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Abstract
In Finland the spent nuclear fuel final repository of Posiva Oy is based on the
Swedish KBS-3V multi-barrier concept. In this concept, the spent fuel rods are
placed inside cast iron inserts surrounded by a gastight copper canister. The
canister is placed in a vertical borehole and surrounded by bentonite clay rings at a
depth of at least 400m in an underground bedrock facility at Olkiluoto. In the KBS-3
concept, the role of bentonite clay is considered to be important. The bentonite acts
as a buffer material which gives mechanical and chemical protection, dissipates
heat and retards radionuclide diffusion in the event of canister failure. It is crucial to
know if the bentonite will retain its performance for at least 100 000 years.

This thesis is compiled of 6 publications in which experiments related to bentonite
buffer are modelled, or some parameters of bentonite are studied in laboratory/final
repository conditions. In the two first publications the aim was to model the chemical
evolution of a final repository during the thermal phase, when the bentonite is only
partially saturated in the beginning. In these publications, a case called Long-term
test adverse 2 performed in Äspö Hard Rock Laboratory was adopted as a reference
case to make the modelling more concrete and to clarify if the phenomena occurring
in the experiment must be taken into account in safety assessment. The main
chemical change according to the models and the experiment was anhydrite
precipitation near the heater interface. No changes affecting the performance of the
bentonite was observed.

In addition, during this thesis a few laboratory experiments were conducted and
modelled. The effect of temperature on cation-exchange behaviour of purified
sodium montmorillonite was studied in three different temperatures (25 oC, 50 oC
and 75 oC) using calcium/sodium perchlorate mixtures. The observed results
showed similar selectivity for all temperatures.

In the fourth publication, the carbon dioxide partial pressure effect on the pH of
bentonite was modelled using Geochemist’s Workbench. The results indicated that
only the surface protonation sites buffered the pH changes in the compacted
bentonite system since the water amount inside the bentonite was small compared
to the amount of surface complexation sites. The buffering capacity was
approximated to be 0.3pH units/10g of bentonite.

In the fifth publication, a structural model for bentonite was additionally made,
which takes into account different kinds of waters inside the bentonite, and the
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model was compared to state-of-the-art commercial software and was noted to work
well. In the last publication a simplified model was made to model the pore water of
the squeezing experiments from compacted bentonite in anoxic laboratory
conditions. The model worked well on major ions, but some differences were also
observed.

The conclusion from all these studies is that bentonite is a complex material, and
the microstructural behaviour is still under dispute. The most common consensus is
that there are three different waters (free pore water, diffuse double-layer water and
interlamellar water). It is important to understand the microstructure of bentonite so
that accurate models can be created which correctly predict the phenomena
occurring inside bentonite. Modelling is needed to approximate the final repository
behaviour over hundreds of thousands of years, but there are still some
uncertainties remaining such as chemical and mechanical parameters, parameters
relates to saturation and high temperature behaviour, lack of kinetic data for some
minerals as well as reactive surface areas and grain radii.
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1. Introduction

All countries that utilize nuclear power for energy production have to solve the
problem of how to safely dispose of spent nuclear fuel rods, which after use are
highly radioactive spent nuclear waste.

According to the Nuclear Energy Act, nuclear waste generated in Finland must
be stored and disposed of in Finland. As a result, the Finnish nuclear power
companies (Fortum and TVO) and their affiliated company Posiva Oy have made a
plan to dispose of the spent fuel in a geological repository at 450m depth in the
bedrock. The repository was granted a construction license at the end of year 2015.
[1,2]

The safe disposal is based on the Swedish KBS-3 method [3], which is elaborated
in Chapter 2, including the characteristics of the Olkiluoto site in Eurajoki. In this
method the long-term isolation and containment of radionuclides needs to be
secured. In the event of canister failure and the release of radionuclides, the
engineered barrier system and the rock matrix should also retard the release of
these nuclides.

The performance of this system is based on a few safety functions. The first
component of the system is the ceramic state of the fuel and thus the slowly
dissolving solid uranium pellets inside gastight metal rods, which also slow down
the release of radioactive nuclides.

The second component of the system is the copper canister that functions to
provide the stable and safe containment of the radionuclides. This function is
maintained by the mechanical strength of the canister’s cast iron insert and the
corrosion resistant copper around it.

Thirdly, there is the bentonite clay buffer, which should protect the canister from
external chemical and mechanical processes by limiting and retarding the release
of radionuclides from the canisters in the case of canister failure.

The fourth barrier is the host rock/bedrock, which isolates the repository from the
surface and which offers predictable and favourable conditions for the other barriers
whilst also retarding the release of nuclides from the repository.

Lastly, there are the other system components such as backfilling materials, e.g.
pellets and backfill blocks, which are used between the barriers and to fill the
deposition tunnels. The purpose of the backfill materials is to prevent creation of
flow paths, to keep the buffer around the canister in place, to support the
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surrounding rock and to prevent chemical disturbances to the canister, buffer and
bedrock [4].

The final disposal system used in Finland was initially developed in Sweden, and
has already been studied and reported for almost 40 years. However, in Finland it
was started a little later than in Sweden [3,5–14]. In the Swedish KBS-3 concept,
the nuclear waste is placed inside copper covered steel canisters into the bedrock
at a depth of about 450 m. Each canister contains between 1.4-2.2 tons of uranium
[15]. The total weight of the canisters is between 18-30 tons [14]. This design has
changed very little over the years [15,16].

The work represented in this thesis provides insight in how to handle the Thermo-
Hydro-Chemical (THC) modelling of the near field of the nuclear waste repository
and also represents a few experiments related to chemical behaviour of bentonite.
The behaviour of the final repository must be predicted by modelling since the
repository needs to prevent the release of radionuclides for thousands of years and
experimental time is short in comparison. The work is concentrated around the
bentonite barrier and its properties in repository conditions during the first 10 000
years when the nuclear fuel is still generating heat. This phase is called the thermal
phase and the work is carried out through both modelling and experiments.

1.1 Research problem and objectives (the purpose of this
study)

This study was started as an analysis of the chemical evolution of the bentonite
buffer in the final repository of spent nuclear fuel during the thermal phase which
ends approximately after 10 000 years. In this thermal phase, the incoming water
from the bedrock saturates the bentonite under the effects of thermal gradient.
During this thermal phase, the bentonite may undergo different chemical alterations.
The effect of these phenomena on bentonite evolution is crucial in order to know
which kind of bentonite can be used in the final repository. The research question
was whether the bentonite would last hundreds of thousands of years in the final
repository, maintain its useful features, and are the changes possibly reversible.
The research objectives were:

1. To further develop the expertise from mineralogy, hydraulics and physical
sciences, so that readiness to perform scientifically challenging safety-
specific studies about the behaviour of the near field of the spent nuclear
fuel repository, can be achieved.

2. The initial purpose of the study was to design a model that would reliably
predict how the bentonite has chemically evolved after the thermal period.
However, the target soon appeared too ambitious compared to resources,
and the scope of the study was changed so that only a case in which the
bentonite was exposed to adverse temperature conditions (120-150 oC)
and high temperature gradients was modelled. These elevated
temperatures were set to describe the thermal load of the full 10 000-year
period during an approximately 6-year experiment. Thus, the 10 000-year
heating period was not modelled as originally planned. Only simplified
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modelling, using the LOT A2 test as a source of data and for verification of
the model, was undertaken.

3. To further develop the modelling know-how and understanding of
behaviour of bentonite material itself by modelling of the laboratory
experiments.

4. To verify selected data used in the modelling through experiments.
5. To gain better understanding of bentonite microstructure via modelling and

experimental expertise.
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2. Geological disposal concept

The final disposal concept of spent nuclear fuel is typically based on the use of
multiple barriers. These barriers are planned to ensure that no or a very little amount
of radionuclides is released in the biosphere or comes into contact with people in
harmful amounts. If one of the barriers fails, it does not endanger the performance
of the whole containment system according to the KBS-3 concept. The barriers
included in the disposal concept are the physical and chemical state of the fuel, the
canister, bentonite barrier, filling materials of the tunnels and the bedrock. The
system studied in this thesis is based on the KBS-3 method.

2.1 KBS-3 method

The Finnish Parliament endorsed a Decision-in-Principle (DIP) in 2001 which states
that the disposal of spent nuclear fuel shall take place in a geological repository
[1,17]. In the KBS-3 method, the spent nuclear fuel rods are sealed inside watertight
and gastight copper canisters, which are closed by welding. Inside the copper
canister is a cast iron insert surrounding the fuel and giving mechanical protection
against e.g. hydrostatic pressure and rock movements. The canister system is then
installed in a borehole at a depth of at least 400 m.

In KBS-3 there are two different types of designs where one is vertical (V) and
other is horizontal (H). The format chosen to be used in the Finnish final repository
by Posiva is currently the KBS-3V design [17].

The adopted KBS-3V system design is based on a multi-barrier system (Fig. 2.1)
in which the copper-iron covered fuel canisters are placed in vertically drilled
boreholes surrounded by bentonite rings at the bottom of the deposition tunnels.
The deposition tunnels and central tunnels are going to be backfilled with materials
of low permeability containing bentonite and rock-bentonite mixtures while the final
natural barrier is the rock itself.

Figure 2.1. KBS-3V concept (Figure is courtesy of SKB) [18].
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2.2 Safety functions and requirements

Each barrier mentioned earlier has certain safety requirements to fulfil which are
engineered by specialists and regulated by the radiation and nuclear safety
authorities (STUK in Finland).

Posiva is responsible for spent fuel final disposal of TVO’s and Fortum’s waste.
Posiva and Fennovoima have to ensure that the residual heat generated by the
spent nuclear fuel is removed safely after deposition to bedrock. They must also
ensure that any release of radioactive waste is kept to a minimum and that effective
protection of individuals, society and environment is taken care of. Posiva must
consider the chemical, biological and other hazards caused by spent nuclear fuel
and also try to keep the risks below the aforementioned safety requirements [19,20].

The engineered barriers are designed to support long-term containment of
radioactive nuclear waste. Besides providing protection for the canisters, the design
must ensure that any radionuclides released from defective or broken canisters will
be retarded and diluted by barriers as much as possible before reaching the surface
so that the hazardous radiation value is not surpassed. More importantly, the
barriers are needed to slow down the release, advective transport and diffusion of
radionuclides. The transport barriers seen in Figure 2.1 and their related safety
functions are [21]:

· Canister [15]: The copper canister with iron insert must be tight and
maintain its integrity for at least 100 000 years according to criteria defined
by Posiva. For this reason, the canister must have good corrosion
resistance and during expected evolution should remain intact [22,23].
Some results have shown faster corrosion [24] but this is not in line with
most studies [23,25] or natural analogues. The canister must also protect
the environment by only allowing heat and low-level gamma and neutron
radiation through canister. It must also be able to withstand mechanical
stress from bentonite swelling, rock movements, glacial age and
hydrostatic pressure.

· Buffer: The purpose of the bentonite buffer is to protect the canister from
bedrock displacements as well as the effects of groundwater flow by
directly halting it near the canister vicinity (only diffusion as transport
mechanism following from low enough permeability of bentonite) [21,26–
29]. The buffer must have high thermal conductivity to dissipate the heat
from the canister to the rock and provide chemical and mechanical
protection to canister and other barriers.

· Tunnel backfill and sealing materials must be chemically and mechanically
stable, and prevent the groundwater flow in tunnels and excavation
disturbed zones (EDZ).

· The bedrock must provide a long-term stable and favourable environment
for the repository. It is assumed to have four safety functions which are
chemically, hydrologically, mechanically and thermally favourable
conditions.
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2.3 Spent nuclear fuel

There are two different kinds of reactors in use in Finland called Boiling Water
Reactors (BWR) in Olkiluoto and Pressurised Water Reactors (PWR also named
Veda-Vodanoi Energetitsheski Reaktor (VVER)) in Loviisa, which differ slightly
through the water-boiling mechanisms. Olkiluoto 3 will also be one type of PWR
reactor called European Pressurized Water Reactor (EPR).

The enriched fuel is composed of uranium dioxide which contains 3-5% fissile
Uranium-235 and mostly non-fissile Uranium-238. The fission produces a lot of
unstable fission products, which in turn generate heat through decay and
radioactivity. The fission products dominate the radioactivity during the first century,
but after that  heavier elements with a long half-life play a more dominant role in the
residual radiotoxicity [35].

Spent nuclear fuel is one of the most hazardous man-made materials. The spent
fuel when removed from the nuclear reactor after use can cause death or cancer in
a few minutes under radiation exposure [36]. The fuel after removal is thus
positioned for cooling in water pools for years (as water works as a coolant and
already a few meters retards the radiation totally). The risks are that these water
pools might be susceptible, for example, to terrorist attacks or natural disasters and
need to be guarded carefully. The radioactive half-life of some materials can be
days, whereas thousands of years for other materials.

The spent fuel needs to remain in water pools for at least 20 years also due to
the thermal dimensioning criteria in the final repository. This criterion is that the
maximum temperature at the canister/buffer interface is set to be +100  oC but for
practical reason it is set for 95 oC to leave 5 degree margin for changes in host rock
properties. This criterion is the same for BWR, VVER as well as for EPR fuel
canisters in Finland [37]. After this criterion is fulfilled, the canisters containing spent
fuel can be moved to the final repository. In Finland, the construction licence was
granted for Posiva Oy in 2015 and the operation licence application is aimed to be
submitted in early 2020 and the final disposal is scheduled to be started in first half
of 2020s [38].
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3. Characterization, chemistry and behaviour of
bentonite buffer

Bentonite is chosen to be used as a barrier material to support the canister in many
planned final repositories around the world. In Finland in the KBS-3 method MX-80
Wyoming bentonite is chosen to be the buffer material used to isolate the copper
canister and bedrock from each other. The copper canisters are placed on
deposition holes (Fig. 3.1.) which are filled with c.a. 17-21 tonnes of bentonite. The
volume filled with bentonite is approximately 8-10 m3 of the total volume of
depositions hole. The empty area around the bentonite rings is around 2-3 m3 before
the water saturates and swells the bentonite. The dimensions vary depending on
the fuel type used in the nuclear power plants. The radius of the deposition hole is
always the same but the length varies. [39]

Figure 3.1. Release barriers in the KBS 3-V system: 1. Copper canister, 2.
Bentonite, 3. Tunnel backfill, 4. Bedrock. [40]

3.1 Technical safety criteria and performance targets of the
buffer

The function of the bentonite buffer in the final repository is to protect the copper
canister in which the spent fuel is placed. The canister may face mechanical stress
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during, for example, earthquakes or bedrock movements, and bentonite is planned
to be able to buffer these effects. [41]

The safety functions of the buffer barrier are as follows: It should provide
favourable and predictable mechanical, geochemical and hydrological conditions
for the canister. It should protect the canister from external processes, whilst limiting
and retarding the radionuclide release in the case of a defective canister and
prevent high microbiological activity. [41,42]

The performance targets set for the buffer to fulfil the aforementioned safety
criteria for over hundreds of thousands of years in the expected repository
conditions are as follows [41]:

· The buffer transfers heat from the canister efficiently to keep the buffer
temperature <100 oC.

· The buffer allows gases to pass through without damaging the barrier
system.

· The buffer limits the microbial activity and provides chemical protection.
· The buffer mitigates the impact of rock movements on the canister.
· The buffer possesses low permeability, to limit mass transfer of corroding

substances and limit radionuclide transport from the canister to bedrock.
· The buffer provides mechanical support to the deposition hole walls and to

the canister to prevent canister movement.
· The swelling pressure should be high and generate fast enough to make

the deposition hole tight and stable, and minimize any microbial activity.

3.2 Characterization and structure of bentonite

Bentonite was named after the deposits in the Benton Shale near Rock River in
Wyoming by Wilbur C. Knight in 1898. After that, the deposits in which the minerals
are called bentonite included more formations around Wyoming and in other places
around the world. However, around 70% of the world’s bentonite production comes
from Wyoming, U.S.A. The bentonite forming in Wyoming is the result of chemical
changes occurring in ancient volcanic ash. [43]

Bentonite is commonly described as a material predominantly composed of clay
minerals which again belong to the smectite group [44]. The specific bentonite
material studied in this thesis is Wyoming MX-80 bentonite, which consists of
hydrous alumina silicate more commonly known as montmorillonite. Bentonite has
many applications as it can be used, for example, in kitty litter (as it can swell up to
16 times its original volume), drilling mud, binder in moulds and even cosmetics
besides the barrier material in a final repository [45–47]. MX-80 is a commercial
name used to describe Wyoming bentonite in sodium form. The excavated water
content of the bentonite is about 30%. During excavation, the material is crushed
and dried after which it is processed into products. For example by sieving and
grinding, the grain size of the bentonite can be adjusted as wanted for commercial
use.

Bentonites differ by mineralogical composition, with the main mineral, however,
being montmorillonite. The special properties of this mineral include the exchange
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of Na/Ca cations inside the structure and the ability of the mineral lattice to bound
water and swell accordingly. Secondary minerals can be, for example, silicates like
quartz, tridymite, cristobalite, feldspars, muscovite/illite, sulphides, pyrite, hematite,
gypsum and some trace minerals.

3.2.1 Montmorillonite

Montmorillonite is a swelling clay and belongs to smectite mineral group which
includes minerals like beidellite, saponite, sauconite, and hectorite, etc. besides
montmorillonite [48]. Montmorillonite is the main mineral on the bentonite structure
comprising 65-90% of the bentonite mass and is composed of 1nm thin plates,
which can be 200-400nm in diameter. The swelling properties of bentonite are
determined mainly by this mineral.

The chemical formula of montmorillonite can be written commonly as:

(Al Mg )Si O (OH) ∙ H O (1)

where M is mostly Na+ and 0.5Ca2+ and small amounts of K+ and Mg2+ depending
on the surrounding conditions. The x in the equation is the equivalent amount of
exchangeable cations which is usually approximately about 0.3 order of magnitude
for montmorillonite and between 0.2-0.6 for other smectites [49]. The fundamental
structure of montmorillonite consists of edge sharing 2:1 tetrahedral-octahedral-
tetrahedral (TOT) sheets. Between the TOT layers are the exchangeable cations
balancing the permanent negative charge. The permanent negative charge of the
TOT layers is caused by the isomorphic substitutions of lattice cations Si4+ with Al3+

on tetrahedral sheet and Al3+ with Mg2+ or Fe2+ (Fe3+) on the octahedral sheet (see
Fig. 3.2). This permanent negative charge represents the cation-exchange capacity
(CEC), which is a measure of how many cations can be bound to material surface,
and the x in equation 1. [47,50,51]. The negative charge is primarily balanced by
cations located in the interlayer space or on the external basal surface. This region,
where cation adsorption and anion exclusion occur, is called the electrical double
layer (EDL). Anion exclusion in this case means exclusion of anions from a liquid
zone adjacent to negatively charged surfaces though some anions may penetrate
this area.

Figure 3.2 illustrates how two TOT layers combine to form platelets and how
layers are formed by silica and aluminium. The platelets are a few montmorillonite
layers thick and bigger clay particles are composed of platelet stacks (3-5 in Na-
montmorillonite and 10-20 in Ca-montmorillonite) [52]. The cations in the interlayer
space compensate the negative charge and can undergo a stoichiometric exchange
with the cations in the external solutions (see e.g. [47,53]). The cation-exchange
capacity of montmorillonite varies from 70 to 120 meq/100g depending on the
method used for measurement [54].
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Figure 3.2. A schematic view of two montmorillonite TOT layers with interlayer
cations and water molecules. [55]

The montmorillonite mineral structure contains three types of oxygen atoms:
basal Ob atoms that connect neighbouring tetrahedra, e.g. SiO4 and form a plane of
O atoms, apical Oa atoms between the tetrahedra and octahedra, e.g. AlO6 and
octahedral Oo atoms that connect the octahedra and carry a proton (OH).
Montmorillonite mineral has two basal siloxane surfaces (Ob planes). In the TOT
layer there are always two Oo atoms and four Oa atoms in each octahedral site but
the configuration may differ. [50]

Figure 3.3. A schematic view explaining the 3D structure of tetrahedral sheet and
positions of apical and basal oxygen atoms. [56]

The amount of pore water in montmorillonite is small compared to the number of
bound cations. Thus, the montmorillonite as a cation exchanger acts as a powerful
buffer for the cation composition of the pore water, and it determines the pore water
components (see e.g. [57]) together with the interacting external solution (for
example groundwater in a repository). This occurs in basal surfaces.

Montmorillonite mineral edges carry a pH-dependent proton surface charge,
which arises from the deprotonation/protonation of edge surface hydroxyl groups
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(OH-). The edge surface capacity is approximately one tenth of the CEC [57] and
can be studied by acid-base titrations. These surface sites behave as a pH buffer
in bentonite and can also bind cations, anions and molecules through short-range
interactions [58] depending on the pH. Non-specific interactions compensating the
charge of the edge surface explain the pH dependence of CEC in clays [59].

3.2.2 Wetting and water on bentonite

The air-dry bentonite is not completely dry but contains approximately 10-15% of
water of the total mass. The amount of water in saturated bentonite depends on the
compaction level and the available space, since in the presence of water bentonite
swells to fill in any void space.

The hydration of bentonite is a multiscale process, and in the beginning when
mesoscopic void space between mineral and sodium bentonite particles is partly
filled with water, the mesoscopic swelling is starting when the interlayer space is
only filled with one layer of water molecules (see Figure 3.4). According to Salles et
al. 2009 [60], at low relative humidity (RH<10%) the hydration of Na-Bentonite starts
on the bentonite particle surfaces (external surfaces, diffuse double layer water
(DDL) in Figure 3.4) with one layer of water molecules. The second phase for RH
higher than 10% the water enters into the interlayer space surrounding the cations
and partially hydrating the internal surfaces. At the same time, water also fills fully
the mesoscopic porosity between the clay and mineral particles. At 54% RH the
mesopores are all filled (free/pore water in Figure 3.4). After this, the interlayer
space starts to fill, further increasing the distance between the TOT layers, the
particles start to break into smaller parts, and the volume of porosity increases. This
process is called swelling [61–63] and is typical for bentonite during saturation with
water. For calcium bentonites the swelling phenomenon is slightly different and is
more limited than for sodium bentonites (MX-80), which can swell indefinitely and
disperse even to single colloidal clay platelets if there nothing to restrict the swelling.
Besides the cation form of the bentonite, also the environmental factors such as
temperature, pressure and surrounding solutions are known to affect the swelling
properties of bentonite [64–66].
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Figure 3.4. A schematic view of the waters and microstructure of bentonite [57].

As can be seen in Fig. 3.4, there are waters in three different positions inside the
bentonite (see e.g. [57,67–71]). The first water type is the interlamellar (interlayer)
water between the clay platelets where the polar water molecules surround the
cations compensating the negative charge of the clay platelets. The interlamellar
space has a high concentration of cations and tries to bind as many polar water
molecules as possible. The external water can be categorized as diffuse double
layer water at the external surfaces of the clay stacks and as free water, also called
as pore water, which can be around the other mineral particles or between the clay
stacks and secondary minerals.

3.2.3 Chemical phenomena in bentonite

Bentonite has a complicated structure, and while in final repository conditions it will
interact with its surroundings with different phenomena. There is a high negative
charge at the edges of the clay sheets. The cations compensating this charge
between the clay sheets are loosely attached and can undergo a stoichiometric
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exchange with the cations in the surrounding pore/groundwater while the same
space between the sheets is partially prohibited from anions (anion exclusion).

In final repository conditions, the bentonite interacts with pore water and flowing
groundwater, which is coming through fractures. The edge charge in
montmorillonite changes with pH such that when the pH is low the charge is positive,
and when the pH is high the charge is negative. These sites are called surface
complexation sites. The secondary minerals inside the bentonite and bedrock can
interact through precipitation/dissolution. The chemical interactions are described in
Figure 3.5.

Figure 3.5. Geochemical processes in bentonite-water system in final repository
conditions[69].
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4. Experimental studies on bentonite

The bentonite structure varies depending on the degree of saturation, density and
on the batch used. The bentonites from various areas can include, for example,
different accessory minerals and different amounts of montmorillonite in varying
cation form (Ca, Na, Mg, K). The chemical conditions in pore water specify the
speciation, solubility and diffusion/sorption behaviour of radionuclides in the
bentonite. However, laboratory experiments are often performed with loose
bentonite, which might even have hundreds of litres of water per bentonite kilogram,
while in the repository conditions the amount of water interacting is small. The dry
density is aimed at approximately 1,600 kg/m3 (grain density 2,750 kg/m3) and
porosity being around 43%, and thus these loose bentonite laboratory experiments
do not necessarily represent the repository conditions well enough, and compacted
bentonite experiments are therefore needed. These laboratory tests to study
bentonite behaviour normally span from days to a few years, depending what
parameters are studied and the scale of the experiments. For example, diffusion
distance is dependent on square root of time.

In this chapter, the emphasis is on THC experiments, and mechanical aspects
are not discussed. Phenomena like erosion, swelling behaviour, freezing etc. are
not discussed.

4.1 pH buffering behaviour of MX-80 bentonite

The buffering capacity of bentonite related to pH has been studied mainly on loose
material (see e.g. [72,73]), and there are only a few studies on the same subject on
compacted bentonite. The information about the pH behaviour is crucial for
performance assessment (PA) since pH affects the mobility of radionuclides (see
e.g. [74]. Mainly high pH experiments to mimic a high pH plume resulting from the
alteration of cements in the underground final repository have been conducted,
since the groundwater is almost in a neutral region, and no acidic conditions will
occur in final repository conditions. Cement is used in deposition tunnel plugs
separating the deposition tunnel backfill bentonite from bentonite-rock mixture used
in filling of central tunnels. It cannot be ruled out that part of pH plume may enter
fractures in host rock and increase the pH in buffer bentonite.

4.1.1 Loose bentonite samples

In loose bentonite samples the solid/liquid ratio is normally really low and even the
high solid/liquid mass-ratios used might be only 2% solid/w suspension. The pH of
these suspensions is influenced by carbonates (e.g. calcite) even in minor amounts
because the number of protons in the liquid is much higher than in the bentonite for
it to buffer the changes, whereas calcite can react with water and form CO2(aq),
which again forms weak acid.
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Kaufhold et al. 2008 [72] studied cation exchange between Na+ and Ca2+ and its
effect on the pH on loose bentonites. They observed that the exchange to calcium
form increased pH, which is not the case in highly compacted bentonites [72,75].
However, this has been only noticed in suspensions where the excess salts were
removed, and the phenomenon was not explicitly explained because it was
proposed that this kind of behaviour might have to do with the delamination and
hydrolysis, which depend on the ionic strength of the solution. [72]

Heikola et al. 2013 [73] studied Ca and Na bentonites in four different alkaline
waters in the pH range from 8.3 to 12 in batch reactions for 554 days. Also Vuorinen
et al. 2006 [76]  studied the effects of salinity and high pH on bentonite and crushed
rock on batch and flow through experiments (from 6 to 540 days). In these studies,
it was found that buffering of pH occurred in the beginning of the experiments. Also,
a decrease in Ca and increase in Na were observed in water due to ion exchange
from Na to Ca and a small amount of released silica and Al. Only minor changes in
mineralogy were observed on highest pH samples at 11.3 and at 12 pH, but some
precipitation of calcium minerals (e.g. calcite) was suggested as well as dissolution
of gypsum. However, in hyperalkaline solution (pH 13.5), the solid bentonite was
completely destroyed, and zeolite and silicate phases formed. In the highest pH
experiment, an increase in the carbonate content and decrease in montmorillonite
content as well as some calcium silicate hydrate phases which influenced on higher
tetrahedral charge (higher CEC) were observed. It was also confirmed that the
higher the pH, the more unstable the swelling clay component, as it might change
to beidellite. [73,76]

Bradbury and Baeyens 2003 [57] hypothesized that the pH and buffering capacity
in highly compacted bentonite systems can be predicted from the initial state of the
bentonite powder and the surface hydroxyl groups [57]. In 2009 [77] they proved
their hypothesis by conducting some batch experiments from 1.5 to 12 pH to confirm
the expected results and modelled them with PHREEQC. In the batch experiments
by Pulkkanen et al. 2012 [78], an acetate buffer of 0.3M NaCl and 0.0125M acetic
acid adjusted to pH 5 with NaOH was used together with 1g of purified sodium
bentonite (pH 7). The experiment was performed such that during certain time
intervals (1-2 days) some new solution was added after some of the old solution
had been removed from the batch after equilibrium was reached in the old solution.
After every step, the pH of the removed solution was measured; the experiment
lasted 22 days. The results can be seen in Figure 4.1 and the time steps and more
detailed explanation can be found in [78]. Cation exchange had no effect on the
results since the solution was NaCl and the montmorillonite was in sodium form.
From the results, it was clearly seen that remnants of calcite are still left in the
purified sodium bentonite. Since without calcite the modelling results are not even
close to the experimental results, it can be concluded that the buffering capacity of
bentonite is quite large and almost 1:90 solid/liquid ratio is needed to reach the
original pH of the solution used.
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Figure 4.1. pH measured from the removed solutions as a function of total removed
solution (left) and solution volume as a function of time (right) [78]. The modelling
software used was PHREEQC.

4.1.2 Compacted bentonite

The loose bentonite pH experiments might not correlate with the real repository
conditions where the bentonite is compacted tightly and the water amount in the
pores is maximum of 43% of the volume. In compacted cases, the reactions can
only occur via diffusion if the saturation phase is not included. Thus, compacted
bentonite experiments are needed, but there are only a few compacted bentonite
experiments related to pH since the experiments are slow and analysing the
samples is hard. Almost always, the compositions of pore waters given for highly
compacted bentonites are calculated values and simplifications since reliable water
samples from compacted material are very hard to obtain even from squeezing at
high pressures (the high pressure affects the water chemistry).

The pH behaviour subject for compacted bentonites has been earlier studied only
on a few occasions [67,78]. Wersin in 2003 [67] modelled the experimental results
of Muurinen & Lehikoinen, 1999 [79], who studied the pore water changes in
different ionic strengths and solid/liquid ratios in compacted bentonite. Wersin found
that the reactions controlling the pore water chemistry were mainly calcite/gypsum
equilibrium, surface complexation reactions and Na/Ca ion exchange. Wersin also
suggested that diffusion experiments for compacted bentonite are needed to study
the pH dependent surface reactions concentrating on surface exchange and
sorption reactions [67].

In the paper by Pulkkanen et al. 2012 [78], the pH was directly measured from
compacted samples inside bentonite using Iridium-Oxide (IrOx) pH electrodes in
argon atmosphere [68,75]. The experimental device used in the experiment is
presented in Fig. 4.2. The bentonite was compacted to a dry density of 1.5 g/cm3

(mass was approx. 8.7g) and the solution used in the external cells was 30mL of
0.3M NaCl  and 0.1M acetic  acid  adjusted to  pH 5  with  NaOH.  The cells  were  in
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<contact with the bentonite through sinters. The electrodes were in two different
positions 5mm and 9.2mm from solution-bentonite interface. The results can be
seen in Figure 4.3.

Figure 4.2. Schematic representation of the diffusive cell in the experiment. [78]

Figure 4.3. The pH values measured from the 2 different positions. The distance is
from the solution-bentonite interface. [78]

The peaks at the start (Fig 4.3) are caused by the low concentration of ions in the
pore water (deionized water at start), and thus the potential difference is too low to
be measured before the system equilibrates with argon atmosphere and the
external solution. These results indicate that the pH of the pore water of bentonite

Solution cell

 PEEK filterplate
Perforated support
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IrOx elextrode
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can be directly measured from the inside of the compacted sample. However, the
ionic strength must be high enough (for the potential difference) and calibration of
the electrodes must be done before and after the experiment, and there is always a
risk that the electrodes might break, which was the reason to terminate these
experiments and final calibration could not be done. The results again showed the
great buffering capacity of bentonite.

In 2013 Itälä et al. [IV] continued the work from Pulkkanen et al. 2012 [78] and
studied the bentonite pH behaviour by using CO2(g) atmosphere in three different
partial pressures and in 25oC to see the effects on the pH of compacted bentonite
samples. The bentonite used here was Wyoming MX-80 bentonite which includes
some small amounts of other minerals [80] (quartz, calcite, feldspar etc.) and mainly
montmorillonite mineral. The experimental setup [IV] consisted of a hermetic box,
diffusion cell, pH electrodes, cylindrical bentonite sample (dry density 1.57g/cm3 and
mass 9.86g) and external water reservoirs of 50mL each. The cell was similar to the
one presented in Figure 4.2. The solution inside the cells was 0.1M NaCl. The
samples were saturated with deionized water before the experiment. The
experiment duration was 160 days and was modelled using Geochemist’s
Workbench version 8.

The results of Itälä et al. 2013 [IV] indicate that only the surface protonation sites
buffer the pH changes in a compacted bentonite system since the water volume
inside the bentonite is minimal compared to the number of surface complexation
sites. In addition, the dissolving calcium minerals increase the calcium content in
the exchanger, even though the solution is purely NaCl. From the results, it could
be seen that, in the conditions where the water/bentonite ratio (liquid/solid) is high
10:1, the bentonite buffering capacity can only last a few tens of days and is
insufficient for a longer period. The buffering capacity is approximately 0.3 pH
units/10g of bentonite.

The bentonite buffering capacity has been studied widely. However, most studies
have been conducted on low solid/liquid (S/L) ratios and in suspensions, and only
a few studies have mainly focused on buffering capacity for highly compacted
bentonite. More studies are still needed to confirm the amount of buffering capacity
bentonite can maintain in under final repository conditions, where the pH is always
over neutral conditions and can go higher if, for example, a high pH plume from
cement comes into contact with the bentonite.

4.2 Cation exchange

Cation-exchange and surface complexation have been studied widely on clays,
especially for MX-80. Cation exchange (Ca2+, Mg2+, Na+ and K+) is closely related
to diffusion since in compacted bentonite the mass transfers occurs via diffusion
after saturation. Most of these studies have been conducted on low solid/liquid mass
ratio (e.g. 1/100) water solutions and at room temperature.

The cation exchange in MX-80 is related to montmorillonite mineral (see e.g.
[81,82]). The cation exchange with the external water occurs with diffusion through
the pores in bentonite.
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The most used cation exchange and surface complexation selectivity values in
modelling for MX-80 are from Bradbury and Baeyens 2002 [57]. These selectivity
coefficients were calculated for compacted MX-80 at room temperature and used
the Gaines-Thomas [83] formulation for cation exchange. In this thesis, only the
Gaines-Thomas formulation is used. The other common formulations are the
Vanselow [84] and Gapon [85] formulations. The Gaines-Thomas formulation is
given below [III]:
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where ECi denotes the fractional contribution of cation Ci to the total number of moles
of charge of exchangeable cations. zi is the charge of the cation. K is the selectivity
coefficient with regard to the cations i and j. The brackets denote the activities of
cations Ci and Cj in aqueous solution. These selectivity coefficients are not
thermodynamic equilibrium constants and may change depending on the solution
concentration/activities and other conditions (e.g. interfering ions/complexes,
diameter of ions).

4.2.1 Effect of temperature on cation-exchange selectivity

The effect of temperature on the clay cation-exchange selectivities has been little
studied. However, similar studies have been conducted at room temperature for
compacted bentonite (see e.g. [57]) and for non-compacted bentonite [86–93].
However, none of these studies took into consideration the effect of changing
temperature on the cation-exchange selectivities of bentonite.

In the paper by Itälä and Muurinen 2012 [III] this question was studied, and the
Na/Ca cation-exchange selectivities were calculated from experiments at three
different temperatures (25oC, 50oC and 75oC). Five different ratios of
NaClO4/Ca(ClO4)2 with 0.1 cation normality solution (30ml, pH 6.2) were used to
react with 1 gram of purified sodium bentonite (MX-80) powder. Perchlorate solution
was chosen to be used as a solution to avoid the forming of complexes with cations
[82,87]. The clay and solution were separated using a syringe after five days of
shaking.

The cations in solution were analysed using ICP-AES. The CEC was determined
using the Cu-Trien method [94]. The results can be seen in Figure 4.4 [III] compared
to the results of Sposito, 1983 [87] in 25oC and also modelled by PHREEQC. There
are only small differences in the cation-exchange selectivities in this temperature
range. In 75 oC there is a slightly higher tendency to take calcium inside. The
Gaines-Thomas selectivity varied from 4.9 to 6.8, which is in agreement with earlier
studies where it has been 2-11 [87,95,96] for Na-montmorillonite.

However, to ascertain the temperature effect on the pH of bentonite repeat
experiments would be needed for compacted purified bentonite as well as for non-
purified bentonite to see the effect of temperature and to adjust the ionic strength,
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which might also affect the exchange selectivities indirectly through the activities of
ions. Then again, in non-purified bentonite impurities like gypsum or calcite minerals
might affect the cation behaviour by releasing more calcium ions to the solution.
Nevertheless, this is only speculation and would need to be studied in higher
temperatures as well in laboratory conditions.

Other studies have also shown that the calcium-sodium exchange is a key
process affecting bentonite pore water in the KBS-3 concept since less potassium
and magnesium are normally present in groundwater and also in exchange sites
[79,97,98].
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5. Thermo-hydro-chemical modelling of
bentonite

While the bentonite barrier in the final repository of spent nuclear fuel goes through
multiple phenomena during thousands of years, it should protect the copper canister
for as long as possible. These phenomena include iron/copper interaction from the
corrosion of the canister, interaction with changing groundwater, variating
temperature, saturation, swelling, interaction with cement, and
dissolution/precipitation of minerals, climate change affecting the ground water etc.

There are tens of parameters affecting bentonite behaviour, which need to be
coupled to each other. The complexity of these couplings makes the modelling very
challenging. Thus, simplifications are often made in models. These simplifications
are most often tested in simplified laboratory experiments where the conditions are
manageable, and it is easier to see if the predictions are correct. These data
compiled from laboratory tests are then applied to models.

5.1 Modelling software

Three different modelling software were used for modelling in this thesis. All of them
are capable of THC calculations. The biggest difference between these programs
is the capability to calculate different types of geometries. Water transport in all
these programs can occur through diffusion/dispersion/advection. All of these
programs below are based on the law of mass action (LMA), whereas there are
programs also based on the Gibbs energy minimization method (GEM). One major
difference between these programs is that the old version 1.2 of TOUGHREACT
used in this thesis did not include surface complexation.

5.1.1 PHREEQC

PHREEQC [99] is a computer program written by C and C++ for geochemical
modelling in batch and 1-D geometries. It is capable of speciation and saturation-
index calculations, transport calculations with reversible and irreversible reactions.
These reactions include mineral dissolution/precipitation, aqueous, gas, solid-
solutions, surface complexation, ion exchange through equilibrium and kinetics in
different temperatures and pressures. It also includes different activity models for
low and high salinity waters. This modelling program was used in the batch
experiments of this thesis [III, VI].

5.1.2 Geochemist’s Workbench

Geochemist’s Workbench [100] is a geochemical modelling program capable of
calculating multiple chemical reactions. It includes the same abilities as PHREEQC,
and it can solve different kinds of diagrams (piper, ternary, durow, etc.), but can be
also used as a numerical simulation solver in batch, 1-D and 2-D geometries to
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solve reaction paths, equilibrium and kinetical problems. In addition, it includes
microbial growth calculations and flow/well calculations. This modelling program
was used to model the pH experiments in paper [IV].

5.1.3 TOUGHREACT

The TOUGH family of codes is being developed in Lawrence Berkeley National
Laboratory (LBNL) and includes many modules including TOUGHREACT [101]
which is a numerical simulation program for non-isothermal flows of multiphase
fluids in 1-D, 2-D and 3-D porous and fractured media. It is developed on TOUGH2
multiphase flow code. It includes changing porosity, permeability, saturation and
flow properties, as well as all the same chemical phenomena as PHREEQC.
However, the old version TOUGHREACT v 1.2 used in the papers of this thesis did
not include surface complexation reactions. The code and the used equation state
modules are better described in Itälä, 2009 [69]. This software was used in papers
[I-II, V]

5.2 Modelling of laboratory experiments

Most laboratory experiments can be modelled as a batch model or simplified 1-D
model. However, the data needed for models can be a lot more extensive than the
information studied in the experiment. For example, in simple batch model
calculations for bentonite ion exchange, surface complexation, and mineral
structure, etc. related data is needed. Luckily, most of the basic THC-data for MX-
80 has already been studied over the years, although some of these parameters
change with every batch of clay and need to be studied from every batch separately.
These parameters are, for example, mineral composition, cation-exchange
composition and CEC. In this chapter, modelling of simple batch and 1-D
experiments is discussed.

Batch calculations have been made for as long as models have existed, with the
first codes made as early as 1965 [102]. One of the first simple batch calculation
software programs was EQ3/6, which was developed in the mid-1970s by Thomas
Wolery, and was able to calculate simple aqueous solutions and equilibrium [103].
It was later further developed as one of the most thermodynamically accurate
programs. This software was the starting point, for example, for the other codes
mentioned above and was the first geochemical program the author used.

5.2.1 Modelling of pH behaviour of bentonite

The pH of bentonite is closely related to external water interacting with the bentonite.
There are other factors, which also affect this behaviour, like minerals, cation
exchange and surface complexation. The buffering capacity of bentonite is partly
related to all of these (e.g. calcite dissolution), but mainly it is the effect of the
hydroxyl groups at the edge sites of the montmorillonite mineral on bentonite. These
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hydroxyl groups can exchange with the pore water and affect the bentonite pH (see
e.g. Fig. 3.4 and [73,76]). The parameters to model the surface exchange can be
measured and fitted to known experimental results. The parameters used for MX-
80 and other bentonites in most studies are taken from Bradbury and Baeyens
(2002) [57]. The minerals affecting the pH are mostly carbonates like calcite and
rapidly dissolving minerals like gypsum. Thus, the original amounts of these
minerals need to be known before modelling. In addition, the surface complexation
and cation-exchange parameters need to be known, since the cation exchange and
surface complexation behaviour might affect the solubility of these minerals and pH.
In the paper by Pulkkanen et al. 2012, the pH behaviour of purified montmorillonite
was studied using acetate buffer [78]. The modelling in this paper was performed
by the author of this thesis and the results fitted accurately. From the results, it could
be seen that even the purified montmorillonite still contains some calcite mineral.
The results also showed how well one gram of montmorillonite can buffer against
the lower pH 5 solution. A 60 millilitre solution was needed to get the pore water pH
near 5 for 1g of montmorillonite. In this modelling exercise, besides the solution
composition, a small amount of calcite was included in the model together with the
surface complexation sites. In addition, the cation-exchange effects were tested but
found negligible. The results are shown in Figure 4.1. [78]

The modelling of the pH behaviour of non-purified bentonite was continued in the
article by Itälä et al. 2013 [IV]. In this article the pH experiments in a diffusion cell
measured with Iridium-Oxide electrodes was continued from the paper by
Pulkkanen et al. 2012 [78]. In these experiments, the CO2(g) atmosphere was
adjusted. The software used in this modelling exercise was Geochemist’s
Workbench (GWB). The results were not as accurate as those obtained previously
in the batch experiments and the model was designed as a 1-D diffusion model. It
was noticed that the GWB v. 8 had problems of its own. While modelling the pH, the
minerals included in the model were equilibrated with the bentonite. The experiment
had water cells on both sides of the bentonite and both boundaries were modelled
with Dirichlet’s boundary condition. The GWB v.8, however, failed to recognize that
the mineral phases were only set to certain cells and equilibrated them to water cells
as well at initial conditions, which affected the results. In addition, the surface
complexation and ion-exchange sites were set only to bentonite but were also
included in the water cells by the software. The results are shown below in Figures
5.1 and 5.2., from the partial pressures of CO2(g) varying from 0.3 to 1. GWB does
not include the option to vary the diffusion coefficient or tortuosities for different ions,
and therefore the same diffusion coefficient was used, which also explains some of
the model differences.
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Figure 5.1.   Results of test case with a CO2 partial pressure of 0.3.

Figure 5.2.  Results of test case with a CO2 partial pressure of 1.
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5.3 Structural modelling of bentonite

Most of the transport models and PA models known to the author used to model
chemical behaviour of porous materials (bentonite in this case), assume that all of
the porosity is available for the so-called pore water (e.g. TOUGHREACT, GWB
etc.). However, bentonite has two different kinds of porous spaces (see Section
3.3.2) and could be considered more as a very dense solution of colloidal particles
[V]. The two spaces are interlamellar space and free porosity near the mineral
surfaces or between the clay stacks. Even then, the spaces between clay stacks
can behave differently for anions and cations since the clay stacks are negatively
charged. Bentonite differs from typical porous materials as the effective cation
diffusivity can be quite high and anion diffusivity quite low. Anions seem to occupy
much less porosity than cations, which makes bentonite transport modelling more
complicated. In addition, the available free pore water can affect the cation
exchange and surface complexation behaviour. The dominant transport mode
inside the clays, is diffusion affected by concentration gradients, electrical
interactions, accessible porosities, tortuosity and retardations. Data from diffusion
experiments can be fitted with transport models. The diffusion follows Fick’s law:
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where t is time (s), ci is the concentration in accessible pore water (mol/L), cs,i is
concentration in solid (mol/kg), ρb is bulk density of bentonite  (kg/L), ,a if  is

accessible porosity, De,i is effective diffusion coefficient (m2/s) and i is the i:th
component.

5.3.1 Developed model

In the paper by Itälä et al. 2014 [V] a conceptual approach was introduced to handle
the porosity issue and the different kinds of waters inside the bentonite. This was
continuation to the work by Olin [104,105]. The model was then calculated with two
different numerical platforms NUMERRIN [106] and COMSOL and compared to the
original TOUGHREACT model.

Compacted bentonite consists of solid (montmorillonite and secondary minerals),
water and possibly air in partially saturated cases. The concept of bentonite
structure is described in Figure 5.1.
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Figure 5.1. Concept of montmorillonite pore structure [V]

The total mass of bentonite in volume V can be expressed as (air density is very
low compared to water and bentonite density and as such equation (4) can be
simplified):
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and the density of bentonite can be expressed as:
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where

Mi = mass of dry bentonite (kg), b; water bound on bentonite, bw; free water, fw; or
free air, fa
rb = specific dry density of bentonite (kg/L)

rw = density of water (assumed the same on both bound and free water) (kg/L)fi

= volume fraction of component i
c = ratio of volume fractions of free and total water volume, where

c f f f= +/ ( )fw bw fw
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For example, the sodium ion content in cation exchanger (CEC as mol per kilogram
bentonite [mol/kg]) per bound water volume can be expressed as:

f
r b

f f
= =NaX b

NaX b NaX
bw bw

M
c CEC

V
(6)

If we consider a simple model with only two sodium isotopes (sNa and rNa) and
two chloride isotopes (sCl and rCl) with cation-exchange site (X), then sodium can
form complexes with X according to the reaction:

��������
ks r + r s +
k

NaX+ Na NaX+ Na (7)

where k is the kinetic constant, upper-case s stands for stable and upper-case r
stands for radioactive. At equilibrium we get:

b
b

=rNaX rNa

sNaX sNa

c
c

(8)

where iNac  is the concentration (mol/m3) and b i  the equivalent fraction of cation
isotope i. For the purpose of implementation of our own code, concentrations are
used instead of equivalent fractions of cation-exchange sites. The total mass of
each element must be conserved in bound and free water phases and the charge
balance must be kept:

= +

+ = +
X sNaX rNaX

sCl rCl sNa rNa

c c c
c c c c

(9)

The total reaction rate can be written:

( )= - = -f r c sNaX rNa rNaX sNar r r k c c c c (10)

Free and bound water diffusion constants have usually been named pore ( pD ) and

surface diffusion sD  respectively[107]. The transport equations for this simple
system can be written as:
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where li  (i=Cl,Na) is the linear reaction rate, e.g. radioactive decay.
The difference between TOUGHREACT [101] compared to COMSOL and
NUMERRIN is that the latter ones can use surface diffusion and exchange kinetics,
whereas TOUGHRECT applies traditional porous media diffusion and assumes
exchange equilibrium (uses Kd value which can be defined as concentration in
solid/concentration in water).

In equilibrium state the effective diffusivity for traditional and surface diffusion can
be written as [105]:
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where t stands for traditional and s for surface diffusion, and for apparent diffusion
coefficients we can write
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where α is capacity factor and is written as (1 ) dKa f f r= + - .
While comparing the results of these two different models, effective traditional and
surface diffusivity as well as apparent traditional and surface diffusivity should have
equal values and the parameter values which can be applied to a traditional model
by surface diffusion parameters can be written:
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A very simple column test case was studied in paper [V]. In this test case a column
model with open and closed boundary was studied. In TOUGHREACT traditional
pore diffusion was used and in COMSOL and NUMERRIN surface diffusion with
kinetics. To be able to compare the results, high kinetical rates were used for the
latter models and it was seen that the results agree very well and our model works.
The test case results can be seen in Figure 5.2.
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Figure 5.2. Comparison between models [V]

5.4 Squeezing experiments modelled with PHREEQC

In publication [VI] the author used PHREEQC to model experiments in anoxic
laboratory conditions. In these squeezing experiments a methodology for studying
the composition of non-interlamellar pore water by combining squeezing, chemical
analyses, microstructure measurements and modelling was described. The
squeezing tests were conducted in four different pressures ranging from 60 MPa to
120 MPa with four parallel samples. The origin of the pore water was measured
using SAXS and NMR to determine which part of the water in the compacted sample
was interlamellar (IL) and non-interlamellar water. The model was used to determine
what happens inside bentonite during squeezing. The pore water yield was between
32-48% from the initial amount of water in the bentonite, depending on the
squeezing pressure. About 35% of the water was found to be from interlamellar
pores and the ratio seemed to remain constant in different pressures.

The material used was MX-80 from the Alternative Buffer Material (ABM) test. In
the experiment, 11 different clays were used which interacted with each other at a
heater temperature of 130oC for about 7 years. The MX-80 sample was altered by
temperature gradient and Ca-rich solution, which changed the dominant cation in
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the sample [VI]. The squeezed sample was cylindrical, 20mm by diameter and the
same height, and the squeezing was done under anoxic conditions. More
information about the material, sampling and methods can be found in publication
[VI] and about the ABM experiment in Svensson et al. (2011) [108].

A simplified conceptual model was created using PHREEQC. The pore water
was divided into two types, IL and non-IL waters. The exclusion effect was omitted
from the geochemical model. Assumptions were made that cations stay in the
interlamellar space during squeezing and the deionized water in the IL space will
mix with the non-IL pore water. The model was designed as a batch model using
PHREEQC geochemical code [99]. Due to squeezing and the deformation of
bentonite the normal 1-D diffusion model with PHREEQC was thought to be
irrelevant in this case and the experiment was modelled as a batch model.

 In the first phase the minerals, cation exchange and surface complexation sites
were equilibrated with assumed pore water of bentonite and later it was mixed with
the assumed deionized IL water in the ratio determined by SAXS. In the third phase,
the mixed water was equilibrated with bentonite to model the squeezed pore water
composition. The model was designed as a target calculation where the
composition of the mixed water in the third phase was iterated to respond to the
squeezed pore water. More about the used parameters can been found in Järvinen
et al. 2016 [VI].

Using the model, the complicated phenomena occurring inside the bentonite was
simplified quite successfully. Of course, this model did not take into account that
during squeezing it is possible that the size of the free pores becomes smaller,
whereas the amount of diffuse double layer water increases compared to free pore
water in which chloride ions, for example, reside. This can effectively mean that
almost all the chloride is pushed away from the bentonite and the concentration of
anions and cations in squeezed water becomes higher. The assumed non-IL
water/pore water could not be measured and was iterated backwards so that the
squeezed water could be modelled. Approximately 40% of the squeezed water
(based on SAXS measurements) came from the interlamellar space and this was
also used in the model. The results from some anions, cations and ionic strength
(IS) can be seen below in Fig 5.3 and Fig. 5.4.

The original modelling results [VI] matched well, except for carbonate and
sulphate which were later corrected for this thesis. While mixing interlamellar water
with non-interlamellar water, the original model had an excess of gypsum left in
equilibrium with the mixed water, which seemed not to happen in the experiment.
During the squeezing, the non-IL pores became smaller and the highly concentrated
non-IL water was already saturated by gypsum, and while mixing the anion
exclusion and smaller pore space seem to prevent dissolution of gypsum from the
bentonite. The non-IL water also might come out from different pores than the IL-
water. This was corrected by omitting the gypsum equilibrium at the mixing phase
and the results matched very well. No big changes in cation exchanger were
observed. The main observation was, according to our modelling, that the initial
pore water must be much more concentrated compared to squeezed water when
there is very mild water mixing with pore water from the IL space. Also, in the
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corrected model the Pitzer database was used instead of the Thermoddem
database. Ionic strength was high which makes the Pitzer database more suitable.

The modelling could have been designed as a diffusion 1-D model but then again
the mechanical squeezing would have been omitted even though PHREEQC
supports multidiffusional models with different diffusion coefficients for species as
well as DDL and anion exclusion [109,110]. In this case, this simplified model
worked well.

Figure 5.3. Initial non-IL water composition according to modelling (0 MPa), and
squeezed pore water (60, 80, 100, 120 MPa) composition according to modelling
and experimental results for the main ions. Lines indicate modelling and dots
indicate experimental results [VI].

Figure 5.4. Initial non-IL water composition according to modelling (0 MPa), and
squeezed (60, 80, 100, 120 MPa) pore water composition according to modelling
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and experimental results for the minor ions. Lines indicate modelling and dots
indicate experimental results [VI].

5.5 Near field modelling

Determining the long-term stability of bentonite buffer in final repository conditions
must be based on numerical modelling, since experimental testing would require
millennia to acquire reliable results. These models can then be used in PA studies.
Near field modelling of the final repository of spent nuclear fuel has been a research
topic for almost two decades (see e.g. [97,111–118] and it has been under
continuous development. Combinations of thermo-hydro-mechanical (THM) and
thermo-hydro-chemical (THC) models (see e.g. [119]) are common, but
combinations of THMC are not or are made only for very narrow applications. In this
thesis, the work conducted is only THC modelling excluding mechanical
phenomena (e.g. swelling) occurring inside bentonite. Publications [I, II] both model
the same LOT-A2 experiment but the latter expands the model to semi 3-D
coordinates (cylindrical 2-D).

The THC models concentrate on modelling the temperature effects on the
bentonite buffer in a spent nuclear fuel repository during the thermal phase. The
model introduced in this thesis is a simplified version of the complex phenomena
occurring in the near field of the final repository. In order to make the modelling more
realistic, a case called Long-term buffer test adverse 2 (LOT-A2) at the Äspö Hard
Rock laboratory (HRL) in Sweden was used as a reference case.

5.5.1 LOT-A2 test

The LOT-A2 test was conducted in adverse temperature conditions (maximum
temperature 130 oC) exposed to field conditions in HRL at a depth of 450m [26].
Adverse in this case means higher than normal temperature and temperature
gradient, which accelerate alteration processes, when the normal temperature limit
now is set to 100oC in the spent fuel final repository. The test lasted approximately
6 years. The test parcel dimensions were smaller compared to the KBS-3V
deposition hole in order to shorten the saturation period, to get higher temperature
gradient and ease the lifting of the parcel. More details about the test parcel and the
test results can be found in the report by Karnland et al. 2009 [26], Muurinen 2006
[120] and in [I,II].

5.5.2 Modelling concept

The aim of the studies in papers [I] and [II] was to investigate the THC phenomena
affecting the bentonite in a deposition hole intersected by a fracture, since the long-
term safety of the final repository might partly depend on the composition of the
bentonite after the thermal phase. The thermal phase will last a few thousand years,
but most of the phenomena is assumed to occur during the first thousand years as
the temperature gradient is highest [121].
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In the models presented in papers [I] and [II], it is assumed that three phases
(solid, liquid and gas) are present in the porous media. Montmorillonite is assumed
an insoluble mineral, but it is able to absorb ions and exchange them with solution
(Old version of TOUGHREACT did not support surface complexation back then).
Precipitated minerals are part of the solid phase. The gas phase is water vapour
and air, while the liquid phase consists of dissolved species. Equilibrium is assumed
for chemical reactions except kinetics for minerals. The copper canister and rock
matrix are inert, except the canister is the heat source (set to produce heat with
constant heat flux which keeps the temperature profile the exact same as in the
experiment). Mineral precipitation/dissolution can affect the porosity and
permeability of the matrix. Host rock and fracture were set to be fully saturated at
all times (no capillary pressure), and the bentonite is partially saturated in the
beginning. The models were created using TOUGHREACT v.1.0 modelling
software Equation of state 3 (EOS) module.

In the first paper [I], the copper canister generating heat was surrounded by
bentonite and a water-conducting fracture. The model was made from the fracture
position so that the chemical changes were highest. This is the most conservative
version and in the real case, the changes would be lower on other positions of the
bentonite barrier.

In the second paper [II], the model was axisymmetric with the symmetry axis in
the middle of the canister and thus only half the canister was modelled. The grid
had 962 cells with a calculation time of 10 hours of the model. The parameters used
were taken from known sources [I, II] and not changed to fix the results to get closer
to experimental data.

5.5.3 Results

In the models, no big chemical changes occurred inside the bentonite apart from
anhydrite precipitation near the heater, which can slightly affect porosity and the
amount of calcite and sulphate near the canister surface. Nothing compromising the
functionality of the bentonite buffer/montmorillonite was found. The porosity
changes were minimal, and the saturation took place in approximately one year as
in the experiment. Small amounts of calcite dissolved near the heater as well. The
kinetics of quartz and K-feldspar are slow and would need a lot longer time to
dissolve/precipitate than the 10 year period simulated, and temperature did not have
much effect on them.

The results in the first paper [I] on some parts of the chemical species were
slightly higher than in the experiments like sodium and chloride, which was expected
since the model described the fracture position. It was also concluded that more of
the water during saturation was transported as vapour in the experiment than in the
model. The cation-exchange results differ from the experimental results probably
due to the different anhydrite profile and because of the fracture position [I]. In the
experiment, not many changes were observed in cation exchanger [26].

In paper [II], the results were presented from two positions from the inlet position
(fracture) at the bottom of the canister and 1.1 m above it from the middle of the
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heater. The inlet position results were in agreement with paper [I]. The saturation
took place in 200 days next to fracture and over 93% saturation was reached in 1.5
years at 1.1 m position, which was in agreement with the experimental results.
Some difference in mineral behaviour was noticed in different locations of the model.
However, anhydrite precipitation near the heater was the main reaction. Calcium
and chloride results in 1.1 m position were in better agreement with the experimental
result [120] than in paper [I], which is explained with less water entering further away
from the fracture.

Overall, no dramatic chemical changes were observed, which could affect the
performance of the bentonite barrier. More detailed explanations about the results
can be found in publications I and II. Saturation and anhydrite precipitation near the
heater can be seen in Figure 5.5.
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Figure 5.5. Saturation on the left and Anhydrite volume fraction on the right as a
function of distance from the heater at various times. Note that anhydrite seems to
precipitate also in rock matrix.

5.5.4 Model limitations

The simplified models had a few important limitations. The bentonite was assumed
to be fully swollen in the beginning of the model. Montmorillonite was set as
insoluble mineral. The models did not include different kinds of water inside the
bentonite. Nevertheless, all porosity was assumed to be available for the pore water.
In the 1-D version, sharper gradients were observed than in the experiment and the
model did not properly take into account the water evaporation/condensation
process near the heater, which was assumed to occur in the experiment due to the
behaviour of some salts [26]. Surface complexation was excluded from this version
of TOUGHREACT. Only one diffusion coefficient was used for all ions. The material
parameters were constant and the temperature effects on these were excluded. Van
Genuchten parameters for capillary pressure/saturation were not best for this case,
which was proven later by Sena et al. 2014 [122,123] who modelled the same case
with TOUGHREACT and used Leverett’s function for capillary pressure instead. The
initial conditions of the bentonite also might differ from the experimental, while in the
model quite dilute solution is used to get the exchanger compositions correct in the
beginning, which is not exactly the case in the real experiment.
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6. Discussions/conclusions

The current situation in understanding of chemical behaviour of bentonite is that it
is still under dispute how the microstructure of bentonite actually works. However,
the most common consensus is that there are three different kinds of water, which
should all be taken into account in modelling. This view has become stronger in
recent years. The main transport mechanism of water and other components in
compacted bentonite is diffusion after the initial saturation period, while the water
through fractures moves by advection. If there is no erosion in the bentonite,
diffusion is the mechanism that moves the chemical species.

Chemical reactions coupled with temperature, water flow,
precipitation/dissolution of minerals, swelling and surface exchange reaction in
bentonite form a complex system, which is not easy to understand or to model.
However, while modelling these reactions, the modeller must also have a thorough
understanding of these phenomena and often needs to validate the models as well.
High heat generated near the spent nuclear fuel canister can induce local equilibria
between water vapour and liquid water. This can also affect the
precipitation/dissolution of minerals, since chemical species mostly move with liquid
water. Taking into account all these phenomena is not easy and usually simplified
models are needed, especially if the model grid is complicated, which might
unreasonably lengthen the calculation times.

Chemical modelling can be used as a tool to plan the experiments, for example
to find out which kind of unwanted phenomena might occur before the experiment
is even started. Modelling is a powerful tool when used correctly. It can be also used
to explain the phenomena occurring in the experiments, since results analysed after
the tests only show the final state, and not what is happening in the experiment
during it. New modelling codes are being built all the time and the old ones are also
developing, some of them are free and some require a license to be bought.

Now THC modelling seems to be suitable option for many experiments to
estimate the behaviour of minerals and bentonite in a short time frame, but to a time
scale of thousands of years challenges still exist to obtain accurate enough models.
There are always variables that could arise in the years to come which we have not
thought of and some parameters should be studied further.

6.1 Uncertainties/challenges in modelling

Most of the models do not take into account the three different kinds of water in
bentonite. This is fine in non-compacted batch experiments but not while doing
compacted fully saturated experiments with diffusion as the governing transport
mechanism. This mechanism should be taken into account, since anion exclusion
near clay surfaces and near closed pores in which clay stacks overlap is bound to
happen as well as in interlamellar space which only allows the diffusion of cations.

Fully coupled THCM models are very challenging since so many chemical
phenomena can affect the mechanical behaviour of the bentonite, for example,
cation form, temperature, dissolution/precipitation and pH, and coupling all these to
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mechanical parameters is highly challenging. Most of the time, existing fully coupled
THCM models work only for a very limited range of parameters.

Some of the chemical and mechanical parameters are still uncertain, like the
wetting mechanism of the bentonite and correct parameters to describe it.
Uncertainties in high-temperature thermodynamic data may exist and lack of kinetic
data for some minerals is an issue since laboratory-based values are not
necessarily applicable to the field situation. In addition, reactive surface areas and
grain radii of minerals are highly uncertain due to the lack of data. Diffusion
coefficients under higher temperatures should also be studied more, since diffusion
tends to be faster at higher temperatures [122].

Modelling long-term behaviour to thousands of years is highly uncertain, since it
is unknown what natural phenomena might occur so far in to the future, for example,
the glacial period could come as soon as in 10 000 years or green-house effect
could postpone it to much more distant future ~100 000 years from now.

6.2 Future aspects

While all modelling codes are advancing one step at a time, currently the best free
modelling software for chemical species known to the author is PHREEQC, which
offers wide variability of model parameters and a 1-D diffusion possibility. Coupled
with some other software, which handle transport in more complex geometries,
PHREEQC offers the most suitable environment. It includes the possibility to alter
diffusion coefficients, tortuosities and geometries for different major species as well
as surface diffusion, dead-end pores, Donnan exclusion, exchange reactions as
well as the possibility of dual porosity structure and three component division of the
pore space in free pore water, DDL water and interlayer water [124]. With all these
variables it is possible to accurately model diffusion in compacted clays.

Combining mechanical phenomena with THC models has been a long-term plan
for multiple waste management organizations for a long time, but a working THCM
model which covers a broad area of applications is not yet available. In this thesis
THC coupling has been studied and the know-how in this area can be of help in the
future while considering THCM couplings.
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Finnish spent nuclear fuel final disposal is planned
to be based on the Kärnbränslesäkerhet 3-Vertical con-
cept, which was originally planned for fractured crystal-
line bedrock. Within this concept, the role of the bentonite
buffer is considered central. The aim of the study was to
model the evolution of the final repository during the
thermal phase (heat-generating period of spent fuel) when
the bentonite is initially only partially saturated. There is
an essential need to determine how temperature influ-
ences saturation and how both of these factors affect the
chemistry of bentonite.

In this study the Long-Term Test of Buffer Materials
A2 parcel test at the Äspö hard rock laboratory in Swe-

den was modeled using TOUGHREACT code. The re-
sults focused on the following phenomena occurring in
the bentonite: cation exchange, changes of bentonite pore
water, mineral alterations, saturation, and pressure
changes in bentonite buffer.

The results show similarity with experimental data.
However, the results are open to questions, and further
study is needed to confirm the validity of the results.
Differences between modeled and experimental results
can be explained, for example, so that the experimental
results are not from the fracture position as our one-
dimensional model assumes.

I. INTRODUCTION

Finnish spent nuclear fuel final disposal is planned
to be based on the Kärnbränslesäkerhet 3-Vertical ~KBS-
3V! concept ~Fig. 1!, which was originally planned for
crystalline bedrock. Within this concept, bentonite will
be used as a buffer material in high-level radioactive
waste disposal. Upon saturation with groundwater, ben-
tonite swells and thus seals repository tunnels. However,
the thermal, hydrological, mechanical, and chemical phe-
nomena and processes taking place in the bentonite buffer
may change the mechanical and chemical properties of
the bentonite. Determination of the long-term stability of
bentonite under final repository conditions must be based
on modeling, since empirical testing would require mil-
lennia to implement.

In this work, we concentrate on modeling the tem-
perature effects on bentonite during the thermal phase,

when the bentonite is initially only partially saturated.
However, the complexity of the in situ conditions and
computing power limitations preclude models that in-
clude all processes. We are therefore forced to consider
only simplified repository site models.

To make the modeling more concrete, an example
experimental case was adapted: the Long-Term Test of
Buffer Materials ~LOT!A-2 parcel test at the Äspö Hard
Rock Laboratory ~HRL! in Sweden.2 This experiment
was modeled, and the experimental results have been
compared with the model.

Differences in the thermodynamic properties of min-
erals cause a redistribution of minerals within the benton-
ite. For example, laboratory tests indicate gypsum
dissolution and anhydrite precipitation near the heater-
bentonite interface. Incoming groundwater will also af-
fect the bentonite pore water. Since these changes may
affect the properties of bentonite, it must be determined
whether these phenomena are to be taken into account in
safety assessment.*E-mail: aku.itala@vtt.fi
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The first aim was to investigate the thermal ~T!,
hydraulic ~H!, and chemical ~C! phenomena affecting
the bentonite. Comprehensive knowledge of the compo-
sition of bentonite after the thermal phase is crucial for
estimating the long-term safety of the final disposal of
spent nuclear fuel. The thermal phase will last a few
thousand years, but most of the phenomena are assumed
to occur during the first thousand years.3

In the first hundred years, there is a high temperature
gradient in the bentonite. This gradient originates from
the high activity spent fuel. In the A2 test there are more
adverse conditions compared to the final repository site
to accelerate the reactions and to compare the thermal
load of the A2 test to the KBS-3V concept conditions for
thousands of years.

II. EXPERIMENT

The LOT test experiment A2 parcel test and its re-
sults were used in this model as reference data.2 In the
LOT tests, relatively small test parcels ~see Table I! are
exposed to field conditions at Äspö HRL. The LOT test
series includes three test parcels with similar conditions
to those expected in a KBS-3V repository and four test
parcels with adverse conditions.

The A2 parcel is an adverse conditions parcel—
adverse in this case referring to conditions that accelerate
alteration processes ~higher temperature and higher tem-
perature gradient!. The A2 parcel was placed in a vertical
borehole in granitic rock. After ;5 to 6 yr of exposure,
the test parcel was lifted and partitioned for examination.
The results of these examinations were used as a refer-

ence. The test parcel dimensions were smaller compared
to the KBS-3V deposition hole, in order to shorten the
water saturation period, to achieve a higher temperature
gradient over the buffer material, and to ease the uplift of
the test parcel.2

The standard maximum temperature limit for final
disposal repositories is 908C. In the A2 test, the maxi-
mum temperature was set to 120 to 1508C. A 5-yr period
in these conditions covers a significant proportion of the
estimated thermal load in a KBS-3V repository. The
higher-temperature conditions also accelerate kinetically
controlled, slow processes.

II.A. Test Site Description

The test site depth was ;450 m from the surface.
The rock consists mainly of Äspö diorite. The A2 hole

Fig. 1. The KBS-3V spent nuclear fuel final disposal concept.1

TABLE I

Dimensions in LOT A2 Parcel Test*

Hole depth 4 m
Cylinder diameter 0.28 m
Cylinder height 0.1 m
Copper inner diameter 0.1 m
Copper wall thickness 0.004 m
Borehole diameter 0.3 � 0.01 m
Depth 450 m
Copper tube length 4.7 m
Hole height 8 m
Water Pressure 1.2 MPa

*Reference 2.
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was 8 m deep and was situated 33 m from the tunnel
entrance. The water pressure was kept higher than the
vapor pressure at the test temperature and the water
inflow rate kept low enough to prevent piping erosion.
As this rate of water inflow was too low, it was decided
to introduce external water via a supply hole. The water
pressure into the hole was ;1.2 MPa. The water was
injected into the test hole through titanium tubes. This
pressure was kept constant throughout the test period.
The test site dimensions are presented in Table I, and
the test parcel is illustrated in Fig. 2 ~Ref. 2!.

III. MATERIAL

Research has shown that sodium bentonite is cur-
rently the most viable material for isolating radioactive
materials because of its multiple beneficial characteristics4:

1. In the case of canister failure, the migration of the
majority of contaminants ~radionuclides! is retarded
strongly, via sorption to the reactive clay surfaces.

2. Bentonite’s ability to swell makes it an efficient
barrier against contaminant migration.

3. Bentonite constitutes a mechanical and chemical
zone of protection around the canister.

4. Bentonite has high thermal conductivity, thus serv-
ing to efficiently dissipate heat emitted by the waste.

Bentonites ~montmorillonite clays! differ by miner-
alogical composition. The type chosen for final reposi-
tory planning, MX-80, is extracted, for example, from
Wyoming and is a commercial material supplied in pow-
der form. The MX-80 material consists mainly of sodium
montmorillonite clay with small amounts of quartz,
tridymite, cristobalite, feldspars, sulfides, and other trace
minerals.2

IV. MODEL

IV.A. Modeling Concept

The chemical phenomena occurring in the bentonite
barrier in a spent-fuel repository depend on numerous
factors, such as the rate of iron corrosion, the reaction
temperature, the composition of the incoming ground-
water, the diffusion coefficients of the solutes, and the
reactive surface area of minerals, etc. Owing to the com-
plexity of their estimation and mutual couplings, consid-
eration of all of these parameters within a single model
remains highly challenging. Certain simplifications must
therefore be made. The model presented in this paper is
a simplified model, and its limitations as such must be
recognized.

It is assumed that three phases ~solid, liquid, and gas!
are present in the modeled porous medium. The basic
component of the solid montmorillonite is assumed to be
insoluble but able to absorb ions and exchange them with
solution. Precipitated minerals are assumed to be part of
the solid phase. The gas phase consists of water vapor
and air, while the liquid phase consists of water, dis-
solved air, and other dissolved species. Local equilib-
rium is assumed for all chemical reactions excluding
mineral reactions with kinetics. Local chemical equilib-
rium is a limiting case for kinetics when mass transport is
slow compared to reaction rates.

The model was created using the PetraSim user in-
terface of the TOUGH2 and TOUGHREACT programs.
The applied model is a coupled thermo-hydro-chemical

Fig. 2. Scaled schematic drawing of the A2 test parcel.2
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model, meaning no mechanical alterations and effects
are considered. The purpose of the model was to match
the results as closely to the experimental results as pos-
sible, and thus the time frame was limited to 10 yr ~the
LOT A2 parcel test duration was ;6 yr!. After getting a
sufficient match between the test and the model, the mod-
eled results could be analyzed.

IV.B. Modeling Program

The TOUGHREACT EOS3 ~equation of state 3!
module was used to model the reactive unsaturated trans-
port processes in one dimension, and the grid was pitched
at uniform intervals. The model constructed was a sim-
plified one. The idea was to simplify the real three-
dimensional ~3-D! model in which the copper canister
producing heat is surrounded by bentonite and a rock ma-
trix that contains a traversing water-conducting fracture.
The model can be simplified to a one-dimensional ~1-D!
model because the changes in the bentonite are highest at
the fracture location and diminish with increasing dis-
tance from it. Thus, the worst possible scenario is in the
fracture position. Figure 3 shows the model grid.

Whereas the grid is simple, the phenomena at play
within an actual system of this type are complex. Two
cells on the left represent the heat source, i.e., the heat
coming from the decay of spent fuel and the inert copper
canister ~1 cm!. The right zone is granitic rock ~29.5 cm!
containing relatively free moving water. The dark zone in
the middle is bentonite ~9.5 cm!, which is initially par-
tially saturated or virtually dry. The rightmost cell is a
magnified water source. As such, the chemistry and water
concentration in that cell remains constant. The bentonite
has an initial water-mineral content and cation exchange
capacity, and it interacts with the granitic Äspö ground-
water outside the bentonite block. The copper canister is
inert, exclusive of its heat production.

PetraSim version 4.1.0219 was used. A newer ver-
sion of the PetraSim ~4.2.1118! user interface, which

uses newer versions of TOUGH2 and TOUGHREACT,
is also available, but we were unable to produce consis-
tent results with this version. The newer version pro-
duced a number of anomalous results, and the cation
exchanger compositions were also calculated apparently
incorrectly. The reasons for this are being studied.

IV.C. Model Parameters

The parameters for these models were taken from
different sources.2,4–9 Some of the parameters were ap-
proximated according to the data. Table II shows the
material parameters, and Table III shows the water-
retention parameters used. The water-retention param-
eters for the fracture were set for constant saturation of
the rock.

Besides material parameters, chemical data were
needed for the model. Table IV shows the bentonite min-
eral volume fractions in the model. The bolded minerals
are inert.

The mineral kinetics were taken from Palandri and
Kharaka9 and can be seen in Table V, except for chalce-
dony, which was assumed to be at equilibrium. Also,
groundwater, bentonite pore water, and ion exchanger
composition were needed for the initial state and are
shown in Table VI. The bentonite pore water was chosen
so that the ion exchanger was initially calculated
correctly.10

V. RESULTS

The results were fairly realistic. The obtained results
were so numerous that they can be addressed here in part
only. There are 12 different time steps taken from the
10-yr period. We should remember that the first 9.5 cm is
bentonite, and after that the material is rock. The y letter
in Figs. 4 through 18 means years, and d stands for days.
The black line represents the value at the beginning of
calculation. Even more thorough discussion of the results
is presented in the thesis by Itälä.11

V.A. Properties

A number of key properties were given special at-
tention. Figure 4 shows the temperature and temperature
gradient in the bentonite and part of the rock matrix. As
one can see, the temperature gradient is;4.78C0cm, and
the temperature is 130 to 858C in the bentonite. The tem-
perature did not change after 200 days, and thus the latter
time steps have been left out. Temperature profile is well
matched with the experiment.2 This is done for the later
figures also. If time steps are missing, the results did not
change after certain time step. Pressure of the gaseous
species ~air � water vapor! and capillary pressure are
presented in Figs. 5 and 6. The gaseous pressure of ben-
tonite with evolving capillary pressure generates suctionFig. 3. 1-D grid with 80 pitched cells at uniform intervals.
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so that the bentonite remains saturated. As one can see,
the pressure of the gaseous species and capillary pressure
increase toward the heater. The bentonite was shown to
saturate to 96% within ;1 yr ~Fig. 7!, which correlates

closely with the LOT test report.2 The initial saturation in
bentonite is 40% of porosity and 100% in the granitic
fracture part.

Other significant properties were pH and porosity.
The change in porosity from 0.43 to 0.431 is so small that
it does not affect the water flow or diffusion velocity. The
pH in bentonite balances with the granitic water pH. The
reduction in pH is due to lack of surface complexation
and also to higher temperature, which increases the ionic
product of OH� and H� ions.

V.B. Minerals

Chalcedony is in equilibrium, and some equilibrium
processes occur near the heater and rock surface ~Fig. 8!.
Some calcite appears to dissolve near the copper ~heat
source! surface ~Fig. 9!, thus affecting the concentra-
tions of calcium and carbonate ions. Gypsum dissolves
within a couple of days.

Quartz and K-feldspar are almost stable during the
whole test period. The kinetics of quartz and K-feldspar
are slow, and thus, they would need a clearly longer
time period to be dissolved0precipitated. The most in-
teresting of the minerals, however, was anhydrite. Fig-
ure 10 shows the anhydrite profile. It appears that when
sulfate is diffusing out and calcium is coming in, an-
hydrite precipitates near the rock surface. Anhydrite also
starts to precipitate near the copper surface due to high
temperature, which can also be seen in the experimental
results.12

V.C. Primary Species

This section covers the concentration evolution of
the main primary species in bentonite and part of the
granitic rock during 10 yr. These concentrations are
total aqueous component concentrations including all

TABLE II

Material Parameters*

Parameter Bentonite Granitic Fracture Copper

Pressure ~Pa! NTPa 1.20 � 106 NTP
Cation exchange capacity ~meq0100 g! 75
Rock grain density ~kg0m3 ! 2750 2650 8960
Diffusion coefficient ~m20s! 2.00 � 10�9

Wet heat conductivity @W0~m C!# 1.3 2 2
Dry heat conductivity @W0~m C!# 0.3
Porosity 0.43 0.14 0.01
Intrinsic permeability ~m2 ! 3.00 � 10�21 5.00 � 10�11 0
Tortuosity 0.124 0.2
Specific heat @J0~kg C!# 2500 784 385

*References 2, 6, 7, and 8.
aNTP � normal temperature and pressure.

TABLE III

Water Retention Parameters: Van Genuchten for the
Bentonite and Fatt and Klikoff for the Granitic Fracture*

Bentonite Granitic Fracture

l 0.338
Slr 0.4 0.999
Sls 1
Sgr 0
P0 14.12 MPa
Pmax 140 MPa

*Reference 7.

TABLE IV

Mineral Mass and Volume Fractions

Minerals

Mass
Fraction
~%! Volume Fraction

Gypsum CaSO4{2~H2O! 0.17 0.0012
Anhydrite CaSO4 0.17 0.0009
Quartz SiO2 15.00 0.0897
Montmorillonite
Na0.2Ca0.1Al2Si4O10~OH!2~H2O!10

76.00 0.4236

K-Feldspar KAlSi3O8 7.00 0.0427
Calcite CaCO3 0.70 0.0040
Chalcedony SiO2 ~crystalline! 0.96 0.0057
Sum 100 0.568
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the dissolved components like CaCl2~aq!, CaSO4~aq!,
etc., where these primary species are included. The main
primary species affecting the system were Na�, Mg2�,
Ca2�, K�, Cl�, and SO4

2�. Other species present are not
discussed here. The calcium profile ~Fig. 11! shows
calcium diffusing from the groundwater to the benton-
ite. However, the diffusion has not yet reached equilib-
rium and would continue even after 10 yr. After 5 yr the
calcium concentration is;5 mmol near the heater, which
is in good agreement with the experimental results.12

Chloride concentration increases with saturation, and
diffusion continues, although the diffusion profile is
slightly anomalous compared to the boundary con-
ditions ~Fig. 12!. The concentration is ;140 mmol0�
after 5 yr. The experimental chloride concentration—
;80 mmol0� and ~;120 mmol0�! ~Refs. 12 and 2,
respectively!—are however a bit lower. Based on these
results, we could assume that more of the water is trans-
ported as water vapor in the experiment than in the
model, because the chloride ion should be quite inert,
and thus it should be carried along the liquid water. The
experimental results are not from the fracture positions,

which would also decrease the amount of diffused
chloride.

Both sodium and sulfate ions diffuse out from the
bentonite due to increasing sodium concentrations in the
bentonite resulting from cation exchange reactions
~Figs. 13 and 14! and an initial increase in sulfate con-
centrations caused by the dissolution of gypsum ~Fig. 15!.
Sodium concentration in the model is from 130 mmol0�
near the heater and 100 mmol0� near the rock surface
and in the experimental analyses12 corresponding values
are 110 to 95 mmol0�. The concentration profile is def-
initely affected by the fact that the measured block was
not from the fracture position. Sulphate concentration is
;10 mmol0�, which is in good agreement with the ex-
perimental values.12

Magnesium concentrations in the bentonite increase
due to diffusion from groundwater and cation exchange
reaction. Potassium concentrations increase initially due
to diffusion, but later, the direction of diffusion turns
outward to the rock matrix as the concentration in the
bentonite exceeds that of the groundwater due to cation
exchange.

TABLE V

Mineral Kinetics, Rate Parameters, and Activation Energies ~kJ0mol! for Neutral, Acidic, and Alkaline Conditions*

Minerals Kneutral Ea
neutral Kacid Ea

acid nacid Kalkaline Ea
alkaline nalkaline

Gypsum 1.622 � 10�3 0
Anhydrite 6.457 � 10�4 14.3
Quartz 3.981 � 10�14 90.9
Chalcedony Equilibrium
K-Feldspar 3.890 � 10�13 38 0 51.7 0.5 6.00 � 10�22 94.1 �0.823
Calcite 1.549 � 10�6 23.5 0.5 14.4 1 0.0003 35.4 1

*Reference 9.

TABLE VI

Groundwater, Bentonite Pore Water, and
Cation Exchanger Composition

Variable

Groundwater
Composition
~mmol0�!

Bentonite
Pore Water

Composition
~mmol0�!

Cation Exchanger
Composition

@equivalent fractions0
~meq0100 g!#

pH 6.9 8.62
Na� 100 9.972 � 10�4 0.808060.6
K� 0.28 2.79 � 10�7 0.00900.675
Ca2� 47.3 7.603 � 10�11 0.12809.6
Mg2� 2.40 3.838 � 10�11 0.05504.125
Cl� 178 1 � 10�3

SO4
2� 4.60 Traces

HCO3
� 0.44 Traces

Al3� Traces Traces
H4SiO4~aq! Traces Traces
O2~aq! Traces Traces

Fig. 4. Temperature evolution as a function of distance from
the copper tube, over time.
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V.D. Cation Exchanger

Because of numerical convergence problems, it was
necessary to consider the aqueous sodium concentration
as an adjustable parameter. Consequently, this procedure
affected the initial cation exchange equilibria so that the
amount of exchangeable sodium increased from its mea-
sured value of ;70% ~equivalent fraction! ~Ref. 2! to
;80%. An opposite effect resulted for the divalent cat-
ions. This obviously hampers a comparison of the model
and experimental cation exchange results.

The cation exchanger composition changes are shown
in Figs. 14, 16, 17, and 18 as meq0100 g. It appears that
calcium enters the cation exchanger and sodium exits
~Figs. 14 and 16!. The calcium levels, however, are higher
near the bentonite-rock interface owing to anhydrite pre-
cipitation near both interfaces ~copper and rock! and in-
coming calcium from the groundwater. Thus, the
concentrations are not balanced equally and equilibrium

is not reached within the modeled time. The cation ex-
changer changes to calcium type, and because there is more
calcium in incoming groundwater than in bentonite pore
water the cation exchanger takes more calcium from the
bentonite-rock interface. Consequently, not so much cal-
cium reaches the other end, which is the main reason for
the disequilibrium. The sodium content decreases with the
changes highest near the rock surface ~Fig. 14!. Potas-
sium and magnesium also exit the exchanger and are re-
placed by calcium ~Figs. 17 and 18!. The experimental
values2 show us a different kind of profile with only minor
changes in the equivalent fractions of sodium and calcium.

VI. DISCUSSION ~VALIDITY!

Whereas the majority of the results appear to be qual-
itatively correct, their validity is open to a number of
questions. The following limitations were applied in the
model:

Fig. 5. Gaseous phases ~air and water vapor! pressure as a
function of distance from the copper tube, over time.

Fig. 6. Capillary pressure as a function of distance from the
copper tube, over time.

Fig. 7. Saturation as a function of distance from the copper
tube, over time.

Fig. 8. Chalcedony volume fractions as a function of distance
from the copper tube, over time.
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1. The calculation time of the model was limited to
10 yr since the principal aim was to obtain calculated
results that were as close as possible to the measured
values, and because the LOT-A2 parcel test duration was
;6 yr.

2. Montmorillonite was chosen as the insoluble solid
phase with constant ion exchange capacity. Temperature
might affect the ion exchange capacity of bentonite, but
the experimental results do not give confirmation for
this.2 The hot blocks are more variable and have a little
bit higher mean values than the cold part ~;73.6 to
77 meq0100 g!. If the montmorillonite would dissolve,
the ion exchange capacity would change.

3. The calculations were carried out in one dimen-
sion to simplify the system. The grid was thus created
with one cell only in the y and z directions and with
multiple cells in the x direction.

4. It was assumed that the bentonite was already
swelled to fill the hole completely at the beginning and
that the saturation did not cause swelling anymore.

Topics 1 and 3 are planned to be improved by the
present program versions, while topics 2 and 4 are more
challenging and require updated program versions or ap-
plication of a more advanced model, which possibly are
new combinations of present programs of the TOUGH
family.

The model itself also contained the following
limitations:

1. A major source of uncertainty is the fact that the
model does not take into account the three different water
types present in bentonite: the interlayer water, double
layer water, and free water. The model assumes that all
water content is accessible to solutes for transport and
geochemical reactions.

2. THC predicted concentrations systematically over-
estimate measured values near the heater and show

Fig. 9. Calcite volume fractions as a function of distance from
the copper tube, over time.

Fig. 10. Anhydrite volume fractions as a function of distance
from the copper tube, over time.

Fig. 11. Total aqueous calcium component concentrations as a
function of distance from the copper tube, over time.

Fig. 12. Total aqueous chloride component concentrations as a
function of distance from the copper tube, over time.
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probably sharper gradients than those of measured data.
This is because the model does not take into account
bentonite swelling0shrinkage ~or water evaporation near
the copper-bentonite interface!.

3. TOUGHREACT does not include surface com-
plexation, i.e., protonation0deprotonation of surface edge
sites.

4. Even though THC processes are expected to alter
the capillary strength parameter ~10a!, this effect has not
been included in these models.

5. The diffusion coefficient is assumed constant for
all ions and neutral molecules. This is closely coupled to
topic 1.

6. All material parameters are constant, and func-
tions such as temperature cannot be added.

7. The model was 1-D, whereas a realistic model
should be 3-D.

Again, some topics—such as topic 7—are more eas-
ily corrected, but topics 1 and 5 are really solved only
when a good microstructural model of bentonite is avail-
able. Surface complexation ~topic 3! is quickly becom-
ing a part of most common modeling programs and will
be in the next version of TOUGHREACT. Models in-
cluding both THC and THM ~where M � mechanical!
capabilities are under construction ~topic 2!. The lack of
suitable data, such as in topics 4 and 6, is not solved by
modeling but instead needs additional experimental work
to be carried out.

Furthermore, data limitations of THC modeling
include:

1. General lack of kinetic data for environmental
and geochemical processes is a major drawback.

Fig. 13. Total aqueous sodium component concentrations as a
function of distance from the copper tube, over time.

Fig. 14. Sodium content ~meq0100 g! in the cation exchanger
as a function of distance from the copper tube, over
time.

Fig. 15. Total aqueous sulfate component concentrations as a
function of distance from the copper tube, over time.

Fig. 16. Calcium content ~meq0100 g! in the cation exchanger
as a function of distance from the copper tube, over
time.

Itälä and Olin CHEMICAL EVOLUTION OF BENTONITE BUFFER IN A REPOSITORY FOR SNF

350 NUCLEAR TECHNOLOGY VOL. 174 JUNE 2011



Laboratory-based values are not necessarily applicable
to the field situation.

2. It is not well understood how to handle a lack of
equilibrium among redox couples.

3. Reactive surface areas and grain radii of minerals
are highly uncertain.

4. Uncertainties in thermodynamic data, especially
at higher temperatures, may exist.

5. Van Genuchten function parameters for partial
saturation in rock and bentonite are not well known, and
no data are given for different temperatures.

VII. CONCLUSIONS

LOT parcel test A2 has been modeled. The results
show similarity with experimental data. However, the
results are open to question, and further study is needed
to confirm their validity. The parameters used should be
applied to other modeling programs ~e.g., PHREEQC!
and the results compared with those of TOUGHREACT.

However, even the experimental results can be ques-
tioned. There are different methods to measure, for ex-
ample, cation exchange, which yields different results.
There could be many factors that cause uncertainty in the
experiments, such as calibration of sensors, transporta-
tion of bentonite block, air affecting the bentonite after
lifting, etc. The differences between model and experi-
ment can, for example, be parameters, the in-built model
formulas, or the difference between the model and the
real system. Thus, the experimental system should be
thoroughly planned and documented, and the model
boundaries made as realistic as possible.

The bentonite structure and waters affecting the sys-
tem are under large uncertainty, for example, because the
bentonite microstructure and behavior are not well known.
Our model also assumes that the bentonite is swelled at
the beginning, which is not the case in a real experiment.
When water contacts bentonite, the bentonite near the
waterfront starts to swell and loses its density. Thus,
there will be a soft mass ~at the water-bentonite bound-
ary! at the beginning where different behavior can occur.
This can affect the bentonite saturation and accelerate it.
When the bentonite is saturated enough and swells, this
soft mass comes to contact the rock interface and the
exterior of the bentonite block starts to tighten again. If
we would like to take this into account, we would need to
include mechanical phenomena in the model. Our THC
model could be improved by incorporating mechanical
and geochemical coupling to account for porosity changes
caused by swelling phenomena. This would lead to fully
coupled THMC models, which is our goal for the coming
years.

Additionally, based on the results of chloride com-
pared to experimental results,12 we could assume that
more of the water is transported as water vapor in the
experiment than in the model because the chloride ion
should be quite inert and thus should be carried along the
liquid water. The experimental results are not necessarily
from the fracture positions, which would decrease the
amount of diffused chloride. The sulfate concentrations,
however, in the experiment2 and in the model seem to
indicate that anhydrite precipitates somewhere near the
heater, which also means calcium precipitation. Accord-
ing to these results, one could say precipitation of an-
hydrite is going to happen, but on the other hand it is hard
to say if this precipitation is irreversible or reversible
during longer time periods.

According to the modeling results, the bentonite
changes more to the calcium form. When this happens, it

Fig. 17. Potassium content ~meq0100 g! in the cation ex-
changer as a function of distance from the copper
tube, over time.

Fig. 18. Magnesium content ~meq0100 g! in the cation ex-
changer as a function of distance from the copper
tube, over time.
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means that the stability of bentonite improves, but the
swelling pressure decreases. This means that in dilute
waters, bentonite does not dissolve so easily, which is a
good property when it happens in the outer parts of the
bentonite near the bentonite-rock interface.

The cation exchanger acts differently than in the ex-
periment.2 In the model, the cation exchanger has the ten-
dency to change to calcium form, contrary to the
experimental observations, which show no change in ex-
changeable cations except for the hot end where lowering
of exchangeable sodium takes place. The mismatch be-
tween model and observed results may be attributable to
the definition of the model boundary conditions, to the fact
that the temperature dependence of cation exchange se-
lectivities is unknown, and also to the initial chemical com-
position of the cation exchanger in the model, which
deviates 10% from the reported experimental composition.

The model is designed so that the water in the ben-
tonite is very dilute, and the ion exchanger is filled ac-
cording to that.10 This is not, however, the case in real
bentonite pore water, where there is, for example, more
sulphate in bentonite pore water than in groundwater.
This can cause some difference in the results in short-
time calculations when the equilibrium is not fully reached.
In this model the time period was 10 yr and the system
did not yet reach chemical equilibrium.

We have to also remember that the changes in ben-
tonite in a real repository would take longer because the
changes in the bentonite are lesser elsewhere than in the
fracture position after the swelling seals the deposition
hole. This is probably the case in the experimental re-
sults, where there is not much change in cation exchang-
er,2 which may affect all the results. Thus, we are going
to create a two-dimensional model where the fracture
position and the changes elsewhere can be seen and com-
pared better with the experiment.

Finally, dramatic changes in bentonite do not occur,
but there is still need for further modeling and more
thorough research of partially saturated bentonite ~more
experimental data are needed!, especially since very lit-
tle is known about this topic and the model will be ap-
plied to Olkiluoto conditions later on. It can take several
years to develop a model accurate enough to model the
partial saturation of the final repository, and this project
will be a long-term one.
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a b s t r a c t

Finnish spent nuclear fuel is planned to be disposed of deep in the crystalline bedrock of the Olkiluoto
island. In such a repository, the role of the bentonite buffer is considered to be central. The initially unsat-
urated bentonite emplaced around a spent-fuel canister will become fully saturated by the groundwater
from the host rock. In order to assess the long-term safety of a deep repository, it is essential to determine
how temperature influences the chemical stability of bentonite. The aim of this study was to achieve an
improved understanding of the factors governing the thermo-hydro-chemical evolution of the bentonite
buffer subject to heat generation from the disposed fuel and in contact with a highly permeable rock
fracture intersecting a canister deposition hole.
TOUGHREACT was used to model a test known as the long-term test of buffer material adverse-2,

which was conducted at the Äspö hard rock laboratory in Sweden. The results on the evolution of
cation-exchange equilibria, bentonite porewater chemistry, mineralogy, and saturation of the buffer
are presented and discussed. The calculated model results show similarity to the experimental results.
In particular, the spatial differences in the saturation and porewater chemistry of the bentonite buffer
were clearly visible in the model.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Finnish spent nuclear fuel is planned to be disposed of accord-
ing to the KBS-3 (KärnBränsle Säkerhet) concept in a deep reposi-
tory planned to be constructed at a depth of 420 m in the
crystalline bedrock of the Olkiluoto island (Fig. 1). In the KBS-3
concept, the spent nuclear fuel bundles are contained in copper-
covered cast iron canisters, which are surrounded by a compacted
bentonite buffer. Compacted bentonite clay is considered a suitable
material for limiting the migration of radionuclides in case of can-
ister breach, for providing a mechanical and chemical zone of pro-
tection around the canister and high enough thermal conductivity
to efficiently dissipate heat emitted by the spent fuel.

Upon saturation with groundwater, bentonite swells and seals
the deposition hole. However, thermal, hydrological, mechanical
and chemical processes taking place in the bentonite buffer over
thousands of years may change the properties of the bentonite to
the extent that long-term safety is compromised. Therefore,
sufficient long-term stability of this material must be demon-
strated. Due to inaccessible time scales for relevant experiments,
the assessment of material stability in a repository needs to be
based on numerical modelling.

In this work, we concentrated on the modelling of the effects of
temperature on the chemistry and hydrology of initially partially
saturated bentonite using an integrated thermo-hydro-chemical
(THC) model.

The Long Term Test of Buffer Materials (LOT) A2 parcel experi-
ment at the Äspö hard rock laboratory (HRL) in Sweden was
considered (Karnland et al., 2009) in this work. Thermal and
hydraulic gradients are known to generally promote mineral
dissolution/precipitation reactions in the bentonite. For example,
anhydrite is found to precipitate at elevated temperatures. Also,
the incoming groundwater affects the bentonite porewater, which
may, in turn, influence the mechanical properties of the bentonite.
Consequently, this has to be taken into consideration in a
performance assessment of the buffer.

The expected thermal phase in a KBS-3 repository will last for a
few thousand years. The most significant mineral alterations are
expected during the first one thousand years (Pastina and Hellä,
2008). The A2 test was carried out under more extreme tempera-
ture conditions than to be expected in an actual KBS-3 repository
to accelerate the kinetically controlled mineral reactions and to
compare the thermal load of the test to the expected KBS-3
conditions over several thousand years.

The aim of this study was to investigate thermal, hydraulic and
chemical processes affecting the bentonite buffer. For this purpose,
a computational model was designed to simulate the THC
processes in the A2 test.
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2. Experimental

The A2 test at Äspö was carried out in crystalline rock at the
depth of approximately 450 m from the ground surface. The water
pressure was kept higher than the vapour pressure and the water
inflow rate low enough to prevent piping erosion. However, the
rate of water inflow was found too low and, consequently, it was
decided to introduce external water via a supply hole to accelerate

the progress of the experiment. The water pressure in the hole was
about 1.2 MPa and the water supply was connected to the borehole
through titanium tubes. The water pressure was kept constant
throughout the test period (Karnland et al., 2009). The dimensions
of the parcel test, illustrated in Fig. 2, are presented in Table 1. An
internal heater was placed inside the lower parts of the copper
tube with a maximum power of 2 kW (Fig. 2).

The results from the parcel test were used as reference data for
comparison with model results (Karnland et al., 2009). In the test,
relatively small parcels (see Table 1 for the dimensions) were ex-
posed to field conditions at Äspö HRL. The test series included
three parcels with similar conditions to those expected in a vertical
variant of the KBS-3 repository (KBS-3 V) and additional four par-
cels, which were exposed to more extreme temperature condi-
tions. For the horizontal disposal option (KBS-3H), see Fig. 1.

The A2 parcel was placed in a vertical borehole, which was
drilled into excavated, horizontal tunnels in granitic bedrock. In
the parcel, MX-80 bentonite, considered by Posiva as the reference
buffer material, was exposed to elevated temperatures
(120–150 �C) and very high temperature gradients (4.5–5.0 �C/

Fig. 1. The KBS-3 disposal concept displaying both the vertical (left) and horizontal
(right) option (courtesy of Posiva Oy). The repository is located at a depth of 420 m.
A deposition hole is 6–8 m deep depending on the type of spent fuel (Posiva, 2010).

Modelled locations 

Fig. 2. Schematic drawing of the A2 test parcel (Karnland et al., 2009). Modelled locations are indicated by rectangles (the lower denotes the fracture and the upper is 1.1 m
above the fracture). The numbers refer to the respective bentonite blocks. The water-supply hole was situated at the position ‘‘01’’.

Table 1
Dimensions in LOT A2 parcel test (Karnland et al., 2009).

Borehole depth 4 m
Borehole diameter (nominal) 0.3 m
Emplaced parcel diameter 0.28 m
Copper tube height 4.7 m
Heater diameter 0.108 m
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cm) (considered to be extreme test conditions). The parcel diame-
ter was smaller than that in a planned KBS-3 V spent-fuel reposi-
tory to shorten the water-saturation period, to achieve a higher
temperature gradient over the buffer material, to accelerate kinet-
ically controlled processes, and to ease the uplift of the test parcel
(Karnland et al., 2009). After approximately five to six years of
exposure to extreme conditions, the test parcel was lifted and sec-
tioned for examination.

According to Posiva (2010), the entire KBS-3 repository must be
designed in such amanner that themaximum temperature allowed
for the buffer remains below 100 �C (controlled by the cooling time
of the fuel elements). In the A2 test, themaximum temperature was
set to 120–150 �C.Afive-year period in these conditions covers a sig-
nificant portion of the estimated thermal load per canister in a KBS-
3 V repository. However, the problem in estimating the implications
of a thermal load is that the higher temperatures will lead to chem-
ical reactions completely different from those at lower, actual tem-
peratures in the repository. In addition, the modified chemical
reaction rates are not balanced by respective changes in solute
transport rate, which will eventually change the fluid-rock dynam-
ics to differ clearly from those in real systems. Although the results
from the experiments may not represent a realistic scenario, by
modelling it is possible to increase our understanding of the coupled
processes taking place in a repository system.

The main observations from the test included sulphate redistri-
bution along the thermal gradient in heated blocks. Anhydrite was
accumulated about 3–5 cm from the heater, whereas the periphe-
ral parts were depleted in sulphates. The carbonate content de-
creased with increasing temperature in the heated parts.
Dissolution/precipitation reactions had influenced the porewater
composition and the cation-exchange equilibria. Some sodium
had been replaced by calcium and magnesium in the inner parts
of the heated blocks. The source of Mg was not identified. XRD data
did not show evidence of a structural change of montmorillonite
(Karnland et al., 2009). Detailed results from the experiment can
be found in Muurinen (2006) and Karnland et al. (2009).

3. Model

3.1. Description

Processes occurring in the bentonite buffer in a spent-fuel
repository depend on several factors, the complexity and couplings
of which make their consideration in a single computational model
highly challenging. Certain simplifications are, therefore, neces-
sary. The aim was to develop a realistic model of the test, in which
the heat-producing canister is surrounded by bentonite and a rock
matrix, which contains a permeable fracture that intersects the
deposition hole (Fig. 3). The model was axisymmetric with one
symmetry axis located in the vertical midplane of the canister.
Consequently, only one half of the canister was needed to be taken
into account explicitly in the model (i.e., the hot part of the parcel).

The materials considered were the host rock, heater (with cop-
per cover), fracture and bentonite (Fig. 3). The main component of
the MX-80 bentonite is montmorillonite, which was assumed to
act as an insoluble cation exchanger. The mineral precipitation
and dissolution reactions were taken to contribute to changes in
porosity and permeability. The gas phase consisted of water vapour
and air, while the liquid phase consisted of water and dissolved
aqueous species. Local equilibrium was assumed for all chemical
reactions, except for mineral reactions, which were kinetically
controlled.

The model grid was fairly coarse due to the complexity of the
system and the significantly increased computational times re-
quired by finer grids (Fig. 3).

The properties of the host rock and fracture were defined such
that they remain fully saturated at all times (no capillary pressure).
The heater was considered chemically inert and was assigned a
constant heat production rate of 780W to simulate the tempera-
ture profile in the experiment. Initially, the bentonite had a gravi-
metric water content of 0.11 and a saturation of 0.40. It was
allowed to interact with the granitic Äspö groundwater for ten
years. The rightmost boundary cells in Fig. 3 were defined as hav-
ing a constant chemical composition (i.e., Dirichlet boundary con-
dition) from the borehole analyses reported in Karnland et al.
(2009) at all times. The water pressure in the rock matrix and frac-
ture was initially 1.2 MPa, and in the bentonite 101.3 kPa. For more
detailed information about the boundary conditions, see Itälä
(2009).

The model couples thermo-hydro-chemical processes, but no
mechanical effects were considered. The aim was to match the
model results as closely as possible to the experimental ones after
up to six years of interaction without the use of any adjustable
model parameters (except for the initial concentration of sodium
in the bentonite porewater, cf. Section 3.3). The location of the
water supply, which was realized using titanium tubes and valves,
was changed during the experiment (after having reached the
block 32 (Fig. 3)) (Karnland et al., 2009), which may have affected
the experimental results. However, this was not taken into account
in the model. The model was applied to obtain the spatio-temporal
THC evolution of the bentonite.

3.2. Software

The model was created using the PetraSim v. 4.1.119 user inter-
face of the TOUGHREACT v. 1.0 (Xu et al., 2004) program. The EOS3
equation of state of water was applied to calculate the two-phase
flow in bentonite.

In TOUGHREACT, all flow and transport equations have the form
of a generalized continuity equation. For more detailed informa-
tion about the program, see Pruess et al. (1999) and Xu et al.
(2004).

3.3. Parameters

The model parameters were taken from Bradbury and Baeyens
(2002), Thunderhead Engineering (2005), Itälä (2009), Karnland
et al. (2009) and Jacinto et al. (2009), except for the specific heat
capacity of bentonite and the rock properties (Table 2). Some of
the parameters, like the initial chemical composition of bentonite
porewater, were calculated from the data in Itälä (2009).

The specific heat capacity (Cp) for each mineral, (taken from the
background information for the THERMODDEM thermodynamic
database (Blanc et al., 2007) adopted in this study), was used to
calculate the Cp for anhydrous bentonite according to Gailhanou
et al. (2007) considering an average temperature of 110 �C.

The mineralogical composition of the MX-80 bentonite is de-
picted in Table 3. No other mineral phases for the buffer were con-
sidered. Montmorillonite in the bentonite was taken to be a
chemically insoluble cation exchanger (cation-exchange capacity
0.75 meq/g) due to the short experimental time and to the fact that
no structural changes in montmorillonite were observed in the
experiment (Karnland et al., 2009). Minerals in the rock were not
taken into consideration in the model.

The mineral reaction kinetic data were taken from Palandri and
Kharaka (2004), except for chalcedony, which was assumed to be
at equilibrium at all times. The chemical compositions of the
groundwater and cation exchanger are shown in Table 4.

The water-retention parameters used in the model can be found
from Table 5 and the selectivity coefficients used for the cation-ex-
change reactions from Table 6.
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4. Results

The results are reported for two vertical locations: at the frac-
ture level (0 m) and at 1.1 m above the fracture (see Fig. 2). Water
intake to the bentonite occurs from the fracture and the rock ma-
trix, the latter being significantly slower as mass transfer in the in-
tact rock is governed by diffusion as opposed to advection in the
fracture (see Table 2 for the 5-order-of-magnitude difference in
permeability). The results are reported as a function of distance
from the heater. In the figures, the first 9.6 cm on the abscissa is
bentonite and the rest being either the host rock or the fracture.

4.1. Thermo-hydraulics

Some of the key physical model parameters, such as the tem-
perature and water saturation, are briefly discussed. Fig. 4 shows
the temperature and temperature gradient in the bentonite and
in part of the rock matrix. It can be seen that the temperature is

between 130 �C and 85 �C in the bentonite after only a few days.
The radial temperature profile was almost constant at every dis-
tance from the fracture and after one year, the system attained a
thermal steady state (Fig. 4). The initial degree of saturation in

Fig. 3. Model grid. The computational cells on the left (light green) represent the simulated heat source of the experiment. The middle zone (dark blue) is bentonite. The
horizontal part at the bottom is the fracture (dark green) and the rest is host rock (light blue). The radius and height of the axisymmetric model was 3.00 m and 2.35 m,
respectively. The number of computational cells in the model was 962. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 2
Material parameters.

Parameter Bentonite Fracture Heatera Rock

Initial pressure (MPa) 0.1 1.2 NTP 1.2
Grain density (kg/m3) 2750 2650 8960 2650
Molecular diffusion coefficient (m2/s) 2�10�9

Wet thermal conductivity (W/(m�C)) 1.3 2.61 391.1 2.61
Dry thermal conductivity (W/(m C)) 0.3
Porosity 0.43 0.14 1 � 10�10 0.01
Intrinsic permeability (m2) 3.0�10�21 5.0 � 10�11 0 1 � 10�19

Specific heat (J/(kg C)) 969 784 385 811
Initial saturation 0.4 1.0 1.0

a Assumed to have the properties of copper.

Table 3
Initial mineral mass and volume fractions for MX-80 bentonite (simplified from Arcos
et al. (2003)).

Minerals Mass fraction
(%)

Volume
fraction (%)

Anhydrite/gypsum (CaSO4/CaSO4�2H2O) 0.34 0.23
Quartz (SiO2) 15.00 8.97
Montmorillonite

((Na, Ca)0.3(Al, Mg)2Si4O10(OH)2�nH2O)
75.00 42.36

K-Feldspar (KAlSi3O8) 7.00 4.27
Calcite (CaCO3) 0.70 0.40
Chalcedony (SiO2) 0.96 0.57
Sum 100 56.7
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bentonite was 40%, and in the granitic fracture and rock 100%. The
bentonite was calculated to saturate fully within 200 days next to
the fracture and to over 93% within 1.5 years at a distance of 1.1 m
above the fracture (Fig. 5). This is in agreement with the experi-
mental observations. Porosity changes (not shown in the graphs)
were practically negligible.

4.2. Mineralogy

Chalcedony was found to dissolve near the heater and precipi-
tate close to the rock surface (Fig. 6) due to the difference in solu-
bility at different temperatures. The changes are slightly faster
next to the fracture. Fig. 7 shows the anhydrite concentration pro-
file. It appears that when sulphate is diffusing out from the benton-
ite and calcium is coming in from the rock, anhydrite precipitates
near the bentonite-rock interface on the rock side. Also, anhydrite
starts to precipitate near the heater due to the high temperature.
Precipitation occurs more slowly with increasing vertical distance
from the fracture. Some calcite appears to dissolve near the heater,
more with increasing distance from the fracture (Fig. 8), which af-
fects the concentration of calcium and carbonate ions. Gypsumwas
calculated to dissolve within a couple of days, whereas quartz and
K-feldspar were virtually non-reactive during the whole model
period (10 a) and would clearly need a longer time to dissolve or
precipitate.

4.3. Aqueous chemistry

This section presents the calculated evolution for the total
aqueous concentration of some of the primary species in bentonite

porewater and in part of the granitic rock. The species reported are
Na+, Ca2+, Cl� and SO2�

4 as they are responsible for the greatest
changes in mineralogy and cation-exchange equilibria in the ben-
tonite. The calcium concentration in the bentonite, shown in
Fig. 9, is seen to increase with time next to the fracture, but re-
mains constant at 1.1 m above the fracture. This is due to cation ex-
change and lesser ingress of groundwater from the low-
permeability rock. The chloride concentration increases with satu-
ration and its diffusion continues even after ten years (Fig. 10). The
chloride concentration becomes lower with increased distance
from the fracture, which is due to the slower water supply from
the rock.

Both sodium and sulphate ions diffuse out from the bentonite
(Figs. 11 and 12) due to the increasing sodium concentration in
the bentonite resulting from cation exchange (Figs. 13 and 14)
and increase in sulphate concentration caused by the dissolution
of gypsum. Increased calcium ingress next to the fracture changes
bentonite progressively to calcium form due to cation exchange.
The different permeability for the rock and fracture seems to affect
the rate of depletion of sulphate in bentonite, since the sulphate
concentration appears to increase as a function of distance from
the fracture. The magnesium and potassium concentrations in ben-
tonite increase due to diffusion from groundwater and subsequent
cation exchange. The potassium concentration in the bentonite
porewater is found to exceed that in the groundwater (not shown).
The pH of the porewater tends towards a slightly alkaline value
(7.3) due to the high temperature and lowered ion product of

Table 4
Groundwater (Karnland et al., 2009) and initial cation exchanger composition.

Variable Groundwater (mmol/
l)

Cation exchanger (equivalent fraction)

Na+ 100 0.87
K+ 0.28 0.02
Ca2+ 47.3 0.08
Mg2+ 2.4 0.03
Cl� 178
SO42� 4.6
HCO3� 0.44
Al3+ Traces
H4SiO4(aq) Traces
pH 6.9

Table 5
Water-retention parameters. The van Genuchten model was selected for the
bentonite (Jacinto et al., 2009) and the Fatt-Klikoff model for the rock/fracture. See
Pruess et al. (1999) for model details.

Variable Bentonite Fracture/Rock

k 0.338
Slr 0 0.999
Sls 1.0
Sgr 0.0
P0 14.1 MPa
Pmax 140 MPa

Table 6
Cation-exchange selectivity coefficients for MX-80 bentonite (Bradbury and Baeyens,
2002).

Selectivity Value

KNa/K 4.0
KNa/Ca 2.6
KNa/Mg 2.2
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water (neutral pH at the elevated temperatures considered here
would be around 6). This pH is not considered hazardous to the
chemical stability of bentonite per se.

4.4. Cation exchange

Due to numerical convergence problems, it was necessary to
consider the aqueous sodium concentration in the bentonite pore-
water as an adjustable parameter. This affected the initial cation-
exchange equilibria so that the amount of exchangeable sodium
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Fig. 6. Chalcedony volume fraction as a function of distance from the heater at
various times. The vertical position is observed to cause only minor differences. The
main factors governing the dissolution rate are the temperature and the rate of
mass exchange with the surrounding rock, the latter being significantly faster near
the fracture.
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increased from its observed value of about 70% (equivalent frac-
tion) (Karnland et al., 2009) to about 87%. An opposite effect re-
sulted for the divalent cations. This obviously hampers a
quantitative comparison of the model and experimental results.

In bentonite, sodium, potassium and magnesium are found to
exchange for calcium (see Figs. 13 and 14 for exchangeable sodium
and calcium). The concentration changes for potassium and mag-
nesium are very small (not shown) compared to sodium and cal-
cium. Anhydrite precipitation near the heater affects cation
exchange, but the main reason for the difference between the hea-
ter-bentonite and bentonite-rock interfaces is the incoming cal-
cium from the groundwater. Consequently, a lower aqueous
calcium concentration is calculated near the heater in comparison
to the bentonite-rock interface, which is the reason for the concen-
tration gradient. The extent of cation exchange lessens as a func-
tion of distance from the fracture.

In the model, the cation exchanger has the tendency to change
to calcium form, contrary to the experimental observations, which
show no change in exchangeable cations, except for the hot end,
where a slight lowering of exchangeable sodium takes place. This
difference between observed and model results could be attribut-
able to the above-mentioned adjustment of the sodium concentra-
tion in the bentonite porewater. The chemical changes in the
experiment also indicate that mineral alterations were very slow
after the bentonite was saturated. Also, the cation-exchange selec-
tivity coefficients for compacted bentonite may have differed from
those determined for uncompacted bentonite, which were used in
this work (Bradbury and Baeyens, 2002).

5. Conclusions

In this work, an attempt wasmade to interpret the experimental
results from the LOT A2 parcel test at the Äspö HRL in Sweden using
the integrated thermo-hydro-chemical model, TOUGHREACT.

The initially unsaturated bentonite was calculated to saturate to
over 93% within 1.5 years up to 1.1 m from the hydrating rock frac-
ture, which is in line with experimental observations. The most
prominent mineral reactions were calculated to be total depletion
of gypsum, and enrichment of anhydrite near the heater. However,
this probably cannot be directly compared to the expected reposi-
tory conditions, in which the temperature stays below 100 �C, and
which may give rise to different mineral reactions. The chemical
composition of the bentonite porewater was found to reflect
changes in mineralogy and cation exchange. However, the model
results for cation exchange in bentonite did not agree with the
experimental results. In the model, the cation exchanger has the
tendency to change to calcium form, contrary to the experimental
observations, which show no change in exchangeable cations ex-
cept for the hot end, where decrease of exchangeable sodium takes
place. The mismatch between model and observed results may be
attributable to the definition of the model boundary conditions, to
the initial chemical composition of the cation exchanger in the
model, which deviates markedly from the reported experimental
composition, and to the fact that the cation-exchange selectivities
used in this work may have been unfit for compacted bentonite.
Future attempts to model the present system would benefit from,
for example, the consideration of selectivity coefficients
determined for compacted material and use of alternate water-
retention models for bentonite.

The model results are similar to the experimental results
presented in Muurinen (2006) and Karnland et al. (2009). They
are also consistent with the model results in Itälä (2009). Overall,
no dramatic changes in bentonite chemistry were calculated to oc-
cur in ten years of simulation time. However, there is a definite
need for further modelling to improve the agreement with exper-
imental results and, ultimately, to be able to predict the THC evo-
lution of the KBS-3 repository near field over time scales relevant
to long-term safety.
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Distance from Copper tube [m]

0.00 0.02 0.04 0.06 0.08 0.10

Eq
ui

va
le

nt
 fr

ac
tio

ns 0 a Ca++
1 a Ca++ 
5 a Ca++
10 a Ca++
0 a Na+
1 a Na+
5 a Na+ 
10 a Na+ 

0.0

0.2

0.4

0.6

0.8

1.0

Fig. 14. Exchangeable sodium and calcium as a function of distance from the heater
at 1.1 m above the fracture at various times. The changes are observed to be smaller
than at the fracture level.

1836 A. Itälä et al. / Physics and Chemistry of the Earth 36 (2011) 1830–1837



Author's personal copy

A remaining challenge is also to implement mechanical mate-
rial response for compacted bentonite into an existing THC model
to take into account potential deformation and decrease in
material density due, for example, to expansion to fill buffer
emplacement gaps and to material loss by an extremely dilute
post-glacial melt water (Posiva, 2010). The latter threat may be-
come reality, should the level of exchangeable divalent cations in
bentonite not be high enough at the onset of the post-glacial phase.
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Na/Ca selectivity coefficients of montmorillonite in perchlorate solution at different 
temperatures.  

 
Aku Itälä and Arto Muurinen  
VTT Technical Research Centre of Finland, Otakaari 3 K, Espoo, FI-02044 VTT, Finland 
 
ABSTRACT 
 

The Finnish spent nuclear fuel disposal is based on the Swedish KBS-3 concept in 
crystalline bedrock. The concept aims at long-term isolation and containment of spent fuel in 
copper canisters surrounded by bentonite buffer which mostly consists of montmorillonite. For 
the long-term modelling of the chemical processes in the buffer, the cation-exchange selectivity 
coefficients have to be known at different temperatures. In this work, the cation-exchange 
selectivity coefficients and cation-exchange isotherms were determined in batch experiments for 
montmorillonite at three different temperatures (25 oC, 50 oC and 75 oC). Five different ratios of 
NaClO4/Ca(ClO4)2 were used in the experimental solutions. After equilibration the solution and 
montmorillonite were separated and the solution analysed to get the desired exchange 
parameters. The experiments were modelled with a computational model capable of taking into 
account the physicochemical processes that take place in the experiment.  
 
INTRODUCTION 
 

The Finnish plan for the disposal of spent nuclear fuel is based on the Swedish KBS-3 
concept in crystalline bedrock. The concept aims at long-term isolation and containment of spent 
fuel assemblies in copper canisters with a nodular cast iron insert. The canisters are emplaced 
several hundred metres deep into the bedrock. Each canister will be separated from the bedrock 
by a bentonite clay layer (the buffer). The purpose of the buffer material is to maintain the 
integrity of the canisters by protecting them from detrimental THMBC (thermo-hydro-
mechanical-biological-chemical) processes and to limit and retard the release of any 
radionuclides from the canisters, should any be damaged [1].  

The MX-80 bentonite used in the experiments consists mainly of sodium montmorillonite 
and small amounts of other minerals [2]. The beneficial properties of bentonite are due to the 
properties of montmorillonite mineral. The Tetrahedral-Octahedral-Tetrahedral (TOT) layer 
structure of montmorillonite has a permanent negative charge, which is compensated by the 
exchangeable cations on the surfaces. In aqueous solutions these cations can exchange with those 
in a solution. The total permanent negative charge is called cation-exchange capacity (CEC). 
There are also surface edge sites which can protonate/deprotonate according to the pH in the 
surrounding solution. Those sites were not investigated in these experiments, however.  

The cation form affects many essential properties of montmorillonite. In the KBS-3 
concept, the maximum temperature limit has been decided to be 90 oC [3]. However, the 
selectivities for montmorillonite have mostly been studied at room temperatures. Therefore, it is 
essential to study how the temperature affects the cation-exchange selectivities.  

 
 



EXPERIMENT 
 
Na-Montmorillonite 
 
 MX-80 bentonite obtained from Wyoming (USA) in the powdered form was first purified 
to Na-montmorillonite form using a method described in Tributh and Lagaly [4] and Bergaya et 
al. [5]. The purification comprised the removal of large particles, dissolution of carbonates by 
acid treatment, dissolution of iron oxides, removal of organic material, changing to the sodium 
form and removal of the excess salt by washing and finally by dialysis. After the purification the  
montmorillonite was dried in the oven at 60 oC and finally placed in a vacuum freeze dryer. This 
purification is needed to enable accurate experimental results and to exclude any unnecessary 
complexes and mineral reactions in the montmorillonite.  
 
Cation-exchange experiments 
 

The cation-exchange experiments were carried out with the purified sodium 
montmorillonite powder in centrifugal tubes. The test series were carried out at the temperatures 
of 25 oC, 50 oC and 75 oC. Every test series included five Na/Ca concentration ratios with two 
parallel samples. Perchlorate background was chosen because it does not form complexes with 
ions [6]. In earlier studies [7-9] complexing has appeared to affect the cation-exchange 
selectivities. 

In the tests, 1g ± 0.005g of sodium montmorillonite powder was allowed to react with 
approximately 30 ml of NaClO4/Ca(ClO4)2 solution. The pH of the solution was 6.2±0.3 and total 
cation normality 0.1 ± 0.005 eq/l. In the tests at 25oC, the tubes were shaken with rotation for 
five days. In the tests at 50 oC and 75 oC, the tubes were placed horizontally in a digital incubator 
with a shaker and left there for five days to equilibrate. At the end of the tests, the centrifugal 
tubes were centrifuged and the separated solution was ultra filtered with 10kDa filters for the 
analysis.  
 
Analyses 
 

The concentration of sodium and calcium were determined from the filtered solution 
using ICP-AES (Inductively Coupled Plasma Atomic Emission Spectrometry). It was estimated 
that the maximum analytical errors were ± 10 % for the sodium and calcium analyses. The CEC 
for Na-montmorillonite was determined using the copper-triethylenetetramine method [10]. The 
measured CEC was 0.96meq/g.  
After the analyses, it was found that the amount of cations in the solutions was higher than in the 
original solutions. It was concluded that this is due to the Donnan exclusion effect [11] caused by 
the negatively charged montmorillonite layers which moves ions from the clay pores to the 
supernatant. Thus, the original solution had a larger volume where the dissolved ions could be 
than the final solution after centrifugation. This phenomenon had to be considered in the 
calculations.  
 
 
 



RESULTS AND DISCUSSION  
  

The Donnan exclusion effect [11] which caused the increase of cation concentration in 
the supernatant was taken into account by using an effective volume for the solution after 
centrifugation. The effective volume was set so that the cation charge [eq] in the solution at the 
beginning was equal to the cation charge [eq] at the equilibrium, as stated below. 

 
i i e e
Ca Na total Ca Na effective2 2c c V c c V     (1) 

 
where i refers to the known initial value and e to the measured equilibrium condition, Vtotal is the 
total liquid volume at the beginning, Veffective is the used effective volume, and c refers to 
concentration. 

The amount of sodium and calcium in the montmorillonite was calculated from the mass 
balance (equation 2 and 3). The decrease in calcium concentration indicates how much calcium 
had gone inside the exchanger. The original amount of sodium in the exchanger was known to be 
0.96meq/g (CEC). 

 
i e
Ca total Ca2 ( )effective Ca montmorillonitec V c V CEC m     (2) 

 
1Ca Na          (3) 

 
where β is the equivalent fraction in the exchanger. 

Table I shows the different concentrations of NaClO4 and Ca(ClO4)2  used in the original 
solutions and the cation concentrations in the solution and montmorillonite at the equilibrium. 
The values were calculated as an average from the two parallel tests.   

 
Table I. Experimental data on Na+/Ca2+ exchange at 25 oC, 50 oC and 75 oC on Na-

montmorillonite in 0.1M perchlorate solution. 
Temp Initial cNa 

[mmol/l] 
Initial cCa 
[mmol/l] 

Analyzed cNa 
[mmol/l] 

Analyzed cCa 
[mmol/l] 

qNa 
[eq/kg] 

qCa  
[eq/kg] 

KCa/Na 

25 88.24 5.26 104.39 1.62 0.736 0.227 4.48 
25 67.84 15.02 91.34 6.36 0.420 0.543 6.46 
25 48.55 25.23 73.95 14.22 0.273 0.690 5.73 
25 28.82 35.94 56.55 24.08 0.195 0.767 4.35 
25 9.94 45.50 39.36 32.44 0.116 0.847 4.95 
50 86.97 5.16 100.04 1.58 0.739 0.223 4.19 
50 68.17 16.18 91.34 7.24 0.404 0.559 6.51 
50 48.83 25.60 73.95 14.47 0.270 0.692 5.91 
50 29.18 35.81 56.55 23.95 0.199 0.763 4.31 
50 9.79 46.07 40.23 34.93 0.139 0.824 3.38 
75 87.61 5.14 100.04 1.57 0.744 0.219 4.22 
75 68.20 15.34 91.34 6.49 0.412 0.551 7.05 
75 48.72 25.62 78.29 14.72 0.245 0.718 8.55 
75 29.41 35.84 60.90 24.08 0.151 0.811 9.50 
75 9.73 46.11 40.89 34.93 0.125 0.837 4.49 



In Table I above, c refers to the concentration in the aqueous solution phase, and q refers to the 
amount as equivalents per kg montmorillonite. The KCa/Na values in the table are the selectivity 
coefficients calculated as below. 

The cation-exchange reaction during the test was as follows: 
 

2
22NaX+Ca 2Na +CaX2Na +2Na       (3) 

 
The selectivity coefficients for this reaction were calculated according to the Gaines-Thomas 
convention [12]: 
 

+ +

2+ 2+

2 2
Ca Na Na

Ca/Na 2
Na Ca Ca

m
K

m        (4) 

 
where β is the equivalent fraction of the exchangeable cation in the montmorillonite, γ refers to 
activity coefficient of the species i, and m refers to molality [mol/kg H2O] at the equilibrium. 
The density of liquid was assumed to be 1 in these calculations and concentration was assumed 
to be equivalent to molality. The activity coefficients were calculated according to the Davies 
equation [12,13]: 
 

2log 0.3
1i i

IAz I
I

      (5) 

 
where, A is a temperature-dependent coefficient [14], zi is the charge number of ion i, and I is the 
ionic strength. 

The total absorbed metal charge in the montmorillonite was assumed to remain constant. 
The values show higher selectivity towards calcium at 75 oC. 

The exchange isotherms for the sodium are presented in Figure 1, where the experimental 
results are indicated with symbols. The variables here are equivalent fractions of sodium in the 
exchanger phase and in the solution from the total cation equivalence. There are slight 
differences to earlier results by Sposito [9] in the figure, but the earlier experiments were done 
with a total cation normality of 0.05N while these were done with an initial solution of 0.1N 
cation normality. 
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Figure 1. Exchange isotherm of Na+ on Na-montmorillonite in perchlorate background for Na-

Ca exchange. 
 
The results were also modelled using PHREEQC, which is a computer program capable of 
calculating different kinds of chemical reactions [12]. The average values of the KCa/Na from 
Table I (5.19 for 25 oC, 4.86 for 50 oC and 6.76 for 75 oC) were used in the modelling. The 
modelled results are shown in Figure 1 as lines. Earlier experiments have shown for KCa/Na values  
2.6 [15] for MX-80 and  2-11 [9,12,16] for Na-montmorillonite. Therefore, these experiments 
were in agreement with earlier studies. From the modelled exchange isotherm we can see that 
they match well with the experiments.  

CONCLUSIONS  
 

The exchange of Na+ for Ca2+ on Na-montmorillonite at 25, 50 and 75 oC in a 0.1N 
perchlorate background medium can be characterised by Gaines-Thomas selectivity coefficients 
that are independent of the exchanger composition. When the mean values of the exchange 
coefficients were inserted into PHREEQC, the produced theoretical curve agreed well with the 
experimental adsorption data.  

The experimental results showed a tendency to take slightly more calcium inside the 
exchanger at the highest temperature (75 oC). Thus temperature seems to affect on the behavior 



of the cation exchanger. The selectivity coefficients were in agreement with earlier experiments 
done with MX-80 and montmorillonite.  
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ABSTRACT: Disposal of Finnish spent nuclear fuel is planned to be based on the KBS-3

repository concept. The role of the bentonite buffer in this concept is essential, and thus the

behaviour of the bentonite has to be known. The experiments in this paper concentrated on providing

information about the effects of carbon dioxide CO2(g) partial pressure on compacted sodium

bentonite, giving an insight into the buffering capacity. The experimental setup consisted of a

hermetic box which had a CO2-adjusted atmosphere, and the bentonite was in contact with this

atmosphere through water reservoirs. The results indicated that it is possible to measure online the

changing pH in the porewater inside compacted bentonite using IrOx electrodes. It was found that the

pH fell if the CO2 partial pressure increased above atmospheric conditions. The experimental results

indicated a greater fall in pH than in our model in the test cases where CO2 was present. The pH in

the experiment with 0 PCO2
remained nearly constant throughout the 5 month period. On the other

hand, the pH dropped to near 6 with 0.3 PCO2
and to 5.5 with 1 PCO2

.

KEYWORDS: bentonite, pH, carbon dioxide, buffer, alteration, compaction.

Many countries, including Finland, are planning to

use bentonite as a buffer material around the waste

canisters in their high-level radioactive waste

disposal concept. The Finnish plan follows the

KBS-3 (KärnBränsle Säkerhet) concept, which aims

at long-term isolation and containment of the spent

fuel assemblies in copper canisters with a nodular

cast iron insert. The canisters are emplaced over

400 m deep into the crystalline bedrock. Each

canister is separated from the bedrock by bentonite

(the buffer) rings and placed in a drilled borehole.

The purpose of the buffer material is to maintain

the integrity of the canisters by protecting them

from detrimental Thermal-Hydraulic-Mechanical-

Chemical-Biological (THMCB) processes and to

limit and retard the release of any radionuclides in

the case of a damaged canister (Pastina & Hellä,

2006).

The knowledge of pH conditions is essential for

performance assessment (PA) since pH strongly

affects the mobility of most relevant radionuclides

(see e.g. Kohlicková & Jedináková-Krizová 1998).

The subject has been studied earlier by Wersin

(2003). In these studies he used the approach of

Bradbury & Baeyens (1997, 1998) to model the

results of Muurinen & Lehikoinen (1999), who

studied the changes in porewater chemistry in

compacted bentonite in different ionic strengths

and in different solid/liquid ratios. Wersin (2003)

made a sensitivity analysis of different parameters

affecting the bentonite porewater and found that the

main reactions controlling major ion chemistry

were calcite and gypsum equilibrium, Na-Ca

exchange reactions and de-protonation of functional

surface groups. The uncertainty in pH was found to

be mainly affected by the PCO2
of the surrounding

host rock. In the paper by Wersin (2003) it was

clearly suggested that diffusion experiments on

compacted samples should be performed, focusing

only on the identification and quantification of

surface exchange and sorption reactions.
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The electrodes used in this paper were tested

previously by Muurinen & Carlsson (2007, 2010)

who measured the pH and Eh inside the compacted

bentonite and in pore water that had been squeezed

out during the compaction of the clay. The

performance of electrodes was tested at different

compaction densities and by saturating the bento-

nite with deionized water, with 1 M NaOH

conditions remaining constant. The results indicated

the usefulness of IrOx electrodes for measuring the

pH of the porewater inside the compacted bentonite

(Muurinen & Carlsson, 2007).

In the paper of Muurinen & Carlsson (2010) the

model of Bradbury & Baeyens (2002, 2003) was

tested for the pH measurements with IrOx

electrodes with different bentonite/external water

ratios (chloride porosity). The model assumes that

the initial state of the edge site in the bentonite is

in equilibrium with the atmospheric carbon

dioxide. The results showed that the model of

Bradbury & Baeyens (2002, 2003) is quite capable

of modelling the results from the compacted

samples and it is possible to use IrOx electrodes

for diffusion experiments also (Muurinen &

Carlsson 2010).

The aim of the experiments reported here was to

study how carbon dioxide CO2(g) partial pressure

affects both the pH in the compacted MX-80

bentonite and the buffering capacity of bentonite.

EXPER IMENTAL

Materials

The Wyoming MX-80 bentonite used in these

experiments consists mainly of sodium mont-

morillonite and smaller amounts of other minerals

(quartz, calcite, feldspar, etc.) (Kiviranta &

Kumpulainen, 2011). The beneficial properties of

bentonite are mainly determined by this mont-

morillonite mineral (see, e.g. Grauer, 1986). These

properties include the sorption capability during

canister failure, the ability to swell upon saturation

with water, the mechanical and chemical protection

around the canister, and good enough thermal

conductivity to dissipate the heat emitted by the

waste.

The Tetrahedral-Octahedral-Tetrahedral (TOT)

layer structure of montmorillonite has a permanent

negative charge, which is compensated by the

exchangeable cations within the area of the

interlayer space. In aqueous solutions, these

cations can undergo a stoichiometric exchange

with cations in a solution. The total amount of

exchangeable cations is called the cation-exchange

capacity (CEC) (see, e.g. Kaufhold & Dohrmann,

2013). According to Kaufhold et al. (2008) the

form of these cations can affect the pH at small

solid/liquid ratios which is not the case in highly

compacted bentonites (Muurinen & Carlsson,

2010). There is also a second category of reactive

sites related to montmorillonite. These are called

surface hydroxyl groups and they are located along

the edges of the TOT layers. These sites can

protonate/deprotonate according to the pH in the

surrounding solution, which means that the

hydroxyl groups can function as a powerful pH

buffer (Bradbury & Baeyens, 2002).

Concept

The experimental setup consisted of a hermetic

box with a CO2-adjusted atmosphere, diffusion cell,

pH electrodes, compacted bentonite sample, and

water reservoirs (Fig. 1). The gas in the hermetic

box was in contact with the external solution of the

diffusion cell. The geometry of the bentonite was

cylindrical, the diameter of the sample was 20 mm,

and the length 20 mm. The samples were

compacted to a dry density of 1.57 g/cm3. The

volume of each external water reservoir was 50 ml,

and these were filled with 0.1 M NaCl at the

beginning of the test. The bentonite samples were

fully saturated by the deionized water mixed into

the bentonite before compaction. The CO2 partial

pressures were kept constant through the experi-

ment by changing the gas in the hermetic box twice

a month. The temperature was 25oC in all four

experiments. All of the experiments were carried

out with unpurified MX-80 bentonite.

Test cases

The experiment was conducted under three

different conditions with the same apparatus. The

only parameter that was varied in these experiments

was the partial pressure of CO2. All the three

experiments, which are listed in Table 1, were

sustained at atmospheric pressure, and in two cases

the other gas besides CO2 was argon. The reservoir

water pH was evaluated through modelling before

the experiment with the Geochemist’s Workbench

(GWB). The water reservoir pH under test case

atmosphere means that there is no buffer present.
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Analyses

The pH was measured online from the porewater

of the bentonite and water reservoir with calibrated

pH-electrodes (Muurinen & Carlsson, 2009).

However, during the experiment, leakage-free

single-junction reference electrodes were observed

to shift during the experiments under acidic

conditions. Therefore, the external water pH

values were measured by a commercial Ross

electrode about once a month. These values were

used to calculate theoretical values for the reference

electrodes to match the online measurements and

the Ross electrode measurements from the external

water. The same calculated reference electrode

values were used for the IrOx electrodes which

were employed to measure the pH inside the

bentonite. Some uncertainties lie in this method

and therefore more research will be undertaken to

verify these results.

Modelling

The pre-modelling of the experiment was

performed using GWB to approximate the pH

changes and the time needed to reach constant

conditions. After the experiment, the model and the

experimental results were compared. The model was

arranged as a column model, where there was 2 cm

of bentonite in the middle, and 50 ml water cells at

both ends with inlets at the ends of the water cells.

These inlets kept the outer CO2 (g) partial pressure

constant. The model included cation exchange,

surface complexation and mineral equilibrium of

calcite and gypsum. The relevant reactions in this

experiment should be the surface complexation

reactions, which can work as a pH buffer.

According to Bradbury & Baeyens (2002) there are

two different kinds of weak sites SOH (in MX-80)

which can both protonate and deprotonate, according

to the equations below:

FIG. 1. Schematic picture from the experimental setup.

TABLE 1. Test cases and evaluated water reservoir pH before the experiment.

Test Bentonite
type

Solution
type

Partial pressure
of CO2 (atm)

Water reservoir
pH under test

case atmosphere

Evaluated water
reservoir pH

Experimental
time (months)

1 MX-80 NaCl (0.1 M) 0 (Argon) 7 ~7 6
2 MX-80 NaCl (0.1 M) 0.3 (Argon) 5.7 6.2 6
3 MX-80 NaCl (0.1 M) 1 3.92 5.9 6
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SOH + H+ = SOH2
+ (1)

SOH = SO� + H+ (2)

Parameters

The diffusion coefficient used for all ions was

10�10 m2/s (the porosity 0.43 and tortuosity 0.12 of

bentonite were included in the diffusion coefficient).

GWB calculates porosity according to given volume

fractions of the minerals and the fluids, and takes

this into account when calculating the permeability

of the material. The water composition and mineral

volume fractions used in the modelling are listed in

Table 2. The bentonite porewater was calculated

such that the ion exchange and sorption sites were

filled according to the experimental results of

Kiviranta & Kumpulainen (2011). Mineral volume

fraction and cation exchange composition were also

taken from Kiviranta & Kumpulainen (2011) such

that the gypsum and calcite amounts were from this

report and the rest of the mineral volume fraction

was supposed to be montmorillonite. The material in

the report is called Wy�VT0002-BT1-3-Sa-R

(Kiviranta & Kumpulainen, 2011).

The cation-exchange capacity used was

93 meq/100 g (Kiviranta & Kumpulainen, 2011)

The selectivity coefficients and cation exchange

reactions can be found in Table 3.

The protolysis constants as well as surface areas

of bentonite can be found in Table 4. The

Thermoddem database was used in the calculations

for the water chemistry part (Blanc et al., 2007).

RESULTS AND DISCUSS ION

At the beginning of the test the bentonite was in

equilibrium with 390 ppm CO2(g) volume fraction

of ambient air (partial pressure was about 39 Pa).

The first test case shows that the pH rises slightly

when the CO2 (g) partial pressure decreases

(Fig. 2). The pH results shown in the figures are

TABLE 2. Water and mineral composition in the model.

Ion/mineral Bentonite water molality
(mol/kg)

Water cell molality
(mol/kg)

Mineral volume fraction
in bentonite (%)

Na+ 0.127 0.1
K+ 0.0031 traces
Mg2+ 0.0041 traces
Ca2+ 0.0103 traces
SO4

2� charge balanced traces
H4SiO4(aq) traces traces
Cl� traces 0.1
Gypsum 0.36
Calcite 0.72
Na-montmorillonite 55.62

TABLE 3. Selectivity coefficients and reaction for

cation exchange on MX-80 (Bradbury & Baeyens,

2002).

Exchange reaction Selectivity
coefficient

NaX + K+ <=> KX + Na+ 4
2NaX + Mg2+ <=> MgX2 + 2Na+ 2.2
2NaX + Ca2+ <=> CaX2 + 2Na+ 2.6

TABLE 4. Site types, capacities and protolysis constants

(Bradbury & Baeyens, 2002).

Site types: Site capacity
(mol/kg)

Sw1OH 0.04
Sw2OH 0.04
Surface complexation reaction log Kint

Sw1OH + H+ <=> Sw1OH2+ 4.5
Sw1OH <=> Sw1O- + H+ �7.9
Sw2OH + H+ <=> Sw2OH2+ 6
Sw2OH <=> Sw2O- + H+ �10.5
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from the middle of the bentonite and from the

external water solution. The results were analysed

over 160 days. The pH of the external solution

according to the modelling can be seen in Table 1.

The meanings of the legends are ext.= external

water measured with normal pH electrode and with

our own handmade iridium-oxide (IrOx) electrode

and the model legends refer to our calculated

model. IrOx(bent.) means that the electrode was in

the middle of the bentonite tablet. As can be seen

from the figure, bentonite buffers the changes as the

CO2 (g) volume fraction decreases from 390 ppm

towards zero. The differences in the external water

results of the two different electrodes are related to

the reference electrode calibration.

In the latter two tests, the pH falls as the CO2 (g)

partial pressure increases (Figs 3 and 4). Our model

clearly gives a smaller decrease in pH than in the

experiment. In test case two (Fig. 3), the pH in the

experiment drops down from 9 to approximately 6,

FIG. 2. Results of test case 1, CO2 (g) partial pressure 0.

FIG. 3. Results of test case 2, CO2 (g) partial pressure 0.3.
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while the model shows only a drop to 6.5. The

higher values for the IrOx(bent) electrode at the

beginning could be related to the fact that it takes

time for the electrode to find the equilibrium

potential at the beginning of the test. The fact

that test case 2 does not show a buffering trend at

the beginning of the test is probably related to the

fact that there were some problems with the

reference electrode during the test.

In test case 3 (Fig. 4), the model shows a drop

from 8 to 6.1, but the experimental results clearly

show a bigger drop in pH from 8.6 to approxi-

mately 5.5. In this figure, it is clearly visible that

the bentonite buffers the pH change at the

beginning of the test before the pH starts to fall.

However, again the pH can be seen to exhibit a

greater drop than in the model.

The differences between the modelling and

experimental results is mainly related to the fact

that GWB calculates some kind of equilibrium state

(with model minerals) in water cells even if those

cells do not include minerals. This leads to higher

pH in water cells than in the experiment. The

starting values in the outside water cells in the

model was 6.2 for 0.3 PCO2
(Fig. 3) and 5.9 for

1 PCO2
(Fig. 4). In the experiment the starting

points were respectively 5.6 and 5.2 at the

beginning and the pH rose slightly during the test

when the water cells were equilibrating with the

bentonite pore water.

The Bradbury & Baeyens (2002) model does not

take into account the electrostatic phenomena in the

bentonite (see, e.g. Bourg et al., 2007), which could

also affect the modelling results. Bourg et al.

(2007) also showed that none of the available

surface complexation models work over the entire

set of experimental conditions, which in our case

are extended to high CO2 fugacity. Additionally, in

the experiment, some complexes can form, for

example with CO2 (g), which can interact with the

surface complexation sites and could induce some

effects on the results. The calibration, due to the

fact that the reference electrodes did not work very

well in acidic conditions, could affect the experi-

mental results. Thus, additional experiments are

needed to confirm these measurements and to

understand the phenomena in bentonite better.

As can be seen, it is not possible to get the

modelling results to match the experimental results

perfectly. We tried to change the number of surface

sites, but this just changed the point at which the pH

starts to decrease from the original value. Changing

the diffusion coefficient also affected this point, but

the pH does not fall lower in the model owing to the

external water in the model not having as low a

value as in the experiment. The effect of calcite and

gypsum minerals were also tested and it seems that

in the compacted system the only feature buffering

the pH changes is the surface protonation sites (as

the water amount compared to the surface site

FIG. 4. Results of test case 3, partial pressure 1.
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amounts is very small). Gypsum dissolves after 50

days in the model and calcite is first precipitated but

starts to dissolve after the gypsum is dissolved;

however, the total amount is the same as the original

amount at the end of the test time. The calcium

fraction increases in the exchanger phase due to

dissolving gypsum from 28% to 31%. The modelled

calcium amounts in fluid, rock (minerals) and

sorbate (cation exchanger) can be seen from Fig. 5.

CONCLUS IONS

We can see that the bentonite buffering capacity in

the kind of conditions where the water/bentonite

ratio is high does not prevent pH changes which

happen rapidly after 20 days. The only feature

buffering the pH changes inside compacted

bentonite seems to be the surface protonation sites

which can buffer the changes at about 0.3 pH units.

However, reactions which have not been previously

identified and contribute to the pH drop in addition

to CO2 equilibrium might also occur. Thus, we

propose that more results are needed to conclude

which kinds of phenomena occur inside the

bentonite and whether the electrode calibration

was the only reason for such low pH values.
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The bentonite barrier is an essential part of a safe
spent fuel repository in granitic bedrock. One of the most
important safety functions of bentonite buffer is to limit
groundwater flow so that all mass transport takes
place by diffusion. In this work a new mathematical
model was developed to define the transport of ions
inside the bentonite, where there are bound interlayer
water and free extra layer water and sorption capability.
This model is tested in a specified geometry and
calculated by two numerical platforms—Numerrin and
COMSOL Multiphysics—and compared to the original

TOUGHREACT model. The model comparison was not a
straightforward task because of different approaches in
the model setup. Therefore, all the equations are written
down, and parameterization is done to create model
descriptions near each other. The developed model adapts
easily, and there are many new ideas to be tested in
bridging the gap between performance assessment and
real systems.

Note: Some figures in this paper may be in color only in the electronic
version.

I. INTRODUCTION

Many phenomena and processes have to be under-
stood when considering the safety of the engineering
barrier system (EBS) of a spent fuel repository. Our main
interest is in the bentonite buffer part of the EBS.
Bentonite is a kind of natural composite material with

1. smectite layers and charge-compensating cations

2. water, part of which is free in large pores and part
of which is bound on smectite layers

3. salts and minerals dissolved into pore water and
in solid state.

Therefore, a composite material having interaction
between its components already at nanolevel can behave
in quite a complex and nonlinear way. Bentonite buffer
must survive under changing conditions, and in many
cases the conditions may change far into the future with
reactions taking thousands of years to be completed.
Thus, modeling is the only option to study these systems
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to guarantee the proper functioning of bentonite buffer
over a planned period of more than 100 thousand years.
Our approach is based on segregation of modeling steps to
enable more flexibility:

1. conceptualization, which is at least partially free
of the limitations in the code to be applied

2. collection of data needed; creation of a math-
ematical model, having hopefully bigger freedom
concerning the code

3. implementation of the model on the TOUGH2
code1 and/or the TOUGHREACT code,2 which
are specifically designed for earth science
applications

4. implementation of the model on two other
platforms: COMSOL Multiphysics and
Numerrin,3 which are not bound on any
application area and are therefore flexible

5. solution of the models by the selected approach

6. evaluation of differences in these approaches:
Basically, COMSOL and Numerrin should be
able to use exactly the same equations while
TOUGH family codes use state of the art in earth
science applications

7. comparison of the results.

We present a new version of our transport and
chemical reaction model (RFT: Reactions, Fluxes,
Temperature), which will be validated against experi-
mental data to be produced in VTT’s (Technical Research
Centre of Finland) other projects. The wetting processes
are studied by tomographical methods, and models based
on those experiments are planned to be implemented in
Numerrin and COMSOL and, if possible, in TOUGH
family codes, too. Our model is aimed to be a kind of
benchmark for testing new ideas, which typically are
possible to implement both onto Numerrin and COMSOL
platforms, thus enabling verification of these implementa-
tions. The TOUGH family code on the other hand enables
verification on commercially available software, when-
ever models are possible to be implemented on all three
platforms. Therefore, our approach makes it possible to
test new innovative ideas for supporting performance
assessment (PA) purposes while having verified solutions
and links to TOUGH modeling. A class of issues in
bentonite is connected to pore water and fractioning of it
into free and bound waters, and even more fractions. Our
model approach allows almost any combination to be
applied in Numerrin and COMSOL implementations and,
therefore, makes it possible to test consequences of
different approaches and show differences to be tested
experimentally.

In the present work, only a very limited set chemical
reactions is applied, mainly aiming to show the basic
ideas of our modeling approach.

II. MODEL FOR CATION EXCHANGE AND DIFFUSION

Compacted bentonite is a composite material; the
main component montmorillonite belongs to swelling clay
minerals, which may be considered more accurately as a
very dense solution of colloidal particles than traditional
porous material. However, in most transport models and
in all PA models known to the authors, bentonite is
considered to be porous material; the porosity is given by
total water content (w40% for the targeted 1600 kg/m3

density of the KBS-3 method). However, many transport
properties of bentonite are quite different compared to
typical porous materials of such high porosity like sand or
nonswelling clays. For example, the anion diffusivity is
quite low, while diffusion conductivity (often called
effective diffusivity) is comparably high: Anions appear
to occupy much less porosity than 40%, but cations
diffuse in the whole pore volume. Therefore, bentonite
transport modeling is much more complicated than in
powderlike porous materials.

The models that are used globally assume that the
whole porosity is available for water transport, and we
wanted to change this. The main idea in our model was to
take into account the different kinds of waters inside
bentonite where there is free water on pores and
intellamellar water between clay platelets.4 We have not
yet implemented all chemical reactions and processes
needed for a complete description, but there is an option
for those in the future. For example, both bulk and surface
reactions (cation exchange and surface complexation) are
strongly affected by the amount of free pore water. In
many cases, it is possible to include these effects in the
fitted parameter data, at least in fixed conditions: high
density and fully saturated system at room temperature.
However, in many cases of interest for PA, the density
can be very small and bentonite gel-like or even
approaching a colloidal state, and in analyzing the initial
state of bentonite, the system is only partially wetted. In
all those and many other situations, the bentonite model
should be based on real physical-chemical understanding
of bentonite, which hopefully will be applicable in many
conditions with almost constant parameter values. Our
work aims to that, and in our approach, mechanical and
hydrological behavior (for example, wetting and swelling)
is relatively straightforward to couple in chemical and
thermal behavior.

II.A. Definitions

Compacted bentonite consists of dry bentonite
(montmorillonite and accessory minerals), water, and
air, which together fill all the available space (see Fig. 1).
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The total mass of bentonite in volume V is therefore

M~MbzMbwzMfwzMfa

~rbwbVzrw wbwVzwfwV
� �

zrawfaV

% rbwbzrwwbwzrw
x

1-x
wbw

� �
V, ð1Þ

which gives the following for the density of the
bentonite:

r%wbrbz
wbwrw
1{x

, ð2Þ

where

Mi 5 mass of dry bentonite, b; water bound on
bentonite, bw; free water, fw; or air, fa

rb 5 specific dry density of bentonite (2760 kg/m3)

rw 5 density of water, both bound on bentonite and
free (%1000 kg/m3), though bound water may
have higher density

ra 5 density of air (%1.3 kg/m3)

wi 5 volume fraction of component i, whereP
i~b,bw,fw,fa

wi~1~wbzw

w 5 volume fraction of all fluids, where
w~wbwzwfwzwfa

x 5 ratio of volume fractions of free and total water
volume, where x~wfw

�
wbwzwfw

� �
:

The mass of bentonite per total volume

rd~Mb=V~ 1{wð Þrb ð3Þ

is called the dry density. The total porosity w and the dry
and specific densities are conveniently coupled by

w~1{rd=rb : ð4Þ

The cation exchange capacity (CEC) (equivalent per
kilogram) is the fixed charge content (negatively charged
sites X occupied by cations) of the solid bentonite.
The concentration of CEC per bound water volume is
given by

cX~
MCEC

wbwV
~

wb

wbw

CEC:rb : ð5Þ

Any other quantity given as content (moles per kilogram
of bentonite) will be transformed similarly to concentra-
tion per bound water. For example,

cNaX~
MNaX

wbwV
~

wb

wbw

CEC:rbbNaX : ð6Þ

II.B. Cation Exchange Reactions

The chemical model is extremely simple: two sodium
isotopes (sNa and rNa), two chloride isotopes (sCl and
rCl), and cation exchange site (X). sNa and rNa form
complexes sNaX and rNaX with X:

sNaXzrNazrR
k

k

rNaXzsNaz , ð7Þ

where k is the kinetic constant, which in this case is the
same in both directions. No other complexes were
considered in this study, and extensions to more realistic
chemistry is straightforward. Possible stable (s) and
radioactive (r) sodium isotopes are 23Na and 22Na,
respectively; the half-life of beta-active 22Na is *2.6 yr.
Chlorine has two stable isotopes: 35Cl and 37Cl. The half-
life of beta-active 36Cl is *300 000 yr.

At equilibrium, reaction (7) gives

brNaX
bsNaX

~
crNa
csNa

, ð8Þ

where

ciNa 5 concentration (mol/m3)

bi 5 equivalent fraction of cation isotope i.

For implementation in COMSOL or Numerrin, the
cation exchange reaction is reformulated for aqueous
concentrations, which are the applied variables in
transport equations instead of equivalent fractions
(bi~zicXi=cX):

biNaX~
wbw

wb

1

CEC:rb
ciNaX : ð9Þ

The equilibrium equation (8) is then rewritten

Fig. 1. Basic concept of montmorillonite pore structure.
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crNaX
csNaX

~
crNa
csNa

: ð10Þ

The total mass of each element is conserved:

csNa~wfwcsNazwbwcsNaX ,

crNa~wfwcrNazwbwcrNaX ,

csCl~wfwcsCl ,

and

crCl~wfwcrCl , ð11Þ

where ci is the total concentration of element i.
The charge balance must be kept in the bound and

free aqueous phase:

cX~csNaXzcrNaX

and

csClzcrCl~csNazcrNa : ð12Þ

II.C. Chemical Kinetics

For the reaction (8) it is possible to write forward and
reverse rates:

rf~k:csNaXcrNa ð13Þ

and

rr~k:crNaXcsNa , ð14Þ

which gives for total reaction rate

r~rf{rr~kc csNaXcrNa{crNaXcsNa
� �

, ð15Þ

which at equilibrium is zero, giving properly Eq. (9).

II.D. Mass Transport by Molecular Diffusion

The mass transport problem is as follows: Find c 5
c(x,t) such that

L
Lt

wjci
� �

~+: jij{uci
� �

zRij : ð16Þ

Diffusion in porous media is often described by modified
Fickian laws of diffusion. Instead of Fick’s first law, the
diffusion flux j is given in the form

jij~{wjG wj,S
� �

Dj+ci , ð17Þ

where

i 5 species

j 5 bw or fw for bound or free water species,
respectively

G 5 geometric factor, which takes account of the
longer diffusion path in a porous medium
compared to free space and other geometric
processes. It may depend both on volume
fraction and saturation.

Free and bound water diffusion constants have tradition-
ally been named pore Dp and surface diffusion Ds

constants, respectively.5

It is clarifying to write out the complete set of
transport equations:

LtcsCl~Dp+2csCl ,

LtcrCl~Dp+2crCl{lClcrCl ,

LtcsNa~Dp+2crNazwfwr ,

LtcsNaX~Ds+2csNaX{
wfw

wbw

r ,

LtcrNa~Dp+2crNa{r{lNacrNa ,

and

LtcrNaX~Ds+2crNaXz
wf w

wbw

r{lNacrNaX½ � , ð18Þ

where li i~Cl, Nað Þ is the linear reaction rate, e.g.,
radioactive decay.

II.E. With and Without Surface Diffusion

Both Numerrin and COMSOL apply surface diffusion
and exchange kinetics, but TOUGHREACT applies
traditional porous media diffusion and assumes exchange
equilibrium, which means that the Kd value is needed.

Assuming equilibrium to be already obtained, the
effective diffusivity formulas for the two approaches are
given by6

Dt
e~wtDt

p

and

Ds
e~wsDs

pz 1{wsð ÞKs
drdDs , ð19Þ

where t and s stand for traditional and surface diffusion,
respectively, and similarly for apparent diffusivities,
we have

Dt
a~

Dt
e

at
~

wtDt
p

wtz 1{wtð ÞKt
drd

and

Ds
a~

Ds
e

as
~

wsDs
pz 1{wsð ÞKs

drdDs

wsz 1{wsð ÞKs
drd

: ð20Þ

In order to compare the models, the effective and
apparent diffusivities should have similar values:
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wtDt
p~wsDs

pz 1{wsð ÞKs
drdDs

and

wtz 1{wtð ÞKt
drd~wsz 1{wsð ÞKs

drd , ð21Þ
where in the latter formula the equality of effective
diffusivity values has been utilized. Finally, parameter
values to be applied in traditional modeling given by
surface diffusion parameters are

Dt
p~xDs

pz
1

w
{x

� �
Ks
drdDs

and

Kt
d~

x{1ð Þwz 1{xwð ÞKs
drd

1{wð Þrd : ð22Þ

III. CASES

In all test cases simple one-dimensional geometry of
0.1-m length is applied. The right boundary is closed for
mass transport, like the left side is only closed for bound
water species. However, a concentration boundary con-
dition is applied for free water species on the left boundary.
The parameters that we used can be found in Table I.

The needed bentonite parameters are given in Table I.
The initial state is given by assuming that all bound sites
are occupied by stable sodium and in free water there is
the concentration 100 mol/m3 of stable sodium and
chloride. At the left boundary there is the same total
concentration, but the fraction of ‘‘radioactive’’ NaCl
is varied.

The goal is to model the evolution of the system,
varying also the kinetics in COMSOL and Numerrin.

IV. RESULTS

Figure 2 shows the results of the comparison
among the three models (COMSOL, Numerrin, and
TOUGHREACT) (fraction of radioactive NaCl is
0.001). Because of relatively high kinetic rates, all the
approaches give rather similar results. If the kinetic
rates on Numerrin and COMSOL were slower, the
results would differ because TOUGHREACT uses the
equilibrium approach.

V. CONCLUSIONS

Two of our test models, COMSOL and Numerrin, are
more easily suitable for kinetic surface reactions, while
the third one, TOUGHREACT, accepts equilibrium
models in a rather straightforward manner. Another
difference is in the implementation of surface diffusion
models, which is straightforward for COMSOL and
Numerrin, while in TOUGHREACT, we applied
traditional porous medium diffusion with modified
parameter values.

Our aim in this and future work is to model thermal-
hydraulic mechanical-chemical reactions using the same
numerical implementation and apply the best knowledge
of bentonite’s microstructure and transport properties. The
work has appeared difficult to carry out mainly because of
limited understanding of basic physical and chemical
reactions and phenomena and not so much because
of limitations in the actual implementations of the
models. However, computational problems may still be
difficult when all the needed physics and chemistry
are implemented.

TABLE I

Parameter Values for Test Cases

Symbol Value

rd 1600 kg/m3

w 0.4
x 0.25
xw 0.1
S 1

Ds
p 1E{10 m2/sa

Ds 1E{12 m2/s

Dt
p 6.1E{11 m2/s

Ks
d 0.010 m3/kg

Kt
d 0.015 m3/kg

CEC 1 eq/kg

aRead as 1|10{10 m2/s. Fig. 2. Comparison of the models applied.
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ABSTRACT: Many safety functions required of the compacted bentonite buffer in the KBS-3
concept rely on processes influenced by the composition of the pore water. Important safety-relevant
processes are related to the bentonite buffer, e.g. swelling, precipitation and dissolution reactions, and
transport of water, colloids and ions. One of the methods used in analysing pore water in compacted
bentonite is the ‘squeezing technique’. Various possible artefacts which can occur during squeezing,
such as mixing of different pore-water types, dissolution of accessory minerals and cation exchange,
need special attention.

The present work describes the methodology for studying the composition of the non-interlamellar
pore water by combining squeezing methods, chemical analyses, microstructure measurements and
geochemical modelling. Four different maximum pressures were used to squeeze the compacted
bentonite pore water. The origin of the pore water was studied by analysing the bentonite microstructure
both before and after squeezing using SAXS and NMR, the cation exchange and dissolution reactions
were studied by chemical analyses and geochemical modelling.

The pore-water yield increased from 32 to 48 wt.% from the initial amount of porewater in the samples
when the maximum squeezing pressure was increased from 60 MPa to 120 MPa. About 35 wt.% of the
water collected originated from the interlamellar (IL) pores. The ratio between IL and non-IL pore waters
as well as the composition of the squeezed pore water was constant in the squeezing-pressure range used.
The results of microstructural measurements by SAXS were in perfect agreement with previous studies
(e.g. Muurinen & Carlsson, 2013). The dissolving accessory minerals have an effect on the ratio of the
cations in the squeezed solution while the migration of anions in bentonite seems to be diffusion limited.
According to geochemical modelling the chloride concentration of the non-IL pore water in compacted
bentonite before squeezing was 0.34 M greater than in the squeezed pore water due to the mixing of two
main water types.

KEYWORDS: bentonite, pore water, squeezing, microstructure.

The Finnish and Swedish plans for disposal of spent
nuclear fuel are based on the KBS-3 concept
(KärnBränsleSäkerhet, nuclear fuel safety). The spent
nuclear fuel will be contained in copper canisters which
will be emplaced several hundred metres deep into
bedrock and surroundedbyacompactedbentonite barrier

(Posiva, 2010; SKB, 2011). The purpose of the bentonite
buffer is to maintain the integrity of the canisters and to
limit and retard the release of radionuclides from the
canisters. Many of the safety functions of the bentonite
buffer are determined by montmorillonite and based on
processes which are related to the composition of the
buffer pore water. Important safety-relevant processes
are, inter alia, swelling, precipitation and dissolution
reactions, and transport of the water, colloids and ions
(Posiva, 2010). The Wyoming MX-80 bentonite used in
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the experiments consists mainly of sodium/calcium
montmorillonite, smaller amounts of other minerals
(quartz, calcite, feldspar, etc.) and pore water
(Muurinen, 2010; Kiviranta and Kumpulainen, 2011).

The pore water in compacted bentonite consists of
interlamellar water (IL-water) and non-interlamellar
water (non-IL water) (Pusch et al., 1999; Bradbury &
Baeyens, 2002; Wersin, 2003; Fernández et al., 2004;
Muurinen et al., 2007; Holmboe et al., 2012;
Muurinen & Carlsson, 2013). The fraction of non-IL
water in compacted bentonite changes as a function of
the dry density, the salinity of the non-IL water and
exchangeable cations in montmorillonite (Van Loon
et al., 2007; Muurinen & Carlsson, 2013). The
exchangeable cations, external conditions, the dissolv-
ing components in montmorillonite and accessory
minerals determine the composition of the non-IL
water, and thereby the amounts of major ions in the
non-IL water: Ca, Na, sulfate, bicarbonate, chloride,
Mg and K. In addition to simplified distribution of the
pore water into two water types, the negative charge of
the unit layers should also be taken into account when
non-IL water composition is evaluated. Repulsion of
the anions by the negatively charged surfaces (exclu-
sion) restricts the anion-accessible space in the pore
water which varies according to ionic strength and dry
density. In the present study the anion-accessible space
is referred to as chloride-accessible porosity (Cl-
porosity) according to the anion used to evaluate the
volume proportion (Bolt &Warkentin, 1958; Van Loon
et al., 2007; Muurinen, 2009; Muurinen & Carlsson,
2013). The composition of the pore water in the
compacted bentonite can be studied by, among other
methods, the squeezing technique (Muurinen &
Lehikoinen, 1999; Sacchi et al., 2001; Fernández
et al., 2014). Although this technique has been used
successfully on highly consolidated clayrocks in many
studies, the effects of squeezing on bentonites are still
under study (Muurinen, 2001; Fernández et al., 2004,
2014, 2015). Due to the high pressure used in
squeezing bentonite for extracting pore water, different
pore-water types may mix together and cause a new
chemical balance between montmorillonite, IL-water,
non-IL water and the anion-accessible water. This may
cause dissolution of the easily dissolving minerals in
non-IL water, changes in the composition of exchange-
able cations and dilution of the anion concentrations.
The rate at which pore water can be squeezed from
bentonite depends on the hydraulic conductivity, and
the force needed in squeezing depends on the swelling
pressure (Muurinen, 2006; Muurinen & Järvinen,
2013; Fernández et al., 2014).

The aim of the present study is to develop a
squeezing methodology to analyse the chemical
composition of non-IL water from compacted benton-
ite by combining chemical analyses, measurements of
microstructure and geochemical modelling. The meth-
odology used here is a combination of techniques
tested by Muurinen (2001) for squeezing tests, by
Karnland et al. (2006), Muurinen (2006) and
Kumpulainen & Kiviranta (2011) for chemical ana-
lyses, and by Muurinen & Carlsson (2013) and
Matusewicz et al. (2013) for microstructure studies.

Block 1 (MX-80) from package 2 of the Alternative
Buffer Material (ABM) project was used in the present
study. More detailed information about the ABM
project at Äspö in Sweden can be found in Svensson
et al. (2011). Four fully saturated parallel samples were
squeezed under anoxic conditions. The squeezing
pressure was increased stepwise to a maximum value.
Four maximum pressures were used: 60, 80, 100 and
120 MPa. To estimate the origin of the squeezed pore
waters and to reverse calculate the initial chemical
composition of non-IL pore water in the compacted
bentonite, several analyses were performed. The ratios
of the IL and non-IL water were determined by SAXS
and NMR measurements before and after squeezing.
The squeezed pore-water concentration, water content
before and after squeezing, as well as the exchangeable
cations, carbonates, chloride and sulfate content in
oven-dried bentonite at 105°C were determined. A
simplified conceptual model was used in geochemical
modelling, where the pore water was divided into two
water types, IL and non-IL waters. The exclusion effect
was not included in the geochemical modelling.

EXPER IMENTAL

Background of the samples

To study the behaviour of the alternative buffer
materials (ABM) in field conditions, three packages
were assembled in the Äspö Hard Rock Laboratory
(HRL) at the end of 2006. The packages contained a
central steel tube with a heater, and 11 different
compacted clay rings. The heater target temperature
was 130°C. The clay rings had a diameter of 30 cm and
a height of 10 cm. The whole test package was ∼3 m
high. Two of the packages were saturated artificially
and the third was saturated naturally (Svensson et al.,
2011). Package 2 was dismantled in 2013. Part of the
lower block 1 (MX-80) of package 2 was used in these
experiments. The sample studied was altered by heat
and Ca-rich solution during the 7 y of underground
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experiment. Thus, the composition of the sample no
longer corresponded to MX-80 bentonite. The domin-
ant exchangeable cation was Ca rather than Na, and the
chloride content was greater.

Sampling

After uplift, a third of block 1 was cut by Clay
Technology AB and enclosed in a gas-tight vacuum
bag. The part of the block to be used for squeezing
studies was enclosed in metal transportation vessels in
inert gas and transported to VTT’s laboratory where it
was further cut into smaller subsamples with a band
saw under anoxic conditions: (1) A 1 cm-thick slab
was cut from one side of the block to prepare 1 cm3

(1 cm × 1 cm × 1 cm) sub-samples for water content
measurements. A 1–2 mm slice in contact with the
rock surface was cut from these subsamples to remove
sand. (2) 3 cm-thick slabs were cut from the block to
prepare ∼27 cm3 (3 cm × 3 cm × 3 cm) blanks for the
squeezing studies. The blanks were further cut into
cylindrical sub-samples (diameter: 2 cm, height: 2 cm)
with a cutting knife. Four parallel sub-samples were
chosen for the squeezing experiments and one for a

reference sample for microstructural and water content
measurements. Leftovers from the blanks were dried at
105°C and used for chemical analyses to represent the
state before squeezing.

The cutting scheme of block 1 is presented in Fig. 1.
The cutting and shaping of the subsamples were
carried out under anoxic conditions in an argon-
flushed glove-box. The oxygen concentration in the
glove-box atmosphere during cutting of the sub-
samples with a band saw varied from 10 to 300 ppm
and from 1 to 10 ppm during final preparation of the
cylindrical samples. After the analyses and measure-
ments, each sample was dried at 105°C for 24 h and
enclosed in an individual vessel to await chemical
analysis.

Squeezing

Pore water was squeezed from the four parallel
bentonite samples (diameter: 20 mm and height:
20 mm) with a squeezing apparatus as depicted in
Fig. 2. A strong spring maintained the pressure during
squeezing. The length of the frame to which the
squeezing cell was fixed was adjusted with a hydraulic

FIG. 1. Schematic representation of the cutting of block 1 into subsamples for squeezing experiments (on the upper
right), and for analyses before (on the lower right) and after (on the left) squeezing. The samples for SAXS, NMR and
water-content measurements were cut from the wet sample before and after squeezing and the rest of the sample was
dried at 105°C. EC = exchangeable cations, AL = aqueous leachates, CEC = cation exchange capacity, C&S = total

carbon + sulfur + carbonates. The grey-coloured areas are used for analyses.
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pump in order to increase the pressure. The pressure
was increased stepwise to the chosen maximum
pressures: 60, 80, 100 and 120 MPa. The lowest
maximum pressure value was set at 60 MPa in order to
reach an adequate yield of pore water for chemical
analyses (0.8 mL) and the upper limit (120 MPa) was
the maximum force possible with the equipment used.
All the bentonite samples were squeezed at the same
time with a similar procedure. The sample preparation,
squeezing, pH measurements and HCO3

– titration were
performed under anoxic conditions. The squeezed pore
water was collected using a 2 mL syringe.

Analysis of the clay matrix

After squeezing, the wet clay samples were cut into
pieces, and microstructure and water-content measure-
ments were performed. The rest of the sample was
dried at 105°C for chemical analyses. Reference
samples were taken from the blanks used to prepare
cylindrical squeezing samples. (Fig. 1)

The water content, weight of the water per weight of
the solids, was determined by gravimetric measurement

of weight loss at 105°C for a period of 24 h. The cation
exchange capacity (CEC) was determined by disper-
sing 0.3 g of dry clay in 16 mL of 10 mmol/L Cu(II)-
triethylenetetramine solution. The copper adsorption
was measured at 577 nm using a Shimadzu UV-180
spectrophotometer (Meier & Kahr, 1999; Amman
et al., 2005). The exchangeable cations were analysed
by dispersing 1 g of dried clay in 20 mL of NH4Cl in
80% ethanol. Then the solution was evaporated and the
solids dissolved into water, and the Fe, Ca, K, Mg and
Na cations were analysed by Inductively Coupled
Plasma-Optical emission spectrometry (ICP-OES).
The uncertainty of the ICP-OES analyses was ±10%
according to the accredited laboratory, ‘Ramboll
Analytics’ (Vantaa, Finland). Aqueous leachates were
prepared by dispersing the bentonite sample in
deionized water (0.3 g/30 mL) and left to soak for a
week. Then the solid phases were separated by
centrifuging at 8000 rpm for 5 h, the solution phase
was ultra-filtered by 10kD ultra-filters and analysed
using Ion Chromatography (IC). The estimated
uncertainty in the IC measurements of Cl– and SO4

2–

was ±20% and ±15%, respectively, according to
Ramboll Analytics. The total carbon and sulfur were
determined by combustion (up to 1400°C) measuring
the evolved S and C compounds by infrared detector.
To determine carbonates, a dry sample was treated with
HCl and the amount of total carbon was determined by
an ELTRA CS 2000 device, with a detection limit of
the detector at 0.05%. The uncertainty of the carbonate
analysis was ±25% according to the accredited
laboratory Labtium Oy (Kuopio, Finland). The
amounts of bentonite and water that remained in the
sinters were determined by gravimetric measurement
of weight loss at 105°C, before and after ultrasonic
cleaning.

ANALYSES OF SQUEEZED PORE
WATER

After completion of the squeezing test, the syringe was
decoupled from the device and the exact amount of
squeezed pore water in the syringe was determined
gravimetrically. The squeezed pore-water samples
were analysed by ICP-OES to determine Ca, Na, K,
Mg and Fe concentrations, by IC to determine sulfate
and chloride concentrations, and by titration to
determine bicarbonate according to the Gran method
(Gran, 1950), and the pH value by an IrOx electrode
(Muurinen, 2009; Itälä et al., 2013). The pore-water
samples were kept in air-tight syringes before the
bicarbonate and pH determinations. These last

FIG. 2. Squeezing apparatus with the compaction cell
(6 cm × 10 cm) made of stainless steel for the bentonite
sample (2 cm × 2 cm) allocation and the syringe for

collecting squeezed pore water (Muurinen, 2001).
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measurements were carried out inside an anoxic glove-
box in closed vessels to minimize contact with the
argon atmosphere (CO2 content of <0.04 ppm). The
gas volume in the titration vessel was 100 mL and
the sample size was 3 mL. The pH change before
titration was ∼1 pH unit, which corresponds to a
change of <0.01 mM in bicarbonate concentration. The
estimated uncertainty for the IC and ICP-OES analyses
was ±20% and ±10%, respectively, according to the
accredited laboratory ALS Finland Oy (Helsinki,
Finland).

Small angle X-ray scattering (SAXS)

Samples for SAXS measurements were probed with
a stainless steel cylindrical cutter 4 mm in diameter.
The samples obtained were further cut into 0.3 mm
slices. The slices were enclosed in metal rings and
sealed tightly with thin polypropylene film to prevent
drying during the measurement. All the preparations
were carried out in a chamber with controlled relative
humidity of ∼80%. Reference samples were cut from
the clay blocks, and the squeezed samples were probed
directly in the squeezing cells.

The X-rays were generated with an X-ray tube with a
Cu-anode (PANalytical, Almelo, the Netherlands).
The X-ray beam was collimated and monochromated
to Cu-Kα radiation (1.54 Å) using a Montel-multilayer
mirror. The scattered X-rays were collected using a
Bruker Hi-Star area detector. Based on the scattering
patterns, the average interlamellar distance was
calculated and the mean stack size was estimated.
Along with the specific surface area (Kumpulainen &
Kiviranta, 2011), these values were used to calculate
the volume of the interlamellar pores (Matusewicz
et al., 2013; Muurinen & Carlsson, 2013).

Nuclear magnetic resonance (NMR)

The stainless steel cylindrical cutter (Ø 4 mm) was
also used to probe the reference samples from the clay
blocks, and the squeezed samples from the squeezing
cells. The clay sample from inside the cutter was
pushed into a glass NMR tube (4 mm inner Ø)
(Wilmad, USA) and closed tightly at both ends with
polytetrafluoroethylene (PTFE) caps. The measure-
ments of the samples were carried out using a high-
field Chemagnetics CMX Infinity 270 MHz NMR
spectrometer with a 5 mm static 1HNMRprobe using a
spin-locking Carr-Purcell-Meiboom-Gill (CPMG)
technique (refocusing delay of 22 μs). The experiments
were carried out at room temperature. The signal

obtained from the method is the relaxation curve of the
hydrogen nuclei in water molecules. The more
confined the pore space is, the shorter is the relaxation
time. A cut-off time of 510 μs was used here to separate
the signal from the pore water in the nanopores,
including the interlamellar pores, and remaining water
(Ohkubo et al., 2008; Matusewicz et al., 2013).

Geochemical modelling

Geochemical modelling was based on the assump-
tion that cations stay in the interlamellar space during
squeezing and the deionized water from the IL space
will mix with the non-IL pore water.

The modelling was performed using the PHREEQC
code as a batch model (Parkhurst & Appelo, 2013). In
the first phase, calcite, gypsum, cation exchange and
surface complexation sites were equilibrated with the
assumed porewater composition in the bentonite. After
that, in the second phase, the pore water was mixed
with the assumed deionized IL water in the ratio
determined by the NMR and SAXS measurements for
bound and free water. Then in the third phase, the
mixed water was equilibrated with bentonite to obtain
the composition of the squeezed pore water in the
syringe. The geochemical modelling was performed as
a target calculation, where the composition of mixed
water in the third phase was iterated to respond to the
squeezed pore water by changing the pore-water
composition in the first phase.

The surface complexation parameters were taken
from Bradbury & Baeyens (2002). The cation
exchange parameters needed to be adjusted because
after the ABM test in Äspö the bentonite was no longer
the same as the initial MX-80. The initial Na-bentonite
had equilibrated with various different bentonite
materials and at the end of the ABM test was in a Ca
form. Relevant cation exchange data, therefore, could
not be found for these conditions in the literature. Thus,
the cation exchange selectivity values were fixed so
that the modelling results corresponded to experimen-
tal results. The cation-exchange parameters used are

TABLE 1. Cation exchange selectivity coefficients

Reaction Selectivity coefficient

K/NaKc 8.51
Mg/NaKc 4.46
Ca/NaKc 8.32
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presented in Table 1. The Thermoddem database was
used for the modelling (Blanc et al., 2007).

RESULTS

Squeezing

Six days (144 h) was the time for squeezing the
samples to reach an adequate yield of pore water but to
minimize back diffusion of ions if the squeezed
porewater was not in equilibrium with the bentonite.
The initial dry density of the samples was 1.45 g/cm3

and the maximum squeezing pressures 60, 80, 100 and
120 MPa. The development of the squeezing pressures
and yield of the pore water by squeezing are shown in
Fig. 3.

The pore-water yield was calculated according to
equation 1, where, msyr, msinter and mtubes are balanced
amounts of the water in the syringe, sinter and tubes,
respectively, and mH2O the total amount of water in the
sample before squeezing, according to the water
content measurements.

Yield ¼ msyr þ msinter þmtubes

mH2O

� 100% (1)

The recovery efficiency (RE %) is the amount of
squeezed pore water in the syringe divided by the loss
of water from the clay sample during the squeezing
according to water-content measurements before and
after squeezing. The recovery efficiency is calculated
according to equation 2, wheremdry is the dry weight of

the sample, and wt.%initial and wt.%end are the water
contents before and after squeezing, respectively.

RE ¼ msyr

mdry � wt:%initial � wt:%end

� �� 100% (2)

The dry densities (ρdry) were calculated according to
equation 3, whereby the water density ρH2O = 1.00 g/
cm3, grain density ρg = 2.76 g/cm3, and wt.% is the
water mass per dry sample mass at 105°C (Karnland
et al., 2006).

rdry ¼
rH2O

� rg

rg �
wt:%

100%
þ rH2O

(3)

The samples’ total weight and water content were
determined before squeezing. The mass of the squeezed
pore water in the syringe, the final sample water content
and water in the sinters were determined after squeezing.
The averagewater volume of the connecting pipe and the
sinter was 0.085 mL. The calculated and measured
values are presented in Table 2.

Squeezing of all of the samples was started at the
same time. The pressure was increased stepwise in
20 MPa steps until the maximum pressurewas reached.
Before the samples were dismantled the pore water was
collected for at least 60 h after reaching the maximum
pressure. All the samples were dismantled at the same
time.

There was a clear difference in the amount of the
squeezed pore water obtained at the various squeezing
pressures. The yield increased from 32 to 48 wt.% when

FIG. 3. Squeezing pressure and pore-water yield during the squeezing experiments as a function of time. Thewater yields
were 32, 38, 41 and 45 wt.% for maximum squeezing pressures of 60, 80, 100 and 120 MPa, respectively.
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the maximum squeezing pressure increased from 60 to
120 MPa. The recovery ratio was better for samples with
a higher squeezing pressure, obviously caused by the
larger amount of water collected in the syringe.

Pore-water analyses

The chemical compositions of the squeezed and
modelled pore waters are presented in Table 3. The
Charge Balance Error (CBE, %) was calculated based
on the species in the Thermoddem database when
using the PHREEQC code.

The CBE is clearly below the acceptable limit of ±5%.
The variation in pH between samples was <0.05 pH
units. No significant drop in ion concentrations as a
function of the squeezing pressure was observed
between the maximum pressures from 60 to 100 MPa.

A slight reduction in chloride, Na, K and Ca contents
was detected when the maximum squeezing pressure
was increased from 100 to 120 MPa. These changes are
below the uncertainty limit of the chemical analyses,
however.

Analytical results from the clay matrix

The samples were dismantled after squeezing as
indicated in Fig. 1. The four sub-samples selected for
the squeezing tests were cut at an identical distance
from the heater and height from the bottom of block 1,
and thus were parallel. The concentrations of chlorides
and sulfates in the bentonite for each sample before
and after squeezing are listed in Table 4. The
exchangeable cations and CEC results for each
sample before and after squeezing are shown in

TABLE 2. Results from the squeezing experiments at different maximum pressures. The average initial values for dry
density and water content were 1.45 g/cm3 and 33.0 wt.%, respectively.

Maximum
squeezing pressure

Before
squeezing

After squeezing Water in Yield

sample wet
mass

Dry
density

Water
content

Squeezed pore
water

Sinter and
tubes

From pore
water

Recovery
ratio

(MPa) (g) (g/cm3) (wt.%) (mL) (g) (wt.%) (wt.%)
60 11.659 1.76 20.71 0.848 0.0881 32.4 78.7
80 11.043 1.79 19.69 0.956 0.0819 37.9 86.6
100 11.190 1.82 18.71 1.057 0.0852 41.2 88.0
120 11.870 1.88 16.87 1.340 0.0846 48.4 93.1

TABLE 3. Chemical composition of the squeezed (60–120 MPa) and modelled (0 MPa =
non-IL water before squeezing) pore waters.

Phase Unit
Modelled

Squeezing pressure (MPa)

0 60 80 100 120

pH (–) 7.7 7.7 7.7 7.7 7.7
Na (mmol/L) 425 239 240 237 217
K (mmol/L) 3.9 2.1 2.2 1.8 1.6
Ca (mmol/L) 110 62 62 67 59
Mg (mmol/L) 46 25 24 25 25
Cl– (mmol/L) 712 381 375 384 355
SO4

2– (mmol/L) 13 7 7 6 7
Alkalinity (meq/L) 0.7 3.6 3.9 3.3 3.4
Ionic strength (M) 0.84 0.47 0.47 0.48 0.44
Charge balance error (%) – 2.1 2.6 2.9 2.0

The uncertainty for anion and cation analyses was ±20% and ±10%, respectively.
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Table 5. Standard deviation (SD) was calculated from
four parallel samples for ion content, exchangeable
cations and CEC analyses. Twice the value of SD (2 ×
SD) from each of the four parallel samples was used as
the limit of error analyses, representing a 95%
confidence level.

The 2 × SD value between parallel samples was
±0.7 mg/g, ±0.5 mg/g and ±0.6 mg/g for carbonates,

chloride and sulfate, respectively. A clear decrease in
the chloride content and slight reductions in the
carbonate and sulfate contents were observed after
the squeezing experiments but not as a function of the
squeezing pressure. The carbonate content in the
samples was calculated by subtracting the amount of
organic carbon from total carbon. A decrease in total
carbon content was not observed before or after

TABLE 4. Concentrations of carbonates, water-dissolving chloride and sulfate from samples before and after squeezing.

Max.
Before squeezing (0 MPa) After squeezing

S.P. C_org C_carb Cl– SO4
2– C_org C_carb Cl– SO4

2–

(MPa) (mg/g) (mg/g) (mg/g) (mg/g) (mg/g) (mg/g) (mg/g) (mg/g)

60 1.85 1.96 2.87 4.39 2.17 1.37 0.66 3.08
80 1.61 2.18 2.39 3.86 2.44 1.58 0.58 2.90
100 1.84 2.18 2.74 3.68 2.07 1.82 0.57 3.37
120 1.95 2.80 2.4 4.02 2.88 0.77 0.47 3.40
Avg. 1.81 2.28 2.60 3.99 2.39 1.39 0.57 3.19
SD 0.14 0.36 0.24 0.30 0.36 0.45 0.08 0.24

Max. S.P. = maximum squeezing pressure, SD = standard deviation.

TABLE 5. Cation exchange capacity (CEC) and exchangeable cations before
and after squeezing.

Max.
Exchangeable cations

S.P. CEC Ca K Mg Na
(MPa) (meq/100 g) (meq %) (meq %) (meq %) (meq %)

Before squeezing
60 86.0 52.2 1.7 11.5 34.7
80 86.9 53.6 1.8 10.8 33.8
100 85.9 53.6 1.7 10.2 34.4
120 86.5 52.8 1.9 11.5 33.9
Average 86.3 53.1 1.8 11.0 34.2
SD 0.46 0.69 0.09 0.63 0.42
After squeezing
60 85.7 53.6 1.8 10.8 33.8
80 87.1 52.3 1.9 10.6 34.2
100 87.2 54.0 1.8 11.0 33.2
120 OL 53.1 1.7 11.1 34.1
Average 86.7 53.3 1.8 10.9 33.8
SD 0.84 0.73 0.08 0.22 0.45

OL: excluded as an outlier (83.8).
SD = standard deviation.
Max S.P. =Maximum squeezing pressure.
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squeezing. Thus, changes in the carbonate content
before and after squeezing seem to be more dependent
on the analytical method than due to a real decrease in
carbonate content; these data were therefore excluded
from interpretations of the results.

The chloride-accessible porosity was calculated
according to equation 4, where mCl is the chloride
mass in the sample (g),mb is sample dry mass (g), ρg is
grain density of the clay (g/cm3), Vw is the water
volume in the sample (cm3) and CCl

o is the chloride
concentration (g/cm3) in the external solution
(Muurinen & Carlsson, 2013).

1Cl ¼
mCl

mb

rg
þ Vw

 !
C0
Cl

(4)

The chloride-accessible porosities were 23, 7.9, 7.2,
7.1 and 6.6 vol.% for samples with maximum
squeezing pressures of 0, 60, 80, 100 and 120 MPa,
respectively, when squeezed pore-water chloride con-
centrations were CCl

o .
The 2 × SD value between the parallel samples was

<1.0 meq/100 g and 1.4 meq % for the CEC and
exchangeable cations, respectively. The CEC and
exchangeable cation compositions were similar for
the different squeezing pressures and the samples
before and after squeezing. The CEC for the samples
after 120 MPa squeezing differs by >∼3 times the SD
value. Such a big difference in CEC value would mean
structural changes in montmorillonite, and thus the
value is expected to be an outlier and is excluded from
the interpretation of the results.

SAXS AND NMR

The X-ray scattering curves show a clear difference
between the reference sample and the squeezed samples
(Fig. 4). For the reference sample, the position of the
main peak is at 18.6 Å which corresponds to three water
layers in the interlamellar space. A clear shoulder is
visible at ∼16 Å which suggests that some of the
interlamellar pores have two water layers. For the
squeezed samples, a single peak close to 16 Å is
observed, suggesting that most of the interlamellar
spaces are filled with twowater layers. Small differences
were also observed between the squeezed samples. The
position of the peak shifts slightly towards smaller
distances with an increase in the squeezing pressure
(Fig. 5).

FIG. 4. Scattering intensities of montmorillonite in the reference sample and squeezed samples as a function of basal
spacing.

FIG. 5. Variation of basal spacing of montmorillonite as a
function of squeezing pressure.
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The amount of pore water squeezed out, normalized
to 1 g of dry clay mass, is shown in Fig. 6. The
squeezed water volume increases linearly with the
increasing pressure applied. Approximately 35 wt.% of

the collected pore water comes from the IL pores. The
proportion of pore water squeezed from the inter-
lamellar spaces and from the remaining pore volume is
constant in the pressure range measured.

The analysis of the NMR T1ρ relaxation times shows
that the average relaxation time of the samples moves
to a faster time for samples squeezed with greater
pressure. The larger pores disappear and the average
pore size becomes smaller (Fig. 7). A clear linear trend
is observed between the average relaxation time and
the increasing squeezing pressure.

The estimated IL and non-IL porosity values obtained
by SAXS and NMR are listed in Table 6. The values
calculated from the NMR results seem to underestimate
non-IL porosity because the decay of the time measured
signal in the CPMG experiment is proportional to the
pore size (smaller decay time, smaller pores). In very
high-density samples the difference between the average
size of the pores between the clay particles and the
interlamellar pores is not large enough to resolve
between the two pore types with this method.

Interpretation

Four parallel fully saturated MX-80 bentonite
samples were squeezed from an initial dry density of
1.45 g/cm3 to 1.76, 1.79, 1.82 and 1.88 g/cm3, by
maximum squeezing pressures of 60, 80, 100 and
120 MPa, respectively. The total water content of the
samples before squeezing was 33 wt.%, which
corresponds to 0.33 mL/g of dry clay at 105°C,
where 0.11 mL/gclay was from non-IL space according
to the SAXS measurements (Table 6). 32–48 wt.% of
pore water was successfully squeezed out, which
corresponds to a loss in total water of 0.11 and
0.16 mL/g of bentonite (Table 2).

The microstructural analysis shows a significant
difference in the clay structure between the reference

FIG. 6. IL and non-IL water squeezed from the sample –
average of two samples used for 100 MPa.

FIG. 7. Average relaxation time as a function of squeezing
pressure.

TABLE 6. Comparison of IL and non-IL porosity based on SAXS and NMR measurements.

Squeezing
pressure (MPa)

Total porosity
(vol. %)

SAXS NMR

Avg IL
distance (Å)

IL porosity
(vol. %)

Non-IL porosity
(vol. %)

IL porosity
(vol. %)

Non-IL porosity
(vol. %)

0 0.49 18.6 0.33 0.16 0.46 0.03
60 0.37 16.1 0.30 0.07 0.37 0.00
80 0.36 15.9 0.30 0.05 0.36 0.00
100 0.35 16.0 0.31 0.04 0.35 0.00
120 0.32 15.8 0.31 0.02 0.32 0.00
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sample and the squeezed samples. A clear reduction in
the average basal spacing was observed for an increase
in squeezing pressure from 0 to 60 MPa, and a less
significant but yet notable decrease was seen as the
pressure increased to 80, 100 and then 120 MPa
(Fig. 5). At the same time, a decrease was also
observed in the volume of the larger pores. The
decrease in the calculated values of the porosity shows

that the proportion of pore water squeezed from the IL
and non-IL pores is constant (Fig. 6).

A clear reduction in the chloride content was
observed before and after squeezing (Fig. 8). The
calculated chloride-accessible porosities according to
equation 4 and based on the analysed values of
chloride in the clay matrix and squeezed porewater
were 6.6–7.9 vol.% (ρdry = 1.88–1.76 g/cm3) for the
squeezed samples and 23 vol.% (ρdry = 1.45 g/cm3) for
the reference sample. These volumes are greater than
the measured non-IL porosities using SAXS (2–7 vol.%
for the squeezed samples and 16 vol.% for the
reference sample). The external water chloride con-
centration was therefore set at 1 M, when the Cl-
accessible porosities decreased to values of 2–3 vol.%
for the squeezed samples and to 8.6 vol.% for the
reference sample. These values match perfectly with
Van Loon et al. (2007) with Cl-accessible porosities of
9 ± 2 and 3.5 ± 1 vol.% determined for similar material
at 1.6 and 1.9 g/cm3 dry densities, respectively, in 1 M
NaCl solution.

The proportion of the IL, non-IL and chloride-
accessible space is presented in Fig. 9. The results match
well with previous studies concerning the micro-
structure of bentonite by Muurinen & Carlsson (2013).

No significant variation in the chemical composition
of the squeezed pore water was observed when the

FIG. 8. Chloride and sulfate content as Cl and SO4
2–,

respectively, in the clay matrix (mg/g of dry clay). The
reference sample (0 MPa) is the average of four parallel
samples and the error bar is two times the standard

deviation for these samples.

FIG. 9. Porosity vs. dry density. Cl is chloride-accessible porosity, IL and non-IL are interlamellar and non-interlamellar
porosity, respectively. Exp refers to values measured in the present study. M&C_2013 refers to Muurinen & Carlsson
(2013). Dotted lines refer to IL and non-IL porosities vs. dry density. 1M (estimated Cl concentration in Cl-accessible
water) and 0.4M (squeezed pore-water Cl concentration) refers to external water Cl concentrations used to calculate

chloride-accessible porosity. Reference sample dry density = 1.45 g/cm3.
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pore-water yield increased from 32 to 41 wt.%, i.e.
from 60 to 100 MPa; a slight dilution of Na and
chloride was observed, however, when squeezed pore-
water yield increased to 48 wt.% (Table 3).

The modelled results for the initial non-IL and
squeezed pore-water compositions are presented together
with the squeezed pore-water composition in Figs 10 and
11. The anion-accessible porosities, and diffusion or
kinetic limitations were not included in the model.

According to the modelling, the non-IL pore water
ionic strengthwas∼0.840Mwhich decreased to 0.460M
due to the mixing by IL water during the squeezing
process at the pressures studied. The initial non-IL

water chloride concentration (0.7 M) according to
modelling is smaller than the value (1 M), which
corresponds to the chloride-accessible porosities
determined by Van Loon et al. (2007).

A slight decrease in the total amount of sulfate
content was observed to occur during the squeezing
according to the clay matrix analyses (Fig. 8). This
could be attributed to the dissolution of sulfate due to
the mixing of different water types. Only minor
concentrations of sulfate (0.7 mM) in the squeezed
pore water were analysed. According to geochemical
modelling, the dilution of non-IL water dissolves
gypsum and calcite at the level of the minerals’

FIG. 11. Initial non-IL water composition according to modelling (0 MPa), and squeezed pore-water (60, 80, 100,
120 MPa) composition according to modelling and experimental results for the main ions. Lines indicate modelling and

dots indicate experimental results.

FIG. 10. Exchange isotherm of Na+ on montmorillonite: squeezed water, as calculated from the squeezed-water
composition and exchangeable cations in the present.
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saturation limits, changing the Na/Ca ratio in non-IL
water. The exchanger will rebalance the cation ratio
and increase dissolution of these accessory minerals.
Due to the reaction chain, the sulfate and bicarbonate
concentrations should be greater in squeezed pore
water than in initial non-IL water (Fig. 11). Such low
sulfate concentrations in squeezed pore water may be
attributed to the limited space of anions in the real
system. This may cause limited migration of large
negatively charged ions and greater anion concentra-
tions next to the minerals than predicted by geochem-
ical modelling. Bicarbonate concentration was
determined through alkaline titration. Due to the low
alkalinity, other compounds such as silicates, organic
anions and sulfides may affect the value. This may
partly explain high bicarbonate cconcentrations com-
pared with those predicted by geochemical modelling.

Changes before and after squeezing in the exchange-
able cation content were not observed (Table 4). The
concentration of cations in the squeezed porewater was
<6 meq % compared to the CEC of the exchanger, and
therefore the possible changes in the cation exchanger
cannot be observed in the analyses. The measured Na
fraction in the squeezed solution and the exchangeable
cations were ∼0.77 and 0.33 meq, respectively. In
cation-exchange experiments of Na-montmorillonite,
the corresponding Na equivalent fraction in solution
should be ∼0.9 meq or 0.2 meq in the exchanger
(Sposito et al., 1983). The different ionic strength
established by Sposito et al. (1983) and in the present
experiment were taken into account by using chemical
activities in the calculations (Fig. 12).

The model presented describes the system to some
degree but shows that dividing waters into two different

water types with simplified compositions cannot
explain all the observations. The limited space for
anions in non-IL water should be taken into account, as
well as varying cation ratios in non-IL water. As anion
concentrations are thought to change with the distance
from negatively charged surfaces, the change of cation
ratios in non-IL pore water could also be considered.

There is some evidence indicating that the squeezed
pore water composition is a mixture of different pore-
water types with varying ion concentrations in the
squeezing pressure range studied. (1) The decrease in
the measured IL, non-IL and Cl-accessible volumes
during squeezing indicates mixing of these water types
(Fig. 9). (2) The calculated chloride-accessible poros-
ities according to squeezed pore-water chloride con-
centrations were greater than the measured non-IL
porosities (Fig. 9). (3) The imbalance between the
squeezed pore water and the cation exchanger indicates
that cation composition has changed. A sodium
concentration that is too low compared to other
cations, indicates that additional calcium was released
(Fig. 12).

Rebalancing between squeezed pore water in the
syringe and pore water in bentonite was prevented by
choosing a relatively short squeezing time (6 days).
With a much longer squeezing time, an increase in
concentrations of chloride, Na and sulfate and a
decrease in concentration of Ca in squeezed pore
water in the syringe is expected according to
imbalances between bentonite and squeezed pore
water observed in these experiments.

CONCLUS IONS

Squeezing experiments, the determination of the
chemical composition of aqueous and solid phases
and the microstructural analysis of the solid phase,
were carried out successfully on ABM samples. The
results obtained were used in geochemical modelling
with the PHREEQC program by mixing IL and non-IL
waters in fractions determined by microstructural
analysis by means of SAXS measurements.

The pore-water yield increased from 32 to 48 wt.%
from the initial amount of pore water in the samples
when the squeezing pressure increased from 60 to
120 MPa. About 35 wt.% of collected pore water
comes from the IL pores. The ratio between IL and
non-IL pore waters, as well as the composition of the
squeezed pore water, was constant in this squeezing-
pressure range. The results of microstructural measure-
ments by SAXS agree well with previous studies by
Muurinen & Carlsson (2013).

FIG. 12. Initial non-IL water composition according to
modelling (0 MPa), and squeezed (60, 80, 100, 120 MPa)
pore-water composition according to modelling and
experimental results for the minor ions. Lines indicate

modelling and dots indicate experimental results.
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Dissolving accessory minerals affects the ratio of
cations in the squeezed solution. The limited space for
anions in non-IL water affects the chemical activities of
the anions and should be taken into account in
geochemical modelling. The chloride concentration
of the non-IL pore water in compacted bentonite before
squeezing was 0.34 M greater than in squeezed pore
water, due to the mixing of two main water types.
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sevig hcihw lairetam reffub a sa stca etinotneb ehT .tnatropmi  

sdrater dna taeh setapissid ,noitcetorp lacimehc dna lacinahcem  
ot laicurc si tI .eruliaf retsinac fo tneve eht ni noisuffid edilcunoidar  
000 001 tsael ta rof ecnamrofrep sti niater lliw etinotneb eht fi wonk  
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stnemirepxe hcihw ni snoitacilbup 6 fo delipmoc si siseht sihT  
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