentonite, like bentonite MX-80 available from American Colloid in the
USA, and Kunigel-Vl bentonite supplied by Kunimine Industries Co. in Japan, contains
about 15 to 40% of Ca-bentonite (Muller-Vonmoos and Kahr, 1983; Sasaki et al., 1995).
In MX-80 bentonite, calcite also exists. At a constant pH of 9 in a closed system,
calculations made for initial equilibrium of 100% Na-bentonite and calcite indicate that
up to 3% of the Na-bentonite can be converted to Ca-bentonite, through dissolution of
the calcite. If the system is not closed and either calcium is transported in or carbonate is
released out of the system, the percentage can be increased (see discussions below). A
few percent of Ca-bentonite (with the Ca ion-exchange site in the montmorillonite
mineral in bentonite) can be a reasonable starting point when calcite coexists with Na-
montmorillonite.

Different scenario variables can be combined to form different cases to study. The
scenario variables involved in this study are: (a) scenarios with only ion-exchange
process and scenarios with both ion-exchange and pyrite oxidation processes (scenarios
with only pyrite oxidation process have been considered in our previous reports (Liu
and Neretnieks, 1996a; 1996b); (b) two levels of initial pyrite content in the bentonite,
200 mg and 9.6 g per kg of bentonite, respectively (KBS-3, 1983; Eriksen and
Jacobsson, 1983); (c) unlimited and limited flow rate of the groundwater in the granitic
bedrock, i.e., a constant concentration boundary and a limited flow (with a water flux of
4 • 10"4 m3 m"2 yr1) boundary in the bedrock; and (d) compositions of the Aspo water
and Allard water in the granitic bedrock, respectively.

Combination of the above scenario variables can give 16 different cases (See Table 4.1).
In the following, we will see, through theoretical argument, that some of the cases are
redundant. It can also be shown, by simple analytical solutions, that some of the
scenario variables are less important and the corresponding cases will be discussed only
briefly. Numerical simulations will be made for the rest of the cases and the results will
be analysed in detail.



Table 4.1. The 16 cases from the combination of the different scenario variables.

Variable

Level

Casel

Case 2

Case 3

Case 4

Case 5

Case 6

Case 7

Case 8

Case 9

Case 10

Case 11

Case 12

Case 13

Case 14

Case 15

Case 16

pyrite oxidation

with

X

X

X

X

X

X

X

X

without

X

X

X

X

X

X

X

X

pyrite content

low

X

X

X

X

X

X

X

X

high

X

X

X

X

X

X

X

X

groundwater flow

limited

X

X

X

X

X

X

X

X

unlimited

X

X

X

X

X

X

X

X

water type

Aspo

X

X

X

X

X

X

X

X

Allard

X

X

X

X

X

X

X

X

In our previous reports (Liu and Neretnieks, 1996a; 1996b), two levels of initial pyrite
content in bentonite have been considered. When we study only the ion-exchange
mechanism, however, the level of pyrite content will have no influence on the results at
all. When no oxidant is assumed to be transported from the canister to the bentonite, the
pyrite in bentonite will not dissolve. The solubility of a mineral is determined only by
the presence or absence of that mineral, not by the amount of the mineral. It is therefore
only needed to consider any one level of the pyrite content when we focus only on the
ion-exchange mechanism, either Cases 9-12 or Cases 13 to 16 will suffice.

The next scenario variables we will analyse is the boundary conditions of the
groundwater flow in the granitic bedrock, with unlimited or limited flow. We will first
demonstrate, by simple analytical solution for the mass transport equations, that the
condition with limited groundwater flow in the granitic bedrock has restrained the rate of
the ion-exchange process. No sharp ion-exchange front is formed. Instead the ion-
exchange occurs slowly and evenly in the bentonite buffer.



4. Results of the cases with only ion-exchange reaction

In this section of the report, we consider only the ion-exchange mechanism that can
possibly take place in the bentonite buffer. The pyrite oxidation mechanism will be
postponed for later consideration in the next section of this report.

4.1. Limited groundwater flow in the granitic bedrock and the restraint of the
ion-exchange process

The ion-exchange process of Na-bentonite to Ca-bentonite is due to the substitution by
calcium cations of the exchangeable sites which are pre-occupied by sodium cations in
the montmorillonite mineral. Eq. (2.3) indicates that, either removal of sodium cations
or supply of calcium cations favours the forward ion-exchange reaction. In our model,
sodium cations exist in the exchangeable sites of the montmorillonite mineral. Initially
the pore water in the bentonite buffer contains also some dissolved sodium cations. As
the ion-exchange substrate of montmorillonite is stable and immobile, the mass transport
of the sodium cations is not affected by the transport of other species.

The mass transport of the calcium cations, however, is affected by the mass transport of
the dissolved carbonate anions. In our model, a small amount (1.4% by weight) of calcite
is assumed to be present initially in the bentonite buffer. Before the calcite is exhausted,
concentration of the calcium cations in the pore water is limited by the solubility of the
calcite mineral. At equilibrium, we have

Calcium cations are supplied both by the dissolution of the calcite mineral in the
bentonite and by the mass transport from the water in the granitic bedrock. The
dissolution of the calcite mineral requires the transport of the carbonate species from the
site of dissolution. Moreover, the level of the carbonate concentration is determined by
the speciation of the dissolved carbon, which in turn is primarily determined by the pH
of the system.

If concentration gradients exist between the interface of bentonite and bedrock for the
afore-mentioned species, an ion-exchange front can develop from the interface and
propagates into the bentonite. When there is limited flow of the groundwater in the
granitic bedrock, however, all of the mass transport processes through the interface will
be restrained. It may take very long time for the front to develop and propagate. For low
water flow the front will smear and essentially there will be no front to be noticed. The
ion-exchange process may still proceed, but at very low speed, and it occurs evenly in
the bentonite. We are now to quantify this argument.
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In our model it is assumed that the hydraulic conductivity of the bentonite is extremely
small and there is only diffusive mass transport of the dissolved species in it. At the
bentonite/bedrock interface, the diffusive mass transport is dependent on the boundary
condition at the granitic bedrock. When there is no limit of groundwater flow in the
bedrock, a constant composition of the groundwater in the bedrock can be assumed. The
diffusive flux of a dissolved species is then just the diffusivity times the concentration
gradient across the bentonite/bedrock interface. When the groundwater flow in the
bedrock is limited, mass transport through the bentonite/bedrock interface becomes
much smaller. The flux through the interface can be derived as follows.

The mineral concentration (in moles per litre of pore water) of the Na-montmorillonite
in bentonite is q, which gives a solubility of sodium cation concentration of Cs. In the
groundwater the concentration of sodium cation is Cw (see Figure 4.1).

r— q

j

Bentonite Bedrock

•

•c
w

Figure 4.1 Schematic illustration of the limit flow boundary condition at the
bentonite/bedrock interface.

With mass balance, we have:

(4.1)

where V is the total volume of the pore water in the bentonite buffer,
Qr is the equivalent flow rate to transport away nuclides,
q is the mineral concentration of the Na-montmorillonite in bentonite,
Cs is the sodium cation concentration, and
Cw is the concentration of sodium cation in the groundwater.

When the amount Na-montmorillonite that has been ion-exchanged is small, the
equilibrium condition gives approximately:

11



*• - Kv . (4.2)
q

where Kv is a constant. Eq. (4.1) can be solved analytically:

¥7 1^ * T 7 ^ '

where q0 is the initial amount of Na-montmorillonite in bentonite.

On the other hand, if the groundwater flow in the granitic bedrock is unlimited, the mass
transfer resistance exists mainly in the bentonite buffer. Sharp reaction front can be
generated. The rate of front movement can be roughly calculated by the shrinking core
model (Neretnieks et al., 1987). The distance x the front travels after a time t is:

A: = J 2 C J Coi"Dtf (4.4)

where Cs is the concentration of the related dissolved species at the surface of the front,
Cgut is the concentration of that species outside the system (in the granitic bedrock in
this particular case), qm is the mineral concentration whose discontinuity forms the
front, De is the effective diffusivity of the dissolved species.

When the water flux in the bedrock is assumed to be 4 • 10^ m3 m*2 yr"1 (1.27 • 10'11 m3

m'2 s"1), rough estimation with Eq. (4.3) shows that it may take more than 1 to 10
thousand years to have only one tenth of the total montmorillonite to be ion-exchanged.
Detailed numerical simulations reveal that ion-exchange occurs evenly in the bentonite.
The Allard water case is demonstrated in Figure 4.2. With the Aspo water case the
mineral concentration is also uniform in the bentonite, but the ion-exchange process goes
faster because the Aspo water has a much higher calcium concentration.

The figure clearly shows that the ion-exchange will take place in the bentonite. The
amount of Na-montmorillonite exchanged increases slowly with time. There is no sharp
ion-exchange front in the bentonite when the water flow in the bedrock is limited.

Even when the mechanism of pyrite oxidation is taken into account, the results will be
roughly the same. The case with limited groundwater flow in the granitic bedrock is not
so interesting, as the ion-exchange mechanism is concerned. It should be noted, however,
that this case is probably the most realistic scenario in the near-field of a repository.
The conclusion we can already make here is that, when the groundwater flows with the
most realistic velocity in the granitic bedrock, the ion-exchange of Na-montmorillonite to
Ca-montmorillonite proceeds very slowly and evenly in the entire bentonite.
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4.2, Unlimited groundwater flow in the granitic bedrock and the ion-
exchange reaction front

The assumption of unlimited groundwater flow in the granitic bedrock is very
conservative. This scenario can only be envisaged if the repository would be situated in
highly fractured bedrock, which is obviously unlikely to be the case. Still this scenario
can be considered as the upper bound of the conditions in the granitic bedrock. This
case is also worth exploring because it gives insights into the exchange processes.

When there is no limit to the groundwater flow, the location of the ion-exchange front
inside the bentonite can be estimated with Eq. (4.4). This will lead to a larger mass
transport of the dissolved species through the bentonite/bedrock interface. As for the
ion-exchange reaction, a fast mass transport makes the process to occur mainly at some
reaction front, instead of happening evenly in the whole system.

The movement of the ion-exchange front is illustrated in Figures 4.3 and 4.4. In Figure
4.3, the groundwater in the granitic bedrock is assumed to be the Aspo water. In Figure
4.4, it is assumed to be Allard water. It can be seen from the figures that the front moves
much slower with the case of Allard water than that of the Aspo water. It should be
noted that the horizontal axis in Figure 4.4 is only a hah0 of the length of that in Figure
4.3. The reason can be explained by examining the various mass transport processes of
the related dissolved species.
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Figure 4.3 Movement of the ion-exchange front from the bedrock side to the canister side.
NaX and CaX2 represent Na-montmorillonite and Ca-montmorillonite, respectively.
Aspo water. Unlimited flow case.
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Figure 4. 4 Movement of the ion-exchange front from the bedrock side to the canister side.
NaX and CaX2 represent Na-montmorillonite and Ca-montmorillonite, respectively.

The groundwater in bedrock is Allard water.
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As the system evolves with time, the ion-exchange front propagates from the bedrock
side to the canister side within the bentonite buffer. The aqueous phase concentration
profiles also change with time. By examining the changes of the aqueous phase
concentration with time, some of the characteristics of the movement of the ion-
exchange front can be explained.

We have considered two cases for the groundwater in the granitic bedrock. One is that
the water is Allard water. The other is that it is the Aspo water. In the following part of
this section, we will mainly analyse the results of numerical simulations when the water
is the Aspo water. The results for the case of Allard water will be qualitatively the
same, but the processes will be slower because the concentrations are lower.

In Figures 4.5 and 4.6 the concentration profiles of Ca2+ and of Na+, respectively, at
different time are shown. When plotted in linear scale, all of the profiles are roughly
straight lines. This indicates that the mass transport proceeds in quasi-steady state. In
addition, one end of the straight line is at the granitic bedrock boundary, and the other
end just follows the ion-exchange front. This type of profiles fits very well of the
assumptions of the shrinking core model (Neretnieks et al., 1987). It is rather obvious
from the above too figures that the ion-exchange process is driven by the inward
diffusion of the Ca2+ cations and the outward diffusion of the Na+ cations. At a certain
time, the diffusive flux of the Na+ is roughly twice as large as the diffusive flux of the
Ca2+. It is so because every one Ca2+ cation can replace two Na+ in the ion-exchange
reaction.

In Figures 4.7 and 4.8 the concentration profiles of the calcite mineral and the
bicarbonate anion (HCO3") are shown, respectively. The dominating species of dissolved
carbon at the pH range of this study is the bicarbonate species.

Figure 4.7 shows that, as the ion-exchange reaction takes place, the calcite mineral
originally existing in the bentonite can dissolve from the canister side (the left side) and
re-precipitate later in the bentonite closer to the bedrock side (the right side). The total
amount of calcite are approximately the same at different time. This implies that the
calcium cations that substitute the sodium cations come mainly from the groundwater in
the granitic bedrock. This assertion can also be argued from two other points: one is that
the inward diffusion of the calcium cations is roughly balanced by the outward diffusion
of the sodium cations (in equivalent); the other is that the dissolved carbon is
transported only from the left part of the bentonite to the right part, but not out of the
bentonite. This can be seen from Figure 4.8. Only at the very beginning (within about
100 years), there is a small concentration gradient from within the bentonite to the
granitic bedrock. As time elapses, the concentration profiles in the right part of the
bentonite are flat and the values are equal to that in the water in the granitic bedrock. As
the calcium cations come mainly from the water in the bedrock, the originally existing
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calcite mineral in the bentonite has little, if not any, influence on the ion-exchange
reaction.

As has been shown above, the rates of the ion-exchange front movement are different
when the groundwater in the granitic bedrock is the Aspo water and Allard water. This
can also be explained by the mass transport of the related species. In the Aspo water,
the concentration of the calcium cations is 1890 mg I"1 (4.7 • 10'2 mol I"1). In Allard
water, the concentration is only 25 mg I"1 (6.2 • 10*4 mol I"1). The ratio is about 76. It
takes that much longer for the ion-exchange front to arrive at roughly the same position
for the Allard water case than for the Aspo water case, as shown in Figures 4.3 and 4.4.
Moreover, the propagation rate of the ion-exchange front in both Figures 4.3 and 4.4
equals approximately the rate predicted by the simple shrinking core model (Eq. 4.4).

100 yrs 200 yrs

300 yrs 400 yrs

pH 900 yrs 1400 yrs

10.5-.

10-
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9-

8.5-

8-

7.5

- X : i * * - r * ^ * 5&AS

0 0.1 0.2 0.3 0.4
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Figure 4.9 Profiles of pH at different time in the bentonite. Aspo water. Unlimited
flow case.

The pH profiles at different times are shown in Figure 4.9. The pore water in the
bentonite buffer has rather high values of pH after having been equilibrated with calcite.
The pH of the Aspo water in the granitic bedrock is about 8. Therefore protons (H+)
will be transported into the system by diffusion. The pH values of the water within the
bentonite become lower and lower. The pH profiles seem also to build a front roughly
following the movement of the ion-exchange front. This is likely to be mediated by the
concentration profiles of the calcium cations. Where the calcite is present, the product of
the concentrations of both Ca2+ and CO32" will be constant (equal to the solubility
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product of calcite). While the concentration of the Ca2+ is higher, that of the CO32" will
be lower. The pH value depends on the speciation of the dissolved carbon species,
carbonate, bicarbonate and carbonic acid. When the concentration of CO3

2' is suppressed
to be low, the pH values will become also low.

At longer tune (900 and 1400 years in Figure 4.9), the calcite close to the canister side
(the left side ) in the bentonite has been completely dissolved and there is no longer a
pH buffer, the pH values start to drop even on the canister side of the bentonite.

5. Results of the cases with simultaneous ion-exchange reaction
and pyrite oxidation

In the above section, we considered only the ion-exchange reaction. As most of the
canisters in a final repository should have no defects, which is guaranteed by quality
control during manufacturing, then no radiolytically generated oxidant can be transported
out of the canisters and the scenario discussed in the above section suffices to describe
the evolution of the system. But some of the canisters may have some manufacturing
defects, even with a very small probability, and for this scenario the oxidation of the
pyrite in the bentonite by the radiolytically generated oxidant must be accounted for.

We still can have several combinations of the scenario variables. The case with limited
groundwater flow in the granitic bedrock is less interesting, as has been discussed earlier
in this report. The remaining scenario variables are the groundwater composition in the
bedrock (either the Aspo water or Allard water), and the levels of the initial content of
pyrite in bentonite (either 0.2 or 9.6 g kg'1 of bentonite). These two scenario variables
give four cases to be considered. We will not look at all of them in detail. Rather we
concentrate ourselves mainly on the case with the Aspo water in the bedrock and low
level of pyrite content in the bentonite buffer. Because we are especially interested in
the interaction of the pyrite oxidation front and the ion-exchange front, this case seems
to be most suitable as the relative rate of the front propagation is concerned.

Oxidant is generated in the canister by water radiolysis. The oxidant thus generated
oxidises the spent nuclear fuel (mainly uraninite) in the canister. Hexavalent dissolved
uranium species are released from the canister to the bentonite buffer. The pyrite in the
bentonite buffer can then be oxidised by the species. A redox front is thus produced and
the front propagates in the bentonite, from the canister side (the left side) to the bedrock
side (the right side).

On the other side of the bentonite, calcium cations are transported from the granitic
bedrock into the bentonite. Sodium cations are transported out at the same time. The
Na-montmorillonite in bentonite undergoes an ion-exchange reaction and is converted to
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Ca-montmorillonite. An ion-exchange front is generated and it propagates in the
bentonite from the bedrock side to the canister side.

As long as the above two fronts do not meet, it can be expected that they propagate
more or less independently in the bentonite. The ion-exchange front travels much faster
than the redox front. It takes about 2500 years for the ion-exchange front to traverse the
total thickness of the bentonite. See Figure 4.3 and also bear in mind that the
propagation rate of the front is inversely proportional to the square root of time, as
indicated by Eq. (4.4). The redox front travels much slower, as the rate is determined by
the rate of water radiolysis in the canister (see Liu and Neretnieks, 1996a). The two
fronts therefore meet much to the left (closer to the canister) in the bentonite buffer.

Figure 5.1 shows when the two fronts meet at the time of 900 and 1400 years after the
sealing of the repository. The figure shows that there is no interference of the two
fronts. Each of them travels independently of the other. It seems that the two fronts
meet, become separated and then continue to travel in opposite directions without
mutual interaction.

Before meeting the redox front, the ion-exchange front travels from the bedrock side to
the canister side without being influenced at all by the redox front. This is shown in
Figure 5.2.
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Figure 5.1 The redox front (green) meets the ion-exchange front (red) in the left part
of the bentonite, at 900 and 1400 years after the sealing of the repository.
Aspo water. Unlimited flow case.
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Figure 5.2. Propagation of the ion-exchange front within bentonite. In the last two occasions
(900 and 1400 years), the front meets the redox front. Aspo water. Unlimited flow case.
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After meeting the ion-exchange front, the redox front continues to travel toward the
bedrock side of the bentonite. Its characteristics are not influenced by the meeting with
the ion-exchange. This is demonstrated in Figure 5.3. When compared with Figure 7.1.
10 in Liu and Neretnieks (1996a), in which no ion-exchange mechanism was considered,
one can see that the two figures are almost the same. This again shows that after meeting
with each other, the two fronts then just continue to travel without being influenced
much by each other during the meeting.

Even though the propagation rate and the characteristics of the two fronts are not
influenced much by each other, other properties of the system can be different when
both fronts exist concurrently, compared with that when only one front exists. In Figure
5.4, the pH profiles at different time are shown, when both the pyrite oxidation and the
ion-exchange mechanisms are considered. When compared with Figure 4.9, where only
the ion-exchange mechanism is considered, the pH profiles at 900 and 1400 years are
different in the two figures. As has been discussed above, the redox front meets the ion-
exchange front around this time. The pH values close to the canister side are lower in
Figure 5.4, compared with those in Figure 4.9. This is mainly caused by the redox
reaction. The oxidation of pyrite produces acidity.

In Figure 5.5, the concentration profiles of calcite at different time are shown. The time
is much longer in this figure than that in Figure 4.7. The ion-exchange front has long
since traversed the bentonite. The only influence now is that of the redox reaction. When
compared with the two profiles (at 900 and 1400 years) in Figure 4.7, there has been
some dissolution of calcite in the region between about 0.2 to 0.3 metres from the
canister (0.2 to 0.3 m in the horizontal axis in the figure). This dissolution is believed to
be caused by the redox reaction.

Pyrite oxidation can be represented by the following chemical reaction:

FeS2 (pyrite) + 3.75O2 + 2H2O = 2SO4
2" + 4¥t + 0.5Fe2O3 (hematite)

With oxidation of 1 mole pyrite, 4 moles H+ will be produced. But in this case, the
initial level of pyrite is low, only 200 mg per kg of bentonite (0.011 mol I"1 of pore
water). The initial calcite concentration is about 0.9 mol I"1 of pore water, which is about
100 times larger than the pyrite concentration. The carbonate from the dissolution of
calcite usually reacts to form bicarbonate, which is the dominating species at the related
pH range. It consumes 1 mole of H+ with the dissolution of 1 mole calcite. Then only
about 1/25 of the calcite dissolves when driven by the acidity produced by pyrite
oxidation. This fraction is small and not readily noticed. Should the initial pyrite content
be higher, more calcite would dissolve, but at a much later time.
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bentonite, at different time.

Mineral cone, (mol/1

01 f

0 . 1 ,

0.075 -

0.05-

0.025 -

0 -

»ore water; uraninite (5000 yrs)

uraninite (9000 yrs)

\

\

\

• •

*.

\

\

\

\

\

uraninite (7000 yrs)

uraninite (11000 yrs)

» \
', \
i \

\

\

0.1 0.2

x (m)

0.3 0.4

Figure 5.7 Concentration profiles of secondary uraninite precipitated in the
bentonite, at different time.

24



One of the key issues in the performance assessment of a final repository is the possible
release of the actinides and other radionuclides. In this report, only uranium is included.
The possible release of dissolved uranium from the bentonite into the granitic bedrock is
of great concern in this study.

Radiolytically generated oxidants oxidise the spent fuel (mainly uraninite) in the
canister. The hexavalent uranium thus produced is transported to where the redox front
is located within the bentonite. In Figure 5.6, the concentration profiles of total
dissolved uranium are shown. The hexavalent uranium species are then reduced at the
redox front when the reducing mineral pyrite is encountered, and precipitate as
secondary uraninite. In Figure 5.7 the concentration profiles of secondary uraninite are
shown. In a final repository, the amount of radiolytically generated oxidant is not large,
compared with the amount of uraninite in the spent fuel. In this study it is therefore
assumed that the uraninite in the canister will not be exhausted. The secondary uraninite
will thus precipitate all the way from the canister up to the location of the redox front.
In nature, especially in the sub-surfacial geological formations, where the atmospheric
oxygen can penetrate, roll-front mineralisation of uraninite is often found (Walsh and
Bryant, 1984). In this type of mineralisation, the uraninite up-stream of the redox front
has been completely exhausted, because its amount is relatively small compared to the
equivalent of the oxidant. The uraninite precipitates only at the redox front. As the front
propagates, in an ideal case, the uraninite immediately behind the front dissolves, being
transported to immediately before the front and precipitating there. The mineralisation
is thus 'rolled down' by the redox front.

From Figure 5.6 it can be seen that the concentration gradient of the dissolved uranium
only exists in the oxidising zone (to the left of the redox front). In the reducing zone, the
dissolved uranium concentration is extremely low (10"n to 10"10 mol I"1). Before the
redox front breaks through the bentonite buffer, release of uranium to the granitic
bedrock is extremely low. This conclusion is the same as in the case where no ion-
exchange reaction is considered (Liu and Neretnieks, 1996a; 1996b).

6. Discussions and conclusions

In this report, the ion-exchange of Na-montmorillonite to form Ca-montmorillonite in
the bentonite buffer in a final repository has been studied. Commercial Na-bentonite
always contains certain amount of Ca-bentonite. This implies that some of the originally
existing Na-montmorillonite mineral has been converted to Ca-montmorillonite. Initial
chemical equilibrium calculation made in this study shows that, when calcite is present,
at equilibrium in a closed system, up to 3% of the Na-bentonite can be converted to Ca-
bentonite, through the dissolution of calcite. In a open system that figure can be even
larger.
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Chemical reactions in geological formations are often driven by mass transport of
dissolved species from one part to another. When the mass transport processes are fast,
the transported species come mainly from (or precipitate at) the locations where there
are mineral phase discontinuities. Sharp reaction fronts usually develop. On the other
hand, if the transport processes are very slow, the species to be transported does not
necessarily need to come from the locations of mineral discontinuities. There is
sufficient time for them to be supplied from the entire region involved. No sharp fronts
will then be generated and the reactions will take place very slowly, but evenly in the
system.

In typical granitic bedrock where there are no large fractures and fractured zones, the
groundwater flow is limited and the mass transport processes through the
bentonite/bedrock interface in a repository is restrained. In this study when the water
flux is assumed to be 4 • 10"4 m3 m"2 yr'1, the rate of mass transport of sodium and
calcium cations through the bentonite/bedrock interface is extremely slow and no sharp
ion-exchange front will be formed. Instead the ion-exchange occurs only slowly and
evenly in the bentonite buffer.

Even though the boundary condition with no limit of groundwater flow in the granitic
bedrock is unlikely to be encountered, we still have considered this scenario in this
study for two reasons. One is that the unlimited flow case gives the upper bound of the
conditions controlling the groundwater flow in the bedrock, and is worth understanding;
the other reason is that when there is no limit of the groundwater flow, sharp ion-
exchange front can develop. The characteristics of the front propagation can then be
study only with this case.

Relatively sharp ion-exchange front are observed in the numerical simulation results. The
formation and propagation of the front is mainly driven by the mass transport of the
sodium cations and the calcium cations. The calcium cations are transported into the
bentonite buffer from the granitic bedrock. The sodium cations are, on the other hand,
released out from the bentonite buffer into the granitic bedrock. Their fluxes are
approximately equal. Although calcite originally present dissolves, it contributes very
little, if any, to the calcium cations for the later ion-exchange reaction. The dissolved
calcite from the region of bentonite close to the canister is shown to re-precipitate in the
region close to the bedrock. The calcium cation and carbonate species dissolved from the
calcite have not been transported out of the bentonite, except at the very beginning after
the sealing of the repository.

The Aspo water contains more calcium than Allard water, the propagation rate of the
ion-exchange front is also faster when the water in the bedrock is the Aspo water than
when it is Allard water. With the model parameters used in this particular study, it takes
about a few thousand years to a few tens of thousand years for the ion-exchange front to

26



traverse the thickness of the bentonite, when the groundwater flow in the bedrock is
unlimited.

When a canister has manufacturing defects, both the pyrite oxidation process and the
ion-exchange process can occur simultaneously. A redox front and an ion-exchange front
develop from both sides of the bentonite buffer, propagating toward each other and
meeting somewhere within the bentonite. Before the two fronts meet, they travel
relatively independently in the bentonite. The numerical simulation results show that,
even when they meet and after they have encountered each other, the two fronts interact
with each other only marginally. The propagation rate of both fronts and their other
characteristics do not seem to be influenced by the encounter. They just meet, are
separated and then travel toward opposite directions without being much affected.

The other characteristics of the system can, however, be influenced by the concurrent
effect of the propagation of both fronts. As the propagation of the redox front produces
acidity, the pH values will become lower. Some calcite may also dissolve by the acidity
long after the influence of the ion-exchange process has stopped.

Finally we conclude that, with the most realistic flow rate of the groundwater in the
granitic bedrock, the ion-exchange process occurs very slowly. Just a few percent of the
Na-bentonite will be converted to Ca-bentonite within 1 to 10 thousand years. This
process is slow and the ion-exchange occurs evenly in the bentonite. Only when the
deposition hole of a repository is located in highly fractured zones in the granitic
bedrock, large scale ion-exchange of Na-bentonite can happen. In this case, sharp ion-
exchange reaction front can develop.

Even if large scale ion-exchange happens, the release of the dissolved uranium species
from the bentonite to the granitic bedrock can still be extremely small. The release is
mainly controlled by the redox process of pyrite oxidation. As long as the redox front
does not break through the bentonite buffer, uranium release is negligible.

The ion-exchange of Na-bentonite to form Ca-bentonite can greatly influence the
swelling capacity and the permeability of the bentonite. This effect has not been taken
into account in this study. The diffusivity of a dissolved species has been assumed to be
constant all the time during the numerical simulations. For the limited flow case there
will be a very small difference of the diffusivity in the bentonite. The transport is
limited by the water flow rate.

In this study diffusivity of dissolved species are assumed to be constant. For the limited
flow case this is a rather reasonable assumption. For the unlimited flow case, the
effective diffusivity may be increased. But the unlimited flow case is just an illustrative
case. In reality, it is only possible to encounter such a case when the canister is situated
in a highly fractured zone of bedrock, which can always be avoided in site selection.
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