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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:

r f
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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]:

( )
f

f f r

=

= + -

t t t
e p

s s
e p d d s1s s s

D D

D D K D
(12)

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.

rNa, t= 1a, kc=1e-8
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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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