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1 INTRODUCTION 

The interaction of groundwater with the Engineered Barrier System (EBS) of the high-
level nuclear waste repository, and in particular the bentonite buffer and backfill 
material, will result in an evolving distribution of some of the aqueous species in 
bentonite porewater, as well as the redistribution of accessory minerals. These changes 
could affect to some extent, either directly or indirectly, some of the safety functions 
defined by Posiva. In the last years, a number of experimental field tests have been 
carried out to try to understand the different processes involved, and the coupling 
between physics and geochemistry:  

 LOT-A2 experiment (Karnland et al. 2009; Sena et al. 2010a),  
 Temperature Buffer Test (Akesson et al. 2012),  
 Alternative Buffer Material test (Svensson et al. 2011),  
 Mock-Up-CZ experiment (Kolariková et al. 2010); 
 Prototype repository in Äspö Hard Rock Laboratory (Andersson et al. 2005; 

Luukkonen 2004; Johannesson et al. 2007) 

Mineralogical changes of similar systems to the one studied in this work have been 
measured in the dismantled samples of some of these tests. In this report, some 
similarities of the numerical results with observations from some of these tests will be 
underlined, although an exhaustive comparison is out of the scope of this work. 

Chapter 1 presents the objectives and scope of the work, as well as the motivation of the 
study. In Chapter 2, the conceptual and numerical models are thoroughly described and 
discussed, together with the main geochemical and thermo-hydraulic aspects that 
characterise the near-field at Olkiluoto. The input data general to all numerical models 
and specific to the thermal unsaturated and long-term saturated periods is gathered in 
Chapter 3. Chapters 4 and 5 present the numerical results and a detailed discussion of 
implications for the evolution of the buffer and the backfill after the thermal period and 
the water-saturated period, respectively. Finally, Chapter 6 summarises the main 
conclusions of this work, and Chapter 7 gathers the references. 

1.1 Objectives 

The main objective of this work is the evaluation of the potential geochemical changes 
in the bentonite buffer and backfill materials that can affect the performance targets of 
these barriers due to the interaction with groundwater. To this end, a series of 
quantitative numerical analyses of the geochemical evolution of the near-field of a spent 
nuclear fuel KBS-3V type repository at Olkiluoto have been performed. The results 
obtained should contribute to a better understanding of the extent of the processes 
involved and of the main aspects that control the geochemistry of the system. 

The present work is focused on the thermo-hydro-geochemical behaviour of the 
bentonite buffer during two important stages of the repository: (1) the thermal period, 
during which the bentonite is progressively saturated by the surrounding groundwater at 
420 m depth; and (2) the fully water-saturated long-term period during which the 
temperature at the near-field has decreased to values close to the undisturbed 
temperature of the crystalline host rock. The geochemical evolution of the bentonite 
buffer during these two periods has been assessed through a series of numerical 
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simulations carried out with two reactive transport codes: TOUGHREACT (Xu et al. 
2008) for the thermal period and PHAST (Parkhurst et al. 2010) for the fully water-
saturated period. It is noted that the simulations of long-term saturated stage are not 
coupled with the model results of the thermal period. Instead, they represent different 
independent models of two distinct periods of the repository evolution. 

The geochemical models developed in the present work are intended to supply a 
quantitative assessment of processes and the concentrations of those chemical species 
that are affecting the performance of the buffer (Posiva 2012a). 

Especial focus is on the three most relevant processes that govern the geochemical 
evolution of the near-field: 

 The effect of saturation of the bentonite buffer 
 The effect of temperature gradients during the thermal period 
 The interaction of buffer and backfill materials with surrounding groundwater 

It is noted that the determination of the saturation time during the thermal period is not 
an objective of this work. Instead, different scenarios have been considered in which 
full saturation is forced to be reached at different times, in order to assess the effects of 
the saturation process on the geochemistry of the near-field. The most probable 
evolution of the water saturation of the buffer is being evaluated in a different study 
(Pintado & Rautioaho 2013). In order to extend the present model capabilities to the 
prediction of a plausible simulation time, some aspects would have to be revisited and 
verified in the future, such as the 2D axisymmetric assumption, or the position and 
number of fractures. 

1.2 Motivation and context 

At present, Posiva is preparing the application for a construction licence for a spent 
nuclear fuel repository at Olkiluoto, which should be submitted during end 2012 / 
beginning 2013. In this context, a Safety Case is being developed as part of the 
application. One of the aspects that must be included in the Safety Case concerns the 
performance of the EBS, and in particular of the buffer and backfill, which is related to 
the geochemical evolution of the system due to the interaction with the surrounding 
groundwater. This interaction could affect the safety functions of the EBS, and therefore 
a careful evaluation of the geochemical, thermal and hydraulic processes must be 
conducted. 

In the KBS-3 design for the spent fuel repository there are two main safety functions 
that must be maintained by the components of the repository: 

1. long-term isolation and containment of spent fuel within the copper canisters 
2. retardation of radionuclides release from the canister in case of failure. 

The role of the buffer is twofold: 

 to contribute to mechanical, geochemical and hydrogeological conditions that 
are predictable and favourable to the canister, and to protect the canister from 
external processes that could compromise the safety function of complete 
containment of the spent fuel and associated radionuclides, and 

 to limit and retard radionuclide releases in the event of canister failure. 
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Previous modelling work by Arcos et al. (2006) based on hydrological, engineering 
design and geological information of Forsmark has permitted to develop geochemical 
models to evaluate the behaviour of the bentonite barrier and also the backfill material 
that fills the deposition tunnels of a KBS-3V repository (Arcos et al. 2006; Sena et al. 
2010b). These models include a set of geochemical processes that are important for the 
interaction between groundwater and the engineered barriers of the near-field, such as 
precipitation/dissolution of solid phases, cation exchange and surface acidity reactions 
in the clay fraction of the bentonite or other clay materials of the backfill. 

Regarding the possible paths for groundwater to reach the near-field, two cases were 
considered in (Arcos et al. 2006; Sena et al. 2010b): Case 1, where groundwater-buffer 
interaction through a single fracture is simulated in a 3D model; and, Case 2 where 
groundwater-backfill-buffer interaction is simulated with a separate model. In Case 1, 
groundwater is considered to reach the near-field through a fracture that intersects a 
deposition hole and, therefore, the circulating groundwater is put in direct contact with 
the bentonite buffer. In Case 2, a fracture is considered to intersect a deposition tunnel. 
In this case, the groundwater that circulates in the fracture flows through the backfill of 
the tunnel and thereafter contacts the buffer in a deposition hole. In the present work, 
Cases 1 and 2, schematically described in Figure 1-1, are revisited and adapted to the 
groundwater conditions at Olkiluoto and to the EBS reference design of Posiva. 

 

 

Figure 1-1. Schematic view of the near field of a KBS-3V repository showing the 
transport mechanisms in the different parts of the system (from Arcos et al. 2006). The 
fracture intersecting the buffer is only considered in Case 1, while the backfill is only 
accounted for in Case 2. 
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1.3 Scope 

The work presented in this report concerns the development of conceptual models and 
numerical simulations of the geochemical and thermo-hydraulic processes that are likely 
to occur in the near-field of the KBS-3 repository at Olkiluoto after the deposition of the 
canisters. Different conceptual models and numerical simulations concern two 
important stages of the near-field evolution: 

1. Stage I: the thermal period, which corresponds to the early stages of the near-
field evolution during which the initially unsaturated bentonite buffer is heated 
due to decay of the spent fuel and is progressively saturated with the 
surrounding groundwater. These simulations are based on previous work for the 
LOT-A2 test and the Forsmark site (Sena et al. 2010a,b), and adapted to the 
reference design and groundwater conditions considered for Olkiluoto. 
Significant improvements have been introduced in this work, e.g. the extension 
of the 1D axisymmetric model to a full 2D axisymmetric one. 

2. Stage II: the long-term water-saturated period, during which the possible 
changes that groundwater composition might undergo can affect the 
geochemistry of the bentonite buffer and the backfilled tunnel. The simulations 
performed for this period are based on previous modelling efforts for Laxemar 
and Forsmark sites in Sweden (Arcos et al. 2006; Arcos et al. 2008; Sena et al. 
2010b), adapted to the conditions prevailing at Olkiluoto, and introducing 
substantial improvements (all simulations in Stage II are performed in 3D, and 
the finite difference grid and time step size have been substantially refined, 
leading to a higher accuracy of the results than previous studies). 

The different scenarios considered are also summarized in Table 1-1. 

 

Table 1-1. Numerical cases defined for Stages I and II in this work. 

Stage Period System analysed 

I 
Unsaturated  

Thermal 
Buffer – bedrock - fracture 

II 
Saturated  

Isothermal 

Case 1 Buffer – fracture  

Case 2 Buffer – backfill  
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Groundwater/bentonite buffer interaction hasbeen idealized to take place only through a 
single fracture intersecting the deposition hole in all simulations using TOUGHREACT 
and PHAST (i.e. the crystalline host rock surrounding the near field is considered 
impervious), except in the case where the backfill is considered (Case 2). It is noted that 
this idealization does not correspond to a given distance between fractures intersecting 
the canister (statistically, near 40 % of the deposition holes will not be intersected by 
any fracture, see Nykyri et al. 2008). Instead, it is based on the assumption that, even 
though the evolution of the system may be different if different fracture patterns were 
considered, the governing geochemical processes would be the same. Liquid saturation 
and mass transport certainly depend on the number, position, and hydraulic properties of 
the fractures intersecting the buffer (see for instance Dessirier et al. 2012; Pulkkanen 
and Nordman 2011). However, as it is stated in the objectives of this work (Section 1.1), 
the goal is not to predict the most plausible saturation time, but to study the dependence 
of the geochemical evolution of the system on the saturation process. 

Accordingly, it has furthermore been assumed that groundwater/backfill interaction 
follows from a single fracture intersecting the deposition tunnel. The distance between 
conductive fractures that intersect the backfill has been determined to be around 9 m 
(Hartley et al. 2012), which is approximately the same to the distance between canisters 
in a deposition tunnel. Therefore, this assumption represents a good approximation. 

The thermal unsaturated period analysis has been restricted to the buffer level, 
excluding the evolution of the backfill. The reason of this simplification is twofold: on 
one hand, the most important component regarding geochemical stability is the buffer 
surrounding the canister. On the other hand, including the backfill in the reactive 
transport simulations would require excessively large computing time. Furthermore the 
backfill is not affected as much as the buffer by high thermal gradients. 

The long-term water-saturated period is analysed for two different cases: one 
considering groundwater flow through a single fracture intersecting the deposition hole 
(Case 1), not including the backfill (buffer-fracture system), and a second one with the 
flow through a single fracture intersecting the backfill (backfill-buffer system), denoted 
as Case 2.  

The following issues have been analysed:  

 Calculation of the initial bentonite porewater composition based on mineralogy, 
initial water content and composition. 

 Interaction between bentonite porewater and surrounding groundwater 
 Redistribution of sulphur and carbonate phases 
 Buffer cementation due to precipitation of SiO2 (important feature for the 

mechanical behaviour) 
 Evolution of the cation exchange in the bentonite, relevant to the swelling 

properties of the buffer 
 Effect of temperature distribution on the geochemical evolution 
 Sensitivity analysis of the model regarding the saturation time (Stage I), and the 

effect of hydraulic properties of the fractures around the near-field and the 
groundwater composition (Stage II) 

Two different numerical tools have been used in this work to simulate Stages I and II, 
respectively. The long term evolution under saturated conditions has been analysed with 
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the reactive transport code PHAST, while the thermal unsaturated period has been 
studied with the code TOUGHREACT. There are several reasons to use different codes 
for the two periods. First, PHAST is not able to simulate the saturation process, thus 
turning the use of TOUGHREACT a necessary choice. Second, the analysis of the long-
term period (100,000 years) with TOUGHREACT would be too computationally 
expensive while it wouldn’t provide more insight than the code PHAST, since saturated 
and isothermal conditions prevail in the long-term. Finally, the use of PHAST for the 
long-term period allows us to perform simulations in 3D of the buffer-fracture system 
and also considering the geochemical evolution of the backfill in the backfill-buffer 
system. The two codes are briefly described in sections 2.2.2 and 2.3.2. 

There are some important aspects that could potentially influence the geochemical 
evolution of the system that have not been accounted for in the present study. Some of 
these are the following: 

 Potential long-term interaction with the degrading canister 
 Variability of the bentonite buffer composition due to material heterogeneity 

(only two reference compositions have been analysed) 
 Range of variation of the groundwater composition, to account for different 

scenarios, such as glaciation or hyperalkaline plumes 
 Effects of the pellets filling the buffer-rock interface and of the air gap in the 

canister-buffer interface on the thermo-hydro-geochemical processes 
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2 DESCRIPTION OF THE CONCEPTUAL AND NUMERICAL MODELS 

The bentonite blocks that will be placed in the deposition holes of the KBS-3V type 
repository are prepared with a mixture of a natural bentonite and water which is then 
subject to uniaxial compression (Holt and Peura 2011). The type of bentonite in the 
Posiva reference design of the repository is the Wyoming MX-80 bentonite. In order to 
assess the geochemical evolution of the near-field, a hypothetical fracture of the host 
rock is considered to intersect the buffer surrounding a copper canister, so that Olkiluoto 
groundwater gradually saturates the partially saturated pores of the buffer. The 
saturation process also depends on the thermal evolution of the system due to the heat 
decay from the spent fuel. The mixing between the bentonite porewater and Olkiluoto 
groundwater are expected to trigger geochemical modifications of the near-field. 

In the following, a detailed description of the reference design and parameters for the 
near-field considered in this work is provided. In addition, the numerical models 
representing the near-field are summarized, together with the description of the 
discretization, initial and boundary conditions and the sensitivity cases considered. 

2.1 Description of the reference near-field design 

The design of the near-field for Olkiluoto site follows the KBS-3V concept. In this 
work, the dimensions of the deposition holes and deposition tunnels considered are 
consistent with the Posiva reference design for a KBS-3V type repository for spent fuel 
generated in Olkiluoto (OL 1, 2, 3 and 4), which is depicted in Figure 2-1 for the buffer 
and backfill (Posiva 2012 b). 

 

Figure 2-1. Dimensions of the deposition hole (left) and deposition tunnel cross-section 
(right) designed for disposal of spent fuel generated in Olkiluoto OL1 & 2 (Posiva 
2012 b). 
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The copper canister has a radius of 0.525 m and a length of 4.8 m. The buffer 
surrounding the canister has a thickness of 0.35 m (30 cm of bentonite rings plus 5 cm 
gaps filled with pellets). The air gap between the canister and the buffer has not been 
considered in the present work, mainly due to the added complexity of explicitly 
introducing it: mechanical effects of swelling of bentonite would then need to be 
simulated to predict the closure of the gap, and also heat transfer by radiation in the air 
filling the gap. Moreover, it is not expected that the results from a geochemical 
perspective would differ significantly if the gap was explicitly considered, especially if 
it is considered that the gap will gradually close while water saturation occurs, leading 
to bentonite swelling.It has also been assumed that bentonite pellets are rapidly 
homogenized by swelling of the bentonite blocks due to the gradual saturation of the 
buffer (see e.g. Akesson et al. 2009). The volume of pellet filling has therefore been 
considered with the same properties than the bentonite blocks (or rings) in the 
simulations. Above and below the canister, bentonite disk blocks are placed with total 
thicknesses of 2.5 m and 0.5 m, respectively. 

The dry density in the reference design is 1,700 kg/m3 for the bentonite disk blocks and 
1,760 kg/m3 for the rings, which are calculated as (1-)·g and assuming a grain density 
(g) of 2,750 kg/m3 and porosities () of 0.382 and 0.36, respectively. The reference 
water content at the time of deposition is in both cases 17 wt% (kg water / kg dry mass). 
These values lead to an initial degree of saturation of 75.6 % for the blocks and 83.1 % 
for the rings. 

Regarding the deposition tunnels, the average cross-section of the tunnel is 14 m2. The 
tunnel has a width of 3.5 m and a maximum height of 4.4 m (the roof has been designed 
as a semi-circle). 

The distances between deposition holes in a deposition tunnel and between deposition 
tunnels have been extracted from the thermal dimensioning of the repository that 
corresponds to the BWR fuel canisters (Ikonen 2009). The deposition tunnel spacing 
considered in this work is thus 25 m, while the canister spacing in a single deposition 
tunnel is 9.1 m (Ikonen 2009). 

2.2 Thermo-hydro-geochemical model for thermal period 

2.2.1 Thermo-hydro-geochemical processes during the thermal period 

In this work, the thermal period is referred to as the period that starts right after the 
canister and buffer emplacement in the deposition holes and ends when the heat from 
the radioactive wastes is almost fully dissipated. Depending on the bedrock conditions 
and the thermal dimensioning of the repository, this period may last several thousands 
of years. During this period the initially unsaturated compacted bentonite will 
progressively saturate with groundwater due to the high hydrostatic pressure in the 
surrounding (fractured) bedrock and the capillary forces (suction) in the bentonite 
(Figure 2-2). Water flow and transport of solutes through the bentonite buffer will be 
affected by the relatively strong thermal gradient imposed by the heat resulting from the 
radioactive decay of nuclear waste. Although the main solute transport mechanism in a 
low permeability compacted bentonite is diffusion, advective transport will play an 
important role during the saturation stage due to the capillary pressure that is established 
during the saturation. This process will be dominant until full water saturation of 
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bentonite, which can occur after between a few years and several hundreds of years 
after bentonite deposition (Börgesson et al. 2006). Once full water saturation is 
completed, transport of solutes by molecular diffusion becomes dominant. 

Previous observations from experiments and modelling (Sena et al. 2010a, b) have 
proven that the transport of a conservative solute in the compacted bentonite is mainly 
influenced by the (1) advective flow of the water injected in the bentonite which reflects 
a piston like flow; (2) water suction due to capillary forces; (3) the cyclic 
evaporation/condensation process that occurs in the migrating wetting front.  

 

 

Figure 2-2. Schematic representation of a cross-section of the canister-buffer-bedrock 
system in the near-field of a KBS-3 type repository showing the thermo-hydraulic and 
transport processes that are likely to occur during the saturation of the bentonite. 

 

2.2.2 Reactive transport code used: TOUGHREACT 

The thermal unsaturated period has been studied with the code TOUGHREACT 
(version 1.2), which allows simulating thermo-hydro-geochemical processes (Xu et al. 
2008). This code results from coupling the calculation of geochemical reactions to the 
TOUGH2 v2 code (Xu et al. 2008), which solves multiphase, non-isothermal fluid flow, 
heat flow and multi-component transport. It is noted that a new version of the code, v2.0 
(Xu et al. 2011), has been released during 2012, which includes new features such as 
surface complexation models or improved computational efficiency. Unfortunately, it 
was still not available for commercial use at the time of performing the present 
simulations, and has therefore not been used. 

The main characteristics of the software are the following (Xu et al. 2008, Pruess et al. 
1999 and references therein): 

 Space discretisation (1D to 3D) is based on the Integral Finite Difference (IFD) 
Method, which for regular grids is equivalent to Finite Differences, 

 In the IFD, space discretisation is made directly from the integral form of the 
conservation equations without converting them into partial differential 
equations 

 Time is fully implicitly discretised as a first-order backward finite difference 
 Flux terms at element interfaces are solved using 100 % upstream weighted 
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 The coupling between fluid flow, mass transport and geochemical reactions is 
made using either a Sequential Iterative (SIA) or a Sequential Non-Iterative 
Approach (SNIA); the latter has been preferred in this work because it is 
computationally more efficient and leads to the same results as the SIA provided 
that time-stepping is fine enough 

 It accommodates chemical species present in liquid, gas and solid phases 
 Aqueous complexation and cation exchange are modelled under local 

equilibrium 
 Surface complexation models are not included in this version of the software. 

This process is only of relevance if no other buffering reaction is acting, such as 
calcite equilibrium. However, in the system under consideration calcite is 
expected to be always present, as can be seen from the modelling results. 

 Mineral precipitation/dissolution can be modelled under equilibrium (as in this 
work) and/or kinetics assumptions (Xu et al. 2008). In the present work, 
silicates, except amorphous silica, are excluded from the calculations. The 
reason for this exclusion is that under granitic environments and at near-neutral 
pH the dissolution rate of these minerals is very slow (around 10-13 mol·m-2·s-1) 
and, therefore no significant impact is foreseen on the geochemical evolution of 
the system. The minerals considered in the present work have relatively fast 
kinetic rates compared with diffusive transport. Therefore considering an 
equilibrium approach is thought to be a valid assumption. 

 The extended Debye-Huckel model is used to calculate activities, with 
parameters derived by Helgeson et al. (1981). The activities of pure mineral 
phases are assumed to be unity and the activity of water is calculated according 
to Helgeson et al. (1981) 

 Gases are assumed ideal at atmospheric conditions (at higher temperatures and 
pressures, the fugacity coefficients of gases depend on the temperature and 
pressure of the system, see Xu and Pruess 2001). 

The code encompasses two relevant phenomena for the thermo-hydro-geochemical 
processes analysed in the present study: (1) gas phase is active for multiphase flow, 
mass transport and chemical reactions, and (2) the effects of heat include heat-driven 
fluid flow and temperature-dependant physical and geochemical properties, such as 
fluid density, thermal conductivity and viscosity, or thermodynamic and kinetic data for 
geochemical reactions. Advection and diffusion processes are considered for both the 
liquid and gas phases, and the diffusion coefficients are assumed to be the same for all 
species, although different diffusivities for each material in the model can be specified 
(Xu and Pruess 2001). This is relevant for the present simulations, in which different 
material properties need to be set to different parts of the modelled domain. 

The multiphase reactive transport formulation used by TOUGHREACT can be found in 
the freely available user guide (Xu et al. 2008). In this work, the Equation Of State 
(EOS) module used is the EOS number 3 (see TOUGH2 manual for more details, 
Pruess et al. 1999), which considers two components (water and air) and two phases 
(liquid and gas) in the transport equations. Air is approximated as an ideal gas, and the 
solubility of air in liquid water is calculated with Henry’s law. This formulation solves 
for 3 state-variables: pressure, air mass fraction, and temperature (for a saturated 
domain), and gas pressure, gas saturation and temperature (for an unsaturated domain). 
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TOUGHREACT does not account for (1) the deformation of the porous skeleton either 
due to mechanical stress or swelling processes; (2) fluid pressure effects owing to 
porosity changes; and (3) heat effects from chemical reactions, such as changes in 
thermo-physical properties of fluids (viscosity, surface tension and density). Moreover, 
hydrodynamic dispersion is not considered in the formulation (only numerical 
dispersion is present, with dispersivity (m) equal to x/2, being x (m) the space 
discretisation size). 

For simplicity, no gaseous chemical species transport is considered in the simulations. 
Moreover, the effects of mineral dissolution and precipitation on the porosity, 
permeability and capillary pressure have not been considered in this work. The reasons 
for this are that first, the volume fractions of secondary minerals in MX-80 bentonite 
under study are small (thus the porosity changes due to dissolution or precipitation of 
these minerals is also small), and second, the mechanical effect of swelling of clay (not 
considered here) on porosity and permeability will be much larger than the geochemical 
one. 

2.2.3 Spatial and temporal discretization 

The model for the thermal unsaturated period is conceived as a two-dimensional (2D) 
axisymmetric domain that includes the buffer and the canister, as well as the 
surrounding bedrock and a single fracture intersecting the buffer (at canister mid-height, 
see Section 1.3 for more details). It is noted that even though a rigorous representation 
of the saturation process through a single water conductive fracture would require a 3D 
model as the one described in Section 2.3, the determination of the time to reach 
saturation is not an objective of the model (this is being studied in a separate work, see 
Pintado & Rautioaho 2013). Instead full saturation is forced to be reached at different 
times to study the effect on the geochemical evolution of the system. 

The total radial extension of the model (Rtotal) is calculated assuming that the distance 
between canisters in a deposition tunnel is 9.1 m and that the distance between 
deposition tunnels is 25 m (Ikonen 2009). It is furthermore assumed that the cylindrical 
volume of the axisymmetric model equals the rock volume given by a parallelepiped of 
dimensions 9.1·25·H m3 (H = height of the model, i.e. 7.8 m). This yields a radial 
extension of 8.51 m according to expression 2.1 (the resulting length of the bedrock in 
the model is thus 7.625 m.), as shown in Figure 2-3. 

5.0
1.9·25

)( 








mm

mRtotal         (2.1) 

The grid used for the space discretization of the modelled domain is 2D axisymmetric 
and considers rectangular grid elements (Figure 2-3). It has been built using the 
meshmaker option of the TOUGH2 program (Pruess et al. 1999) plus other auxiliary 
programs to obtain the final mesh. The number of elements is 25,509, with 50,617 
connections. The size of the elements is variable for each domain and in each direction 
(axial direction: z, radial dimension: r). The different domains considered in the model 
correspond to the bedrock, the fracture, the bentonite buffer (discriminating between 
disk blocks and ring blocks), the cooper canister, and a thin layer of spent fuel, 
consisting of a high thermal conductivity region through which heat is injected. In order 
to save computing time, the interior of the canister has not been discretized in the 
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model, as it does not play any role in the present simulations. The air gap between the 
canister and the buffer has been neglected in this work for the sake of simplicity (see 
Section 2.1 for more details). A detail of the refinement of the mesh at the fracture level 
is also shown in Figure 2-3. 

A simulation time of 10,000 years has been considered in all the simulations (although a 
few cases were calculated until 20,000 years), with an initial time step of 1.0·104 
seconds, which is gradually increased (or decreased) in an automatically controlled way. 
Automatic time-stepping is controlled with the following criteria: time step is doubled if 
convergence of the thermo-hydraulic analysis occurs with 4 or less numerical iterations. 
On the other hand, if the maximum number of iterations allowed for solving the 
geochemical system is reached, the time step is reduced. In this way, the time step size 
is not monotonically increased, but depends on the specific temporal conditions of the 
simulation (controlled either by the flow or by chemistry). Typical simulations in this 
work were calculated with time step sizes in the range 1.0·104 seconds to approximately 
2 years (the maximum time step size is reached only sporadically after at least 1,000 
years of simulation). The number of time steps for each simulation ranged 
approximately between 15,000 and 50,000, which leads to computing times ranging 
approximately between 2 and 7 days (TOUGHREACT has not been parallelized). The 
convergence criteria used in the simulations are in accordance with the suggestions in 
(Pruess et al. 1999): the maximum number of iterations allowed for solving the whole 
geochemical system was set to 50, and the relative tolerance of aqueous concentration 
for the whole chemical system is 1.0·10–5 (i.e. the ratio between the residual and the 
total concentration of each basis species needs to be lower than the tolerance). 
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Figure 2-3. TOUGHREACT grid, material domains and boundary conditions used in 
the numerical simulations of the thermal period of the near-field, and detail of the grid 
in the buffer-fracture interface. Red points in the canister zone indicate the heat 
injection points used to simulate the heat source (see dimensions in z-direction in 
Figure 2-1). 
 

2.2.4 Initial and boundary conditions 

To set the transient boundary value problem, initial and boundary conditions need to be 
defined. Initial conditions refer to the values of the state variables at the beginning of 
the simulation: initial water saturation, pressure, temperature, mineral composition and 
water composition of all domains, which are depicted in Table 2-1. 

The boundary conditions consist of heat fluxes in all the boundaries of the domain, a 
prescribed value of the liquid pressure at a point within the fracture, liquid flow 
constraints, and chemical boundary conditions (groundwater composition). 

Hydraulic conditions 

The initial liquid water saturation (Sl) is calculated from the water content (w in wt.%) 
as 
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where g and w are the grain and water densities, respectively, and  is the porosity 
(0.382 for the disk blocks and 0.36 for the rings). The grain density is 2,750 kg/m3 and 
the water density is 1,000 kg/m3. 

In the model, saturation of the buffer is forced by imposing a constant liquid pressure at 
a point in the fracture (relatively far from the buffer, with r = 8.5 m, i.e. in the border of 
the modelled domain), so that full saturation is achieved in a prescribed amount of time. 
Different saturation times have been considered with the aim of analysing the sensitivity 
of the results to this parameter. 

It is noted that the extension of the fracture in the model does not need to be a realistic 
value, since the saturation process is modelled by assuming a constant fluid pressure in 
a point in the fracture far from the buffer throughout the simulation. A zero groundwater 
flux condition is imposed on the boundaries r = 0 m and r = 8.51 m and on the top and 
bottom of the domain. Moreover, no flux is allowed at the canister buffer interface (in 
the normal direction to the interface). 
 

Table 2-1. Initial conditions considered in Stage I simulations with TOUGHREACT. 

Initial condition 
Bentonite 
rings 

Bentonite 
disks 

Fracture Bedrock 
Copper 
canister 

Water saturation 0.831 0.756 1.00 0.0* 0.0* 

Pressure (MPa) 0.1 0.1 Variable** 0.001* 0.001* 

Temperature (ºC) 25 25 11 11 46 

Mineral 
composition 

REF.1 or 2 
MX-80 - rings

REF.1 or 2 
MX-80 - disks

No minerals 
No 
minerals 

No 
minerals

Porewater 
composition 

Porewater for 
MX-80 rings 

Porewater for 
MX-80 disks 

KR20_465_1 / 
KR6_135_8 

Not 
relevant 

Not 
relevant 

* Saturation and pressure in the bedrock and copper canister are set to avoid chemical equilibrium 
calculations in these domains to save computing time (TOUGHREACT does not solve chemical 
speciation if liquid saturation is below a given threshold). The choice has no effects on the results and 
helps reducing the computation time. 
**The pressure within the fracture is set so that the full saturation of the buffer is reached at different 
prescribed times 
 

Thermal conditions 

The model is representative of a deposition hole that is located at the centre of a 
deposition panel (with approximately 900 canisters), where the temperature rise due to 
heat decay of the spent fuel is maximal. The initial decay heat for the BWR type of fuel 
with a pre-cooling time of 32.9 years is 1,700 W. Its evolution with time until 100,000 
years follows from (Raiko, 2005; Anttila, 2005; Ikonen, 2009) and is shown in Figure 2-
4 (consistent with the work in Toprak and Olivella, 2011). The heat boundary condition 
in the canister corresponds to 6 heat inflow points with the same power temporal 
evolution (i.e. 1/6 of the total power) at different symmetric locations in the thin layer of 
spent fuel that is discretized (to ensure a homogeneous temperature distribution in the 
canister). 
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A no-flux heat boundary condition is prescribed in the model at a radius r = 8.51 m 
(rightmost boundary of the model, representing a symmetry plane) and r = 0 m 
(longitudinal axis of the canister). Regarding the heat boundary conditions at the upper 
(z = 7.8 m) and lower (z = 0 m) limits of the model, a TOUGHREACT feature for heat 
exchange with confining beds has been used to simulate semi-analytically the heat 
exchange with the surrounding bedrock (considered as a semi-infinite medium in the 
vertical direction), while at the same time considering these boundaries as impervious to 
fluid and gas flow (see Pruess et al. 1999 Section 7.4 and references therein for more 
details). The main reason to consider this approximation is to reduce the large 
computational cost that would require the explicit discretization of a large portion of the 
surrounding bedrock on the top and bottom of the buffer. This is due to the fact that to 
predict the temperature evolution of the buffer, a large domain of the bedrock needs to 
be considered for heat dissipation (in the order of 100 m above and below the buffer, 
see e.g. Toprak and Olivella 2011). 

 

 

Figure 2-4. Decay heat power for BWR fuel (burnup 40 MWd/kgU, pre-cooling time of 
32.9 years) considered in the simulations (data from Ikonen 2009). 

 

Solute transport conditions 

The initial composition of the groundwater in the fracture may be affected to some 
extent by out-diffusion from the bentonite. However, a fixed groundwater composition 
boundary condition is prescribed in the fracture at r = 8.5 m from the canister centre. To 
test the sensitivity of the results on the groundwater composition within the fracture 
plane, an additional simulation was conducted considering mixing due to longitudinal 
dispersion in the fracture so that groundwater concentrations are maintained virtually 
constant in time (see next section for more details). 

The initial composition of the bentonite minerals and porewater, as well as the different 
groundwater compositions considered in this study are introduced in Chapter 3. No 
minerals are assumed to be initially present in the fracture, (although groundwater 
composition has been equilibrated with the reactive minerals that are most likely to be 
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present in the fracture). However, mineral precipitation on the fracture walls is allowed 
provided oversaturation is reached. In all simulations, precipitation of minerals in the 
fracture was extremely limited (in the order of 1·10-5 to 1·10-6 volume fraction), and 
therefore the potential effects on the geochemical evolution of the system is negligible. 

It is noted that diffusion in the rock matrix represented in the model has been neglected, 
and therefore, the fracture walls do not allow any exchange of mass between the 
groundwater flowing in the fracture and the bedrock. The only benefit of considering 
explicitly the surrounding rock is for heat flow in the thermal analysis. However, matrix 
diffusion has been taken into account in the groundwater flow modelling that has been 
performed to support the definition of the reference groundwaters used in this study 
(Hellä et al. 2013). 

2.2.5 Sensitivity analyses 

During the thermal period, the main aspects that may affect the geochemical evolution 
of the engineered barriers are: (1) the time to reach full saturation of the buffer, (2) the 
efficiency of mixing between the groundwater that flows through the fracture and the 
bentonite porewater, and (3) the groundwater composition. The first process depends 
mainly on the hydraulic properties of the bentonite and the surrounding fractured 
bedrock, and on the hydraulic pressure imposed over the deposition holes. The second 
process depends mainly on the flow rate regime within the fracture. This regime impacts 
the groundwater composition in the fracture: a high flow rate would lead to a constant 
groundwater concentration, while with a low flow rate the groundwater composition 
may be affected by geochemical processes in the buffer. Finally, the third aspect is 
essential to determine the extent of the geochemical alteration. The composition of the 
bentonite in the buffer also needs to be considered, since different initial compositions 
will lead to different results under the same exposure conditions. 

Time to reach saturation 

The time needed to reach full saturation of the bentonite buffer will depend on the 
suction capacity of the bentonite and the inflow of water through a fracture. The mixing 
of groundwater with porewater within the buffer will depend on the saturation rate. The 
diffusive transport of solutes will therefore be affected by the time to reach full 
saturation. This has been studied in the present work by forcing saturation at different 
times. To this end, different pressure gradients have been imposed between groundwater 
in the fracture and the porewater in the buffer.  

It is noted that in this work, full saturation of the buffer is defined as the state in which 
the entire buffer domain has a liquid saturation higher than 0.995 (see Section 4.2 for 
more details). 

Mixing between the groundwater and bentonite porewater 

Under a high flow rate regime within the fracture, the changes in groundwater 
composition due to out-diffusion of solutes from the bentonite porewater will be rapidly 
buffered by the supply of undisturbed groundwater. Under these conditions the 
geochemical changes occurring in the buffer will be constrained to the buffer itself, 
since any influence of these over the chemical conditions of the fracture will be rapidly 
flushed due to groundwater renewal. 
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On the other hand, if the advective flow in the fracture is very low, out-diffusion of 
solutes from the buffer will affect the chemical conditions in the fracture around the 
deposition hole. This effect has been tested in the present work assuming two different 
situations in the fracture. The first one considers that there is no longitudinal dispersion 
in the fracture and therefore diffusion in free solution may affect the groundwater 
composition. This case represents the low flow scenario. The second case considers a 
fracture with a higher longitudinal dispersion, thus allowing for a rapid mixing of the 
solutes that diffuse out of the buffer with the surrounding groundwater. This latter case 
is representative of a high flow rate regime. 

Groundwater composition 

The expected groundwater composition and its potential evolution at the Olkiluoto site 
during the different time frames of the repository have been previously defined by 
Posiva (Hellä et al. 2013). The chemical composition of the groundwater at repository 
depth for the operational phase and early evolution of the repository (up to 1,000 years) 
has been defined in (Pastina and Hellä 2010; Hellä et al. 2013) and is presented in Table 
3-3. It consists of a brackish/saline water type, and is denoted as KR20_465_1. The 
groundwater composition for the temperate period (i.e. until the next glaciation) 
corresponds to a brackish water based on sample KR6_135_8 (Hellä et al. 2013). Thus, 
within the time frame considered in the simulations of the thermal period, i.e. 10,000 
years, the two groundwater compositions (KR20_465_1 and KR6_135_8) need to be 
considered. In this work, all the simulation cases have been performed with a fixed 
groundwater composition in time corresponding to KR20_465_1. To assess the 
sensitivity of the results to another groundwater type, an additional case has been 
simulated using the KR6_135_8 groundwater composition as boundary water. 

Bentonite composition 

At present, there exist two reference MX-80 bentonite compositions that are considered 
by Posiva. The mineralogical composition as well as the calculation of the porewater 
composition is specified in Chapter 3. In this work, all the simulations have been 
performed considering the reference bentonite composition that contains a small amount 
of gypsum (Reference 2). In addition, a sensitivity case considering the mineralogical 
composition of Reference 1 MX-80 bentonite (without gypsum) has been simulated in 
order to assess the effect of a bentonite without gypsum on the geochemical evolution. 
 

Table 2-2. Sensitivity cases considered in Stage I simulations with TOUGHREACT. 

Simulation 
number 

Saturation time 
(years) 

Groundwater 
composition 

Flow conditions 
in the fracture 

Bentonite 
composition 

 

1* 260 KR20_465_1 No mixing Reference 2  

2 95 KR20_465_1 No mixing Reference 2  

3 500 KR20_465_1 No mixing Reference 2  

4 260 KR20_465_1 With mixing Reference 2  

5 260 KR6_135_8 No mixing Reference 2  

6 260 KR20_465_1 No mixing Reference 1  

* Simulation number 1 will be referred to as the reference case 
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A list of the different sensitivity analyses described above that have been conducted in 
this work is shown in Table 2-2. The reference case (simulation number 1) considers a 
saturation time of approximately 260 years, a groundwater composition corresponding 
to the KR20_465_1, a low advective flow in the fracture, and the Reference 2 bentonite 
composition (i.e. with gypsum). 

2.3 Hydro-geochemical model for long-term evolution 

2.3.1 Hydro-geochemical processes during the water-saturated isothermal 
period 

During the water saturated period (Stage II), the permanent contact between the 
bentonite matrix and the flowing groundwater will favour geochemical modifications of 
the bentonite. The geochemical conditions of the engineered barriers will change in 
order to approach a new thermodynamic equilibrium state. In addition, the lower 
temperature that will prevail during this period will favour the transformation of stable 
minerals at high temperature that might have precipitated during the thermal period (e.g. 
anhydrite) by those minerals that are more stable under lower temperature conditions, 
such as gypsum. 

In Stage II, the bentonite buffer is considered to be fully saturated by Olkiluoto 
groundwater at repository depth. It is furthermore assumed that heat from the spent fuel 
has been almost fully dissipated, allowing to consider isothermal conditions in these 
cases. The temperature has been fixed at 15 ºC in all simulations using PHAST, to be 
consistent with the work in (Trinchero et al. 2013). This temperature is considered to be 
representative of the long-term thermal conditions. 

The backfill of the deposition tunnels is one of the engineered barriers in the KBS-3V 
repository concept. The purpose and function of the backfill in the deposition tunnels is 
to keep the buffer in place and restrict groundwater flow through the deposition tunnels.  

As discussed in Section 1.3, two different cases have been analysed to judge what is the 
relative contribution of the buffer and the backfill to the buffering of the hydro-
geochemical changes induced by an intruding groundwater (see Table 1-1). In Case 2, it 
is assumed that groundwater reaches the backfilled deposition tunnel through a single 
intersecting fracture and through a regional flux along the backfill longitudinal axis. 

Since the compacted bentonite has a very low permeability, the transport of solutes in 
the bentonite pores during the water-saturated period will be dominated by ionic 
diffusion. Modelling the diffusion of solutes in compacted bentonite is cumbersome, 
due in part to the complexity of its porous system and to electrochemical interactions. 
Numerous studies have been published in recent years where diffusion through 
compacted bentonite and clay materials is analysed and modelled (see for instance 
Birgersson and Karnland 2009; Bourg et al. 2003; Molera et al. 2003; Muurinen et al. 
2004; Ochs et al. 2001; Van Loon et al. 2007; Tournoussat and Appelo 2011). A 
discussion of the different existing approaches is out of the scope of this study. A 
review of the existing models may also be found in (Sena et al. 2010b). 

In this work, a Fickian diffusion model with a single diffusion coefficient (to maintain 
electroneutrality of the solution) for every species has been considered. Good 
quantitative agreement between observed and simulated results for the transport of 
chloride and sulphate through bentonite in the LOT-A2 test support the choice of such a 
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model (see Chapter 5 of Sena et al. 2010a). More sophisticated models are still under 
development in various codes and have been typically developed for 1D simulations, 
thus forcing the selection of Fickian diffusion in the present work. 

The potential geochemical reactions that prevail in this type of systems consist mainly 
of the dissolution and precipitation of carbonates, sulphates and silica phases, oxidation 
and reduction of sulphides, cation exchange in the montmorillonite interlayers, and 
protonation/deprotonation of montmorillonite surfaces. 

Dissolution and Precipitation reactions 

Although the carbonate content in bentonite tends to be relatively small, the dissolution-
precipitation reactions are of paramount importance to buffer alkalinity of bentonite 
porewater (calcite, dolomite, and siderite, respectively): 
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The precipitation or dissolution of gypsum (and/or anhydrite, depending on the 
temperature) exerts a control on the calcium availability in the system (equation 2.6), 
which in turn leads to an indirect buffering of the alkalinity, due to its effect on the 
carbonate dissolution-precipitation reactions: 
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2–
          (2.6) 

However, this process could be affected by other cations competing for sulphate to form 
other sulphate minerals. In addition, the precipitation of gypsum or anhydrite strongly 
depends on the temperature of the system during early stages of the repository life. 

Other geochemical processes that may take place in the barrier are the dissolution/ 
precipitation of silica phases (quartz, cristobalite and tridymite, represented as 
amorphous silica in this work) and chloride phases, especially if significant water 
evaporation occurs in the presence of a thermal gradient:  
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However, sodium chloride has not been considered in the long-term simulations since 
the results of the thermal period indicate that no significant water evaporation occurs. 
The dissolution of accessory alumino-silicate minerals in the bentonite, such as 
plagioclase or K-feldspar, could also be considered,  

CaAl
2
Si

2
O

8
 + 8H

2
O → Ca

2+
 + 2Al(OH)

4

-
 + 2Si(OH)

4
          (2.9) 

KAlSi
3
O

8
 + 8H

2
O → K

+
 + Al(OH)

4

-
+ 3Si(OH)

4                     (2.10) 

However, the rate of alumina-silicate dissolution is very slow near to neutral conditions 
(on the order of 10-13 mol·m-2·s1 at 25ºC and 10-9 mol·m-2·s1 at 100 ºC). Assuming a 
closed system, where solutes cannot diffuse in and out of the bentonite, and a mean 
content of 5 wt.%, the dissolution of alumina-silicates after 1,000 years is estimated in 
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this work to be in the order of 0,2 % of their initial content. This has almost no effect on 
the behaviour of the solid. The effect on the chemical composition of porewater is also 
negligible, as the dissolution of these minerals will modify the concentrations of major 
elements by less than 1.0 %, considering the chemical composition of the surrounding 
granitic water and a closed system, which is a very conservative assumption. The 
relevance of these changes is much less than the effect of the other geochemical 
processes considered in this work. Therefore, it has been decided to exclude these 
reactions in the present work.  

The dissolution of clay minerals is another process that could affect the system 
evolution. However, according to the results from Cama et al. (2000), the rate of 
smectite dissolution at 80 ºC is even lower than that for many framework silicates. 
Therefore, the dissolution of clay minerals is expected to be negligible under the 
water/clay ratios expected for the repository. 

Oxidation and Reduction reactions 

The reducing capacity of bentonite is an essential parameter for the repository stability. 
The redox state in the bentonite barrier will be controlled by the pyrite, siderite 
dissolution, and amorphous Fe(III) oxy-hydroxide precipitation.  

The pyrite oxidation (during the initial early phase, when oxygen is present in the 
porewater) consumes oxygen and contributes to the production of Fe(III) oxy-
hydroxides (2.11 to 2.13). Also, the ferric ion released by pyrite oxidation can hydrolyse 
and precipitate in the form of Fe(II) oxy-hydroxides in the pH range of interest. The 
overall oxidation process can be expressed by the following equations: 

FeS
2
(s) + H

2
O → Fe

2+
 + HS

–
 + 0.5O

2
         (2.11) 

0.25 O
2
 + Fe

2+
 + H

+
 → Fe

3+
 + 0.5 H

2
O        (2.12) 

Fe
3+

 + 3H
2
O → Fe(OH)

3
(s) + 3H

+
          (2.13) 

If there is very low concentration of oxygen or no pyrite is present in bentonite 
composition, then the process described by reaction (2.11) will not occur and the redox 
of the system will be mainly buffered by the redox pair Fe(II)/Fe(III). Amorphous iron 
sulphide (such as pyrrotite) could precipitate in case of saturation, considering the 
increase in concentration of aqueous sulphide and/or iron due to diffusion from host 
rock.  

In case of no pyrite oxidation, the siderite dissolution and ferrihydrite precipitation are 
likely to be the most relevant redox processes in the bentonite. The equilibrium between 
Fe(II) carbonates and Fe(III) oxy-hydroxides could readily buffer the redox state of the 
bentonite:  

FeCO
3
(s) + 2.5H

2
O + 0.25O

2
(g) ↔ Fe(OH)

3
(s) + H

+
 + HCO

3

–
   (2.14) 

Alternatively, it could be the case that siderite is not present as a pure phase in the 
system but forming a solid solution with other carbonate end-members, resulting in a 
similar buffering process as described above. 

In the last years, the oxidation and reduction processes of structural iron in clay 
minerals have been investigated (Gorski et al. 2012 and references therein). It is likely 
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that this process may control the redox within the clay buffer, due to the large amount of 
clay in the system. Unfortunately, the detailed knowledge on the mechanism is not yet 
fully understood and it cannot be implemented in the present modelling exercise. 

Cation Exchange reactions 

The montmorillonite dissolution or its replacement by other clay minerals could result 
in a decrease of the swelling capacity of bentonite. Under normal conditions (moderate 
temperatures, near neutral pH), the dissolution of the montmorillonite is a very slow 
process (Cama et al. 2000), which is expected to be the case under repository 
conditions. Therefore, in this work montmorillonite dissolution has been excluded from 
the simulations. 

The main processes involving the montmorillonite are cation exchange and surface 
complexation reactions, which are controlled by the interaction between porewater and 
montmorillonite surfaces. In turn, the control exerted by these processes on the calcium 
and magnesium concentrations in porewater directly affects the dissolution-precipitation 
of carbonate accessory minerals in the bentonite. The relevant cation exchange reactions 
for MX-80 bentonite can be expressed as follows: 

NaX + K
+
 ↔ KX + Na

+
                  (2.15) 

2NaX + Ca
2+

 ↔ CaX
2
 + 2Na

+
                 (2.16) 

2NaX + Mg
2+

 ↔ MgX
2
 + 2Na

+
                 (2.17) 

The initial composition of the exchanger as well as the selectivity coefficients depend 
on the bentonite type selected as a buffer material (see Chapter 3 for more details). 

2.3.2 Reactive transport code used: PHAST 

The long term evolution under saturated conditions has been analysed with the reactive 
transport code PHAST v.2 (Parkhurst et al. 2010), which simulates multi-component 
reactive transport in 3D saturated groundwater flow systems. The code is a groundwater 
flow and solute transport simulator with capabilities to model a wide range of 
geochemical reactions. The version of the code used in this work is PHAST v.2.2.0.  

The main characteristics of the software are the following (Parkhurst et al. 2010): 

 It is based on three-dimensional finite differences with the possibility to define 
inactive cells in the modelled domain to represent complex geometries, 

 Variable weighting for spatial discretization is available: default option is 
upstream weighting (used in this work)  

 Variable weighting also for temporal discretization is available: default option is 
fully implicit (used in this work)  

 Flow and transport calculations are based on a modified version of the finite 
difference code HST3D (Kipp 1997), 

 Simulations are restricted to saturated conditions, constant fluid density and 
constant temperature, 

 The geochemical reactions are solved with the geochemical code PHREEQC 
(Parkhurst and Appelo 1999), which is embedded in PHAST (almost every 
feature of the PHREEQC code is available in PHAST) 
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 Reactive transport calculations are based on the SNIA (operator splitting 
approach) 

 To calculate activities of water and aqueous species, the B-dot model is used in 
the thermodynamic database considered in the simulations 

 It is possible to set independent tortuosity coefficients for each domain in the 
model, to assign different diffusion coefficients. 

The equations solved by the model are the following (see Parkhurst et al. 2010): 

 Groundwater flow equation using potentiometric head 
 A general form of the reactive solute-transport equation (considering advective 

and dispersive-diffusive terms for the transport, and equilibrium and kinetics 
terms for the chemical reactions). 

2.3.3 Spatial and temporal discretization 

For Case 1, the domain is defined in 3D taking advantage of the one-half symmetry of 
the problem (Figure 2-5 and Figure 2-6). Three sub-domains characterize the copper 
canister, the bentonite buffer and the fracture in the bedrock. The canister as well as the 
rest of the domain in the model box remains inactive in the simulations. A sketch of the 
geometry is shown in Figure 2-5. The discretization considers a total of around 29,000 
active cells, representing a domain size of 7.75 m, 3.875 m, and 7.8 m in X, Y and Z 
directions, respectively (Figure 2-5). The maximum cell sizes for the buffer domain are 
the following: ΔX = ΔY = 75 mm, ΔZ = 200 mm, and the minimum is ΔX = ΔY = 10 
mm, ΔZ1 = 22.5 mm. 

 

 

                                                 

1 Except the fracture layer, which has Z = 5 mm 
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Figure 2-5. Dimensions of the geometry used in the numerical simulations for the Case 
1 and Case 2. 
 

It is worth mentioning that the fractures are introduced in the models with PHAST and 
TOUGHREACT by assuming a thickness value in the grid elements (5 mm in PHAST 
and 4 mm in TOUGHREACT). Even though it is obvious that these are not realistic 
values, the flow rate through these fractures, which is the relevant parameter, is made 
consistent with a convenient selection of transport properties in the fracture (see Chapter 
3). The reason for adopting such a coarse value for fracture thickness is only due to the 
high computational cost related with a very fine discretization. However, this 
assumption has no implications on the results. 

 

Figure 2-6. Grid used in the numerical simulations for Case 1 (the only active grid 
elements are those included in the fracture plane and the buffer). 
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For Case 2, the domain is divided in 3 sub-domains defining the copper canister (as an 
inactive zone), the bentonite buffer, and the backfill (Figure 2-5 and Figure 2-7). The 
fracture in the bedrock intersecting the deposition tunnel is not discretized. Instead, the 
flow through the fracture is modelled as a boundary condition. The model is defined in 
3D and has the following dimensions: X = 9.10 m, Y = 1.750 m, Z = 11.80 m. It is 
discretized into around 27,000 active grid cells (Figure 2-7). A constant 10 cm 
discretization in the Z-direction has been adopted for the buffer domain. For the 
backfill, this discretization varies between 10 and 20 cm cells. The maximum cell sizes 
for the buffer domain in X- and Y-direction are similar to Case 1. 

The backfill is considered as a parallelepiped with a cross-section of 14 m2 and a width 
of 3.5 m (resulting in an effective height of 4.0 m). The discretized length of the backfill 
is 9.1 m, which corresponds to the distance between deposition holes from the thermal 
dimensioning (Ikonen 2009). Furthermore, the assumption is made that a single fracture 
intersects the deposition tunnel every 9.1 m. This assumption is in fair agreement with 
the detailed flow modelling results (Hartley et al. 2012). 

 

Figure 2-7. Finite difference grid for the Case 2 simulations. 

 

The time frame analysed is 100,000 years, which is the minimal time admitted for 
performance assessments for a deep geological repository. The discretization in time 
steps, depicted in Table 2-3, was set identically for the numerical simulations of Case 1 
and Case 2. The time step is set smaller at the beginning of the simulations and during 
the mixing of groundwater types (Table 2-3). 

The adopted time stepping scheme led typically to cpu times of around 8 hours using 
the parallel version of PHAST in a multi-core processor (4 cores). To verify that the 
time stepping adopted was not to coarse, an additional simulation of the reference Case 
2 was repeated with a time discretization one order of magnitude finer than the time 
steps shown in Table 2-3. The results (not shown) indicate that the transport of solutes 
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is almost identical in the two cases. Moreover, the precipitation and dissolution of 
minerals in the bentonite buffer are very similar in both cases. However, some slight 
differences (of around 10-20 %) in the reactive transport results regarding mineral 
concentrations (concentrations of aqueous species were similar) have been observed in 
the backfill, although very localized in the backfill-buffer interface. Therefore, the same 
trends are found in both simulations, and the results of the evolution of the buffer 
coincide well in the two simulations. 

 
Table 2-3. Time discretization implemented in PHAST for simulation of Cases 1 and 2. 

Time period Time step (years) 

From 0 to 1 years 0.25 

From 1 to 5 years 0.5 

From 5 to 10 years 1 

From 10 to 20 years 2 

From 20 to 30 years 2.5 

From 30 to 100 years 5 

From 100 to 1 000 years 10 

From 1 000 to 1 100 years 2.5 

From 1 100 to 1 200 years 5 

From 1 200 to 1 500 years 25 

From 1 500 to 2 000 years 50 

From 2 000 to 10 000 years 100 

From 10 000 to 20 000 years 250 

From 20 000 to 100 000 years 500 

 

2.3.4 Initial and boundary conditions 

The boundary conditions for Cases 1 and 2 for the flow rates were defined based on 
recent simulation results of the groundwater flow modelling considering closed 
repository conditions (Hartley et al. 2012). Table 2-4 presents the flow rates considered 
for the simulations (see Section 3.2.1 for more details). The flow boundary conditions 
for both cases are schematically represented in Figure 2-8. They consist of: 

 Case 1: a flow rate through a single fracture intersecting the deposition hole, 
 Case 2: a longitudinal flow rate through the backfill (X-direction) as a 

consequence of the regional flux, and a flow rate through a single fracture 
intersecting the deposition tunnel. 
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Table 2-4. Flow rates used in the simulations for Cases 1 and 2. 

Description 
Flow rate 

m3/y L/min 

Flow through fracture intersecting the backfill (Case 2) 5·10-3 9.5·10-6 

Flow along the backfill axis (Case 2) 2·10-4 3.8·10-7 

Flow through fracture intersecting the buffer (Case 1) 4·10-4 7.6·10-7 

 

To prescribe the flow boundary conditions through the fracture intersecting the backfill, 
an inflow of groundwater is considered through the entire backfill-fracture interface 
(represented as orange lines in Figure 2-8). 

In order to calculate the prescribed inflow through the discretized fracture in Case 1, it 
is assumed that the entire flow enters the buffer through a single fracture. This allows 
calculating a pore velocity v (m/y) in the fracture at the buffer-fracture interface as: 

bufff Rw

Q
v

··· 
          (2.16) 

in which Q (m3/y) is the flow entering the buffer in Table 2-4, f is the fracture porosity 
(assumed as 3.5·10-4, see Sena et al. 2010b), wf is the fracture aperture in the model (5 
mm), and Rbuf is the external radius of the buffer (0.875 m). See Chapter 3 for more 
details on the input data. 

 

Figure 2-8. Schematic representation of the boundary conditions for the 3D simulation 
of Case 1 (left side) and Case 2 (right side). 
 

The resulting pore velocity value is prescribed as the velocity in the fracture in the 
simulations using the code PHAST. To this end, the interstitial velocity is used to 
calculate the prescribed hydraulic gradient as: 

K

v
h f           (2.17) 
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where h (m) is the prescribed hydraulic head, and K (m/s) is the hydraulic conductivity 
of the fracture (assumed as 5.0·10-10 m/s, see Sena et al. 2010b). 

It is noted that diffusion in the rock matrix has been neglected, and therefore, the 
fracture walls do not allow any exchange of mass between the groundwater flowing in 
the fracture and the bedrock (see Section 2.2.4 for more details). 

Regarding the geochemical initial conditions, it is assumed that the buffer and backfill 
are initially saturated with the surrounding groundwater at Olkiluoto. The procedure for 
calculating the initial porewater compositions for buffer and backfill is presented in 
Chapter 3, taking into account the equilibration step with the reactive minerals, the 
cation exchanger and protonation/deprotonation surface. It is noted that the initial 
conditions for the simulations in Stage II have not been extracted from the results of 
Stage I, but rather calculated independently based on the following assumptions: 

 The initial mineral composition of the bentonite for Stage II is the same as for 
Stage I 

 The porewater composition can be estimated by mixing the initial porewater 
calculated for Stage I (unsaturated state) with groundwater KR20_465_1, 
assuming mixing proportions of 75.6 % (83.1 % for rings) of the former and 
24.4 % (16.9 % for rings) of the latter (see Section 3.1.2) 

The groundwater composition for the boundary conditions corresponds to the reference 
groundwater composition (KR20_465_1 groundwater, see Chapter 3) for the first 1,000 
years. Subsequently, a mixing procedure is considered with a second groundwater 
composition (KR6_135_8 groundwater, see Chapter 3) which prevails until the end of 
the simulation at 100,000 years. Mixing is forced in 100 years in the reference case, 
although an alternative scenario in which mixing is completed after 1,000 years has also 
been simulated (see next section). 

2.3.5 Sensitivity analyses  

For Case 1, the reference case (reference case 1) is characterized by the following 
features: a buffer hydraulic conductivity of 1·10-12 m/s, an inflow rate of 4·10-4 m3/y, 
and a reference bentonite composition corresponding to Reference 2 (with gypsum). 
Accordingly, the reference case for Case 2 simulations (reference case 2) considers the 
same conditions for the buffer than reference case 1, while the inflow through the 
fracture intersecting the deposition tunnel is 5·10-3 m3/y, and the flow due to regional 
flux along the backfill is 2·10-4 m3/y.  

The variables that have been considered in the sensitivity analysis are the following: (1) 
the flow rates through the fractures and through the backfill, (2) the composition of the 
bentonite buffer, and (3) the hydraulic conductivity of the buffer. A summary of all the 
sensitivity cases performed for Case 1 and Case 2 are listed in Table 2-5. In addition, a 
supplementary case has been simulated considering a different mixing time between the 
two reference groundwater compositions (1,000 years instead of 100 years). The results 
of this latter case showed that the geochemical evolution of the system is not sensitive 
to this range of variation of the mixing time, and thus have not been included in the 
report. 
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3 DESCRIPTION OF INPUT DATA 

This chapter presents the entire set of parameters and input data necessary to set up the 
simulations of Stages I and II considered in this work. It is noted that for this specific 
work, input data freezing has been performed and that more recent data than 5th 
September 2011 has not been considered in the simulations. The definition of the input 
data, which has been agreed with Posiva, has been based as much as possible on 
Olkiluoto site-specific data and considering the reference repository design of Posiva. 
The specific input data needed for the simulations using TOUGHREACT and PHAST 
are presented in Sections 3.1 and 3.2, respectively. The main parameters and input data 
required for the models include: 

 Geometric data 
o The dimensions of the canister, buffer and backfill correspond to the case of 

BWR fuel bundles (presented in Section 2.1) 
o Reference design for the tunnel and canister spacing (defined from thermal 

dimensioning in Section 2.1, Ikonen 2009) 
 Transport data 

o To define groundwater flow along the fracture (fracture properties) 
o Hydraulic conductivity and porosity of the buffer and backfill materials 
o Diffusion coefficients and tortuosity parameters 
o Assumptions on transport through the gas phase 
o Boundary conditions for the groundwater transport process 

 Geochemical data 
o Reference groundwater composition for different periods 
o Representative mineralogy of the fractures 
o Initial porewater composition of the bentonite buffer and backfill 
o Representative mineralogical composition of the buffer and backfill 
o Cation exchange capacity and cation distribution in montmorillonite 

exchanger 
o Montmorillonite surface area for protonation/ deprotonation reactions 

 Thermodynamic data 
o Thermodynamic database with temperature dependence (10-80 ºC) 
o Selectivity coefficients for cation exchange 
o Equilibrium constants for surface complexation reactions (protonation/ 

deprotonation) 
 Data for thermal analysis (for Stage I simulations) 

o Initial thermal conditions of the canister, buffer and host rock 
o Decay heat evolution of the spent fuel as a function of time 
o Thermal properties for the canister, buffer, and host rock: thermal 

conductivity at saturated and unsaturated conditions, specific heat capacity, 
and grain density 

o Thermal boundary conditions according to the repository design 
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3.1 Input data for Stage I (thermal period) 

This section includes the parameters and input data which have been used in the model 
implemented in TOUGHREACT for the unsaturated thermal period (Stage I). The input 
data needed to define the geometry of the reference design have been presented in 
Section 2.1. The spatial and temporal discretization, as well as the initial and boundary 
conditions, are defined in Section 2.2. 

3.1.1 Transport data, hydraulic and thermal parameters 

The transport parameters needed for Stage I are gathered in Table 3-1. 

The canister and the host rock are assumed impervious throughout the simulation. Thus, 
no advective or diffusive transport occurs in these domains, and no chemical reactions 
are considered. The relevance of the canister and the host rock is connected exclusively 
to the simulation of the thermal problem, where they play an essential role.  

The effective diffusion coefficient for MX-80 bentonite has been calculated from the 
relation given in (Wersin et al. 2011): 

deDeff
 0022.09·10·3  (m2/s)          (3.1) 

where d (kg/m3) is the dry density. For a dry density of 1,700 kg/m3 for buffer disk 
blocks (1,760 kg/m3 for buffer ring blocks), the effective diffusion coefficient at 25 ºC 
is approximately 7.13·10-11 m2/s (6.245·10-11 m2/s for buffer ring blocks). These values 
have been used in the simulations. To this end, the values of tortuosity in Table 3-1 
were set so that the following expression holds: 

weff DD ··      (m2/s)           (3.2) 

Equation 3.1 yields effective diffusivities that are between 15 and 20% lower than those 
calculated with the relation given in (Ochs and Talerico, 2004). However, it has been 
decided to use equation 3.1 because it is based on a more recent data compilation. 

It is noted that no temperature dependence of the diffusion coefficient in the liquid 
phase has been considered in this study. The reason is that at the moment 
TOUGHREACT does not support this possibility. Future modelling work would 
certainly benefit from the implementation of such a feature. 

Permeability values, k (m2), in Table 3-1 are related to hydraulic conductivity values, K 
(m/s), through 

w

w
rl

g
kkK




··          (3.3) 

where w (kg/m3) and w (Pa.s) are the density and viscosity of water (calculated 
internally from steam tables in TOUGHREACT), krl (-) is the relative permeability to 
the liquid phase (varying between 0 and 1) and g is the gravitational acceleration (9.81 
m/s2). In this way, a permeability of 10-21 m2 corresponds to a hydraulic conductivity of 
around 10-14 m/s under saturated conditions. It is noted that a value of 10-14 m/s is two 
orders of magnitude lower than the value used in the flow modelling work elsewhere 
(Hartley et al. 2012). However, it has been decided to use a more realistic value for the 
permeability at the given dry densities. This value is in agreement with the value used in 
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the thermo-hydro-mechanical modelling work in progress by B+Tech (Pintado & 
Rautioaho 2013), and can be used with the retention curve assumed in this work in a 
more consistent way. Moreover, the saturation times obtained in the modelling work in 
progress by B+Tech, which are used as a reference guide in the present study, have been 
obtained assuming a permeability of 5.6·10-21 m2, as in this work. 

 

Table 3-1. Transport parameters needed for unsaturated thermal period (Stage I). 

Parameter Units Description Source 
Buffer 
disks 

Buffer 
rings 

Fracture 

Deff m2/s 
Effective 
diffusion 
coefficient 

(a) 7.13·10-11 6.24·10-11  

Dw m2/s 
Diffusion 
coefficient in 
free water 

(b) 1·10-9 1·10-9 1·10-9 

τ - 
Tortuosity for 
diffusion 

(c) 0.187 0.173 1.0 

Φ - Porosity (d) 0.382 0.36 3.5·10-4 

k m2 Permeability (e) 5.6·10-21 5.6·10-21 5·10-17 

krg/krl - 
Relative 
permeability 
(gas / liquid) 

 Sg
3/ Sl

3 Sg
3/ Sl

3 0 / 1 

b MPa 
Klinkenberg 
parameter 

(f) 1400 1400 1400 

(a) Calculated from eq. 3.1 
(b) Same value as used in the most recent Safety Case (a more specific reference is needed) 
(c) Calculated from eq. (3.1) to obtain an effective diffusion coefficient of 7.13·10-11m2/s 
(d) From Posiva 2012 b 
(e) From Pintado & Rautioaho 2013) 
(f) See discussion below 

 

In order to calculate the permeability of the gas phase, kg (m2), TOUGHREACT 
considers the following relation: 







 

P

b
kkg 1.          (3.4) 

in which P (MPa) is the pore pressure (initially equal to atmospheric pressure for the 
bentonite in the present work), and b (MPa) is the Klinkenberg parameter (McPhee and 
Arthur 1991). As the pore pressure increases during saturation, the intrinsic gas 
permeability decreases according to equation (3.4), while the relative gas permeability 
also decreases according to the expression in Table 3-1. Gas intrinsic permeability in 
bentonite is ususally much higher than the corresponding value for the liquid phase 
(Olivella and Gens 2000; Alonso et al. 2005; Jacinto 2010; Villar et al. 2012). To 
account for this, a large b (MPa) parameter has been adopted (Table 3-1) so that the gas 
permeability at the initial gas saturation in the buffer is approximately 1·10-18 m2 (value 
corresponding to a dry density of 1.7 g/cm3 in FEBEX bentonite, Villar et al. 2012). A 
sensitivity case considering a much lower value of b = 10 MPa (as in Sena et al. 2010b) 
has been performed and the results (not shown) indicate that the influence on the 
saturation time is negligible (less than 1 year in the present model). 
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To model the capillary effects on the saturation process, the retention curves for the 
different material domains are needed, relating liquid saturation (Sl) with capillary 
pressure (Pc). A van Genuchten simplified formulation (van Genuchten, 1980) has been 
adopted, as is usual practice in geotechnical engineering for clay materials (see for 
instance Olivella and Gens 2000; Akesson et al. 2009; Jacinto et al. 2009): 

   
1/1

0· lc SPP , with Pmax   Pc   0      (3.5) 

The parameters (P0 and ) for the bentonite are fitted from experimental data in (Villar 
2005). For the fracture, these values are only relevant if the fracture is not fully 
saturated near the buffer. The set of values for buffer and fracture are: P0 = 25.09 MPa 
and 1.74 MPa, and  = 0.433 and 0.6, respectively. A maximum capillary pressure 
(Pmax) of 200 and 100 MPa are imposed for buffer and fracture, respectively, as an 
upper limit of Pc. The retention curves are depicted in Figure 3-1.  

Finally, the thermal properties need to be defined. These are gathered in Table 3-2. It is 
noted that temperature-dependent thermodynamic physical and geochemical properties 
of water, such as fluid density and viscosity, are considered in TOUGHREACT by the 
steam table equations given by the International Formulation Committee (1967). 

The thermal conductivity of bentonite has been assumed to be a linear function of liquid 
saturation (Ikonen 2009; Toprak and Olivella 2011): 

   drywetldryl SS   ·          (3.6) 

In turn, the thermal conductivity of the canister and host rock materials has been 
considered independent of liquid saturation. 

 

 

Figure 3-1. Retention curves used in the simulations for the buffer (rings and disks) and 
the fracture. 
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Table 3-2. Thermal properties and initial temperatures for different materials. 

Symbol Units Description Canister Buffer Bedrock 

dry W·m-1·ºC-1 Thermal conductivity at Sl=0 391a 0.34 b 2.91c 

wet W·m-1·ºC-1 Thermal conductivity at Sl=1 391a 1.10 b 2.91 c 

Cp J·kg-1·ºC-1 Heat capacity 586b 830 b 712 c 

s kg/m3 Grain density 6,009 d 2,750 e 2,711 c 

Tinit ºC Initial temperature 46a 25 a 11 a 

(a) From Ikonen (2009) and consistent with (Toprak and Olivella 2011) 
(b) Taken from (Ikonen 2009) 
(c) Taken from Kukkonen et al. (2011) 
(d) Calculated from data in (Raiko 2005) 
(e) Grain density supplied by Posiva  

3.1.2 Geochemical data 

The geochemical processes implemented in the numerical simulations of Stages I and II 
are based on the work developed in (Arcos et al. 2006; Arcos et al. 2008; Sena et al. 
2010b).  

In Stage I, only the bentonite buffer is considered to have reactive minerals at the 
beginning of the simulation. The copper canister and the surrounding bedrock are 
considered to be chemically inert throughout the simulation time, while the fracture is 
considered to be depleted on reactive minerals at the beginning of the simulation. 
However, mineral precipitation is allowed in the fracture walls provided oversaturation 
is reached. 

Groundwater composition 

The chemical composition of the groundwater at repository depth for the operational 
phase and early evolution of the repository (up to 1,000 years) has been defined in 
(Hellä et al. 2013) and presented in Table 3-3. It consists of a brackish/saline water type, 
and is denoted as KR20_465_1. The groundwater composition for the other relevant 
timeframe, the temperate period (i.e. until the next glaciation), corresponds to a brackish 
water based on sample KR6_135_8 (Hellä et al. 2013). 

The groundwater in the fracture in the simulations with TOUGHREACT is considered 
to be the KR20_465_1 throughout the simulation (10,000 years). Additionally, some 
simulations considering the KR6_135_8 groundwater composition throughout the 
simulation have been performed in order to determine to some extent the effect of 
variability of the groundwater composition on the evolution of the buffer. For the 
purpose of the modelling performed in the present work, it is assumed that the Olkiluoto 
(measured) groundwater is in equilibrium with the main minerals present in the fracture 
walls. This means that the initial groundwater composition has been recalculated by 
assuming the equilibrium with calcite, pyrite and amorphous SiO2 (see e.g. Wersin and 
Rosch 2011). The resulting composition was used in the simulations as a representative 
Olkiluoto groundwater in the fractures. The results from these calculations show that pe 
for groundwater KR20_465_1 is substantially different from the original value. The 
reason is that under measured values, groundwater is not in equilibrium with pyrite, 
which is not reasonable considering the groundwater conditions of the system. 
Moreover, the calculations also show silica concentrations of one order of magnitude 
higher than those measured. The calculated values are considered in the simulations in 
order to avoid excess silica dissolution. 
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Table 3-3. Brackish sulphate (KR6_135_8) and saline (KR20_465_1) groundwater 
composition (Hellä et al. 2013). Measured groundwater compositions were charge 
balanced with Cl- and equilibrated with calcite, pyrite and SiO2 (am) (calculated).  

Parameters 
KR20_465_1 

(measured) 
KR20_465_1 

(calculated) 
KR6_135_8 
(measured) 

KR6_135_8 
(calculated) 

TDS (mg/L) 10,544.0 10,544.0 7,225.0 7,225.0 

pH 7.4 7.309 7.6 7.169 

pe 0.699 -3.451 -2.744 -3.005 

SO4 (mol/L) 2.100·10-4 2.100·10-4 4.790·10-3 4.790·10-3 

Cl (mol/L) 1.805·10-1 1.841·10-1 1.130·10-1 1.134·10-1 

CDIC (mol/L) 5.500·10-4 5.964·10-4 1.860·10-3 1.451·10-3 

SiO2 (mol/L) 3.600·10-4 2.006·10-3 1.830·10-4 1.973·10-3 

FeTotal (mol/L) 2.500·10-6 2.502·10-6 6.450·10-6 6.450·10-6 

Na (mol/L) 1.148·10-1 1.148·10-1 7.660·10-2 7.660·10-2 

K (mol/L) 2.800·10-4 2.800·10-4 4.860·10-4 4.860·10-4 

Ca (mol/L) 3.240·10-2 3.245·10-2 1.620·10-2 1.613·10-2 

Mg (mol/L) 2.600·10-3 2.600·10-3 7.500·10-3 7.500·10-3 

 

Bentonite buffer: mineralogical composition 

The MX-80 bentonite is considered as buffer material (commercial name of a Wyoming 
sodium bentonite with montmorillonite content above 75 wt. %). The main physical 
parameters of the bentonite buffer are described in Table 3-4, and the mineral 
composition of the MX-80 bentonite is presented in Table 3-4 and Table 3-4. 

 
Table 3-4. Physical parameters of MX-80 bentonite (from; Kiviranta and Kumpulainen 
2011; Wersin and Rosch, 2011). 

Parameter Units Description 
Buffer MX-80 Bentonite 

Reference 1 Reference 2 

CEC eq/Kg Cation Exchange Capacity 0.86 0.84 

EC eq/Kg 

Exchange Cations (EC) 

Ca2+ 0.24 0.25 

K+ 0.02 0.02 

Mg2+ 0.09 0.08 

Na+ 0.58 0.58 

Sum 0.93 0.93 

SES % 

Saturation of exchangeable sites (SES) 

Ca2+ 26 27 

K+ 2 2 

Mg2+ 10 9 

Na+ 62 62 

SA m2/g 

Surface Area (SA) 

EGME-SSA 610 610 

BET-SSA ~30 ~30 

winit % Initial moisture content 17 17 
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Table 3-5. Mineral composition of the MX-80 bentonite (Kiviranta and Kumpulainen 
2011). 

MX-80 Bentonite type Reference 1 a Reference 2 a 

Mineral wt % mol/kgw Vol. % wt % mol/kgw Vol. % 

Smectite b 87.6 - - 88.2 - - 

SiO2 (amorphous) c 4.15 3.0728 3.40 3.467 2.6412 2.92 

calcite 0.55 0.2445 0.345 0.2 0.0889 0.125 

Dolomite 0 0 0 0 0 0 

Siderite 0 0 0 0 0 0 

Gypsum 0 0 0 0.367 0.0948 0.166c 

Pyrite 0.6 0.2225 0.203 0.867 0. 3215 0.294 

Ferrihydrite (amorphous) 0 0 0 0 0 0 
a Data for bentonite disk blocks, with porosity = 0.382 and dry density = 1,700 kg/m3 (the values change 
slightly for bentonite rings); molecular weights and molar volumes are extracted from THERMODDEM 
database (Blanc et al. 2007) 

b This value is only given for information, but it is not used in the simulations (smectite dissolution is not 
considered in the simulations, and CEC of the smectite is given referred to weight of dry bentonite) 
c Assuming quartz, tridymite and cristobalite concentrations as amorphous silica concentration 
d TOUGHREACT considers volume fraction as input data. This vol % has been calculated with the 
anhydrite molar volume 

 

Bentonite buffer: porewater composition 

The chemical composition of the initial bentonite porewater was determined using the 
geochemical code PHREEQC by equilibrating a diluted water with the bentonite 
minerals, the cation exchanger, and the protonation / deprotonation surface. However, 
for the simulations in TOUGHREACT, the protonation / deprotonation surface was not 
considered due to limitations of the code, while Fe has been excluded from the system. 

In this study, two bentonite compositions have been considered (Table 3-5). It has been 
assumed here that the porewater composition is similar in both reference bentonite 
cases, since the main difference between them is the gypsum content. In reference 1 
MX-80, no gypsum has been detected experimentally, whereas in reference 2 a weight 
fraction of 0.367 % has been measured. However, it is thought that the porewater will 
be in equilibrium with gypsum in both reference bentonite compositions. Three 
bentonite porewater compositions have thus been calculated depending on the porosity 
and dry density of the rings, disk blocks, and of the buffer as a whole  for the long-term 
saturated period. The calculated porewater compositions are gathered in Table 3-6. For 
Stage I, the concentration of the different species in the porewater is calculated from a 
diluted water by imposing the following constrains: 

 SO4 is controlled by equilibrium with anhydrite (anhydrite instead of gypsum is 
expected to form during the thermal period) 

 Cl is used to charge balance the solution (note that chlorine is a conservative 
tracer in the present study) 

 CDIC is controlled by equilibrium with calcite 
 SiO2 (aq) is controlled by equilibrium with SiO2 (am) 
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 Na, K, Ca, and Mg are controlled by equilibrium with the known composition of 
the cation exchanger of the smectite fraction (since in PHREEQC it is not 
possible to impose such a constrain, equilibrium with a given exchanger 
composition has been achieved iteratively) 

It is noted that the composition of the diluted water is not relevant, since the resulting 
porewater composition will depend entirely on the above mentioned constrains. Only 
very small variations in the pH (0.1 log units) can be obtained by considering different 
diluted water compositions, resulting in larger changes in the chlorine content. 
However, this should not be considered as a drawback of the approach, since in the 
present model chlorine is only used as a conservative tracer.  

The initial porewater for the long-term saturated stage is also calculated with 
PHREEQC. The difference with the porewater composition used in Stage I (unsaturated 
stage) is that in the saturated scenario it is assumed that the previously calculated 
porewater is mixed with the KR-20_465_1 groundwater in a proportion of ca. 75.6-
24.4 %, respectively. Initial liquid saturation of the bentonite disk blocks porosity is 
75.6 %. Thus, it is assumed that the remaining unsaturated porosity will be filled with 
KR-20_465_1 groundwater. The initial bentonite porewater compositions finally 
selected for Stages I and II are depicted in Table 3-6. 

 

Table 3-6. Initial bentonite porewater compositions for the buffer (same composition 
for Reference 1 and 2 MX-80 bentonites) considered in the simulations for the 
unsaturated (Stage I) and the saturated period (Stage II). 

Porewater concentration (mol/L) 
Stage I Stage II 

Disk blocks Rings Buffer 

pH (-) 7.871 7.871 7.179 

pe (-)   -2.973 

SO4 9.547·10-2 9.538·10-2 6.249·10-2 

Cl 5.153·10-4 8.021·10-4 4.804·10-2 

CDIC 5.915·10-4 5.913·10-4 3.095·10-3 

SiO2 2.237·10-3 2.237·10-3 1.994·10-3 

FeTotal - - 1.394·10-6 

Na 1.501·10-1 1.502·10-1 1.412·10-1 

K 1.400·10-3 1.401·10-3 1.297·10-3 

Ca 1.463·10-2 1.464·10-2 1.215·10-2 

Mg 5.786·10-3 5.790·10-3 4.577·10-3 

 

3.1.3 Thermodynamic data 

The main thermodynamic data required for the simulations of the thermal unsaturated 
period are the precipitation and dissolution constants for the different solid phases, 
aqueous complexes and the cation exchange constants for the montmorillonite fraction 
of the bentonite. All chemical reactions have been assumed in equilibrium, i.e. no 
kinetic reactions have been considered. 
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The thermodynamic database considered in this study for TOUGHREACT is the R4 
version of the EQ3/6 database developed for the Yucca Mountain Project (Wolery and 
Jove-Colon, 2004), and is commonly used in TOUGHREACT for geochemical models. 
This thermodynamic database includes stoichiometric reactions, stability constants (log 
K), and regression coefficients of log K as a function of temperature, so that the range 
10-90 ºC is covered. Some of the relevant reactions are shown in Table 3-7. In addition, 
the model parameters for the cation exchange reactions are depicted in Table 3-8 (from 
Bradbury and Baeyens 2002). 

 

Table 3-7. Thermodynamic data at 25 ºC and solubility reactions for relevant minerals 
in the thermal period, as defined in (Wolery and Jove-Colon 2004). 

Mineral Reaction Log K 

anhydrite CaSO4 ↔ Ca2+ + SO4
2- -4.3064 

calcite CaCO3 + H+ ↔ Ca2+ + HCO3
- 1.8487 

SiO2 (amorphous) SiO2 + 2H2O ↔ Si(OH)4 -2.7136 

 

Table 3-8. Cation exchange reactions implemented for the montmorillonite in the MX-
80 (from Bradbury and Baeyens 2002). 

Cation Exchange Reactions Log K (selectivity coefficients) 

X- + Na+ ↔ NaX 0.00 

X- + K+ ↔ KX 0.60 

2X- + Ca2+ ↔ NaX2 0.41 

2X- + Mg2+ ↔ MgX2 0.34 

 

3.2 Input data for Stage II (long-term evolution) 

3.2.1 Transport parameters 

The flow rates through the fractures and through the backfill, denoted as Q, for the 
numerical simulations of Stage II were derived from the results of the flow modelling of 
the near-field in (Hartley et al. 2012). The flow rates adopted here correspond to the 
following cases: 

 Inflow through a fracture intersecting the buffer: the case assuming spalling of 
the rock around the buffer is considered, with a flow rate for the reference case 
of 4·10-4 m3/year. 

 Inflow through a fracture intersecting the backfill: the case assuming spalling of 
the rock around the tunnel is considered, with a flow rate in the fracture 
intersecting the deposition tunnel of 5·10-3 m3/year. 

 Flow rate through the tunnel due to a regional flux: calculated as the Darcy flux 
multiplied by the tunnel cross-sectional area (14 m2). Assuming that there is one 
fracture every 9.1 m tunnel section (corresponding to the OL1-2 fuel design), the 
flow rate in the fracture is 2·10-4 m3/year. 
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In all these cases, and according to the cumulative distribution of the flow rate in the 
fractures provided in (Hartley et al. 2012), it has been assumed that the flow rate is 
approximately the one corresponding to the 50 % value of the cumulative distribution. 
In the sensitivity analysis, bounding cases corresponding to 10 and 75 % of the 
cumulative distribution have also been simulated. The only exception is the lowest flow 
rate value used for Case 1. In this case, the value was set so that the ratio between 
diffusive and advective transport is arbitrarily high (see Section 5.1.1). The lowest and 
highest values corresponding to these cases are the following: 

 flow rate for Case 1: 2·10-7 and 5·10-3 m3/y, respectively; 
 flow rate through the fracture intersecting the backfill for Case 2: 2·10-2 and 

2·10-4 m3/y, respectively; 
 flow rate along the backfill for Case 2: 3·10-5 and 8·10-4 m3/y, respectively. 

The values presented above have been directly used in the simulations in the cases of 
flow entering the backfill through the fracture and along the longitudinal axis. For the 
flow rate through the fracture in the buffer-fracture system, a different methodology has 
been followed, since in this case the fracture is explicitly discretized (to capture the 
effects of out-diffusion of solutes from the buffer on the fracture groundwater 
composition). In this case, the flux is prescribed on the fracture plane boundaries. In 
PHAST, the input parameters needed to simulate transport in the fracture are: the 
fracture porosity (), the fracture thickness (wf), the diffusion coefficient in water (Dw), 
the hydraulic conductivity of the fracture (Kf), and the hydraulic head gradient (i). A 
value for Kf of 5·10-10 m/s has been selected according to (Follin et al. 2005), which 
allows to calculate the hydraulic gradient as i = ·Url/K, where Url is the Darcy velocity 
of the flux. To calculate this velocity, it is assumed that it is equivalent to the velocity of 
the flux entering the buffer, which is calculated as Q/(·Rbuff··wf), in which Rbuff = 
0.875 m. Therefore, since wf, Dw, Kf, and  are fixed values, the only input parameter 
that needs to be calculated is the hydraulic gradient (i). Table 3-9 gathers the values 
used in this derivation. 

For the backfill material, the same effective diffusion coefficient as for the buffer blocks 
has been assumed given the lack of more reliable data. However, it is not expected that 
the value will differ significantly, given a high dry density of 1720 kg/m3 assumed for 
the backfill (Wersin et al. 2011). In addition, Ochs (2006) suggests to use the same 
empirical equation as a function of dry density, as derived from other types of 
bentonites (Ochs and Talerico, 2004), to calculate the effective diffusivity of a Friedland 
clay backfill. However, it is noted that given the high hydraulic conductivity assumed 
for the backfill, it is expected that advective transport will be more important than 
diffusive transport in this case. In Table 3-10, the transport parameters used in the 
simulations for Stage II are presented. 

Different hydraulic conductivities have been assumed for each material (Table 3-10). 
The hydraulic conductivity of the buffer used is 1·10-12 m/s, which is in agreement with 
the value used for the flow modelling performed by (Hartley et al. 2012), from which 
the input data regarding the flow rates through the fracture and through the backfill have 
been derived. However, this value does not coincide with the value used in the thermal 
period. A sensitivity case has been therefore simulated assuming a hydraulic 
conductivity of 1·10-14 m/s, to be consistent with the simulations in the thermal period 
and to determine the effect of such a variation on the geochemical processes. 
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Table 3-9. Data for the calculation of Q in the fracture for buffer-fracture system. 

Parameters Units Value 

Dw m2·s-1 1·10-9 

LF m 7.75 

Url m/year 8.32·102 

 - 3.5·10-4 

wf m 0.005* 

* LF is the fracture length discretized in the model 
** This value is not a realistic fracture aperture, but the discretized fracture width in the model 
 
Table 3-10. Hydraulic conductivity, porosity, and dispersivity of the fracture, buffer and 
backfill for the numerical simulations of the Stage II. See Section 3.1.1 for details on 
tortuosity and porosity values. 

 Fracture Buffer Backfill 

Hydraulic conductivity (m·s-1) 5·10-10 1·10-12 1·10-10 

Tortuosity for diffusion (-) 1.0 0.18655 0.18655 

Porosity (-) 3.5·10-4 0.382 0.38 

Longitudinal dispersivity (m) * 0.15 0.15 0.15 

Cross dispersivity (m) 0 0 0 

 * Assumed value 

3.2.2 Geochemical data 

All PHAST (isothermal) simulations have been carried out assuming a temperature of 
15 ºC, to be consistent with the hydrochemical modelling work in (Trinchero et al. 
2013). 

Backfill mineralogical and porewater composition 

In addition to the assumptions and input data given in Section 3.1.2, the material 
composition of the backfill needs to be defined. The backfill is only considered in the 
numerical simulations of Case 2 of Stage II. The mineral composition of the backfill 
used in this study corresponds to the homogenized composition of the backfill materials 
in the reference design. It mainly consists of Friedland clay blocks (around 61 vol %), 
but Milos bentonite is also used as pellets and granules (39 vol %). The averaged 
mineral phase assemblage of the clay mixture is described in Table 3-11. 

The initial porewater of the backfill has been determined using PHREEQC in a similar 
way than for the buffer (see Section 3.1.2). However, it has been assumed that the 
backfill porosity (0.381) is entirely saturated with the surrounding saline groundwater in 
this case. The assumption is based on the fact that initial degree of liquid saturation of 
the backfill is less than 0.4, much lower than that of the buffer (> 0.75). Therefore, it is 
expected that the porewater composition in the saturated state will be dominated by the 
groundwater composition. In this way, the mineral phase assemblage, the cation 
exchanger and the protonation/deprotonation surfaces of the montmorillonite fraction 
have been equilibrated with KR20_465_1 groundwater. The resulting initial 
composition of the backfill porewater is presented in Table 3-12 and is in equilibrium 
with all the minerals in Table 3-11 (except smectite, which is not included in the 
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simulation). It may be observed that the resulting porewater composition does not differ 
significantly from KR20_465_1 composition (Table 3-3, which is already in 
equilibrium with calcite, pyrite, and SiO2(am)), see e.g. Cl concentration or pe. Table 3-
12 

The initial exchanger composition (CEC = 2.1 eq/L water) in equilibrium with the 
porewater, which has been used in the simulations, is 50.17 % NaX, 44.0 % CaX2, 2.45 
% MgX2, 3.39 % KX. 

 

Table 3-11. Mineral composition of the averaged backfill (Wersin and Rosch, 2011).  

Mineral wt% mol/kgw* 

smectite 48.6*** - 

calcite 2.2 0.9862 

dolomite 0.3 0.0730 

siderite 1.1 0.4260 

gypsum 1.9 0.4951 

SiO2(am)** 17 12.6948 

pyrite 0.8 0.2992 

CEC 2.1 (eq/Lwater)  

BET surface area 20.4 (m2/g)  

* Assuming a porosity of 0.38 and a dry density of 1,705 kg/m3 

** Assuming quartz, tridymite and cristobalite as amorphous silica 
*** This value is only given for information, but it is not used in the simulations (smectite dissolution is 
not, and CEC of the smectite is given referred to weight of dry bentonite) 
 
 
Table 3-12. Calculated initial porewater composition of the backfill for the numerical 
simulations of the Case 2, Stage II. 

Species Porewater concentration (mol/L) 

pH (-) 7.31 

pe (-) -3.018 

SO4 2.364·10-2 

Cl 1.839·10-1 

Cinorg Total  7.509·10-4 

SiO2  2.026·10-3 

FeTotal 3.130·10-4 

Na 1.607·10-1 

K  2.819·10-3 

Ca 3.203·10-2 

Mg 1.933·10-3 
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Groundwater composition 

Regarding the groundwater, the same reference compositions have been considered in 
the different periods (i.e. KR20_465_1 and KR6_135_8). However, in the long-term 
simulations with PHAST, a mixing sequence between the two waters has been 
considered. From 0 to 1,000 years, groundwater KR20_465_1 is assumed. 
Subsequently, a linear mixing in time of KR20_465_1 and KR6_135_8 between 1,000 
and 1,100 years (another scenario considering a slower mixing between 1,000 and 2,000 
years was carried out for comparative purposes) has been assumed. KR6_135_8 
groundwater has been considered thereafter (until 100,000 years). 

3.2.3 Thermodynamic data 

The main thermodynamic data required for the long-term saturated period simulations 
are essentially the same as for the thermal period. In addition, the constants for the 
protonation/deprotonation reactions for the montmorillonite mineral surface of the 
bentonite need to be defined. Finally, other secondary minerals present in the bentonite 
that are not considered in the thermal period have been included in the simulations with 
PHAST, since their potential effect on the long term evolution may be relevant. All 
chemical reactions have also been assumed in chemical equilibrium. 

The thermodynamic database considered in this study with PHAST is the R4 version of 
the EQ3/6 database developed for the Yucca Mountain Project (Wolery and Jove-Colon, 
2004), which has been adapted from the 25 °C thermodynamic data from the EQ3/6 
DATA0.YMP.R4 format to the PHREEQC format elsewhere (SN0410T0510404.002). 
It should be noted that differences may be found when comparing results obtained using 
the two thermodynamic databases due to differences in the models implemented for 
calculating activity coefficients in TOUGHREACT and PHAST. Thus, the reformatting 
does not imply that the results will be identical with both codes. Some of the relevant 
reactions are shown in Table 3-13 (in addition to the reactions in Table 3-7). In addition, 
the model parameters for the protonation/deprotonation reactions are depicted in Table 
3-14 (from Bradbury and Baeyens 2002). 

 

Table 3-13. Thermodynamic data at 25 ºC and solubility reactions for relevant minerals 
in the long-term saturated period, in addition to those defined in Table 3-7, as defined 
in (Wolery and Jove-Colon 2004). 

Mineral Reaction Log K 

Gypsum CaSO4·2H2O ↔ Ca2+ + 2H2O + SO4
2- -4.4823 

Siderite FeCO3 + H+ ↔ HCO3
- + Fe2+ -0.192 

Dolomite CaMg(CO3)2 + 2H+ ↔ HCO3
- + Ca2+ + Mg2+ 2.5135 

Ferrihydrite (amorphous) Fe(OH)3(am) + 3H+ ↔ Fe3+ + 3H2O 5.00 

 

It is noted that for Stage II simulations the thermodynamic database has been altered 
according to the geochemical system: the S(-II)/S(VI) and C(-IV)/C(VI) redox pairs 
have been decoupled in the thermodynamic database. This is because it is assumed that 
these reactions are catalysed by bacterial activity, which is considered to be absent at 
the bentonite density expected in the buffer (Pedersen 2000). 
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Table 3-14. Surface complexation reactions implemented for the montmorillonite in the 
MX-80 and in the averaged backfill clay composition (from Bradbury and Baeyens, 
2002). Z and Y represent the weak surface sites used in Bradbury and Baeyens (2002). 

Site types Site Capacity (mol·kg-1 dry bentonite) 

ZOH 4.0·10-2 

YOH 4.0·10-2 

Surface complexation reactions Log K 

ZOH + H+ ↔ ZOH2
+ 4.5 

ZOH ↔ ZO- + H+ -7.9 

YOH + H+ ↔ YOH2
+ 6.0 

YOH ↔ YO- + H+ -10.5 
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4 STAGE I: RESULTS FOR THE THERMAL PERIOD 

The main objective of the models presented in this chapter is to describe the transient 
evolution of the main thermal-hydraulic parameters during the thermal stage, i.e. 
temperature, pressure and degree of liquid saturation, and their influence on the 
mechanisms of solute transport and on the reactivity with the solid phases. 

During the thermal period, the concentrations of the conservative solutes evolve 
according to the mixing mechanisms, under a scenario of potential water evaporation 
and condensation close to the canister boundary. On the other hand, the distribution of 
the reactive solutes is also influenced by changes of mineral solubilities and cation 
exchange capacities. These mechanisms have been extensively explained in the 
framework of the models developed from the LOT-A2 experiments (Sena et al. 2010b) 
and for SKB reference design in (Sena et al. 2010a). In the following, the results 
obtained for the specific Posiva reference design in the conditions prevailing at 
Olkiluoto are thoroughly discussed. 

4.1  Thermal behaviour of the bentonite buffer 

As outlined in previous sections, the saturation of the buffer is not only controlled by 
the hydraulic conditions in the buffer and the surrounding bedrock, but also by the 
thermal evolution of the near-field due to heat decay from the spent fuel (as shown in 
Figure 2-4). In addition, elevated temperatures during the cooling phase could lead to 
significant changes in the geochemical behaviour of the buffer.  

The heat production of the spent fuel leads to a significant elevation of the buffer 
temperature, which is maximal in the vicinity of the canister (at the canister-buffer 
interface, which will also be referred to as the hot side, as temperature is maximal at this 
interface), and in particular at the canister mid-height. Temperature decreases 
proportionally to the distance from the heat source, and is significantly lower at the 
topmost disk blocks above the canister. The temperature evolution until 20,000 years of 
different points in the bentonite buffer and the surrounding bedrock, as depicted in 
Figure 4-1, is shown in Figure 4-2. 

  



48 

 

 

 

Figure 4-1. Different points (in red) used in the plots, in the bentonite buffer: point A: r 
= 0.53 m, z = 2.9 m, point B: r = 0.875 m, z = 2.9 m and point C: r = 0.275 m, z = 6.55 
m); and in the surrounding bedrock: point D (r = 2.9 m z = 2.9 m). Vertical profile (in 
green) considered for temperature evolution plots (r = 0.70 m). 

 

 

Figure 4-2. Calculated temperature evolution at different points (see Figure 4-1) in the 
bentonite buffer and in the surrounding bedrock. The results correspond to the 
reference case (saturation reached after 260 years). 
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It is observed that in the inner boundary of the buffer, the temperature increases from 
25 ºC to almost 80 ºC during the first years, reaching its maximum value at 20 years. In 
turn, the outer boundary (which will also be referred to as the cold side, as buffer 
temperature is minimal at this interface) reaches its maximum value of around 65 ºC at 
40 years. The thermal gradient varies with time with a difference of 23 ºC at the 
beginning of the thermal period (less than 1 year after deposition) and is gradually 
reduced from 20 ºC to 0 ºC from 10 years to 10,000 years after deposition. The variation 
of temperature across the buffer thickness is almost linear. 

The temperature distribution at different times after deposition is presented in Figure 4-
3 and Figure 4-4. It is observed that the buffer is rapidly heated, especially in the 
bentonite rings around the canister. The buffer is predicted to remain below 80 ºC 
throughout the simulation. The maximum temperature, which is around 78.5 ºC at the 
canister-buffer interface, is reached at about 20 years after deposition. Thereafter, a 
relatively fast temperature decrease is observed. After 300 years the entire domain is 
below 60 ºC, while after 1,000 years the temperature is still above 50 ºC. This is 
consistent with recent results obtained for the thermal evolution of a similar repository 
design at Olkiluoto (Toprak and Olivella 2011). However, the present model predicts 
that after a period of time as long as 20,000 years the temperature does not reach the 
ambient temperature of the bedrock (11 ºC), but shows a very slow decrease. After 
20,000 years the temperature reaches 33 ºC, although the cooling rate at this point is 
increasing. 
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Figure 4-3. Calculated temperature distribution in the modelled domain at different 
times after deposition. The results correspond to the reference case (saturation reached 
after 260 years). 
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Figure 4-4. Calculated temperature distribution in a vertical profile at a distance of 
0.70 m from the centre of the canister, as depicted in Figure 4-1 (which corresponds to 
the buffer half-thickness), at different times after deposition. The results correspond to 
the reference case (saturation reached after 260 years). 

 

The thermal evolution of the near-field is very sensitive to the boundary conditions used 
in the thermal analysis, especially for long-term predictions (> 1,000 years). As stated in 
Section 2.2.4, a semi-analytical solution (Pruess et al. 1999) has been adopted in this 
study for the heat exchange between the explicitly represented domain in the mesh and 
two impervious confining layers with semi-infinite thickness (on top and bottom of the 
model). This is done to simulate heat dissipation in the vertical direction, which is a 
crucial aspect for the thermal analysis, while at the same time avoid increasing the size 
(degrees of freedom) of the model. The reason behind a relatively high temperature in 
the modelled domain in the long term (> 1,000 years) is related to this boundary 
condition. In other studies of the thermal evolution of similar systems (e.g. Toprak and 
Olivella, 2011), where lower temperatures were predicted for longer periods, a limited 
part of the bedrock above and below the near-field is explicitly modelled for this reason 
(in the range of 102 m above and below). However, the boundary conditions on top and 
bottom of the modelled bedrock generally consist of prescribed temperature equal to the 
undisturbed bedrock temperature. This causes that, from the time the heat front reaches 
the boundary of the model, heat dissipation will be higher in this case compared to a 
case where the entire mass of surrounding bedrock is considered (as in the present case, 
where the semi-analytical calculation considers a semi-infinite medium). Scoping 
thermal calculations with TOUGHREACT have been performed in the present study 
explicitly considering a bedrock domain of 200 m above and below the near-field (i.e. 
total depth of the model of 407.8 m) with a prescribed temperature (11 ºC) as boundary 
condition on top and bottom of the model. The results confirm that the higher heat 
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dissipation leads to a temperature evolution in the long term that approaches the 
undisturbed bedrock temperature. 

It should also be noticed that a 2D axisymmetric representation is not able to capture the 
effect of a finite size of a deposition panel (i.e. with several deposition tunnels) in the 
repository. In real conditions, heat dissipation in the horizontal direction from the panel 
boundaries will have an effect on the temperature field (lower temperatures) in the long 
term.  

It should be noted that the main aim of this report is the geochemical analysis of the 
system. In this regard, the results presented here show a temperature of around 20 ºC 
higher than the undisturbed bedrock one in the long-term (> 1,000 years). This scenario 
may be regarded as a conservative scenario, since anhydrite precipitation in the hot side 
of the buffer and amorphous silica redistribution within the buffer would be lower than 
predicted in this study if temperature were closer to the undisturbed bedrock one. 
Moreover, cation exchange reactions are relatively insensitive to these temperature 
differences (Itälä and Muurinen 2012). 

It is noted that only very minor variations in temperature distribution and its time 
evolution have been observed when analysing the sensitivity cases. Indeed, different 
saturation times did not have a significant influence on the temperature evolution (less 
than 1.5 %). 

4.2 Mechanisms of water saturation 

As stated in Section 1.1, it is stressed that the determination of the time needed for the 
buffer to reach full saturation is not an objective of the model, similar to the work in 
(Sena et al. 2010b). Instead, different scenarios are considered in which full saturation is 
forced to be reached at different times, in order to assess the effects of the saturation 
process on the geochemistry of the near-field. The most probable evolution of the water 
saturation of the buffer is being evaluated in a different study (Pintado & Rautioaho 
2013). 

The initial water saturation of the buffer is different for the bentonite rings around the 
canister and the bentonite disks above and below the canister. In the former, it is of 83.1 
%, while the disks have a liquid saturation of 75.6 %. This difference will be reduced 
with time due to a contrast in the capillary pressures that drives the saturation of the 
bentonite disks at the expense of the water in the buffer rings.  

The buffer is progressively saturated by the surrounding groundwater entering the 
buffer only through the intersection with the fracture plane, which in the present 2D 
axisymmetric simulations is represented as the outer perimeter of the buffer at the 
fracture level. The underlying assumption behind this model is that the rock around the 
buffer is impervious, i.e. it does not present micro-cracks, and that therefore significant 
saturation can only occur through an intersecting fracture. This assumption is relevant 
for the geochemical evolution of the buffer, since a localized source of groundwater will 
lead to a significantly different interaction than a case in which the groundwater enters 
the buffer through its entire outer surface area.  

The driving forces for the saturation process in the simulations are on one hand the 
piston like flow due to the hydraulic pressure gradient between the groundwater and the 
buffer porewater; on the other hand, saturation is forced by the capillary pressure 
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(suction) developed in the bentonite. Both processes govern the development of the 
humidity front, moving from the fracture-buffer interface towards the inner side of the 
buffer and towards the top and bottom edges, showing initially a semi-circular shape. 
The saturation distribution is non-symmetrical due to the design of the buffer, with a 
different thickness above and below the canister. The saturation process in terms of 
degree of liquid saturation for the three different cases studied in this work is shown in 
Figure 4-5 and in Figure 4-6 for the reference case. In Figure 4-6, the liquid saturation 
of the host rock is 0, which has been set in order to avoid chemical speciation in that 
domain, for computational reasons. This has no implication in the results, since the only 
goal of including the host rock in the simulations is for the thermal analysis. 

Regarding the time at which the bentonite buffer is fully water saturated (which is 
expected to range between 50 years and several hundreds of years, according to recent 
simulations by Pintado & Rautioaho (2013), different cases have been considered as 
shown in Figure 4-5. The different times needed to reach full water saturation of the 
bentonite buffer have been calibrated as a function of the pressure gradient between the 
bentonite buffer and a point in the fracture at a sufficiently long distance from the 
buffer. 

In this work, full saturation of the buffer is defined as the state in which the entire buffer 
domain has a liquid saturation higher than 0.995 (the last portion of the buffer to reach a 
liquid saturation of 1.0 is the topmost, near the buffer axis (r = 0 m in the model). The 
reason to adopt this value is due to the fact that the uppermost region of the buffer 
(which distance to the fracture, or water source, is maximal) takes years to increase the 
saturation from 0.995 to 1.0, while the difference in water volume in the system is 
negligible (less than 0.5 % of the difference between the water volume at full saturation 
and the initial water content) and can thus be considered as fully saturated. 

Once the buffer is fully saturated, the advective flux falls to almost zero (since the 
boundary condition is not flux but prescribed pressure). From this point on, diffusion 
becomes the dominant solute transport process. An additional case where the 
groundwater composition in the fracture is fixed has been calculated in order to simulate 
the existence of a highly advective flow rate along the fracture (a fast renewal of the 
fracture groundwater, see Section 4.5.1). This sensitivity analysis has been performed 
for the reference case where the bentonite saturation occurs at 260 years. 
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Figure 4-5. Vertical profiles of calculated liquid degree of saturation at different times 
after deposition for three different cases: saturation after 95, 260 and 500 years. The 
vertical profiles correspond to the buffer half-thickness, at a distance of 0.70 m from the 
centre of the canister, as depicted in Figure 4-1. 
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Figure 4-6. Liquid degree of saturation at different times after deposition for the 
reference case (saturation after 260 years). 
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It could be expected that as a consequence of the temperature gradient that is established 
in the bentonite, the porewater would evaporate close to the contact with the canister. 
This would induce a decrease of water saturation of the bentonite, and an associated 
condensation process would occur where the temperature decreases, behind the 
evaporation front, increasing water saturation with respect to the initial value. However, 
in this study, under the given initial and boundary environmental conditions, and for the 
given material properties (retention curves, porosity, etc.), no significant heat-induced 
drying has been observed in any of the simulations presented here.  

4.3 Conservative transport of a tracer 

As in (Sena et al. 2010b), chlorine has been considered as a conservative component in 
the aqueous solutions (i.e. it does not interact with any solid or other aqueous species in 
the simulations). In this context, the temporal distribution of chlorine concentration 
reflects the role of the advective and diffusive transport mechanisms during the 
evolution of the near-field. As previously outlined, during bentonite saturation advective 
flow induced by the existence of a pressure gradient between the regional groundwater 
and the bentonite porewater is the main transport mechanism. After saturation of the 
bentonite, advection becomes negligible and diffusive transport prevails. 

The considered hydrological scenario assumes that groundwater flow along the fracture 
is of low magnitude and that therefore the concentration of solutes in the fracture 
groundwater in the vicinity of the buffer may be affected by the geochemical evolution 
of the buffer (by diffusion). This is observed in Figure 4-7, in which chlorine 
concentration in the fracture is stable only until around 2,500 years. Thereafter, chlorine 
concentration slowly decreases near the buffer-rock interface to reach equilibrium with 
the porewater concentration. This equilibrium state is characterized by a non-linear 
profile of chlorine concentration in the fracture plane as shown for 10,000 years in 
Figure 4-7. 

The difference of chlorine concentrations between the bentonite porewater and the 
groundwater far from the buffer is due to the very different porosities of the bentonite 
and the bedrock lithology (bentonite pore volume is much higher than the fracture pore 
volume). Thus, diffusion of chlorine from groundwater in the fracture to bentonite 
porewater induces a significant decrease of the chlorine concentration in the 
groundwater, while salinity of the bentonite porewater is not too much affected (Figure 
4-7). 
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Figure 4-7. Chlorine concentration profiles at the fracture plane (radial direction), 
including the buffer (until r = 0.875 m) and the fracture, at different times after 
deposition for the reference case. Note the depletion of chlorine in the fracture from 
5,000 years on. 

 

Figure 4-7 also shows that chlorine concentration in the buffer at fracture level is first 
significantly increased, and that after a given time it gradually decreases and reaches an 
equilibrium concentration at about 0.04 mol/kgw. To explain this behaviour, which has 
not been observed in the 1D simulations in (Sena et al. 2010b), a closer look to the 2D 
distribution of chlorine is needed. Figure 4-8 depicts the chlorine concentration in the 
domain at 4 different times after deposition (50, 250, 1,000 and 10,000 years). The 
concentration observed in the host rock (except at the fracture level) and the canister 
part of the domain is not relevant in this work, since chemical speciation is not 
calculated in these two domains (they remain inert throughout the simulation). In 
addition, the temporal evolution of the chlorine concentration (and liquid saturation) at 
different points at the fracture level, and at 1.2 m above and below the fracture level 
(shown in white in Figure 4-8) is presented in Figure 4-9. It can be observed that in the 
first 100 years the chlorine concentration within the bentonite in the fracture plane 
reaches its maximum. At a given point, the time at which this maximum is attained 
coincides with the time to reach full saturation (see e.g. Figure 4-5). This indicated that 
advective flux is responsible for the rather sharp increase in chlorine concentration. 
However, as soon as this maximum is reached (i.e. full saturation at a given point is 
reached), transport of chlorine in the axial direction by advection but also (and 
especially) by diffusion prevails and chlorine concentration decreases. 
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Figure 4-8. Chlorine concentration distribution in the 2D axisymmetric domain at 
different times after deposition (50, 250, 1,000 and 10,000 years), and points in the 
buffer for point evolution plots in Figure 4-9. 
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Figure 4-9. Chlorine concentrations and liquid saturation (x0.1) at different points for 
three levels: at fracture level, and 1.2 m above and below the fracture. Results 
corresponding to the reference case (full saturation at 260 years). 
 

The reason why the maximum values of chlorine concentration near the fracture plane 
are higher than at a certain distance from it is related to the mixing between the 
groundwater (with a high chlorine concentration) and the bentonite porewater. 



60 

 

 

However, the maximum concentration of chlorine in other locations in the buffer is a 
result of mixing the initial concentration in the porewater with the mixed concentration 
of the porewater at the fracture level after saturation of this region (which is lower than 
the groundwater concentration). 

In the reference case full saturation of the buffer is reached at 260 years. Thereafter, 
transport processes are almost exclusively by diffusion, gradually homogenizing the 
chlorine concentration in the whole buffer. After 10,000 years, the concentration of 
chlorine is already homogenized and in equilibrium with the surrounding groundwater 
in the fracture, as observed in Figure 4-8, and also in Figure 4-9, showing that all the 
points tend to the same chlorine concentration in the long term. 

Figure 4-9 also shows that the transport of chlorine is radial in the fracture plane, but in 
the other two sections (1.2 m above and below this plane) the temporal evolution of the 
two points is almost identical, meaning that transport of chlorine in these regions is 
essentially in the axial (vertical) direction. Moreover, it is observed that transport is not 
symmetrical in the axial direction with respect to the fracture plane due to the the 
different amount of bentonite below and above the canister. 

Finally, an additional case has been simulated in the sensitivity analysis considering that 
groundwater in the fracture preserves the chemical composition throughout the 
simulation due to high dispersivity effects, corresponding to a fracture with a high flow 
rate (see Section 2.2.5 and Section 4.5.1 for more details). In this way, near the buffer 
the composition of the groundwater in the fracture may vary from its initial state, but a 
high dispersivity in the fracture will tend to homogenize it. In this case, the results show 
that the groundwater composition in the fracture is almost not modified. Figure 4-10 
presents the temporal evolution of four points in the buffer for the two cases. The 
chlorine behaviour within the buffer shows the same trend than the 1D results obtained 
in (Sena et al. 2010b) for a high flow rate: chlorine concentration constantly increases in 
the whole buffer and after 10,000 years it is almost in equilibrium with the chlorine 
concentration in the fracture. In contrast, the reference case considering a low flow rate 
gradually reaches an homogenized equilibrium concentration of chlorine of 0.04 
mol/kgw. The temporal evolution of chlorine at a given point is similar in both cases 
until liquid saturation in that particular point is reached. After this, there is a sharp 
increase in the high flow rate compared to the reference case.  

The differences are due to the evolution of the chlorine concentration in the fracture, at 
the vicinity of the buffer, and to a high dispersion in the fracture. In the low flow case, 
the concentration in the fracture depends on the chlorine behaviour in the buffer (see 
Figure 4-7). On the other hand, the concentration in the high flow case is much less 
sensitive to changes in the buffer due to the rapid mixing of the species diffusing out of 
the buffer with the flowing groundwater. These differences are depicted in Figure 4-11, 
where it can be observed that in the high flow case the chlorine concentration is only 
slightly affected by the evolution of the buffer, as opposed to the low flow case, in the 
long term.  

Although the trends are similar, the temporal evolution of chlorine is different to the 
results in (Sena et al. 2010b). This is due to the fact that in the present work the 2D 
axisymmetric nature of the model allows considering the transport processes in the axial 
direction, with a more realistic mass ratio of bentonite porewater-to-groundwater. These 
features help minimizing the impact of the high flow rate in the fracture on the buffer 
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behaviour. As will be detailed in the next section, the geochemical evolution of the 
system in terms of porewater and mineralogical composition shows similarities in both 
flow cases, except for anhydrite evolution . These results are important in the sense that 
they reduce the impact of the uncertainty of the flow rate through the fracture on the 
geochemical evolution of the system. 

 

 

Figure 4-10. Chlorine concentration for the low and high flow rate cases at different 
points: (a) at the fracture level (mid-point); (b) 1.25 m above the canister top and radial 
coordinate of 0.25 m; 1.2 m above (c) and below (d) the fracture. The results 
correspond to the case reaching full saturation in 260 years in both cases. 
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Figure 4-11. Chlorine concentration in the fracture for the low and high flow rate cases 
at a distance of 2 m from the buffer. The results correspond to the case reaching full 
saturation in 260 years. 

 
4.4 Reactive transport of solutes and mineral reactions 

In this section, the results of the reactive transport of solutes and the mineral reactions 
occurring in the buffer are presented and discussed in detail. First, the results are 
presented together for the reference case to show the coupling between the different 
physical and geochemical processes. Thereafter, each geochemical process is discussed 
separately. 

The temporal THC and mineralogical evolution at different points in the buffer is 
presented in Figure 4-12 to Figure 4-15 for the reference case (the same points 
considered in Figure 4-8 at fracture level and above, with the exception of the point in 
the middle of the buffer at the fracture level, which is not included here). The plots 
represent the evolution of the temperature, liquid saturation, porewater composition, pH, 
and mineralogical composition (including the cation exchanger composition) for points 
in the fracture plane and 1.2 m above the fracture plane, where the local effects induced 
by the presence of the fracture are not relevant. The results at 1.2 m below the fracture 
level are not shown because they are very similar to those at 1.2 m above the fracture 
plane (only small variations in porewater composition have been identified, while 
mineralogical changes are the same). 

First of all, it can be observed that the changes in mineralogy are not very important, 
and that even the exchanger composition remains relatively stable throughout the 
simulated time. Near the hot side, anhydrite precipitates due to the high temperatures at 
this buffer region, although the volume fraction remains below 2.0 %. In turn, 
amorphous silica slightly dissolves in the hot side, and calcite remains stable 
everywhere in the buffer domain. 

On the other hand, anhydrite precipitation is observed only at the early stage in the 
buffer-rock interface, while in the long term it completely dissolves. Amorphous silica 
precipitates in the cold side due to the dissolution in the hot side and subsequent 
transport by diffusion of SiO2(aq).  
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In the immediate vicinity of the buffer-fracture interface, the behaviour is different due 
to the strong interactions of a non-diluted groundwater with the bentonite. In this 
localized region, anhydrite dissolves quite fast. However, after 100 years anhydrite 
starts precipitating near the fracture. This is due in part to a cross-diffusion of calcium 
(diffusing into the buffer) and sulphate (diffusing out of the buffer) which induces 
porewater oversaturation with respect to anhydrite. This process is also coupled to the 
exchanger evolution. 

The exchanger composition also presents a different behaviour, showing a rapid 
increase in calcium (in 30 years) at the expense of sodium. This change is driven by 
diffusion of sodium out of the buffer and calcium transport from the groundwater to the 
buffer. However, soon after reaching liquid saturation at the canister-buffer interface (at 
fracture plane level) the tendency is reversed, and calcium is released again into the 
porewater, affecting the anhydrite precipitation / dissolution process. After full liquid 
saturation (at around 260 years), the exchanger composition is very similar to its initial 
one (see Section 4.4.4 for more details). 

Amorphous silica also partially dissolves until around 260 years, and then starts 
precipitating (once full buffer saturation has been completed), although not reaching its 
initial volume fraction (see Section 4.4.2). Regarding amorphous silica, the region 
showing a different behaviour in the cold side concentrates in a small semicircle (with a 
radius of 6 cm) around the buffer-fracture interface.  

In every case, the pH remains between 6.86 and 8.05, first decreasing from its initial 
value (pH 7.9) to around 7.5 mainly due to the effect of temperature on the water 
dissociation reaction, and then gradually increasing until a value of approximately 7.7 at 
10,000 years (see Figure 4-12). The lowest pH is found near the fracture, where it drops 
to around 7.0 due to the mixing with groundwater (combined with the thermal effect). 
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Figure 4-12. Temporal evolution of mineral phases, exchanger composition, 
temperature and liquid saturation (top), and porewater composition (bottom) of the 
MX-80 bentonite at the canister-buffer interface at the fracture plane level. The results 
correspond to the reference case. 
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Figure 4-13. Temporal evolution of mineral phases, exchanger composition, 
temperature and liquid saturation (top), and porewater composition (bottom) of the 
MX-80 bentonite at the buffer-rock interface at the fracture plane level. The results 
correspond to the reference case. 
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Figure 4-14. Temporal evolution of mineral phases, exchanger composition, 
temperature and liquid saturation (top), and porewater composition (bottom) of the 
MX-80 bentonite at the canister-buffer interface at 1.2 m above the fracture plane level. 
The results correspond to the reference case. 



67 

 

 

 

 

Figure 4-15. Temporal evolution of mineral phases, exchanger composition, 
temperature and liquid saturation (top), and porewater composition (bottom) of the 
MX-80 bentonite at the buffer-rock interface at 1.2 m above the fracture plane level. 
The results correspond to the reference case. 
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4.4.1 Ca-sulphates and aqueous sulphate concentration 

Ca-sulphates are originally present in the MX-80 bentonite mineralogy in the reference 
case (see Table 4-1, Reference 2 bentonite composition). From the beginning of the 
thermal period, anhydrite gradually precipitates in the bentonite pores in the entire 
buffer due to the temperature increase, except close to the fracture, where anhydrite is 
rapidly dissolved because groundwater is undersaturated with respect to anhydrite. At 
the hot side of the buffer, anhydrite precipitation continues throughout the simulation 
time. A continuous and slow precipitation process is predicted, although with a 
constantly decreasing precipitation rate (at 10,000 years the precipitation rate is 3.9·10-5 
vol%/year). 

The dissolution of the primary Ca-sulphate near the fracture plane is larger, the smaller 
the saturation time. In the immediate vicinity of the fracture-buffer intersection, 
anhydrite completely dissolves in 0.01, 0.1 and 1 years for the cases with saturation 
times of 95, 260 and 500 years, respectively. However, after around 100 years anhydrite 
starts precipitating (see explanation above), in a localized region near the fracture. 

In the rest of the bentonite buffer, i.e. the vast majority of bentonite volume far from the 
fracture plane, anhydrite dissolution in the cold side is also more pronounced as the 
saturation time is reduced. This is depicted in Figure 4-16, showing the anhydrite 
volume fraction in a horizontal plane located in the buffer at 1.2 m above the fracture 
plane for the three saturation times. In turn, precipitation of anhydrite in the hot side is 
significantly increased for shorter saturation times. The maximum anhydrite volume 
fraction in the case where saturation proceeds in 95 years is almost 2.4 times higher than 
the case in which saturation is reached in 500 years. 

Figure 4-17 shows the distribution of anhydrite in the buffer domain for different times 
of the reference case. It can be observed that the dissolution front from the bedrock to 
the canister is not homogenous, but depends on the location of the fracture and the 
presence of the canister. In all cases, the dissolution depth is maximal near the fracture 
plane due to the aggressiveness of the groundwater which is not too diluted by 
porewater in that region. As the distance from the fracture increases, mixing of 
groundwater with the bentonite porewater becomes dominant and the effect of the 
groundwater composition on anhydrite dissolution is reduced. This is a general 
statement that implies a limited effect of the groundwater composition on the evolution 
of the buffer far from the groundwater source.  

The highest anhydrite precipitation is observed in the hot side of the buffer. This 
precipitation has already been observed in a number of field tests, such as the LOT-A2 
experiment (Karnland et al. 2009), the Temperature Buffer Test (Akesson et al. 2012), 
and apparently in the Alternative Buffer Material test (Svensson et al. 2011), and also in 
the numerical models performed for the LOT-A2 experiment (Sena et al. 2010b), and in 
(Sena et al. 2010a). It is noted that the maximum amount of anhydrite predicted by the 
model (volume fraction of around 2.5 % for the reference case) is localized in the 
bentonite next to the canister top and bottom corners (see Figure 4-17). 
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Figure 4-16. Horizontal profiles of Ca-sulphates (anhydrite) volume fraction at 1.2 m 
above the fracture level, where transport processes are essentially in the axial (vertical) 
direction. Results for the cases where saturation is reached at 95 (upper-left), 260 
(upper-right), and 500 (bottom) years.  

 

Anhydrite is progressively dissolved starting after 10-20 years exposure in all cases 
from the contact with the bedrock towards the canister, reaching complete depletion 
close to the buffer-rock interface. Far from the fracture plane, anhydrite depletion is 
reduced in the bentonite rings to a zone of around 22 cm from the bedrock. In turn, the 
bentonite disks below the canister present a similar trend. In the bentonite disks above 
the canisters, complete anhydrite dissolution in the cold side is only observed in the first 
90 cm. In the topmost disk blocks depletion of anhydrite is not as strong as in the rings. 
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Figure 4-17. Distribution of anhydrite in the MX-80 bentonite at different times: 10, 
500, 5,000 and 10,000 years. The results correspond to the reference case. Note that the 
maximum amount of anhydrite in the canister corners is around 2.3 vol. %, but the 
maximum in the scale has been set to 1.4 vol. % for clarity. 

 

Recent measurements of the mineral composition of the MX-80 bentonite indicate that 
Ca-sulphates may be initially absent, as observed for the Reference 1 MX-80 bentonite 
in Table 3-4. In order to study the sensitivity of the overall geochemical evolution to the 
composition of the bentonite, another simulation was performed for Reference 1 
bentonite, otherwise assuming exactly the same parameters as in the reference case (see 
Section 3.1.2). The results are shown in Figure 4-18 regarding the temporal evolution of 
minerals in the hot and cold sides of the buffer, 1.2 m above the fracture plane, and also 
anhydrite distribution at different times. It may be observed that the evolution of the 
different mineral phases and the exchanger composition present the same trends than the 
reference case with initial gypsum (see Figure 4-14 and Figure 4-15), except that in this 
case anhydrite precipitation in the hot side is much reduced. However, when the buffer 
temperature decreases, anhydrite starts dissolving, and after 10,000 years anhydrite has 
almost completely disappeared in the whole buffer (except a small region near the 
canister at the fracture level). Thus, anhydrite precipitation is still predicted in the 
model, even without an initial amount. On the cold side, far from the fracture, anhydrite 
does not form at all.  
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Figure 4-18. Temporal evolution of mineral phases, exchanger composition, 
temperature and liquid saturation of the MX-80 bentonite at the canister-buffer (top) 
and buffer-rock (bottom) interfaces at 1.2 m above the fracture plane level. The results 
correspond to the case considering the Reference 1 MX-80 (without gypsum). 
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Figure 4-19. Distribution of anhydrite in the MX-80 Reference 1 buffer at different 
times. Note that the absolute maximum in this case is 1.18 vol. %, much lower than in 
the reference case. 

 

4.4.2 Amorphous silica, quartz, and aqueous SiO2 concentration 

Quartz (also a small amount of cristobalite) is also a primary mineral of the MX-80 
bentonite. In this work, quartz and cristobalite are considered in the model as 
amorphous silica, which is denoted as SiO2(am) in the following. The reason for 
considering amorphous silica is that it can react faster than quartz, which results in more 
pronounced changes in the geochemical evolution of the system. Quartz 
dissolution/precipitation follows a very slow kinetic rate, limiting the effect on the 
geochemical evolution. For this reason, considering amorphous silica can be regarded as 
a conservative assumption. Nevertheless, a case considering quartz instead of SiO2(am) 
has also been simulated for comparison purposes (see below). 

The results of the model are presented in Figure 4-20 to Figure 4-22 and indicate that 
amorphous silica in the bentonite is preferentially dissolved close to the hot side of the 
buffer, i.e. around the whole canister-buffer interface (including the top and bottom 
parts). Figure 4-20 presents the results of amorphous and aqueous silica for the 
reference case in a horizontal profile at 1.2 m above the fracture plane. It is observed 
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that dissolution of the mineral phase leads to an increase in the aqueous silica 
concentration in the porewater. The reason for this dissolution is the temperature 
dependence of the solubility constant of SiO2(am) (and also quartz). This is depicted in 
Figure 4-23 for both phases: as temperature increases, the solubility constant also 
increases, leading to dissolution of the mineral phase. 

 On the cold side of the buffer, aqueous silica also increases due to a diffusive transport 
from the hot side towards the cold side. This increase leads to SiO2(am) precipitation 
near the buffer-rock interface. As a result, an S-shape profile of SiO2(am) across the 
buffer thickness is obtained, with an inflexion point at the mid-thickness of the buffer 
(where the amount of SiO2(am) is not altered). After 10,000 years this process is not at 
equilibrium but continues to accumulate SiO2(am) at the buffer-rock interface, although 
at a continuously decreasing rate (at 10,000 years the precipitation rate in the cold side 
is as low as 6·10-6 vol%/year in the reference case, and 1·10-5 vol%/year in the fast 
saturation case). 

In the cases with different saturation times the trends are similar to the reference case, 
although the saturation time controls the magnitude of the mineral changes: the lower 
the saturation time, the higher the precipitation in the outer boundary of the buffer, as 
observed in Figure 4-21.  

In the vicinity of the fracture buffer intersection, part of the SiO2(am) is dissolved 
locally (Figure 4-21). The radius of influence of this dissolution is small (around 3 cm), 
and therefore the effect on the overall evolution is negligible. 

Solute diffusion homogenizes the SiO2(aq) concentration in the bentonite porewater 
across the entire buffer when the temperature gradient in the buffer thickness decreases 
to a certain level. Thereafter the SiO2(aq) concentration decreases homogeneously in the 
buffer with time, reaching a value close to the initial concentration after 10,000 years 
(Figure 4-20). 

As a conclusion, the evolution of amorphous silica is essentially controlled by the 
thermal evolution of the system, which triggers the following processes: 

1. Dissolution of SiO2(am) in the hot side of the buffer, 
2. Diffusion of the SiO2(aq) released by SiO2(am) dissolution, from the hot to 

the cold side of the bentonite 
3. Precipitation of silica in the coldest border of the bentonite 
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Figure 4-20. Horizontal profiles of (top) amorphous silica (SiO2(am)) volume fraction 
and (bottom) aqueous silica (mol/kg w), denoted as SiO2(aq), at 1.2 m above the 
fracture level, where advective transport is essentially in the axial (vertical) direction. 
The results correspond to the reference case.  

 

 

2.6

2.7

2.8

2.9

3

3.1

3.2

3.3

0.525 0.575 0.625 0.675 0.725 0.775 0.825 0.875

S
iO

2(
am

) 
(v

o
l%

)

Radial direction (m)

SiO2(am) - 1.2 m above the fracture plane

t = 0 y

t = 10 y

t = 50 y

t = 500 y

t = 5000 y

t = 10000 y

0

0.001

0.002

0.003

0.004

0.005

0.525 0.575 0.625 0.675 0.725 0.775 0.825 0.875

S
iO

2(
aq

) 
(m

o
l/

kg
 w

)

Radial direction (m)

SiO2(aq) - 1.2 m above the fracture plane

t = 0 y t = 10 y

t = 50 y t = 500 y

t = 5000 y t = 10000 y



75 

 

 

 

Figure 4-21. Horizontal profiles of SiO2(am) volume fraction at 1.2 m above the 
fracture level, where advective transport is mainly in the axial direction. Results for the 
cases with saturation times of 95 (top) and 500 (bottom) years.  

2.6

2.7

2.8

2.9

3

3.1

3.2

3.3

0.525 0.575 0.625 0.675 0.725 0.775 0.825 0.875

S
iO

2(
am

) 
(v

o
l%

)

Radial direction (m)

SiO2(am) - 1.2 m above the fracture plane

t = 0 y

t = 10 y

t = 50 y

t = 500 y

t = 5000 y

t = 10000 y

2.6

2.7

2.8

2.9

3

3.1

3.2

3.3

0.525 0.575 0.625 0.675 0.725 0.775 0.825 0.875

S
iO

2(
am

) 
(v

o
l%

)

Radial direction (m)

SiO2(am) - 1.2 m above the fracture plane

t = 0 y

t = 10 y

t = 50 y

t = 500 y

t = 5000 y

t = 10000 y



76 

 

 

 

Figure 4-22. Distribution of SiO2(am) volume fraction in the buffer domain for the 
reference case at different times after deposition. 

 

An additional case has been simulated as part of the sensitivity analysis, replacing the 
amorphous silica assumed in the reference case by quartz, to study the effect that the 
different reactivity of both mineral phases has on the silica precipitation and dissolution 
in the bentonite buffer. The only difference between the two simulations is that in the 
reference case a volume fraction of 0.0303 of amorphous silica was considered, while in 
the sensitivity case the same volume fraction was replaced by quartz. Figure 4-23 shows 
the dependence of the equilibrium constants on temperature of both phases. Under all 
the temperature range considered in the simulations the equilibrium constant of 
amorphous silica is larger than that of quartz, which indicates that dissolution is 
expected to be more important in the former case, as outlined above. 
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Figure 4-23. Solubility constants of SiO2(am) and quartz dissolution as a function of 
temperature, as implemented in the thermodynamic database. 

 

The temporal evolution for two points near the canister-buffer and buffer-rock 
interfaces at 1.2 m above the fracture plane is depicted in Figure 4-24 and Figure 4-25. 
The results indicate that assuming quartz is non-conservative since the dissolution in the 
canister-buffer interface is significantly reduced, and so is the precipitation on the cold 
side, with respect to the case considering SiO2(am). Therefore, SiO2(am) has been 
considered in all other simulations in this work. 
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Figure 4-24. Temporal evolution of mineral phases and exchanger composition, for two 
cases considering SiO2(am) (top), and quartz (bottom) as initial mineral phases. The 
results correspond to the canister-buffer interface at the fracture plane level (saturation 
time is 260 years). 
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Figure 4-25. Temporal evolution of mineral phases and exchanger composition, for two 
cases considering SiO2(am) (top), and quartz (bottom) as initial mineral phases. The 
results correspond to the buffer-rock interfaces at 1.2 m above the fracture plane level 
(saturation time is 260 years). 

 

4.4.3 Distribution of calcite and aqueous calcium, carbonate species, and pH 

The results indicate that calcite remains relatively stable throughout the simulation time 
in all cases. Figure 4-26 presents the horizontal profiles across the buffer at 1.2 m above 
the fracture level for different saturation times, always showing a small variation from 
its initial volume fraction. However, the changes are somewhat more important in the 
cases where saturation is reached in a shorter period of time (a maximum of 12% near 
the canister for the case that reachs full saturation in 95 years). 
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Figure 4-26. Horizontal profiles of calcite volume fraction at 1.2 m above the fracture 
level, where transport processes are essentially in the axial (vertical) direction. Results 
for the cases where saturation is reached at 95 (upper-left), 260 (upper-right), and 500 
(bottom) years.  

 

The dissolution of calcite near the canister is the result of the pH drop, which is related 
to the thermal effect (temperature dependence of the dissociation constant of water), as 
shown in Figure 4-27. Anhydrite precipitation in the hot side subsequently decreases the 
calcium concentration in the porewater, also promoting the dissolution of calcite. It may 
be noted that the model is in agreement with partial calcite dissolution in the hot side 
observed in some in-situ experiments of similar systems (see e.g. Karnland et al. 2009; 
Svensson et al. 2011).  
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Figure 4-27. Horizontal profiles of pH evolution at 1.2 m above the fracture level for 
the reference case. 

 

As previously indicated, the pH behaviour is mainly influenced by the thermal gradient. 
The dissolution/precipitation of calcite also influences the pH evolution, although it 
cannot be decoupled from the thermal effect. In Figure 4-28 it may be observed that the 
pH in the bentonite buffer drops very rapidly, and more pronounced near the canister 
than in the cold side. The bentonite near the fracture plane presents a lower pH than the 
rest of the buffer due to mixing, reaching a value of 7 after 50 years. Thereafter, the pH 
in the whole buffer is gradually homogenized. By 500 years, the pH of the entire buffer 
is around 7.5. In the long-term (i.e. from 5,000 years on), the pH increases slightly and 
stabilizes at a pH of 7.7. 

It should be noted that TOUGHREACT v1.2 does not support the possibility to consider 
a surface complexation model in the simulations (for the montmorillonite surfaces). 
Thus, a natural pH-controlling component of the bentonite is not incorporated in the 
present model, and therefore the potential role of this process cannot be assessed. In any 
case, the presence of calcite, as indicated by calculation results, is a strong pH-buffering 
reaction, and therefore the fact of not considering surface complexation reactions does 
not represent a major shortcoming. 
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Figure 4-28. Distribution of pH in the buffer domain for different times. Results 
corresponding to the reference case. 

 

4.4.4 Evolution of the montmorillonite exchanger composition 

The initial composition of the montmorillonite exchanger in the model for the thermal 
period has been calculated as follows: first, the bentonite porewater was calculated with 
the geochemical code PHREEQC (see Section 3.1.2 for more details) assuming 
equilibrium with the mineral phases and the exchanger composition measured by 
B+Tech (see Table 3-4). The resulting porewater composition was directly used in the 
simulations of the thermal period. However, TOUGHREACT does not allow fixing the 
exchanger composition. Instead, the code calculates it according to the selectivity 
coefficients (listed in Table 3-8) and the porewater and mineral composition. This 
process resulted in a slightly different initial composition of the exchanger, which is 
depicted in Table 4-2. 

 
Table 4-2. Initial composition of cation exchanger in the thermal period simulations. 

NaX (%) CaX2 (%) MgX2 (%) KX (%) 

63.94 26.05 7.73 2.27 

 

The model predicts that the composition of the montmorillonite exchanger does not 
change significantly from its initial composition during the thermal period. In fact, all 
the simulation cases considered in this study show a similar overall trend. 

The results for the reference case are depicted in Figure 4-29 and Figure 4-30. At the 
end of the simulation time, the exchanger composition has been slightly enriched in 
sodium (by less than 1 %), so that the concentration of calcium decreases (less than 
1 %) with time in favour of more sodium adsorbed. Magnesium and potassium in the 
exchanger remain stable, and after 10,000 years the fraction change is less than 0.1 %. 
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The changes in the distribution of cations in the exchanger are driven near the fracture 
by the Na/Ca ratio in the porewater, while near the canister-buffer interface the effect of 
the thermal pulse is more important. Initially, the Na/Ca molar ratio is around 10, which 
is in equilibrium with the initial exchanger composition given above. In turn, the Na/Ca 
ratio in groundwater is lower, around 3.5, and thus the inflow of groundwater into the 
buffer leads to a decrease of Na in the exchanger in favour of Ca near the fracture at 
early times, as shown in Figure 4-29 and Figure 4-30. Additional modifications of the 
exchanger composition are induced by the thermal pulse. As soon as temperature 
increases in the buffer, especially in the hot side, anhydrite starts precipitating, 
consuming calcium in solution and therefore inducing an increase in the Na/Ca ratio. 
This process leads to a decrease of the calcium fraction in the exchanger, especially near 
the canister-buffer interface (Figure 4-29 and Figure 4-30). 

Once full saturation of the buffer is reached (at 260 years in the reference case), the 
composition of the exchanger in the whole buffer is gradually homogenized, driven by 
diffusion of Na and Ca in the porewater. After 10,000 years, the Na/Ca ratio of 
porewater approaches a value which is close to the initial one (Figure 4-30), resulting in 
cation occupancies in the exchanger similar to the initial ones, even at the fracture level 
(Figure 4-29 and Figure 4-30). 

Far from the fracture level, anhydrite precipitation in the bentonite results in an increase 
in the Na occupancy with respect to Ca occupancy in the exchanger during the 
temperature rise period (Figure 4-31). However, as temperature decreases a decrease of 
anhydrite precipitation is observed, with a tendency to restore the initial cation 
occupancies of the exchanger.  

In every case, the exchanger composition tends to an equilibrated state which is 
homogenous along the entire buffer. In this way, the composition after 10,000 years of 
exposure is very similar to the initial composition. 

Far from the fracture-buffer intersection, the alteration of the montmorillonite 
exchanger composition is driven by temperature differences and the advective flux 
during saturation of the bentonite. Afterwards, solute diffusion slowly establishes a new 
equilibrium situation in which the exchanger composition is very similar to the initial 
composition. This is observed in Figure 4-31 for the three different saturation times 
considered in this study. The point of observation corresponds to the upper boundary of 
the buffer, and falling on the buffer axis, r = 0 m (which is the last point to reach full 
saturation in the buffer).  
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Figure 4-29. Evolution of the montmorillonite exchanger composition for the reference 
case: sodium (top) and calcium (bottom) behaviour for different times. Na+ fraction 
reaches 68.8% (in the hot side). The scale in the figure is set for clarity. 
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Figure 4-30. Evolution of the montmorillonite exchanger (top) and the porewater 
composition (bottom) at the canister-buffer interface (fracture plane level): sodium 
calcium, and magnesium. 
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Figure 4-31. Evolution of the Ca and Na in the exchanger, and temperature and liquid 
saturation at the top-leftmost point in the buffer (last point to reach saturation) for 
different saturation times: (a) 95, (b) 260, and (c) 500 years. 
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4.5 Results of the sensitivity analysis 

4.5.1 Influence of the flow rate regime in the fracture 

The flow rate regime through the fracture intersecting the buffer will determine the 
extent of mixing within the fracture between groundwater and the solutes exiting the 
buffer. A low flow rate regime has been considered here in most of the simulations, in 
which the groundwater composition in the fracture near the buffer is affected by the 
disturbances in the buffer (see e.g. Figure 4-7 for chlorine). However, an additional 
scenario for the reference case has also been simulated, in which an efficient mixing 
between groundwater and bentonite porewater is assumed to assess the sensitivity of the 
results to the fracture flow rate. 

The results for the transport of a conservative solute have already been discussed in 
Section 4.3. Solute transport in the buffer is similar in both cases only until saturation is 
reached, after which the high flow rate case shows a pronounced homogenization to the 
boundary chlorine concentration. 

The results for the reactive solutes and the evolution of the mineral phases show 
significant differences regarding especially the anhydrite distribution and cation 
exchanger composition. In turn, the behaviour of SiO2(am), calcite, and pH is almost 
identical to the reference case. Figure 4-33 presents the evolution of the buffer at the 
canister-buffer interface in the fracture plane for both cases. It may be observed that due 
to the more aggressive scenario in the high flow case, there is a complete dissolution of 
anhydrite after 10,000 years even in the hot side (see Figure 4-32), and that the 
exchanger composition shows a significant increase in calcium at the expense of sodium 
(Figure 4-33). However, after 10,000 years, the exchanger is still sodium-dominated in 
the entire buffer. The rate of increase in calcium in the exchanger at 10,000 years is 
4·10-4 %/year, so it may be still considered a slow process. 
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Figure 4-32. Evolution of the anhydrite, SiO2(am), calcite, liquid saturation, and Ca 
and Na in the exchanger at the canister-buffer interface in the fracture plane for the (a) 
low flow and (b) high flow cases. The results correspond to a saturation time of 260 
years. 
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The results are in qualitative agreement with those obtained in (Sena et al. 2010b) for 
the high flow regime for the Forsmark site. As in (Sena et al. 2010b), the high flow rate 
in the fracture lead to significant differences with respect to the low flow case, being the 
high flow rate more aggressive in terms of geochemical changes in the buffer: more 
anhydrite and SiO2(am) dissolution, and significant increase of calcium in the 
exchanger. However, there are some discrepancies between those conclusions and this 
work. This is due to the fact that in (Sena et al. 2010b) a 1D axisymmetric model was 
used for the simulations. In that framework, the volume ratio between bentonite and 
fracture is necessarily much lower than in the present study, in which the real geometry 
of the buffer is considered explicitly. Thus, in a case where saturation occurs through a 
single fracture, the disturbances of the buffer by the groundwater are limited due to the 
dilution of the groundwater in the bentonite porewater, which has a significantly larger 
volume. The result is that changes in the cation exchanger composition occur at a much 
slower rate in the present study, and that SiO2(am), which was predicted to dissolve in 
the cold side in (Sena et al. 2010b), precipitates in the cold side, except near the 
fracture, where net dissolution is observed. 

 

 

Figure 4-33. Distribution of anhydrite in the MX-80 bentonite at different times for the 
high flow case (saturation time is 260 years). Note that the maximum amount of 
anhydrite in the canister corners is around 1.82 vol. %, but the maximum in the scale 
has been set to 1.4 vol. % for clarity. 
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Figure 4-34. Evolution of the montmorillonite exchanger composition for the reference 
case: sodium (top) and calcium (bottom) behaviour for different times. 

4.5.2 Influence of the groundwater composition 

The groundwater composition will undergo changes in time due to a number of reasons 
(Hellä et al. 2013). Posiva has defined reference groundwater compositions for different 
periods of the repository life (see Section 3.1.2). Most of the simulations considered in 
this work assumed the reference groundwater composition for the first 1,000 years (i.e. 
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KR20_465_1) as the boundary condition for the whole simulated period of 10,000 
years. The reason is that the geochemical changes in the long term are expected to be 
mostly governed by the disturbances during the early stages (first 1,000 years). 

However, the groundwater composition from 1,000 years to 10,000 years considered in 
the simulations does not coincide with the reference groundwater for that same period. 
To account for this second reference groundwater (KR6_135_8), another case was 
considered with a fixed groundwater composition corresponding to the KR6_135_8 
groundwater. One of the main characteristics of the KR6_135_8 groundwater 
composition is that the sulphate concentration is considerably higher than the 
KR20_465_1 groundwater. Thus, a different interaction with the bentonite could be 
expected. 

The results of the additional simulation presented in Figure 4-35 and Figure 4-36 
indicate that the buffer is also not sensitive to the groundwater composition, at least 
when considering the differences between KR6_135_8 and KR20_465_1 (Table 3-3), 
and for the given flow conditions. The reasons are the following:  

 The composition of the two groundwaters are not radically different (see Table 
3-3), being the sulphate concentration the most significant change. 

 The amount of groundwater that enters by advection is relatively low, since the 
initial liquid saturation is high (between 0.756 and 0.831, compared to previous 
work for the Forsmark case (Sena et al. 2010b) in which a value of 0.62 was 
used), thus minimizing the disturbances during the saturation process. 

 In the present 2D axisymmetric model, the ingress of groundwater through the 
fracture induces significant changes only in the vicinity of the buffer-fracture 
intersection plane. Away from this zone, the groundwater composition is 
effectively diluted by the large amount of bentonite porewater. This mixing 
process depends on the zone within the buffer, being the dilution of groundwater 
more effective as the distance with the fracture plane is larger. 

 The flow regime considered for the comparison corresponds to the reference 
case, in which groundwater composition near the buffer can be affected by 
interactions with the buffer. 

Figure 4-36 and Figure 4-37 show the temporal evolution of two points in the buffer at 
the fracture plane level, where it has been already observed that potential discrepancies 
are more likely to be detected: 

 the canister-buffer interface and 
 the mid-thickness of the buffer 

At the canister-buffer interface, the effect is minimal, and only very small differences in 
the anhydrite precipitation are observed (Figure 4-35). In Figure 4-36 a different 
anhydrite dissolution process may be observed. In the case where the groundwater 
composition is the brackish sulphate (KR6_135_8), dissolution of anhydrite is more 
pronounced near the fracture. This is shown in more detail in Figure 4-37, where the 
anhydrite volume fraction in the buffer thickness near the fracture plane is depicted for 
the two cases. It is shown that the dissolution front is affected only near the fracture, 
being less developed in the KR6_135_8 case.  
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Away from the fracture plane the fronts are similar, which is due to the fact that in this 
case the temperature field is the main factor governing the dissolution front, which is 
identical in both cases. 

 

 

Figure 4-35. Evolution of the minerals and the exchanger in the bentonite at the 
canister-buffer interface in the fracture plane for the cases considering the groundwater 
composition of KR20_465_1 (top) and KR6_135_8 (bottom). The results correspond to 
a saturation time of 260 years. 
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Figure 4-36. Evolution of the minerals and the exchanger in the bentonite at the mid-
thickness of the buffer in the fracture plane for the cases considering the groundwater 
composition of KR20_465_1 (top) and KR6_135_8 (bottom). The results correspond to 
a saturation time of 260 years. 
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Figure 4-37. Anhydrite volume fraction at 1,000 years in the buffer thickness near the 
fracture plane (denoted with a dashed black line): (a) KR20_465_1 case; (b) 
KR6_135_8. The results correspond to a saturation time of 260 years. 

 

4.5.3 Influence of the MX-80 bentonite composition 

At present, there exist two reference MX-80 bentonite mineralogical compositions that 
are considered by Posiva. The mineralogical composition as well as the calculation of 
the porewater composition is specified in Chapter 3. In this work, all the simulations 
have been performed considering the reference composition that contains a small 
amount of gypsum (Reference 2 in Table 3-4). In addition, a sensitivity case considering 
the mineralogical composition of Reference 1 MX-80 bentonite (without gypsum) has 
been simulated in order to assess the effect on the geochemical evolution. The 
exchanger composition used in the simulations in TOUGHREACT is the same as 
specified in Section 4.4.4 while the montmorillonite volume fraction is also similar 
between the two reference compositions. The main differences between the two 
reference bentonite compositions are that in the Reference 1 bentonite there are initially 
no Ca-sulphate minerals, and that the calcite and amorphous silica volume fractions are 
slightly higher than the Reference 2 bentonite. 

The results for both bentonite types are presented in Figure 4-38 regarding the temporal 
evolution of the main mineral phases at the canister-buffer interface away from the 
fracture plane. The trends are very similar for both bentonite types. Calcite remains 
stable throughout the simulation time. The montmorillonite exchanger composition 
follows almost exactly the same trends (the differences are much less than 1 %). 
Anhydrite also precipitates even if Ca-sulphate minerals are initially absent. The main 
differences are the following: 

 The dissolution of SiO2(am) in the hot side respect to its initial content is lower 
in this case (5.2 vs. 7.3 % in the reference case) 
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 As a result, the precipitation of SiO2(am) on the cold side is also lower 
compared to the Reference 2 bentonite case (3.4 %, as opposed to 4.2 % in the 
reference case) 

 The precipitation of anhydrite is less pronounced for the Reference 1 than for the 
Reference 2 bentonite, because anhydrite is not initially present in the bentonite. 
After around 1,000 years anhydrite starts dissolving in the hot side for the 
Reference 1 MX-80, reaching complete depletion after 10,000 years (except a 
small region in the hot side at fracture plane level (see Figure 4-18 and Figure 
4-19).  

 

 

Figure 4-38. Evolution of the minerals in the bentonite at the canister-buffer interface 
(at 1.2 m above the fracture level) for (top) Reference 1 (without initial anhydrite) and 
(bottom) Reference 2 bentonite (with initial anhydrite). 
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4.5.4 Influence of the time to reach full saturation of the buffer 

Three different saturation times have been simulated: a reference case, in which full 
saturation is reached after 260 years after deposition, and two sensitivity cases, for 
which saturation is reached in 95 and 500 years. 

Some of the results have been discussed in the previous sections. Overall, the time to 
reach saturation controls to some extent the mineralogical and montmorillonite 
exchanger evolution due to the mixing of groundwater with bentonite porewater. 
However, the changes are more notorious near the fracture-buffer interface. In this 
region, the changes are not only dictated by the time to reach saturation at that particular 
region. Indeed, they also depend to a large extent on the time to reach full saturation of 
the entire buffer, because until this point there is net ingress of groundwater by 
advection in the buffer, and the water ingress takes place in this particular region.  

Figure 4-39 exemplifies this observation for the cases in which full saturation of the 
buffer is reached after 95 (top) and 260 (bottom) years. It can be observed that first, 
small changes occur due to the advective flux that saturates the bentonite locally at this 
point (until line 1 in the figure). The most profound changes are observed during the 
saturation process of the entire buffer, until line 2 in the figure, where at this point the 
exchanger is enriched in calcium at the expense of sodium. When full saturation of the 
buffer is reached, solute diffusion becomes dominant and tends to restore an equilibrium 
situation which is close to the initial composition of the exchanger. Note also the 
influence of the saturation process on the anhydrite dissolution in the vicinity of the 
fracture. The stability of amorphous silica in these points is due to the fact that the 
inflexion point (where it passes from dissolution to precipitation) is located at the mid-
thickness of the buffer. 
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Figure 4-39. Evolution of the minerals in the bentonite at the mid-thickness of the buffer 
at the fracture plane level for the cases in which full saturation is reached at (top) 95 
years and (bottom) 260 years (assuming Reference 2 bentonite, with initial anhydrite). 
Dash lines indicate (1) local saturation at that point, and (2) full saturation of the 
buffer. 
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It may be observed that the depth of the anhydrite dissolution front is more pronounced 
as the saturation times are shortened. The reason is that when saturation is reached in a 
short time the groundwater is less diluted and the anhydrite may then be undersaturated 
to a larger extent, in this case with respect to the mixed porewater. 

The results indicate that the time to reach saturation of the buffer is relevant for the 
geochemical evolution of the buffer regarding the montmorillonite exchanger 
composition and to a lesser extent in the anhydrite dissolution process. However, the 
influence is exerted especially during the saturation process of the entire buffer (i.e., not 
only locally). Thereafter, diffusion processes become dominant and tend to homogenize 
the aqueous concentrations and the montmorillonite exchanger composition. 

4.6 Comparison with previous results in (Sena et al. 2010b) 

The model developed in the present work has been based to some extent in the previous 
1D axisymmetric modelling efforts for the LOT experiment at Äspö HRL and for SKB 
for Forsmark (Sena et al. 2010a,b). However, the present model has been extended to a 
2D axisymmetric analysis, and the parameters for the near-field design and all the input 
data has been set according to the most recent data available of the Posiva near-field 
design and the conditions at Olkiluoto. Thus, the results obtained may not be fully 
compared between each other. Nonetheless, some similarities have been found and are 
listed below: 

 In both models, the thermal evolution of the near-field leads to precipitation of 
anhydrite and dissolution of amorphous silica in the canister-buffer interface 
(hot side), and dissolution of anhydrite and precipitation of amorphous silica in 
the buffer-rock interface (cold side). 

 In both models, the changes in the montmorillonite exchanger composition are 
very limited, except in the case where high advective flow in the fracture is 
considered. In both models, even in this scenario the exchanger composition is 
sodium-dominated after 10,000 years. 

 A shorter saturation time leads to a higher degree of geochemical alteration of 
the system in both cases. However, in the present model the extent of such 
variations is reduced. This is due to the mixing effect of groundwater and 
bentonite porewater in a much larger volume of bentonite (and with a much 
larger mean distance between the water source and the buffer). 

The results obtained in the present work differ in some important aspects with the 
previous work. In (Sena et al. 2010a,b), the model was 1D axisymmetric, thus not 
accounting for the vertical component of the advective and diffusive fluxes. This has 
important implications in the water mixing processes, on the extent of the geochemical 
changes and on the effects of the boundary conditions. In the present model, the most 
significant changes are found near the fracture-buffer interface, but away from this 
region the mixing of groundwater with the bentonite porewater in the buffer contributes 
to mitigate the changes. 

Moreover, the model used in this work for the retention curves, in qualitative agreement 
with the model considered in (Pintado & Rautioaho 2013), predict a much more active 
role of the suction in the bentonite with respect to the piston-like flow exerted by the 
pressure gradient between the fracture and the buffer, compared to (Sena et al. 2010a). 
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This is an important process that enhances the mixing between groundwater and 
bentonite porewater, thus also mitigating the geochemical changes. 

The effect of the high flow rate regime in the fracture compared to the low rate regime 
is somewhat less pronounced in the present work. The reason is that in this case the 
changes in the entire buffer are reduced by mixing of a large amount of bentonite 
porewater with a small amount of groundwater. Moreover, the initial liquid saturation is 
much higher in the present case compared to (Sena et al. 2010a): from 0.62 to 0.756-
0.831 of the present model. This is important in that the amount of groundwater 
required to saturate the buffer is reduced compared to what would be necessary if the 
liquid saturation was smaller. In the end, this leads to a reduction of the geochemical 
changes due to the intrusion of groundwater with a different composition. In this regard, 
it should be noted that the fact of considering a larger initial degree of saturation is 
beneficial also from the geochemical point of view, contributing to the geochemical 
stability of the system. 
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5 STAGE II: RESULTS FOR THE WATER-SATURATED PERIOD  

As previously mentioned, the numerical simulations of the water-saturated period 
comprise two cases, one considering the buffer intersected by a single fracture (Case 1), 
and another one considering the system buffer-backfill (Case 2). The main objective of 
the models presented here is to describe some aspects of the hydro-geochemical 
evolution of the near-field during the saturated stage, in the long-term (up to 100,000 
years).  

The numerical results for the two cases under study indicate that none of the three iron 
phases considered, i.e. pyrite, ferrihydrite and siderite, dissolve or precipitate. Indeed, 
even though pyrite is the primary iron phase identified as initially present in both the 
buffer and the backfill, the model does not predict pyrite dissolution or precipitation 
during the entire simulation period. In addition, the secondary iron phases considered in 
the buffer (ferrihydrite and siderite) do not reach oversaturation. Siderite is only very 
slightly dissolved and precipitated in the backfill, although the fraction is as low as 
0.003 wt %. For this reason, the discussion of the numerical results focuses especially 
on the amount of calcite, gypsum and dolomite, the montmorillonite exchanger 
composition, and the pH and the concentration of solutes in the porewater. 

5.1 Results for Case 1: buffer/fracture interaction 

In the following sections, an analysis and discussion of the computed results of a 
reference case and the sensitivity studies are presented. In order to facilitate the analysis 
of the results, some observation lines and points have been defined in the buffer. Their 
location is shown in Figure 5-1 for Case 1. 

 

 

Figure 5-1. Location of the observation lines (A-A’, B-B’) and points (a, b, c, d, e) 
where the results of selected geochemical variables has been analysed for Case 1 of 
Stage II. Coordinates (x, y, z) are: (a) 3.0, 0.0, 2.9025 m; (b) 3.23, 0.0, 2.9025 m; (c) 
3.35, 0, 2.9025 m; (d) 3.875, 0.525, 2.9025 m; (e) 4.4, 0.0, 2.9025 m; (A-A’) x, 0.0, 
2.9025 m and (B-B’) 3.875, 0.525, z. 
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5.1.1 Conservative transport of a tracer 

Following the conservative transport analysis of the previous section (thermal period), 
total chlorine has also been considered as a conservative component in the aqueous 
solutions during the geochemical processes simulated in this work. After full bentonite 
saturation, advective transport prevails in the fracture, while diffusion is the dominant 
transport process in the buffer. In Figure 5-2, the results show the total chlorine 
concentration in the vicinity of the buffer for the reference case. A decrease of the 
chlorine concentration along the fracture due to diffusion into the buffer may be 
observed. The concentration gradient between fracture and buffer gradually vanishes, as 
the buffer slowly equilibrates with the fracture chlorine content. After 100,000 years, 
the buffer is near equilibrium, although a small gradient still prevails in the simulation. 
Note that at 1,000 years the groundwater composition starts to gradually shift from 
KR20_465_1 to the final KR6_135_8, and the results in Figure 5-2 from 5,000 years on 
show the chlorine concentration of KR6_135_8 groundwater. 

As previously observed for the thermal period simulations, the chlorine in the fracture 
may be consumed due to the interaction with the bentonite buffer. The chlorine 
concentration in the fracture depends on the groundwater flow rate regime. If the flow 
rate is low, the chlorine in the fracture can be strongly affected by the buffer, 
minimising dispersion effects along the fracture (Figure 5-3, left). Thus, a lower 
chlorine concentration ring evolving from the buffer into the fracture is generated. In 
contrast, if the flow rate is high, as in the reference case, a chlorine plume can be 
observed downstream, while chlorine concentration upstream of the fracture is affected 
to a much lesser extent (see Figure 5-3, right, and Figure 5-4). 

 

 

Figure 5-2. Total chlorine concentration profiles along the upstream fracture (part of 
line A-A’ in Figure 5-1) and the buffer at different times for the reference Case 1. 
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Figure 5-3. Computed total chlorine concentration transport along the buffer (blue 
zone) and the fracture of the modelled domain at 10 years for two different flow rate 
conditions (low flow, left, and reference high flow, right) for Case 1. 

 

 

Figure 5-4. Computed evolution of total chlorine concentration in the fracture plane 
along the buffer and fracture of the modelled domain at different times. Results 
corresponding to the reference Case 1 (note that the scale is different to the one used in 
the previous figure to show the plume more clearly). 
 

5.1.2 Results of reactive transport for the reference case 1 

The reference case 1 considers a buffer composed of MX-80 bentonite Reference 2 
(with initial gypsum) and a flow rate in the fracture of 4·10-4 m3/y (see Chapter 3).  

The results for the pH evolution are shown in Figure 5-5 and Figure 5-6. It may be 
observed that the continuous flow of Olkiluoto groundwater in the near-field leads to a 
negligible pH variation in the buffer (from 7.18 to 7.22). In turn, the pH in the fracture 
varies as a consequence of the evolution of the groundwater composition (from the 
initial KR20_465_1 to the final KR6_135_8) from 7.31 to 7.17 before interacting with 
the buffer. The model considers a mixing of the KR20_465_1 groundwater with a more 
sulphated one (KR6_135_8) after 1,000 years, causing the pH to decrease slightly. As 
will be shown, the pH in the buffer is linked to the partial dissolution of gypsum from 
the buffer, which is mainly due to the sulphate out-diffusion.  
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Figure 5-5. Computed evolution of the pH at different times in the modelled domain for 
the reference Case 1. 
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Figure 5-6. pH profiles along the buffer (A) and fracture (B) (lines B-B’ and A-A’ in 
Figure 5-1, respectively) at different times for the reference Case 1.  
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Both groundwater compositions considered in this work contain more calcium and less 
sulphate in solution compared to the initial bentonite porewater. As a result, two 
diffusion processes of opposing signs are established: the diffusion of calcium from the 
fracture into the buffer, and the out-diffusion of sulphates from the buffer. Gypsum 
dissolves in the buffer next to the fracture mainly due to the sulphate out-diffusion and 
because the groundwater is undersaturated with respect to gypsum, as shown in Figure 
5-7 to Figure 5-9. Gypsum dissolution subsequently increases the calcium concentration 
in the porewater, promoting the precipitation of calcite. However, calcite precipitation is 
restricted to the vicinity of the buffer-fracture interface (Figure 5-9). In fact, calcite is 
slightly dissolved along the entire buffer, buffering the pH in the solution. 

Gypsum dissolution/precipitation is the main factor that controls the geochemistry of 
the system, promoting the pH buffering due to calcite precipitation/dissolution, and the 
evolution of calcium and sodium in the montmorillonite exchanger composition. Figure 
5-7 to Figure 5-11 show the results of the evolution of gypsum, calcite , and calcium 
and sodium in the montmorillonite exchanger for the reference case 1. The gypsum is 
predicted to be partially depleted in the entire buffer after 100,000 years (gypsum is 
totally exhausted near the fracture-buffer interface), as seen in Figure 5-8A. The 
calcium released due to gypsum dissolution leads to calcite precipitation near the 
fracture (Figure 5-8B and Figure 5-9B) and a progressive enrichment of calcium in the 
montmorillonite exchanger, at the expense of sodium (Figure 5-10 and Figure 5-11). 
This process is also promoted by diffusion of calcium from the fracture to the buffer. 
The vertical profile in the buffer (Figure 5-6A) presents a lower pH in this region, which 
is due to pH buffering exerted by calcite. 
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Figure 5-7. Evolution of gypsum (top) and calcite (bottom) for the reference Case 1 
(%v/v). 
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Figure 5-8. Gypsum (A) and calcite (B) profiles along the buffer line B-B’ in Figure 5-1 
(% v/v) at different times for the reference Case 1. 
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Figure 5-9. Gypsum (A) and calcite (B) profiles along the fracture (line A-A’ in Figure 
5-1) of at different times for the reference Case 1 (%v/v). 
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Figure 5-10. Evolution of calcium (top) and sodium (bottom) in the montmorillonite 
exchanger (%) for the reference Case 1. 
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Figure 5-11. Results of sodium (A) and calcium (B) in the montmorillonite exchanger 
(%). Profiles along the buffer (line B-B’ in Figure 5-1) at different times for the 
reference Case 1. 
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especially for sodium, due to its elevated initial content. After 100,000 years, the 
exchanger composition remains sodium-dominated (at least 58 % in the entire buffer), 
while calcium remains below 32 % (Figure 5-11).  
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5.1.3 Results of the sensitivity analysis 

Influence of the flow rate regime through the fracture 

A sensitivity analysis of the groundwater flow rate through the idealized fracture has 
been performed for Case 1. As mentioned in Section 2.3.4, in addition to the reference 
value, two additional flow rates have been considered in separate simulations, 
representing a low flow rate of 2.0·10-7 m3/y (arbitrarily chosen to obtain a low velocity 
field in the fracture) and a high flow rate of 5.0·10-3 m3/y (see Section 3.2.1 for 
derivation of this value). The location of the observation points and lines for the 
analysis of the results are similar to those defined in Figure 5-1. 

The comparison of the different cases regarding the evolution of pH, gypsum, calcite, 
and calcium in the montmorillonite exchanger is presented in Figure 5-12 to Figure 
5-16. The figures showing the evolution in time at given points in the buffer present an 
abrupt change starting at 1,000 years due to the fact that the mixing process starts 
between the initial low saline groundwater (KR20_465_1) and the brackish sulphate 
KR6_135_8 (which lasts 100 years in the simulations). However, the effect of this 
groundwater composition switch on the evolution of the buffer is limited.  

Computed results show that in the case where the flow through the fracture is low 
enough (2.0·10-7 m3/y), the pH is almost constant in the buffer throughout the 
simulation time (Figure 5-12A). In turn, higher flow rates lead to higher pH values in 
the MX-80 bentonite as may be observed in Figure 5-12B.  
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Figure 5-12. Evolution in time of the pH for the points in the buffer defined in Figure 5-
1 for the cases with a (A) low flow rate, and a (B) high flow rate through the fracture 
(dashed lines), compared to the reference Case 1 (solid lines). 
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fracture the precipitation of calcite increases slightly (Figure 5-15). Calcite evolution 
controls the pH increase observed in Figure 5-12. 

For flow rates in the fracture of 5·10-3 m3/y or higher, gypsum is exhausted after 
between 10,000 and 40,000 years. In contrast, when the flow rate in the fracture is 2·10-

7 m3/y or lower, the results show an extremely low dissolution rate of gypsum. In the 
(intermediate) reference case, with a flow rate of 4·10-4 m3/y, gypsum total depletion is 
predicted to occur after 100,000 years only near the fracture (Figure 5-13A). 

As previously mentioned, the dissolution of gypsum and calcite leads to an increase of 
the calcium concentration in the porewater. This triggers in turn the increase of the 
concentration of calcium in the montmorillonite exchanger, as observed in Figure 5-16. 
As the groundwater flow rate is increased (Figure 5-16B), gypsum is depleted earlier, 
inducing a faster calcium-enrichment of the montmorillonite exchanger. 
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Figure 5-13. Gypsum profiles along the buffer (line B-B’ in Figure 5-1) at different 
times for the (A) reference Case 1, and (B) low and (C) high flow rate cases of Case 1 
(%v/v). Note that in (C) the gypsum content is zero for times larger than 10,000 years. 
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Figure 5-14. Evolution in time of gypsum for the points in the buffer defined in Figure 
5-1 for the cases with a (A) low flow rate, and a (B) high flow rate through the fracture 
(dashed lines), compared to the reference Case 1 (solid lines). 
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Figure 5-15. Evolution in time of calcite for the points in the buffer defined in Figure 5-
1 for the cases with a (A) low flow rate, and a (B) high flow rate through the fracture 
(dashed lines), compared to the reference Case 1 (solid lines). 

 

0.120

0.121

0.122

0.123

0.124

0.125

0.126

0.127

0.128

0.129

0.130
C

a
lc

it
e

 (
%

 v
/v

)

g ( p )

Reference Case: Q = 4.0 ·10-4 m3/yr

Sensitivity Case: Q = 2.0 ·10-7 m3/yr

A

0.120

0.121

0.122

0.123

0.124

0.125

0.126

0.127

0.128

0.129

0.130

1 10 100 1000 10000 100000

C
a

lc
it

e
 (

%
 v

/v
)

Time (years)

Reference Case: point a Reference Case: point b Reference Case: point c Reference Case: point d

Reference Case: point e Sens. Case: point a Sens. Case: point b Sens. Case: point c

Sens. Case: point d Sens. Case: point e

Reference Case: Q = 4.0 ·10-4 m3/yr

Sensitivity Case: Q = 5.0 ·10-3 m3/yr

B



118 

 

 

 

 

Figure 5-16. Profiles of the calcium in the montmorillonite exchanger along the buffer 
(line B-B’ in Figure 5-1) at different times for the (A) reference Case 1, and (B) the high 
flow rate case of Case 1 (%v/v). 
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In the absence of gypsum, aqueous calcium entering through the fracture-buffer 
interface controls calcite behaviour. The results predict that calcite will dissolve 
throughout the simulation as in the reference case. Calcite content in the Reference 1 
MX-80 bentonite is almost 40 % higher than Reference 2 MX-80 bentonite, although 
the dissolution of calcite is predicted to be in the same range for both cases, i.e. around 
1 % of its initial content (Figure 5-18). The results show that in this case gypsum does 
not precipitate as secondary mineral in the entire simulated period. 

Regarding the montmorillonite exchanger composition, the calcium-enrichment 
predicted for Reference 1 is less important than in the reference case (Figure 5-19). 
Indeed, the increase is only of 2 % compared with the 5 % predicted in the reference 
case (7 and 15 % increase with respect to its initial composition, respectively).  
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Figure 5-17. pH profiles along the buffer (line B-B’ in Figure 5-1) at different times for 
the (A) reference case (Reference 2 MX-80) and (B) the case with Reference 1 MX-80. 
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Figure 5-18. Calcite profiles along the buffer (line B-B’ in Figure 5-1) at different times 
for the (A) reference Case 1 (Reference 2 MX-80) and (B) the case with Reference 1 
MX-80. 
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Figure 5-19. Profiles along the buffer (line B-B’ in Figure 5-1) of calcium-enrichment 
(%) in the montmorillonite exchanger for the reference Case 1 (reference 2 MX-80) and 
for the sensitivity case (reference 1 MX-80) at different times for Case 1. 
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mechanical modelling work. Thus, it has been decided to perform sensitivity cases to 
evaluate the effect of the hydraulic conductivity of the buffer on the geochemical 
evolution of the system in the long-term.  

The hydraulic conductivity of the buffer determines the relative contribution of 
advection and diffusion to the total solute transport inside the bentonite. The hydraulic 
conductivity was then decreased by two orders of magnitude (to 1·10-14 m/s) to 
resemble the values that are usually considered in the thermo-hydro-mechanical 
modelling work. In addition, a third case with a very low (and unrealistic) hydraulic 
conductivity of 1·10-20 m/s has been simulated to determine whether a much lower 
hydraulic conductivity than the sensitivity case with 1·10-14 m/s value would have a 
significant effect or not.  

Based on the results of (conservative) chlorine concentration for the three cases, it may 
be concluded that advective transport is not expected for hydraulic conductivities equal 
or lower than 1·10-14 m/s, since the chlorine distribution over time is similar in the cases 
with 1·10-14 m/s and 1·10-20 m/s values. Therefore, in this section the evolution of the 
geochemical system has only been evaluated for the cases with hydraulic conductivities 
of 1·10-12 m/s and 1·10-14 m/s. The chlorine concentration at different times is shown in 
Figure 5-20 for the two cases. 

 

 

 
Figure 5-20. Evolution of chlorine in the buffer domain for the reference Case 1 (K = 
1·10-12 m/s) and the sensitivity case (K = 1·10-14 m/s). 
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In the case with a lower hydraulic conductivity, the pH decrease is slightly less 
pronounced than in the reference case, although the differences are negligible (Figure 
5-21 and Figure 5-22). This subtle difference is due to a lower calcite dissolution than in 
the reference case (Figure 5-24B). The differences observed at 100,000 years are due to 
the total gypsum depletion observed in reference case (comparing Figure 5-8A and 
Figure 5-24A). 

 

Figure 5-21. Evolution in time of pH for the points in the buffer defined in Figure 5-1 
for the case with a hydraulic conductivity of 10-14 m/s (dashed lines), compared to the 
reference Case 1 (k=10-12 m/s, solid lines). 

 

Gypsum dissolution occurs at a lower rate, and after 100,000 years the remaining 
gypsum content is higher than in the reference case (see Figure 5-23 and Figure 5-24 for 
the sensitivity case and Figure 5-8 for the reference case 1). As a consequence, the 
calcite content is slightly higher than in the reference Case 1, as turns out from 
comparing Figure 5-8 and Figure 5-24. Finally, the aqueous calcium concentration is 
lower, resulting in a lower calcium concentration in the montmorillonite exchanger, 
although the differences are small (Figure 5-11 and Figure 5-25).  
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Figure 5-22. Computed pH value for the (A) reference Case 1 and (B) the sensitivity 
case in the observation line B-B’ along the buffer (see Figure 5-1).  
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Figure 5-23. Evolution of gypsum (%v/v) in the buffer domain for the reference Case 1 
(K = 10-12 m/s) and the sensitivity case (K = 10-14 m/s). 

 

The results for the cases with different hydraulic conductivities for the buffer suggest 
that advection is not completely negligible in the case with a hydraulic conductivity of 
1·10-12 m/s. Therefore, this value is considered as a pessimistic limiting case. 
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Figure 5-24. Gypsum (A) and calcite (B) profiles along the buffer (line B-B’ in Figure 
5-1) for the case with hydraulic conductivity of 1·10-14 m/s at different times (% v/v). 
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Figure 5-25. Profiles along the buffer (line B-B’ in Figure 5-1) of calcium-enrichment 
in the montmorillonite exchanger for hydraulic conductivity of 10-14 m/s at different 
times. 

 

5.1.4 Summary of Case 1 and comparison with results in (Sena et al. 2010b) 

In Table 5-1, a summary of the computed results of Case 1 is presented. The values 
correspond to the results in the buffer-fracture intersection, where the most significant 
changes are found. It may be observed that the highest pH predicted in all the cases is 
7.56, which is computed for the case with bentonite without gypsum. The case leading 
to the lowest pH (7.16) is also the one with the highest flow rate. 

It is predicted that gypsum is depleted faster in the case with the highest groundwater 
flow rate. Consequently, precipitation of calcite near first groundwater contact is higher, 
and is lower around the buffer, and the calcium enrichment of montmorillonite 
exchanger increases with respect to the rest of the cases.  

Comparing the results computed for Case 1 with the numerical results attained in (Sena 
et al. 2010b), it may be concluded that the most relevant geochemical processes occur in 
a similar way. For instance, the pH is also controlled by calcite precipitation in (Sena et 
al. 2010b), which in turn is triggered by the dissolution of gypsum. In addition, the 
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The main difference between the simulations is related to the time needed for the 
different processes to develop. In (Sena et al. 2010b) the geochemical processes in the 
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slightly lower). Other differences to be noted are the initial presence of calcite in the 
buffer in this work and the relevance of considering or not the gypsum as initially 
present. This may be important for the control of the buffer geochemistry, something 
that not has been evaluated in (Sena et al. 2010b). 

 

Table 5-1. Summary of the results for Case 1 of Stage II. Results corresponding to the 
buffer-fracture interface. 

Variable RC SC 1 SC 2 SC 3 SC 4 

Maximum pH 7.21 7.33 7.18 7.56 7.21 

Minimum pH 7.18 7.16 7.18 7.39 7.18 

Maximum amount of calcite (% v/v) 0.126 0.128 0.125 0.371 0.126 

Minimum amount of calcite (% v/v) 0.125 0.121 0.125 0.345 0.125 

Maximum amount of gypsum (% v/v) 0.317 0.268 0.269 0.00 0.274 

Minimum amount of gypsum (% v/v) 0.00 0.00 0.268 0.00 0.004 

Maximum [CaX2] (%) 31.03 43.81 26.92 27.72 30.5 

Minimum [CaX2] (%) 26.92 26.92 26.92 25.81 26.92 

RC – Reference case; SC 1 – Sensitivity case with high inflow; SC 2 – Sensitivity case 
with low inflow; SC 3 –Sensitivity case without gypsum in buffer bentonite; SC 4 – 
Sensitivity case in hydraulic conductivity. 

5.2 Results for Case 2: backfill/buffer interaction  

In the following sections, an analysis and discussion of the computed results of the 
reference case and the sensitivity analysis are presented for the Case 2 of the water-
saturated period (Stage II). Case 2 considers the geochemical evolution of the buffer-
backfill system, in which groundwater inflow occurs through a single fracture 
intersecting the backfill, and along the backfill longitudinal axis due to an idealized 
regional flux. In order to facilitate the analysis of the results, some observation lines and 
points have also been defined in this case. Their location is shown in Figure 5-26 for 
Case 2. 
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Figure 5-26. Location of the observation lines (A-A’, B-B’, CC’) and points (a, b) 
where the results of selected geochemical variables have been analysed for Case 2 of 
Stage II. Coordinates (x, y, z): (a) 3.675, 0.0, 7.8 m and (b) 4.55, 0.525, 7.8 m; (A-A’) 
4.55, 0.725, z m; (B-B’) x, 0.0, 7.8 m; (CC’) x, 0.875, 10.0 m. Note that points a and b 
correspond to the backfill domain. 

 

5.2.1 Results of the reactive transport of the reference case 2 

For the reference case 2, a buffer composed of MX-80 bentonite Reference 2 (with 
initial gypsum) has been considered. The backfill is composed of Friedland clay blocks 
and Milos granules and pellets. In this work, the backfill is considered as a homogenous 
material taking into account a homogenized composition, as determined in (Wersin et 
al. 2011). An inflow rate of 2·10-4 m3/y is considered in the longitudinal direction of the 
backfill, which mimics the regional flux along the backfill. Moreover, an inflow rate of 
5·10-3 m3/y is assumed to enter the backfill through a single fracture (see Chapter 3).  

The results for the evolution of the pH of the buffer-backfill system are depicted in 
Figure 5-27. As for reference Case 1, the results indicate that the pH of the buffer 
porewater is not significantly affected, showing a slight increase from 7.18 to 7.37. In 
turn, the pH of the backfill varies from 7.31 to 6.90 during the simulated period. The 
lowest pH values are only attained near the fracture inlet in the backfill, and at very late 
stages of the backfill evolution. The relatively more significant variation of the pH from 
7.31 to 7.16 in the backfill compared to the buffer is a consequence of the evolution of 
the groundwater composition (from the initial KR20_465_1 to the final KR6_135_8), 
which gradually replaces the porewater in the backfill. As in reference Case 1, the pH in 
the buffer is linked to the partial dissolution of gypsum from the buffer through the 
calcium aqueous concentration.  



131 

 

 

 

Figure 5-27. Computed evolution of the pH values in the modelled domain for the 
reference case 2. 

 

As in the previous reference case 1, the gypsum dissolution is the main factor that 
controls the geochemistry of the system, releasing calcium and sulphates into the 
solution, and thus promoting the pH buffering in the buffer and backfill due to calcite 
precipitation/dissolution. Moreover, the calcium in solution has consequences on the 
evolution of calcium in the montmorillonite exchanger composition. In the following 
figures (Figure 5-28 to Figure 5-37) the evolution of the main geochemical variables are 
presented, including gypsum, calcite, and dolomite content, and calcium, sodium and 
magnesium in the montmorillonite exchanger for the reference case 2. 

During the first 1,000 years, dissolution of gypsum is observed near the backfill-fracture 
interface and also in the buffer, near the buffer-backfill interface (Figure 5-28). The 
dissolved gypsum in the buffer is predicted to precipitate in the backfill side at the 
buffer-backfill interface. After 1,000 years, the groundwater composition gradually 
changes to a more sulphated one (i.e. KR6_135_8). However, a continuous dissolution 
of gypsum in the backfill-fracture interface and also in the buffer, near the buffer-
backfill interface is still observed (Figure 5-31 to Figure 5-33). This is due to the fact 
that the groundwater is undersaturated with respect to gypsum. The precipitation of 
gypsum in the backfill near the buffer presents a lenticular shape and its extent remains 
limited throughout the simulation time to a narrow region on top of the buffer (Figure 
5-28). In turn, the dissolution of gypsum in the backfill due to the groundwater flow is 
especially concentrated near the fracture, where complete depletion of gypsum is 
reached (Figure 5-32 and Figure 5-33). Away from the fracture (downstream) the 
dissolution is much less severe, and after 100,000 years a significant gypsum amount is 
still present.  
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Figure 5-28. Gypsum evolution (% v/v) in the symmetry plane for the reference case 2 
(note the separate scales for buffer and backfill for clarity). 

 

 

Figure 5-29. Calcite evolution (% v/v) in the symmetry plane for the reference case of 
case 2 (note the separate scales for buffer and backfill for clarity). 
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Figure 5-30. Evolution of dolomite content (% v/v) for the reference case of case 2 
(dolomite does not precipitate in the buffer throughout the simulation time). 

 

In contrast to reference Case 1 (Stage II), gypsum in the buffer is predicted to be 
completely exhausted already after 50,000 years (Figure 5-28 and Figure 5-31A). The 
higher rate of gypsum dissolution is probably due to the fact that the buffer surface 
exposed to groundwater (i.e. the buffer-backfill interface) is much higher than in 
reference Case 1 (fracture-buffer interface). 

In the reference case 2, the calcium cations released during the gypsum dissolution do 
not promote the precipitation of calcite in the buffer (Figure 5-29 and Figure 5-31B). 
Calcite is predicted to remain almost stable (only 0.007 % is dissolved) in the buffer 
throughout the simulation time (Figure 5-31B). Thus, the increase in aqueous calcium 
concentration leads to a higher calcium enrichment of the montmorillonite exchanger, as 
will be shown in the following. In the buffer, dolomite remains undersaturated 
throughout the simulation time (no precipitation observed in Figure 5-30 and Figure 
5-31C). 

Regarding the backfill evolution, the computed results for the carbonate phases are 
shown in Figure 5-29 to Figure 5-33. A continuous transformation of calcite to dolomite 
is observed in the entire backfill, especially in the vicinity of the backfill-buffer and 
backfill-fracture interfaces. This is due to changes in the stability of the carbonate 
phases due to modifications of the porewater composition promoted by the ingress of 
brackish sulphate KR6135_8 groundwater after 1,000 years. Nonetheless, the buffering 
capacity of the carbonate phases for aqueous calcium and pH is maintained. 

The calcium cation released during the gypsum dissolution process leads to a 
progressive enrichment of calcium in the montmorillonite exchanger of the MX-80 
bentonite of the buffer. This increase occurs at the expense of sodium and especially of 
magnesium, as observed in Figure 5-34. Ca-enrichment is especially high in the buffer 
near the backfill interface, with an increase of around 20 % after 100,000 years, while 
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the increase in the bottom part of the buffer is approximately 10 %. In turn, the 
exchanger composition in the backfill shows a gradual Ca-enrichment at the expense of 
sodium, while magnesium and potassium are not significantly affected (Figure 5-34 to 
Figure 5-36).  

As a consequence of the enrichment in calcium of the initially Na-rich montmorillonite 
exchanger, the rest of the cations (Na+, K+, Mg2+) composing the montmorillonite 
exchanger are released in the porewater. This release is in the order of 1 – 18 %, 
although the sodium cation suffers more consequences, due to its elevated initial 
content. Comparing with reference Case 1, after 100,000 years, the exchanger 
composition contains a higher concentration of calcium in the buffer, although it 
remains sodium dominated with the exception of the first 2 m from the buffer-backfill 
interface, where the calcium is slightly dominating (Figure 5-34 Figure 5-36). 

  



135 

 

 

 

 

 

Figure 5-31. Vertical profiles along the buffer and backfill (line A-A’ in Figure 5-26) of 
(A) gypsum, (B) calcite and (C) dolomite (zero in the buffer) content at different times 
for the reference case 2. 
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Figure 5-32. Horizontal profiles along the backfill and buffer interface (line B-B’ in 
Figure 5-26) of (A) gypsum, (B) calcite and (C) dolomite content at different times for 
the reference case 2. 
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Figure 5-33. Horizontal profiles along the backfill (line CC’ in Figure 5-26) of (A) 
gypsum, (B) calcite and (C) dolomite content at different times for the reference case 2. 
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Figure 5-34. Vertical profiles along the backfill and buffer (line A-A’ in Figure 5-26) of 
(A) sodium, (B) calcium and (C) magnesium in the exchanger composition (in %) at 
different times for the reference case 2. 
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Figure 5-35. Evolution in time of the calcium and sodium behaviour in the 
montmorillonite exchanger for the point b in the backfill-buffer interface defined in 
Figure 5-26. 

 

 

Figure 5-36. Evolution in time of the calcium and sodium behaviour in the 
montmorillonite exchanger for the point a in the backfill-buffer interface defined in 
Figure 5-26. 
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interface, as shown in Figure 5-37. 
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Figure 5-37. Evolution in time of the dolomite content for the points a and b in the 
backfill-buffer interface defined in Figure 5-26 for the reference case 2. 
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significant geochemical changes are observed in that zone in the reference Case 2 
(especially for the case gypsum dissolution/precipitation processes). 
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Table 5-2. Flow rates considered for the sensitivity analyses in Case 2 of Stage II. 

ID Qfracture (m
3/y) Qbackfill (m

3/y) Description 

RC 5·10-3 2·10-4 Reference Case 2 

SC 1 2·10-2 8·10-4 Highest flow rate (Sensitivity Case 1) 

SC 2 2·10-4 3·10-5 Lowest flow rate (Sensitivity Case 2) 

SC 3 2·10-4 2·10-4 Low fracture flow rate (Sensitivity Case 3) 

 

The comparison of the different cases regarding the evolution of pH, gypsum, calcite, 
and calcium in the montmorillonite exchanger is presented in Figure 5-38 to Figure 
5-42. As in Case 1, all figures show the evolution in time at two points (a and b in 
Figure 5-26) for the different cases. Again, a relatively sharp change in gypsum, calcite 
and dolomite can be observed starting from 1,000 years, which is due to the mixing 
process between the initial KR20_465_1 groundwater and the brackish sulphate 
KR6135_8 (the mixing process is completed in 100 years in the simulations). 
Nevertheless, the tendencies remain unaltered and the differences in the values between 
1,000 and 1,100 years are rather small. 

Computed results show that in the case where the flow rates are high (2.0·10-2 m3/y and 
8.0·10-4 m3/y), the pH decrease is more significant than the reference Case 2 after 2,000 
years (Figure 5-38A). In turn, lower flow rates lead to more stable pH values in the 
backfill-buffer interface, as may be observed in Figure 5-38B,C. Moreover, the 
differences between the cases SC2 and SC3 are negligible given the very small flow 
rates in the fracture. Therefore, the results for SC3 are not shown in Figure 5-39 to 
Figure 5-42. 

In the case of reactive minerals in the backfill-buffer interface, gypsum is predicted to 
precipitate until 10,000 – 20,000 years for all flow rate regimes. Thereafter it dissolves 
with faster dissolution rates, the higher the flow rates (Figure 5-39). As a consequence 
of gypsum precipitation, calcite is predicted to dissolve for all flow rates (Figure 5-40). 
Calcite depletion is faster for higher flow rates. In the case of dolomite, for all flow rates 
very small amounts are dissolved only after 10,000 years (until this point, dolomite is 
stable in all cases). As expected, for higher flow rates the dissolution process is 
relatively faster. In this case, the dolomite precipitation controls the pH decrease 
observed in Figure 5-38A. 

The continuous dissolution of calcite leads to an increase of the concentration of 
aqueous calcium in the bentonite porewater. This triggers the increase of calcium in the 
montmorillonite exchanger, as observed in Figure 5-42. As the groundwater flow rate is 
increased (see Figure 5-39A and Figure 5-42A), calcite dissolves faster and leads to a 
faster calcium-enrichment of the montmorillonite exchanger.  

At the moment that calcite is predicted to be exhausted the dolomite starts to dissolve 
with a rate that depends on the flow rate. As a consequence, the increasing of 
magnesium-enrichment of the montmorillonite exchanger is predicted to be higher for 
higher flow rates (Figure 5-42B). 
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Figure 5-38. Evolution in time of the pH for the points in Figure 5-26 (backfill-buffer 
interface: a, in red, and b, in blue) for the sensitivity cases (dashed lines) with (A) high 
and (B) low inflow rates through fracture and backfill, compared to the reference case 2 
(solid lines). 
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Figure 5-39. Evolution in time of gypsum for the points in Figure 5-26 (backfill-buffer 
interface: a, in red, and b, in blue) for the sensitivity cases (dashed lines) with (A) high 
and (B) low inflow rates through fracture and backfill, compared to the reference case 2 
(solid lines). 
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Figure 5-40. Evolution in time of calcite for the points in Figure 5-26 (backfill-buffer 
interface: a, in red, and b, in blue) for the sensitivity cases (dashed lines) with (A) high 
and (B) low inflow rates through fracture and backfill, compared to the reference case 2 
(solid lines). 
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Figure 5-41. Evolution in time of the dolomite for the points in Figure 5-26 (backfill-
buffer interface: a, in red, and b, in blue) for the sensitivity cases (dashed lines) with (A) 
high and (B) low inflow rates through fracture and backfill, compared to the reference 
case 2 (solid lines). 
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Figure 5-42. Evolution in time of the (A) calcium and (B) magnesium (%) in the 
montmorillonite exchanger for the points in Figure 5-26 (backfill-buffer interface: a, in 
red, and b, in blue) for the sensitivity case with high inflow rates through fracture and 
backfill (dashed lines), compared to the reference case 2 (solid lines). 
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As expected, in the case where gypsum is initially absent, the geochemical evolution is 
slightly different for a given flow rate regime. In this case, the pH is predicted to remain 
similar to the reference Case 2 for the whole period simulated, especially in the long-
term (Figure 5-43). The reason for this is mainly the influence that the backfill exerts 
over the buffer. Indeed, the presence of gypsum in the Friedland clay controls the 
geochemistry of the system. 

The absence of gypsum in the buffer leads to changes in the behaviour of the reactive 
minerals in the backfill, near the backfill-buffer interface. These geochemical variations 
are shown in Figure 5-44 for gypsum, calcite and dolomite. In the case of gypsum 
present in the backfill material, the behaviour is completely different, showing 
dissolution in the long-term for the Reference 1 bentonite case, as opposed to the 
precipitation observed in the reference case (Figure 5-44A). This is due to the fact that 
gypsum precipitation in the backfill side at the interface was caused by dissolution of 
gypsum in the buffer in the reference case, which in this case is not initially present. 

As mentioned, the dissolved gypsum in the backfill-buffer interface precipitates in the 
backfill. Similarly to the reference case, a slight dissolution of calcite occurs during the 
simulation (Figure 5-44B). On the other hand, dolomite in the backfill is predicted to 
dissolve from the beginning of the simulation time for the Reference 1 bentonite 
without gypsum (Figure 5-44C). 

 
Figure 5-43. Evolution in time of the pH for the points in the backfill-buffer interface 
defined in Figure 5-26 for the sensitivity case (dashed lines), compared to the reference 
case 2 (solid lines). 

Regarding the montmorillonite exchanger composition, the results indicate that the 
evolution is slightly different compared to the reference case as consequence of the 
differences in the reactive minerals. The calcium-enrichment is still the main factor for 
the montmorillonite exchanger evolution. The calcium released during calcite and 
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exchanger of the backfill near the interface along the simulated time. For the case of 
magnesium, which is released to the porewater solution during the dissolution of 
dolomite, an increase in the montmorillonite exchanger is also observed in the long-
term. In this case, magnesium competes with calcium for the montmorillonite exchanger 
sites. The final results of the calcium-enrichment are similar to the reference case. 

 

Figure 5-44. Evolution in time of the gypsum, calcite and dolomite content (% v/v) for 
the points in the backfill-buffer interface defined in Figure 5-26 for the sensitivity case 
(dashed lines), compared to the reference case 2 (solid lines). 
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Figure 5-45. Evolution in time of the calcium and magnesium enrichment in the 
montmorillonite exchanger for the points in the backfill-buffer interface defined in 
Figure 5-26 for the sensitivity case (dashed lines), compared to the reference case 2 
(solid lines). 
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In Table 5-3, a summary of the computed results of case 2 is presented. The values 
correspond to the results in the backfill in the immediate vicinity at the backfill-buffer 
interface, where the most significant changes are found. It may be observed that the 
highest pH predicted in all the cases is 7.29, which is computed for the cases with 
presence of gypsum in the buffer bentonite. The case leading to the lowest pH (6.96) is 
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also the one with the highest flow rate through the fracture intersecting the backfill and 
the flow rate along the backfill. 

Gypsum is depleted faster in the case with the highest groundwater flow rate, and in 
case of absence of gypsum in the buffer bentonite. The calcite content remains relatively 
stable in all cases. In turn, dolomite is predicted to dissolve less for lower flow rates. 
For the montmorillonite exchanger composition, a more significant calcium-enrichment 
and magnesium-enrichment in the montmorillonite is found for higher flow rate 
conditions, at the expense of sodium. 

A direct comparison of the results of Case 2 of the present work with the simulations in 
(Sena et al. 2010b) for the buffer-backfill system for Forsmark is difficult due to the 
underlying differences in the numerical models. Overall, the geochemical changes 
observed in this study for Case 2 are more important than the alteration observed in 
(Sena et al. 2010b). This is the case for gypsum and the montmorillonite exchanger 
composition. In the present work, the model has been extended to 3D, and the flow 
through the fracture intersecting the deposition tunnel is assumed to enter through the 
whole perimeter of the backfill-fracture interface. Moreover, the flow through the 
fracture in the Posiva reference Case 2 is much higher than the value considered in 
(Sena et al. 2010b) for the Forsmark site (around 50 times higher). In this regard, the 
large value of the flow through the fracture (compared to the study for SKB) promotes 
more profound geochemical changes not only in the backfill but also in the buffer. It is 
noted that the present 3D model accounts for a realistic buffer-backfill interface area, 
making predictions more reliable.  

 
Table 5-3. Summary of the computed results for the reference case and the sensitivity 
case developed for the Case 2. The results correspond to the backfill-buffer interface. 

Variable RC SC 1 SC 2 SC 3 SC 4 

Maximum pH 7.29 7.29 7.29 7.29 7.31 

Minimum pH 7.09 6.96 7.21 7.19 7.09 

Maximum amount of calcite (% v/v) 0.93 0.93 0.93 0.93 0.93 

Minimum amount of calcite (% v/v) 0.00 0.00 0.00 0.00 0.325 

Maximum amount of gypsum (% v/v) 2.25 2.15 2.34 2.34 1.38 

Minimum amount of gypsum (% v/v) 1.46 0.00 1.46 1.46 0.0 

Maximum amount of dolomite (% v/v) 0.478 0.478 0.478 0.478 0.478 

Minimum amount of dolomite (% v/v) 0.474 0.464 0.475 0.475 0.471 

Maximum [CaX2] (%) 56.12 64.44 42.38 42.09 56.75 

Minimum [CaX2] (%) 37.51 37.51 37.51 37.51 42.42 

Maximum [MgX2] (%) 3.55 6.60 2.76 2.76 3.16 

Minimum [MgX2] (%) 2.09 2.09 2.09 2.09 2.38 

RC – Reference Case; SC 1 – Sensitivity case with high inflow; SC 2 – Sensitivity case 
with low inflow; SC 3 – Sensitivity case with low backfill inflow; SC 4 – Sensitivity 
case without gypsum in buffer bentonite. 
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6 CONCLUSIONS 

The numerical results obtained for the thermal period (Stage I) show the saturation 
process of the initially partially saturated bentonite by the groundwater flowing through 
an idealized fracture intersecting a deposition hole. Regardless of the time to reach full 
saturation of the bentonite, the solute transport in the system is predicted to be driven by 
the suction of bentonite and a piston-like flow. The elevated temperatures and 
temperature gradients imposed by the heat released from the spent fuel in the canister do 
not lead to significant evaporation of the bentonite porewater in the present work. The 
absence of evaporation could be due to the large capillary forces within the bentonite 
pores and also to the hydraulic gradient imposed by the groundwater. 

Regarding the geochemical evolution of the system, the main conclusions reached for 
the thermal period (Stage I) are: 

 The mineralogical changes of accessory minerals in the bentonite are mainly 
controlled by the dependence of mineral solubilities on the thermal evolution of 
the near-field 

 The mineralogical changes are also observed to depend on the solute transport 
by advection during the saturation process, and diffusion during the whole 
period, between the groundwater and the bentonite porewater, which determine 
the evolution of the concentration gradients. 

 Solute transport within the bentonite pores is mainly driven by advection during 
the saturation of the bentonite. Afterwards, diffusion becomes dominant. 

 If the flow rate along the fracture is high, the composition of Olkiluoto 
groundwater is not affected by the composition of the bentonite porewater, and 
therefore, the concentration gradients are constant at the rock-buffer interface. In 
this scenario, the geochemical evolution of the system is predicted to be 
different from the reference case, especially regarding anhydrite and cation 
exchange. After 10,000 years, anhydrite is completely dissolved in the whole 
buffer, while calcium in the exchanger increases considerably, although the 
exchanger is still sodium-dominated. 

 In both MX-80 bentonite types analysed (with and without initial gypsum), the 
geochemical evolution of the system is predicted to be largely similar, except for 
anhydrite, which starts dissolving even in the hot side after 1,000 years for 
Reference 1 bentonite (without initial gypsum). 

 In the MX-80 bentonite, calcite is predicted to remain stable even in the long-
term. In addition, the montmorillonite exchanger of the MX-80 bentonite only 
experiments some changes during the saturation process. Afterwards, solute 
diffusion slowly tends to recover the initial composition of the exchanger. 

 The results regarding anhydrite and SiO2(am) behaviour show some similarities 
with a number of field tests, such as the LOT-A2 experiment (Karnland et al. 
2009), the Temperature Buffer Test (Akesson et al. 2012), and the Alternative 
Buffer Material test (Svensson et al. 2011). 

Computed results for the water-saturated period (Stage II) of the near-field for the case 
where groundwater-bentonite interaction is assumed through a fracture intersecting the 
buffer (Case 1), indicate that the interaction between the minerals that constitute the 
MX-80 bentonite and the Olkiluoto reference groundwater at repository depth leads to 
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an overall partial depletion of the initial gypsum, when present. In addition, the initially 
Na-rich montmorillonite exchanger is predicted to enrich in calcium at the expense of 
sodium and magnesium. However, the changes are small and after 100,000 years the 
montmorillonite exchanger continues to be Na-rich. Indeed, sodium and calcium 
contents vary from an initial 62.5 and 27 %, respectively, to approximately 57.5 % and 
31 %, respectively, at the end of the simulation. It may be concluded from the 
simulations that the geochemical changes during the saturated period in the case where 
a fracture intersects the buffer are small and confirm the stability of the bentonite buffer 
under the reference conditions considered in this work.  

In the same line, the geochemical changes of the buffer in the case where the buffer-
backfill system is considered (Case 2) are limited, although more important than in the 
Case 1. In this case, complete dissolution of gypsum from the whole buffer volume is 
predicted in the long-term. In turn, the changes in the montmorillonite exchanger are 
more profound, with a higher replacement of sodium and magnesium by calcium. In 
both MX-80 bentonite compositions considered (Reference 1 and Reference 2 
bentonite), the inflow of Olkiluoto groundwater leads to relatively small changes on the 
pH of the near-field with respect to the values expected for the initial porewater of the 
engineered barriers. Therefore, the buffer is predicted to be geochemically stable 
throughout the simulation time for the conditions considered in this work. 
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