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Abstract 4 

This paper present an investigation of coupled thermal, hydraulic and chemical behaviour of 5 

compacted bentonite buffer under heating and hydration conditions of the geological disposal of high 6 

level nuclear waste. The study presented provides further insight into the evolution of hydro-7 

geochemistry of the compacted bentonite and the clay microstructure effects through a numerical 8 

modelling development of the reactive transport of multicomponent chemicals. The 9 

application/validation case study is based on a series of laboratory tests on heating and hydration of 10 

compacted bentonite for a period of 0.5 to 7.6 years reported in the literature. The effects of 11 

microstructure evolution during hydration and dehydration on the transport phenomena are included 12 

via a new approach that links the geochemistry of clay hydration/dehydration with the transport 13 

properties. The analysis results related to the moisture flow and chloride transport demonstrate close 14 

correlation with the experimental results by the inclusion of the effects of microstructure evolution in 15 

the transport phenomena. The results of numerical analysis of reactive transport of chemicals 16 

highlight the importance of accessory minerals present in bentonite on the distribution of some 17 

anionic species. The behaviour of major cationic species is shown to be mainly governed by the 18 

transport processes. Further insights into the processes associated with the elevated temperature 19 

effects of clay buffer are presented and discussed that are captured from the modelling results of clay-20 

water-chemical system under coupled thermal and hydraulic conditions.   21 
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1. Introduction 32 

The application of swelling clays in a compacted form is envisaged as a key component of the 33 

Engineered Barrier System (EBS) in geological concepts for the disposal of high level radioactive 34 

waste (HLW). It has been shown that the engineering behaviour of compacted swelling clays is 35 

strongly coupled with the hydro-geochemical processes that can occur in the clay-water-chemical 36 

system (e.g. Push and Yong, 2006; Steefel et al., 2010). Under variable thermal, hydraulic and 37 

chemical environment of the geological repository, geochemical interactions between the ionic 38 

species, clay and accessory minerals can induce considerable changes on the physical, chemical and 39 

mechanical behaviour of the clay buffer. An in-depth understanding of the multiphase, 40 

multicomponent and interacting hydro-geochemical system of the clay-water and its evolution under 41 

chemically-coupled processes is therefore important for the performance assessment of the compacted 42 

clay buffer. The study presented here aims to provide further insight into the evolution of hydro-43 

geochemistry of compacted bentonite through coupled modelling of thermal, hydraulic and chemical 44 

processes. 45 

An evolutionary phase in the operational life of the clay buffer under the conditions of the HLW 46 

repository starts after the emplacement of the buffer in the depositional holes where the partially 47 

saturated compacted bentonite can be exposed to an elevated temperature at the boundary adjacent to 48 

the HLW canister (heating) and re-saturation at the interface with the host rock (hydration). 49 

Considerable attempts have been made over the last three decades or so to study the physical, 50 

chemical/geochemical and mechanical behaviour of compacted bentonite buffer under heating and 51 

hydration effects through experimental studies at different scales (e.g. Martín et al., 2000; ENRESA, 52 

2000; Cuevas et al., 2002; Villar et al., 2008a) and numerical modelling investigations that have been 53 

tested against the results of laboratory, mock-up and in-situ heating and hydration tests (e.g. 54 

Guimarães et al., 2007; Cleall et al., 2007; Samper et al., 2008; Zheng and Samper, 2008; Villar et al. 55 

2008b; Steefel et al. 2010). There are also numerical modelling studies on the long-term behaviour of 56 

compacted bentonite as part of the engineered barrier systems (e.g. Arcos et al., 2008; Yang et al., 57 

2008).  58 
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The coupled modelling study presented in this paper is based on a notable series of laboratory-scale 59 

heating and hydration tests on compacted FEBEX bentonite reported in the literature (Villar et al., 60 

2007; Villar et al., 2008a; Villar et al., 2008b; Fernández and Villar, 2010). The series of heating and 61 

hydration experiments described above have been carried out on cylindrical samples of FEBEX 62 

bentonite, compacted at dry density around 1650 kg/m
3
 and tested for periods 0.5, 1, 2, and 7.6 years. 63 

Figure 1 presents a schematic of the heating and hydration experiments whose results have been used. 64 

The results of geochemical post-mortem hydro-geochemical analysis of the heating and hydration 65 

tests have been reported by Villar et al. (2008b) and Fernández and Villar (2010) that provide 66 

extensive data and important insight into the evolution of hydro-geochemistry of the compacted 67 

bentonite at the end of experiments. However, data presented and knowledge gained is mainly based 68 

on the analysis after completion of the tests (i.e. 0.5, 1, 2, and 7.6 years) in which the conditions of the 69 

tests were different from the thermal and hydraulic conditions inside the sample (in-situ conditions) 70 

during the heating and hydrations. Specifically, the concentration of ionic species have been measured 71 

in the laboratory at a solid to liquid ratio of 1:4 and at 20 
°
C  that are different from the in situ 72 

conditions at the end of the tests associated with each slice of the sample.  73 

The numerical modelling and investigation presented aims to i) provide a more comprehensive 74 

understanding of the transient hydro-geochemical processes during the heating and hydration tests on 75 

compacted bentonite (hereafter: transient analysis), ii) obtain a better understanding of temporal 76 

evolution of the soil-water-chemical system that is not directly possible to obtain from the 77 

experimental results and iii) examine the validity of the numerical model developed and applied 78 

against an experimental dataset at the end of the transient analyses considering similar temperature 79 

and water content conditions applied in the post-mortem experiments (hereafter: post-mortem 80 

analysis).  81 

An important aspect in the prediction of behaviour of compacted clay buffer is related to the effects of 82 

microstructure of bentonite on the flow of water and transport of chemicals (Yong, 2003). 83 

Comparisons between the results of modelling investigations and experimental data have highlighted 84 

the importance of microstructure processes in moisture flow in compacted bentonite (e.g. Thomas et 85 
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al., 2003; Sánchez et al., 2012; Thomas and Sedighi, 2012). Theoretical approaches have been 86 

proposed to describe the effects of microstructure deformation (expansion/shrinkage) on hydraulic or 87 

hydro-mechanical behaviour of compacted bentonite (e.g. Thomas et al., 2003; Kröhn, 2003; Xie et 88 

al., 2004; Sánchez et al., 2012; Navarro et al., 2014). The effects of clay-water-chemical interactions 89 

are also manifested in the transport of chemicals as experimental studies show that the effective 90 

diffusion coefficients of ionic species vary considerably with the type of chemical species in the 91 

compacted bentonite (e.g. Kozaki et al., 2001; Muurinen et al., 2007; Van Loon et al., 2007; Wersin et 92 

al., 2004). In this study we consider the effects of microstructure of compacted bentonite and its 93 

evolution on moisture flow and chemical transport. We adopt a new approach proposed by Sedighi 94 

and Thomas (2014) by which the hydration and dehydration of microstructure of compacted bentonite 95 

and its associated porosity are calculated directly from thermodynamics of hydration/dehydration of 96 

smectite.  97 

A summary of the governing formulations and the numerical model is first presented. The procedure 98 

of analysis, material properties, initial conditions and boundary conditions applied in the simulations 99 

are discussed in detail. The results of simulations are presented that include two stages of analysis: i) 100 

the transient analysis of evolution of thermal, hydraulic and chemical/geochemical variables in the 101 

domain under the same conditions that have been applied in the heating and hydration tests by Villar 102 

et al. (2008b) and ii) the post-mortem geochemical analysis of the results from stage i) that are based 103 

on the same thermal and hydraulic conditions applied in the geochemical post-mortem analysis as 104 

reported by Fernández and Villar (2010). The results are compared with those reported from the 105 

experimental tests, enabling to identify key hydro-geochemical processes involved during the test and 106 

examine the accuracy of the model under the conditions of the application case.  107 

2. Coupled thermal, hydraulic and chemical formulations and numerical model 108 

The numerical investigation presented was carried out by extending the capabilities and theoretical 109 

aspects of a coupled thermal, hydraulic, chemical and mechanical model (THCM) (COMPASS) (e.g. 110 

Thomas and He, 1997; Seetharam et al. 2007; Vardon et al., 2011; Sedighi et al., 2016) through i) 111 

development of a theoretical formulation for multicomponent chemical transport under coupled 112 
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thermo-hydraulic conditions (Sedighi et al, 2011; Thomas et al., 2012), ii) inclusion of microstructure 113 

effects in transport phenomena by developing a chemistry-based micro porosity evolution model 114 

(Sedighi and Thomas, 2014) and iii) integration of the geochemical model PHREEQC into the 115 

transport model to form an integrated reactive transport model under coupled THCM formulation (i.e. 116 

COMPASS-PHREEQC) (Sedighi et al., 2015; Sedighi et al. 2016).  117 

The processes considered in the governing equations of the model are: i) heat transfer via conduction, 118 

convection and latent heat of vaporisation, ii) moisture (water and vapour) flow due to thermal and 119 

hydraulic driving potentials, iii) transport of multicomponent chemicals via advection, dispersion and 120 

diffusion mechanisms and iv) heterogeneous and homogenous geochemical reactions that can occur in 121 

the soil, water and air system.  122 

2.1. Heat transfer and moisture flow 123 

The governing equation for heat transfer considers the energy conservation given as (Thomas and He, 124 

1997): 125 

𝜕[𝐻𝑐(𝑇 − 𝑇𝑟)𝛿𝑉 + 𝐿𝜌
𝑣
𝜃𝑎]

𝜕𝑡
= −𝛿𝑉∇ ∙ [−𝜆𝑇∇𝑇 + 𝐿(𝜌𝑙

vv + 𝜌
𝑣
va) + 𝐴(𝑇 − 𝑇𝑟)] (1) 

where, 𝐻𝑐 is the heat storage capacity. 𝑇 and 𝑇𝑟 represent temperature and the reference temperature, 126 

respectively. 𝑡 is time and 𝛿𝑉 represents the incremental volume, 𝐿 represents the latent heat of 127 

vaporisation. 𝜃𝑎 is the volumetric air (gas) content. 𝜌𝑙 and 𝜌𝑣  are the water and vapour density, 128 

respectively. vv and va represents the vapour velocity and air velocity, respectively. 𝜆𝑇 is the thermal 129 

conductivity and 𝐴 stands for the sum of the heat convection components. Further details related to 130 

heat transfer parameters can be found in Thomas and He (1997).  131 

The governing equation for moisture flow is based on mass conservation law. The flow of water 132 

(liquid) in unsaturated porous medium is explained using Darcy’s law and the vapour flow is 133 

considered to be driven by diffusion and advection processes (Thomas and He, 1997): 134 

𝜕(𝜌𝑙𝜃𝑙𝛿𝑉)

𝜕𝑡
+

𝜕(𝜌𝑣𝜃𝑎𝛿𝑉)

𝜕𝑡
= −𝛿𝑉∇ ∙ (𝜌𝑙vl + 𝜌𝑙vv + 𝜌𝑣va) (2) 
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where, 𝜃𝑙  is the total volumetric liquid content. vl represents the water velocity. 135 

By considering capillary and gravitational potentials, the liquid flux, in an expanded form can be 136 

written as (Thomas and He, 1997): 137 

vl = 𝑘𝑙 (
∇𝑢𝑙

𝜌𝑙𝑔
+ ∇𝑧) (3) 

where, 𝑘𝑙 is the unsaturated hydraulic conductivity of soil. 𝑢𝑙 is the pore water pressure. 𝑔 is the 138 

gravitational constant and 𝑧 stands for the elevation.  139 

The diffusive component of the vapour flow is considered based on the formulation proposed by 140 

Philip and de Vries (1957):  141 

vv = [
𝐷𝑎𝑡𝑚𝑠𝑣𝑣𝜏𝑣(1 − 𝜃𝑙)

𝜌𝑙
𝜌0

𝜕ℎ

𝜕𝑠
] ∇𝑢𝑙 − [

𝐷𝑎𝑡𝑚𝑠𝑣𝑣

𝜌𝑙
𝑓

(∇𝑇)𝑎

∇𝑇
(ℎ

𝜕𝜌0

𝜕𝑇
+ 𝜌0

𝜕ℎ

𝜕𝑇
)] ∇𝑇 (4) 

where 𝐷𝑎𝑡𝑚𝑠 is the molecular diffusivity of vapour through air, 𝜏𝑣 is the tortuosity factor, 𝑣𝑣 is a mass 142 

flow factor. 𝜌0 is the density of saturated water vapour, ℎ is relative humidity and 𝑠 represents total 143 

suction. [
(∇𝑇)𝑎

∇𝑇
] denotes the microscopic pore temperature gradient factor and 𝑓 is a flow area factor . 144 

The flow factor reduces the vapour flow since the available flow area decreased at highe moisture 145 

contents. 146 

Further details related to moisture transfer equations can be found in Sedighi (2011) and Sedighi et al. 147 

(2016).  148 

2.2. Reactive transport of multicomponent chemicals 149 

The formulations of reactive transport of chemicals are based on mass conservation. The geochemical 150 

reactions causing gain or loss of each chemical component are considered via a sink/source term in 151 

the transport formulation. The transport formulation considers the transfer mechanisms of advection, 152 

diffusion and dispersion of multiple chemicals in the liquid phase.   153 

It has been shown that anionic and cationic species diffuse at different rates in multi-ionic aqueous 154 

system of compacted smectite. Therefore, the diffusion rate of each ion may deviate from that 155 

calculated by the Fick’s diffusion law (Lasaga, 1979). It is therefore required that the condition of 156 

electro-neutrality of the aqueous system should be implemented in the transport formulation of 157 
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multiple ions. Sedighi et al. (2011) and Thomas et al. (2012) have presented a general formulation for 158 

chemical transport in multi-ionic systems. The formulation considers diffusion under combined 159 

molecular diffusion and thermal diffusion and satisfies the electro-neutrality condition of the pore 160 

fluid system (a summary of the formulation is presented in Appendix A). It is noted that the 161 

formulation only considers flow in the bulk fluid, i.e. the transport of chemicals does not include 162 

diffusion via surface diffusion or interlayer diffusion processes. 163 

The mass conservation alongside electro-neutrality condition has been adopted to develop the 164 

governing equation for the transport:   165 

𝜕(𝜃𝑙𝑐𝑖𝛿𝑉)

𝜕𝑡
+

𝜕(𝜃𝑙𝑠𝑖𝛿𝑉)

𝜕𝑡
= −𝛿𝑉∇ ∙ (𝑐𝑖vl − ∑𝜃𝑙𝜏𝑖𝐷𝑖𝑗∇𝑐𝑗

𝑛𝑐

𝑗=1

− 𝜃𝑙𝜏𝑖𝐷𝑖
𝑇∇𝑇 − D𝑚∇𝑐𝑗) (5) 

where, 𝑐𝑖 is the concentration of the i
th
 chemical component, 𝑠𝑖  a geochemical sink/source term which 166 

stands for the amount of the i
th
 chemical component that is produced or depleted due to geochemical 167 

reactions. 𝐷𝑖𝑗 is the effective molecular diffusion coefficient of the i
th
 chemical due to the chemical 168 

gradient of the j
th
 chemical component, 𝐷𝑖

𝑇represents the thermal diffusion coefficient of the  i
th
  169 

chemical. D𝑚 is the matrix of the effective dispersion coefficients. 𝜏𝑖 is the tortuosity factor of the i
th
 170 

chemical component.  171 

The molecular diffusion and thermal diffusion coefficients can be presented as (Thomas et al., 2012): 172 

𝐷𝑖𝑗 = −𝛿𝑖𝑗𝐷𝑖
0 (1 +

𝜕𝑙𝑛𝛾𝑖

𝜕𝑙𝑛𝑐𝑖
) +

𝑧𝑖𝐷𝑖
0𝑐𝑖

∑ 𝑧𝑘
2𝐷𝑘

0𝑐𝑘
𝑛𝑐
𝑘=1

𝑧𝑗𝐷𝑗
0 (1 +

𝜕𝑙𝑛𝛾𝑗

𝜕𝑙𝑛𝑐𝑗
) (6) 

𝐷𝑖
𝑇 = −𝐷𝑖

0𝑐𝑖

𝑄𝑖
∗0

𝑅𝑇2
+

𝑧𝑖𝐷𝑖
0𝑐𝑖

∑ 𝑧𝑘
2𝐷𝑘

0𝑐𝑘
𝑛𝑐
𝑘=1

∑𝑧𝑗𝑐𝑗𝐷𝑗
0

𝑄𝑗
∗0

𝑅𝑇2

𝑛𝑐

𝑗=1

 (7) 

where, 𝛿𝑖𝑗 is the Kronecker’s delta. 𝐷𝑖
0 is the self-diffusion coefficient of the i

th
 chemical component 173 

in free water. 𝑧𝑖 stands for the ionic valence of the i
th
 chemical component and 𝑄𝑗

∗0 is the heat of 174 

transport of the j
th
 chemical component. 175 
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The components of geochemical sink/source term presented in the governing equation of chemicals 176 

are calculated using a geochemical model which was linked to the model. This was achieved by 177 

coupling the geochemical model PHREEQC version 2 (Parkhurst and Appelo 1999) with the transport 178 

model (Sedighi et al., 2016). In relation to the application considered in this work, the geochemical 179 

modelling features that were coupled to the transport model and tested include i) equilibrium 180 

reactions, applied to precipitation/dissolution of minerals, ii) kinetically controlled reactions, applied 181 

to precipitation/dissolution of minerals and iii) Ion exchange processes, considered under equilibrium 182 

conditions.   183 

2.3. Numerical model 184 

The numerical solution to the formulations of the heat transfer, moisture flow and chemical transport 185 

has been achieved by the application of the finite element method and the finite difference method 186 

(Thomas and He, 1997; Seetharam et al., 2007). The Galerkin weighted residual method has been 187 

adopted by which the spatial discretisation is developed.  188 

The solution adopted for the reactive transport formulation of chemicals is based on an operator 189 

splitting approach in which the governing equations for the transport (and mechanical) formulation 190 

and the geochemical reactions are solved sequentially (Steefel and MacQuarrie, 1996). The operator 191 

splitting approach has been extensively adopted in the development of reactive transport models in 192 

various forms including sequential iterative approach (SIA), sequentially non-iterative approach 193 

(SNIA) and sequentially partly-iterative approach (SPIA). Examples of established reactive transport 194 

codes are HYDROGEOCHEM  (Yeh and Tripathy, 1991), CrunchFlow (Steefel and Molins, 2016); 195 

PHREEQC (Parkhurst and Appelo, 1999), THOUGHREACT (Xu et al., 2004), HPx (Jacques and 196 

Šimůnek, 2005), CORE 2D (Samper et al., 2009) that adopt operating splitting approaches and are 197 

widely applied in various fields. 198 

In order to couple the chemical transport model and the geochemical reaction model (calculated by 199 

PHREEQC version 2), a sequential non-iterative approach (SNIA) was adopted. In summary, the  200 

chemical transport equations are separately solved at each time step and the concentrations of 201 
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chemicals calculated are then used for the geochemical modelling using PHREEQC. The values of 202 

dissolved chemical concentrations corrected after the geochemical modelling are returned into the 203 

transport module for the next step of analysis. The coupled reactive transport model presented here 204 

has carefully been tested and verified against several benchmarks that are presented in details 205 

elsewhere (Sedighi et al., 2016). Appendix B provides a description of the numerical and 206 

computational aspects of the model.  207 

3. Case study and simulation details 208 

The case study presented here is based on a series of heating and hydration experiments on FEBEX 209 

bentonite, compacted at dry density around 1650 kg/m
3
 reported by Villar et al. (2008a,b) that have 210 

been carried out for a period of 0.5 to 7.6 years. As shown in Figure 2, the experimental tests included 211 

the hydration of compacted clays samples by an aqueous solution from the top of the sample at 1.2 212 

MPa (infiltration pressure) and at ambient temperature (20-30 
o
C) while an elevated temperature has 213 

been applied at the bottom of the cell (100 
o
C). The size of the cylindrical samples was 600 mm 214 

(height) and 70 mm (diameter).  215 

An axi-symmetric analysis has been carried out on a discretised domain to 500 unequally sized 216 

elements (4-noded axi-symmetric elements). In order to prevent numerical instability and improve the 217 

convergence, the first 200 mm in the heating side (bottom) and the hydration side (top) of the sample 218 

were discretised into smaller elements (equally sized 1 mm elements). Equally sized 2 mm elements 219 

were used in the 200 mm distance in the middle of domain. The maximum time-step allowed in the 220 

numerical analysis was 500,000 seconds. The time steps were allowed to the maximum allowed value 221 

by a rate of 1.05.  If the convergence criteria are satisfied within a specified numbers of iterations, the 222 

time-step was allowed to increase otherwise, the time-step was reduced to a lower value to achieve 223 

convergence. 224 

Geochemical analysis of the pore fluid composition at the initial water content (14% gravimetric) and 225 

temperature at 25 
o
C was carried out using PHREEQC by considering the equilibration of the whole 226 

clay-water system with pure water at pH 7.72 and atmospheric CO2 partial pressure (PCO2 ≈10
-3.5

). 227 
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The quantities of the soluble minerals and exchangeable cation contents of the bentonite were adopted 228 

from the average values for the FEBEX bentonite provided by Fernández et al. (2001). Following 229 

Fernández et al. (2001), dissolution-precipitation of minerals including calcite, halite and gypsum and 230 

ion exchange reactions was considered in the modelling. The coefficients for exchange reactions 231 

reported in ENRESA (2000) were employed. For mineral reactions the database of PHREQQC 232 

(phreeqc.dat) was used. A summary of the thermodynamics parameters of mineral 233 

dissolution/precipitation and ion exchange reactions is provided in Table 1. The results of 234 

geochemical modelling of the pore water composition are presented in Table 2. The chemical 235 

composition of the aqueous solution injected to the system is also presented in Table 2. 236 

A coupled thermal, hydraulic and chemical analysis was carried out to obtain the transient evolution 237 

of key variables in the domain that include temperature, pore water pressure, ionic species in the pore 238 

fluid and a set of geochemical variables in the domain including minerals, exchangeable ions and pH. 239 

(Referred as the transient analysis). Figure 3 shows the thermal, hydraulic and chemical initial and 240 

boundary conditions applied that were adopted based on the conditions of the experiments. Constant 241 

temperature and water pressure at the top of the domain equal to 298 K and 1.2 MPa, respectively, 242 

was considered. A fixed temperature equal to 373 K and impermeable boundary condition to water 243 

flow was applied at the bottom of the domain. The boundary conditions for the chemical components 244 

at the top of the domain were considered to be fixed concentration whilst at the bottom of the domain, 245 

an impermeable boundary was considered. At the radial boundary, a heat flux was applied, 246 

representing the potential heat loss from the cell. The heat loss can theoretically be calculated that is 247 

equal to 2.3 W/m
2
/K. This value is obtained by considering a 15 mm PTFE casing having thermal 248 

conductivity of 0.25 and 15 mm foam insulation with thermal conductivity of 0.4 W/m/K (Villar et al. 249 

2008b). A lower value of heat flux, i.e. 1.78 W/m
2
/K, was used in the simulation compared with the 250 

calculated theoretically due to potential layer of air trapped in the radial boundary of the sample that 251 

may have provided an extra isolation layer. The radial boundary is considered to be impermeable to 252 

fluid. Precipitation/dissolution of calcite has been considered as a kinetically controlled reaction in the 253 

transient analysis whilst mineral reactions have been considered as equilibrium reaction for other 254 
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minerals involved. The kinetic rate of calcite reaction was adopted from the equation and parameters 255 

presented in the phreeqc.dat data base of PHREEQC.  256 

The water content and temperature applied during the experimental post-mortem geochemical 257 

analysis were 400% gravimetric water content (i.e. the ratio of liquid/solid was 4:1) and 25 
°
C, 258 

respectively (Fernández and Villar, 2010). These values can be different from the water content and 259 

temperature at the corresponding locations in the sample after the completion of experimental tests or 260 

transient analysis (0.5, 1.0, 2.0 and 7.6 years). Changes in the water content and temperature during 261 

post mortem tests will affect the geochemical equilibrium of the soil-chemical-water system; hence 262 

the composition of ions resulting from the transient analysis at the end of the tests should be re-263 

analysed to replicate the experimental conditions (water content and temperature) in which the post 264 

mortem experiments were carried out. This step of analysis (post mortem analysis) will enable the 265 

comparison of transient analysis with post mortem experiments, i.e. provide a validation. The results 266 

of numerical simulations including temperature, water content and geochemical variables obtained 267 

from transient analysis at 0.5, 1.0, 2.0 and 7.6 years were used as initial inputs for calculating the pore 268 

water composition of the samples using PHREEQC under the water content and temperature of post 269 

mortem experimental conditions of the experiments (i.e. 25
o
C and 400% gravimetric water content).   270 

In summary, the experimental data used to develop the simulations and comparison with the results of 271 

analysis include i) transient temperature profile and ii) water contents profile and pore fluid chemistry 272 

based on the geochemical post-mortem analysis at the end of the tests reported.  273 

4. Material properties  274 

4.1. Thermal and hydraulic behaviour 275 

The material constants including density of water, density of solid, specific heat capacity of solid, 276 

liquid and vapour, latent heat of vaporisation, Henry’s constant and specific gas constant for gas 277 

vapour were obtained from the literature (Mayhew and Rogers, 1976 and ENRESA, 2000). The value 278 

reported by ENRESA (2000) was used for the reference thermal conductivity of compacted FEBEX 279 

bentonite. The moisture retention relationship used is based on the van Genuchten’s equation (van 280 
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Genuchten, 1980) and the parameters provided in ENRESA (2000) for compacted FEBEX bentonite. 281 

Table 3 presents a summary of key thermal and hydraulic properties adopted for the simulations. 282 

Using the moisture retention relationship provided, the initial degree of saturation (58.6%) 283 

corresponds to a suction value equal to approximately 90.0 MPa. 284 

As discussed in the introduction section, studies of the hydraulic behaviour of compacted bentonite 285 

have indicated that the expansion/shrinkage of the clay microstructure during hydration/dehydration 286 

show profound effects and control on the moisture flow in compacted bentonite (e.g. Thomas et al., 287 

2003; Sánchez et al., 2012). As shown in Figure 3, the porosity system of compacted bentonite can be 288 

conceptualised at least by two scales of porosity (Sedighi and Thomas, 2014):  i) “micro porosity” that 289 

comprises the pore spaces between the unit layers of smectite or lamellas, (also called interlayer 290 

porosity) and ii) “macro porosity” that includes pores between the particles (inter-particle pores) and 291 

between the aggregates of particles (inter-aggregate pores). “Micro porosity” is always fully saturated 292 

and hydration and dehydration processes, therefore, changes the interlayer distance between the clay 293 

platelets by adding/removing water molecules. The interlayer hydration and dehydration of smectite 294 

involves adsorption or desorption of one to three discrete layers of water molecules between the clay 295 

platelets (Push and Yong, 2006). The crystalline structure of the mineral remains unchanged during 296 

the hydration/dehydration process (Ransom and Helgeson, 1994). The water molecules within the 297 

interlayer space of smectite (micropores), combined with a small portion of water attached to the 298 

particle external surfaces, constitutes a proportion of water that is considered to be immobile 299 

compared with that located in macropores (Pusch et al., 1990; Hueckel, 1992). The pathways for 300 

water flow and transport of ionic-species in compacted bentonite are practically reduced to the 301 

spaces/pores between the particle and aggregates. The macro porosity is (in contrast to the micro 302 

porosity) a two-phase system that can contain both liquid and vapour. Water molecules can be 303 

exchanged between these two scales of porosity.  304 

Thomas et al. (2003), Sedighi (2011) and Thomas and Sedighi (2012) have introduced a form of 305 

modified hydraulic conductivity that includes the effects of microstructure swelling on hydraulic 306 

conductivity. The concept is based on the assumption that the porosity available to water flow is 307 
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limited to the macro pore spaces between the clay particles and the water that exists in the interlayer 308 

porosity is practically immobile. A general form of the modified relationship for the hydraulic 309 

conductivity of compacted bentonite is given as follows (Sedighi, 2011): 310 

𝑘𝑙 = (1 −
𝜃𝑖𝑙

𝜃𝑙
) 𝑘𝑠𝑎𝑡𝑆𝑙

𝛽
 (8) 

where, 𝑘𝑠𝑎𝑡 is the saturated hydraulic conductivity (𝑘𝑠𝑎𝑡 = 3.5 × 10−14 m/s for compacted FEBEX 311 

bentonite) and 𝛽 is a constant which has been given as 3 for the studied clay (Villar et al., 2008a). 𝜃𝑖𝑙 312 

is the volumetric water content of microstructure (interlayer volumetric water content).  313 

The formulation of moisture flow (mass balance) has been applied to the total water content (sum of 314 

the moisture content in micro pore and macro pore). We do not consider a separate mass balance 315 

equation for the micro pore water evolution as i) we consider water in the interlayer to be immobile 316 

and ii) we consider the system under equilibrium (i.e. mass exchange between the micro and macro is 317 

instantaneous). The effect of micro porosity evolution is manifested in the water flux by the hydraulic 318 

conductivity relationship that includes implicitly the effects of microstructure. It is noted that a double 319 

porosity approach with an exchange term that considers a kinetically controlled exchange of water 320 

between micro and macro pores would provide a more comprehensive approach. However, this was 321 

beyond the scope of current study. 322 

Comparisons between the experimental results and simulations that consider the modified hydraulic 323 

conductivity in hydraulic flow formulations show a closer correlation with the behaviour observed in 324 

experimental studies of both isothermal and non-isothermal water infiltration (Sedighi, 2011; Thomas 325 

and Sedighi, 2012).  Section 4.2 describes the approach developed to calculate the interlayer water 326 

content. 327 

 328 

4.2. Microstructure evolution during hydration and dehydration 329 

Compaction of bentonite primarily reduces the macro porosity (Likos and Lu, 2006). Therefore by 330 

increasing the dry density of compacted bentonite, it is expected that the contribution of interlayer 331 
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porosity to the overall porosity increases. During hydration of smectite, a number of discrete layers of 332 

water are entered into the variable pore space between the individual unit layers of smectite (interlayer 333 

porosity). A maximum number of 3 to 4 layers of water molecules can be adsorbed in the smecite 334 

interlayer that correspond to the basal spacing of approximately 1.70 to 2.0 nm, respectively (Laird, 335 

2006). Models for prediction of the interlayer/micro porosity variation in compacted bentonite are 336 

very limited (especially under variable suction or temperature). The existing prediction are based on 337 

the variation of basal spacing between the interlayer platelets, observed in the XRD analysis by which 338 

the porosity associated can be calculated by considering a homogeneous distribution of parallel clay 339 

platelet in the system (Likos and Lu, 2006; Warr and Burger, 2007; Likos and Wayllace, 2010; 340 

Holmboe et al., 2012).  341 

Sedighi and Thomas (2014) have proposed a generic approach to calculate the interlayer 342 

porosity/interlayer water content of compacted bentonite and its evolution with environmental 343 

conditions (relative humidity and temperature) based on a geochemical model of 344 

hydration/dehydration of smectite proposed by Ransom and Helgeson (1994). The interlayer 345 

hydration and dehydration of smectite can be described as a geochemical reaction between water 346 

molecules and a symbolic hydrous and its homologous anhydrous counterparts of smectite (Ransom 347 

and Helgeson, 1994; Vidal and Dubaqt, 2009): described as:  348 

𝐻𝑦𝑑𝑟𝑜𝑢𝑠 𝑠𝑚𝑒𝑐𝑡𝑖𝑡𝑒 (ℎ𝑠) ⇆ 𝐴𝑛ℎ𝑦𝑑𝑟𝑜𝑢𝑠 𝑠𝑚𝑒𝑐𝑡𝑖𝑡𝑒 (𝑎𝑠) + 𝑛𝑚𝐻2𝑂 

where, 𝑛𝑚 is the number of moles of water present in the interlayer adsorption or desorption reaction, 349 

given as the moles of water per smectite half formula unit, i.e. O10(OH)2 (Ransom and Helgeson, 350 

1994). 351 

Ransom and Helgeson (1994) have shown that solid solution reaction of interlayer 352 

hydration/dehydration can be expanded as (Ransom and Helgeson, 1994): 353 

log𝐾𝑒𝑞 = 𝑙𝑜𝑔 (
1 − 𝑋ℎ𝑠

𝑋ℎ𝑠
) +

𝑊𝑠

2.303𝑅𝑇
(2𝑋ℎ𝑠 − 1) + 𝑛𝑚𝑙𝑜𝑔𝑎𝑤 (9) 
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where, 𝐾𝑒𝑞 represents the equilibrium constant of the reaction and 𝑋ℎ𝑠 represents the mole fraction of 354 

the hydrous smectite.  𝑊𝑠 denotes the Margules parameter for the binary regular solid-solution of 355 

hydrous and anhydrous smectite components at reference temperature (25 °C) and pressure (0.1 MPa) 356 

which is independent of pressure and temperature (Ransom and Helgeson, 1994). 𝑅 refers to gas 357 

constant. 𝑎𝑤 is the activity of water.  358 

Sedighi and Thomas (2014) have shown that the interlayer porosity/interlayer water content that is 359 

calculated as a function of the mole fraction of hydrous smectite in the interlayer 360 

hydration/dehydration reaction of smectite. Accordingly, the interlayer volumetric water content can 361 

be given as (Sedighi and Thomas, 2014): 362 

𝜃𝑖𝑙 = 𝑋ℎ𝑠

𝑛𝑚𝑣𝑖𝑙

𝑚𝑠𝑚
𝜌𝑑

𝑠𝑚 (10) 

where 𝑣𝑖𝑙 denotes the specific molar volume of the interlayer water, 𝑚𝑠𝑚 is the molar mass of dry 363 

smectite and 𝜌𝑑
𝑠𝑚represents the bulk dry density of smectite.  364 

It is noted that as the interlayer space remains always saturated. Therefore, the porosity associated 365 

with the microstructure (𝑛𝑖𝑙) is equivalent to the interlayer volumetric water content (𝜃𝑖𝑙)  366 

Based on equation (9), the mole fraction of hydrous smectite can be calculated by knowing the 367 

equilibrium constant of the reaction ( eqKlog ), the Margules parameter ( sW ) and the mole number of 368 

hydrate water in a fully hydrated smectite (𝑛𝑚) at given temperature (T ) and water activity ( OHa
2

). 369 

Assuming the molar volume of interlayer water to be same the same as that in macro pore, the activity 370 

of water can be expressed in terms of the relative humidity (or total suction) of the macro pore or the 371 

surrounding environment. 372 

The thermodynamic parameters of the solid-solution model for pure smectites, including the 373 

equilibrium constants of the reactions and the Margules parameters were reported by Ransom and 374 

Helgeson (1994). The parameters have been derived based on calibration of the model against 375 

laboratory based vapour adsorption data of powdered smectite samples. The equilibrium constant of 376 
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the reaction ( eqKlog ) varies with temperature (Ransom and Helgeson, 1995) that is calculated as a 377 

function of the standard enthalpy of reaction (∆𝐻𝑟,𝑇𝑟

0 ) at reference temperature (𝑇𝑟) and the standard 378 

heat capacity of the reaction at constant pressure, (∆𝐶𝑝
0) given as (Langmuir, 1997): 379 

log𝐾𝑒𝑞 = (log𝐾𝑒𝑞)𝑇𝑟
+

∆𝐻𝑟,𝑇𝑟

0

2.303𝑅
(
1

𝑇𝑟
−

1

𝑇
) +

∆𝐶𝑝
0

2.303𝑅
(
𝑇

𝑇𝑟
− 1) +

∆𝐶𝑝
0

2.303𝑅
ln (

𝑇

𝑇𝑟
) (11) 

In this study we adopted the thermodynamic parameters for the hydration/dehydration reactions for 380 

homo ionic smectite presented by Ransom and Helgeson (1994) considering FEBEX bentonite as a 381 

mixture of Ca, Mg and Na smectite. Table 4 present a summary of the parameters used to calculate 382 

the micro porosity variation. 383 

4.3. Chemical transport behaviour 384 

Two series of parameters required for modelling the reactive transport of chemicals include i) 385 

transport properties and ii) thermodynamic and kinetic parameters of the geochemical reactions. The 386 

latter has been described in section 2 and the parameters used have been detailed in Table 1. The 387 

transport parameters required are those related to the molecular diffusion and thermal diffusion 388 

processes in according to Equations 5 to 7.   389 

García-Gutiérrez et al. (2004) studied the diffusion properties of FEBEX bentonite and have shown 390 

that the accessible porosity for HTO agrees well with the total porosity, which implies that all the 391 

pores in compacted bentonite are available for diffusion of neutral species. The accessible porosity for 392 

the diffusion of chloride tracer was reported to be considerably smaller than the total porosity, even at 393 

the lower densities, demonstrating a significant anionic exclusion. Their results indicated that the 394 

accessible porosity for chloride is a small fraction of total porosity (2-3 %) at a dry density of 1650 395 

kg/m
3
. The tortuosity factors for anionic and cationic species (𝜏𝑖) were therefore considered to be 396 

different in this study. The effects of tortuous path and constrictivity (together) were included by 397 

considering different effective porosities for diffusion of anionic and cationic species. A modified 398 

form of the tortuosity factor proposed by Revil and Jougnot (2008) was is used in which the porosity 399 

is replaced by the effective porosity. The relationship used to describe the tortuosity factor is: 400 
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𝜏𝑖 = (𝑛𝑒𝑓𝑓
𝑖 )

𝛽−1
(𝑆𝑙 − 𝑆𝑙

𝑐)𝛾−1 (12) 

where 𝑛𝑒𝑓𝑓
𝑖  is the effective porosity for diffusion of the i

th
 ionic species. 𝑆𝑙

𝑐 is the percolation 401 

threshold for degree of saturation, suggested by Revil and Jougnot (2008). 𝛽 and 𝛾 are constants. In 402 

this study the values of 𝑆𝑙
𝑐, 𝛽 and 𝛾 were considered to be 0, 2.5 and 2.75, respectively.  403 

The effective porosity for the anionic diffusion is described by: 404 

𝑛𝑒𝑓𝑓
𝐴𝑛𝑖𝑜𝑛𝑠 = 𝑛 − 𝑛𝑖𝑙 − 𝑛𝐷𝐷𝐿 (13) 

where 𝑛𝑖𝑙represents the interlayer porosity calculated from the hydration/dehydration model (based on 405 

Equation (10) and 𝑛𝐷𝐷𝐿is the porosity associated with the developed diffusion layer.  406 

The effective porosity for chloride diffusion has been given in the range of 0.02-0.03 for fully 407 

saturated FEBEX bentonite, compacted at dry density of 1650 kg/m
3
 (García-Gutiérrez et al., 2004). 408 

Applying Equation (9) under saturated state and ambient temperature yields the interlayer porosity to 409 

be approximately 0.27. The porosity associated with the developed diffusion layer was calibrated as a 410 

constant value of 0.105 for the anionic species to produce the effective porosity in the range of 0.02-411 

0.03 at saturated state based on effective porosity values provided by García-Gutiérrez et al.(2004) ( 412 

i.e. 𝑛𝑒𝑓𝑓
𝐴𝑛𝑖𝑜𝑛𝑠 = 0.4 − 0.27 − 0.105 = 0.025). Including the above tortuosity factor and volumetric 413 

water content using Equation (9), the corresponding value for the effective diffusion coefficient for 414 

chloride in fully saturated FEBEX bentonite compacted at dry density of 1650 kg/m
3
 is obtained equal 415 

to 1.27×10
-12

 m
2
/s which is close to the experimentally measured value of 1.1×10

-12
 m

2
/s (García-416 

Gutiérrez et al. 2004). For all anionic species the same tortuosity factor was applied. The effective 417 

porosity of cations was assumed to be the effective porosity for water tracer (HTO) diffusion, given as 418 

the total porosity in compacted bentonite soils (García-Gutiérrez et al., 2004). The rate of diffusion 419 

rate of cations in compacted bentonite has been reported to be larger than that of HTO and this has 420 

been explained to be related to the interlayer diffusion or surface diffusion. In is noted that, in the 421 

modelling study presented here, enhanced diffusion rate of cations through potential mechanism such 422 

as interlayer or surface diffusion has not been considered. By applying the total porosity to the 423 
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tortuosity factor presented in Equation (15), the effective diffusion coefficient for cations is obtained 424 

in the range of 6.32×10
-11

 to 1.56×10
-10

 m
2
/s. These values are also in agreement with the values 425 

reported for HTO effective diffusion coefficient equal to 5.8×10
-11 

m
2
/s, for fully saturated compacted 426 

FEBEX bentonite at dry density of 1650 kg/m
3
 (García-Gutiérrez et al., 2004). 427 

Thermal diffusion of multicomponent chemicals is considered in accordance to the formulation 428 

provided in Equation (5). The term heat capacity in Equation (7) is calculated using the theoretical 429 

approach proposed by Agar et al. (1989) as: 430 

𝑄𝑖
∗ = 𝐴𝑧𝑖

2𝐷𝑖
0 (14) 

where, 𝐴 is a constant value that depends on the hydrodynamic boundary condition (i.e. 2.48×10
12

 and 431 

2.20×10
12

 for two different hydrodynamic boundary conditions). An average value of the two 432 

hydrodynamic boundary conditions was used for this parameter. Details can be found in Sedighi et al. 433 

(2011) and Thomas et al. (2012). 434 

The self-diffusion coefficients of the ionic species in water at 25 
o
C (𝐷𝑖

0) were taken from the values 435 

reported by Lasaga (1998). The Stokes-Einstein relationship has been used to obtain the self- 436 

diffusion coefficient of ions in water at variable temperature (Cussler, 1997). 437 

Chloride ion is the dependent component considered in the transport model in relation to the overall 438 

charge conservation requirement as explained in Appendix A. In other words, the chemical transport 439 

formulation is solved for all chemical components except Cl
-
. The concentration of chloride is then 440 

calculated from the “no net charge” condition ∑
𝜕(𝜃𝑙𝑧𝑖𝑐𝑖𝛿𝑉)

𝜕𝑡

𝑛𝑐
𝑖=1 = 0 (Appendix A). The charge-balance 441 

condition in the geochemical reaction (∑
𝜕(𝜃𝑙𝑧𝑖𝑠𝑖𝛿𝑉)

𝜕𝑡

𝑛𝑐
𝑖=1 = 0) is also separately satisfied during reaction 442 

modelling by PHREEQC by adjusting the pH (i.e. The charge-balance equation is used to calculate 443 

pH in batch reactions by PHREEQC).  444 

5. Results and discussion 445 

The results of numerical simulations of heat transfer, moisture flow and reactive transport of 446 

chemicals are presented in this section. In terms of temperature evolution in the domain, the results of 447 
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the transient analysis are compared with the transient results of temperature monitoring from the 448 

experiment. The variations of water content are compared with those reported from the post mortem 449 

analysis by Villar et al. (2008b). In terms of chemical behaviour, the results of two series of analysis 450 

are presented: 1) the results of transient analysis from coupled numerical simulations that demonstrate 451 

the possible state of soil-water-chemical system at the end of 0.5, 1, 2 and 7.6 years experimental tests 452 

and 2) the results of post mortem analysis that are used to compare against data from the post mortem 453 

geochemical experiments provided by Fernández and Villar (2010).  454 

5.1. Thermal and hydraulic behaviour 455 

Figure 4 presents the results of temperature evolution in the domain and those reported by Villar et al. 456 

(2008b).  Thermal processes reach relatively quickly the steady state and temperature distribution in 457 

the domain remains under stable condition for the periods of analysis. The numerical results agree 458 

well with the experimental results. Variations of the degree of saturation are presented in Figure 5. 459 

The experimental profiles of moisture content and dry density in the domain reported by Villar et al. 460 

(2008b) were used to compare the variations of the degree of saturation in the domain.  It is noted that 461 

the porosity was considered to be constant (0.4) to calculate the degree of saturation form water 462 

content data reported. From Figure 5, it can be observed that there is a close agreement between the 463 

numerical and experimental results. However, the numerical model has slightly under -predicted the 464 

drying at the hot boundary region for the periods of 6, 12, 24 months but well correlated in the case of 465 

92 months. In the hydration side, the model predicted slightly higher degree of saturation up to 24 466 

months. However, the results are correlated well with the experimental results for the period of 92 467 

months analysis. The parameters used in the vapour transport model, which generally yield higher 468 

vapour flux due to temperature gradient, can be described as reasons behind the higher drying 469 

obtained close to the hot boundary. Theoretical understanding of unsaturated bentonite behaviour 470 

under elevated temperatures is immature due to the degree of complexity and coupling between 471 

different processes. The comparison presented highlights the need for further research at lower scales 472 

of modelling (i.e. pore scale) that can reduce the level of uncertainty in parameters that are 473 

conventionally used in modelling at continuum scale.   474 
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The rate of hydration due to the injecting fluid has been gradually reduced and the results correlate 475 

with the results of experimental hydration front for the duration of 92 months. This is mainly due to 476 

the application of the modified hydraulic conductivity through the interlayer modification factor (i.e. 477 

(1 −
𝜃𝑖𝑙

𝜃𝑙
) in Equation 8). The interlayer hydration process reduces the hydraulic conductivity as the 478 

interlayer water ratio approaches higher values. Although the soil deformation was not considered and 479 

simulated, the effects of changes in the available porosity for the water flow and transport of 480 

chemicals have been considered through the modification of the hydraulic conductivity. 481 

Based on the experimental results (Villar et al., 2008b), the dry density of the samples has changed 482 

from an initial value of 1650 kg/m
3
 to a maximum range of 1700 to 1750 kg/m

3
 in the vicinity of 483 

heater. In the hydration side, the dray density has reduced to a minimum value of 1400-1450 kg/m
3
.  484 

The total porosity has theoretically be reduced to 0.35 close to the heater and increased to 0.47 in the 485 

hydration boundary from its initial value of 0.4. It is therefore anticipated that the overall effects of 486 

porosity variation on the flow behaviour in the heater zone are limited. Since the overall swelling of 487 

sample was constrained, the increase of porosity in the hydration affected area has reduced the macro 488 

porosity that has been captured in the model via modified hydraulic conductivity relationship used. 489 

The deformation effects are likely to be less effective on the overall transport behaviour, 490 

acknowledging the fact that moving towards understanding the swelling pressure development in the 491 

system and accurate description of the coupled processes, mechanical behaviour is important.    492 

5.2. Chemical behaviour - Anionic species 493 

Figure 6 presents the profiles of chloride (Cl
-
) distribution in the domain at different times. Chloride 494 

can be considered as a conservative anion, it is not commonly involved in geochemical reactions and 495 

not affected by changes in the pH and redox conditions. Therefore the chloride distribution in the 496 

domain has not been affected by the geochemical reactions during the post-mortem analysis. The 497 

chloride profile related to the transient analysis and post-mortem analysis yielded exactly same values 498 

as it was expected (Sedighi, 2011). The results of post mortem experiments reported by Fernández 499 

and Villar (2010) are also shown in Figure 6. Accumulation of chloride towards heater that is 500 
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associated with the advective flow of chloride ions, flushed towards the heater from the hydration 501 

boundary. The accumulation of the chloride ions in the first 200 mm distance from the hydration side 502 

is also observed. The front peak in chloride profile is extended towards the middle of the domain with 503 

time. Moreover, due to the increase in temperature in the areas close to the heater, the liquid water 504 

moves towards the heater. Chloride ions in the domain have been transferred towards the heater by the 505 

liquid water flow from the boundary that is an advective dominated process. Moisture transfer can 506 

simultaneously take place from the hot end towards the cold region in the form of vapour. Water 507 

evaporates whilst approaching the heater due to higher temperature and diffuses towards the colder 508 

side until it condensates at further distance from the heater. Consequentially, as the pores close to the 509 

heater are less saturated suctions are established.  Water then moves toward the heater via advective 510 

liquid flow due to the suction gradient. At any location, thermodynamics equilibrium between the 511 

water in the form of liquid and vapour should be achieved at certain temperature of the studied point 512 

in the domain. The chloride ions carried by the liquid flow remained at the hot end, as the moisture 513 

content reduces due to the vapour flow induced by elevated temperature. The process of simultaneous 514 

water and vapour movement in the areas close to the heater is anticipated to be responsible for the 515 

excess accumulation of chloride close to the heater while the chloride content was reduced from the 516 

initial amount in the area of approximately 80 to 300 mm away from the heater.  517 

The magnitudes of the accumulation peaks of chloride in the area of hydration side are also close to 518 

the experimental results for the periods of 6, 12 and 24 months. The results for the first three periods 519 

of analysis indicate a similar pattern for the chloride distribution in the vicinity of heater and in the 520 

distance of 100-200 mm away from the heater, respectively. However, the results of model for the 92 521 

months analysis show a higher amount of chloride in the area of 100-300 mm in the vicinity of the 522 

hydration side compared with the experimental results.  The model predicted smaller quantities of 523 

chloride close to the heater. The experimental results show that chloride was almost removed from the 524 

more hydrated 400 mm of bentonite, whereas its concentration showed a sharp gradient in the 200 cm 525 

closest to the heater. This observation suggests that there can be further processes involved in 526 

controlling the hydraulic conductivity evolution that is not fully captured by the hydraulic 527 
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conductivity model adopted. This includes the thermally coupled processes such as thermal osmosis 528 

(e.g. Zagorščak et al. 2016).  529 

Figure 7 presents the distribution profiles of sulfate (SO4
2-

) in the domain obtained from the transient 530 

numerical analysis and post mortem analysis. The distribution of the dissolved sulfate in the case 531 

study is controlled by i) the flow processes associated with thermal and hydraulic variations and ii) 532 

mineral reactions involving gypsum and anhydrite. The domain initially contained some gypsum but 533 

no anhydrite. The concentration of sulfate has reduced by advancing the hydration front and gypsum 534 

has been dissolved that is controlled by the amount of sulphate ions. The results of gypsum 535 

distribution in the domain, presented in Figure 8, indicate that almost all gypsum was dissolved in 50 536 

mm distance from the hydration boundary. The peak of leached sulfate in the hydration side is also 537 

located in the same region where gypsum has been dissolved. High and constant concentration of 538 

sulfate is observed for the distance of approximately 250 mm distance between 50 mm to 300 mm 539 

away from the hydration end that is due to the gypsum dissolution according to the results presented 540 

in Figure 5. The amount of sulfate shows a decrease in the areas close to the heater. This is believed to 541 

be related to the precipitation of anhydrite as it can be seen in Figure 8. The equilibrium constant of 542 

mineral reactions for gypsum and anhydrite are very close whilst their enthalpies of reaction are 543 

different, leading to a different behaviour of these two minerals at the regions with higher 544 

temperature. The distribution of the dissolved sulfate close to the heater is believed to be attributed to 545 

the precipitation of anhydrite due to the higher temperature in the domain. Based on the results 546 

presented in Figure 8, a considerable amount of anhydrite has been precipitated in the vicinity of 547 

heater.  548 

Figure 7 presents a comparison between the results of post-mortem analysis and experiments for the 549 

dissolved sulfate in the domain. There is a qualitative agreement in terms of distribution pattern 550 

between the model and experimental results. In the area of hydration, numerical model predicted the 551 

sulfate contents close to the experimental results. However the locations of peaks are slightly different 552 

in the model compared with the experimental results. The model shows an over-prediction at the hot 553 

end and an under-prediction in the area close to the hot end, affected by the coupled thermally 554 
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induced liquid-vapour movement. It is anticipated that the over-prediction at the hot end is due to the 555 

high amount of anhydrite precipitation in the transient numerical modelling results. 556 

Figure 9 shows the results of transient simulation and post mortem analysis for the dissolved 557 

bicarbonate (HCO3
-
). Bicarbonate ions have been transferred to the domain by the water at the 558 

hydration boundary that has resulted in accumulation of bicarbonate in a limited region close to the 559 

boundary. As shown in Figure 10, the overall amount of calcite has not significantly changed for 560 

different periods of analysis compared to the initial value. This is due to the low rate of 561 

precipitation/dissolution of calcite. Localised precipitation of calcite has occurred in the vicinity of 562 

heater as results of lower initial concentrations of bicarbonate and higher initial concentration of 563 

calcium. The results of XRD analysis (Villar et al., 2008b) show a slight decrease in the calcite 564 

content in the 92 months test. A comparison between the post-mortem analysis results against the 565 

experimental results for the dissolved bicarbonate concentration is presented in Figure 9. A close 566 

agreement in terms of distribution pattern for all time intervals can be highlighted. The concentration 567 

of bicarbonate shows an increase in the hydration side that is consistent with experimental 568 

observations. This is anticipated to be attributed to the localised dissolution of calcite in the hydration 569 

end (Figure 7). The results indicate that the calcite dissolution has occurred in a region of about 100 570 

mm close to the hydration side. In this region a lower amount of calcium and high amount of 571 

bicarbonate existed prior to the post-mortem analyses. As a result, calcite is dissolved to maintain the 572 

equilibrium condition. The reduced bicarbonate content can be correlated to dissolution of calcite at 573 

the heating boundary as also noted by Fernández and Villar (2010).  574 

5.3. Chemical behaviour - Cationic species and pH 575 

Figures 11 present the results of numerical simulation for the dissolved cationic species including 576 

sodium (Na
+
), calcium (Ca

2+
), magnesium (Mg

2+
) and potassium (K

+
) in the domain, respectively. 577 

Similar distribution patterns for the cationic species are observed. The concentrations of cationic 578 

species are observed to be reduced in the vicinity of hydration side due to the advection process. The 579 

ions flushed through the sample have been accumulated in the first half of the domain away from the 580 

hydration side. Cationic species have been transferred by the advection and diffusion towards the 581 
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heater, providing areas with greater concentrations than the initial value within a length that ranges 582 

between 50 mm to 350 mm away from the hydration source. The increased concentrations of cations 583 

close to the heater and their reduction in the areas approximately between 50 and 300 mm away from 584 

the heater are controlled by the simultaneous water and vapour flow in the area within the 300mm 585 

distance from the heater. 586 

The transport processes of sodium ions were only affected by the ion exchange reaction as the sodium 587 

ions were not involved in any mineral precipitation and dissolution reactions. Figure 12 presents the 588 

variations of exchangeable sodium in the domain obtained from the numerical analysis.  Except for 589 

limited regions close to the boundaries small variations from the initial amount of the exchangeable 590 

sodium can be observed. The evolution of the exchangeable sodium is driven mainly by the excess 591 

amount of calcium in the vicinity of heater which resulted to the replacement of the sodium ions by 592 

calcium ions in the interlayer. On the other hand, the calcium concentration was reduced in the 593 

solution in the distance of 20 to 300 mm, providing the conditions for the replacement of calcium by 594 

sodium ions in the interlayer. The distribution of the dissolved calcium in the domain was affected by 595 

the presence and evolution of the mineral reactions (anhydrite, gypsum and calcite) and ion exchange 596 

reactions. The effects of mineral reaction are mainly related to the dissolution of gypsum and 597 

precipitation of anhydrite than calcite.  598 

From Figure 11, it can be observed that the concentration of magnesium decreased by the advection 599 

and increases in the first 250 mm away from the injection point. It is noted that only ion exchange 600 

have been involved as a chemical reaction that involves magnesium in the numerical analysis. 601 

Dissolution/precipitation of dolomite was not considered and that may cause some level of uncertainty 602 

about the fate of magnesium. However, it is anticipated that the transport processes had a greater 603 

contribution in the evolution of magnesium. As shown in Figure 12, limited variation of the 604 

exchangeable magnesium in the domain has occurred, except in the region affected by the elevated 605 

temperature.  The pore fluid in this region contained larger amount of sodium and magnesium than 606 

that of calcium due to the precipitation of anhydrite. This resulted in the replacement of calcium 607 

exchangeable ions with sodium and magnesium.  608 
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Figure 11 also shows the distribution profiles of potassium in the domain. The behaviour is more 609 

similar to those observed for sodium and magnesium that that of calcium. From Figure 12, it can be 610 

observed that to potassium exchangeable ions were replaced by sodium and magnesium ions in the 611 

interlayer in the region close to the heater. It is noted that only ion exchange reactions have 612 

geochemically affected the distribution of potassium.  613 

The results of post-mortem analysis and the experimental data for the dissolved sodium are presented 614 

in Figure 13. The overall trend of distribution is in agreement with the experimental results for all 615 

time intervals. In the area close to the heater, a higher concentration of sodium ions is observed from 616 

the numerical analysis than those reported from the experiments. This can be explained by the higher 617 

drying predicted by the model for the periods of 6, 12, 24 months at this region. Elevated temperature 618 

has controlled the dissolution of anhydrite and precipitation of anhydrite in the vicinity of heater 619 

alongside transport processes. The behaviour of calcium is governed by combined effects of 620 

advection-diffusion of excess ions and geochemical reactions.  The distribution of magnesium (Figure 621 

13) shows a reduced concentration in areas close to the hydration. The concentration of magnesium 622 

was increased close to the heater and reduced in the area between about 50 to 300 mm from the heater 623 

that is qualitatively in agreement with the experimental result. The increase in magnesium content 624 

observed in the experimental tests is described to be influenced by temperature (near the heater) and 625 

the advance of the water front along the bentonite column (Fernández and Villar, 2010). Fernández 626 

and Villar (2010) reported that for all tests, there was an increase in the soluble Mg
2+

, Na
+
, K

+
 and 627 

Ca
2+

 concentrations close to the heater, whereas the K
+
 content decreased near the hydration source 628 

and Na
+
 decreased in that region. From Figure 13, it can be observed that the amount of potassium has 629 

been reduced in a limited area close to the hydration. The potassium ions transferred by water have 630 

been added in the first half of the domain at the hydration side. A high amount of potassium was 631 

precipitated due to water-vapour advection process in the 300 mm distance for the heater that is 632 

similar to the behaviour of other cations.   633 

As shown in Figure 12, the exchangeable composition of ions shows higher amount of sodium and 634 

magnesium from the initial state close to the heater. The concentration of calcium and potassium ions 635 
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in the exchangeable composition is reduced that is governed by the precipitation of anhydrite and 636 

dissolution of gypsum at the hot boundary region. This is also compatible with observation of the pore 637 

fluid composition in this region that contains high concentrations of sodium and magnesium than 638 

calcium The potassium exchangeable ions have been also replaced by sodium and magnesium ions to 639 

a lesser extent, providing a new equilibrium condition in the exchangeable composition. 640 

The results of pH variation of the soil water system from the transient numerical simulation are 641 

presented in Figure 14. The variation of H
+
 ions (and pH) is governed only by the geochemical 642 

reactions in the transient numerical analysis as H
+
 was not considered in the transport analysis. The 643 

pH was calculated in the charge balance of geochemical analysis by PHREEQC (Parkhurst and 644 

Appelo, 1999). The variation of pH in the domain shows a similar pattern to that presented for the 645 

bicarbonate in the hydration zone. As shown in Figure 9, a high amount of bicarbonate has been 646 

accumulated in the hydration affected zone. The pH decreases from the initial value in the domain 647 

from 200 mm to approximately 500 mm away from the hydration side and increases over the 92 648 

months of the analysis. The pH decrease in this region can be explained by the dissolution of gypsum 649 

and accumulation of sulfate in the soil water. An increase in pH is observed in the vicinity of heater 650 

for up to approximately 100 mm distance from the heating boundary. This is related to the 651 

precipitation of anhydrite where the gypsum content was reduced. 652 

Figure 14 shows the results of post-mortem modelling of pH and provides a comparison between the 653 

numerical prediction against the experimental results reported by Fernández and Villar (2010). The 654 

experimental results reported were only available for the 92 months analysis. The pH evolution shows 655 

limited increase in the hydration side and decrease in the area close to the heating boundary. The 656 

behaviour exhibits similar trend to that observed for bicarbonate. The results are in qualitative 657 

agreement with the overall observed in the experiment. The decrease in pH in the heater side can be 658 

attributed to the precipitation of calcite. The calcite dissolution has similarly governed the increase in 659 

pH in the hydration side. As shown in Figure 14, the results of post mortem analysis for pH for the 92 660 

months duration are generally higher than those reported by Fernández and Villar (2010). This is 661 

related to the difference between the initial pH value used in the numerical simulation and that of the 662 
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experiment reported by Fernández and Villar (2010). The initial pH used in the numerical analysis 663 

(i.e. pH=8.60) was calculated from the geochemical pore water simulation (Table 2) that is in close 664 

agreement the experimental value reported by Fernández et al. (2004) (i.e. pH=8.73). It is noted that 665 

the pH of FEBEX bentonite reported at the same solid/water ration reported by ENRESA (2000) is 666 

lower (i.e. pH=7.93). The difference can be related to variations of the FEBEX material and its 667 

constituents used in ENRESA (2000) and Fernández et al. (2004). 668 

6) Conclusions 669 

The analysis of coupled thermal, hydraulic and chemical behaviour of compacted bentonite presented 670 

here highlights key geochemical reactions involved under the heating and hydration conditions 671 

imposed to the compacted bentonite buffer. Using the experimental results of up to 92 months the 672 

validity of the theoretical formulations ad numerical model developed under the conditions of the 673 

problem studied has been examined. The results indicated that temperature variation in the system has 674 

reached steady-state conditions within a considerably shorter time compared with the hydraulic and 675 

chemical processes.  676 

The impacts of the interlayer water on the hydraulic flow behaviour were considered via the interlayer 677 

hydration model that addresses the major effect of microstructure swelling/shrinkage on the flow 678 

behaviour. The model also showed a close correlation with respect to the saturation period of the 679 

FEBEX bentonite by using the proposed unsaturated hydraulic conductivity. Elevated temperature in 680 

the heater side showed a profound effect on the distribution of ions and minerals. Higher flow of 681 

water and vaporisation is likely to have occurred in the system, facilitating the migration of major 682 

ionic species towards the heater by advection mechanism.  683 

The simulation results of the chloride ions showed a good qualitative agreement with the experimental 684 

results especially for the periods of 6, 12 and 24 months. The lower chloride concentration from 685 

numerical simulation compared to those reported in the experiment indicates that further processes 686 

can be involved that control the flow regime of moisture in the system in the areas affected by the 687 

temperature (where the cycle of evaporation-condensation mainly controlled the distribution of 688 
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chloride). Long term results (92 months) highlights that further development on the hydraulic 689 

conductivity model or inclusion of thermally coupled processes are required.  The accessory minerals 690 

in FEBEX bentonite such as gypsum and carbonates (despite the small proportion in the composition) 691 

showed considerable effects on the distribution of anionic species. The fate of cationic species was 692 

found to be mainly controlled by the transport processes. The model showed compatible trends in 693 

comparison with the pore fluid composition observed with the available experimental dataset. 694 

Gypsum was found to be dissolved in the area close to the heating boundary, producing considerable 695 

amount of dissolved sulfate. The composition of exchangeable ions remained the same as the initial 696 

condition except mainly for limited distances from the heater based on the transient simulation results. 697 

This indicates the possibility of conversion of FEBEX bentonite from Ca/Mg-smectite clay to Na/Mg 698 

smectite. The consequence in long term can affect the swelling pressure predicted for the clay buffer. 699 

The research presented provide further insights into the hydro-geochemically coupled processed in 700 

compacted bentonite buffer and its evolution under the thermal and hydraulic conditions of the 701 

geological disposal for high level radioactive waste.    702 
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Appendix A 710 

The mass conservation equation for the i
th
 chemical component in multi-ionic system of unsaturated 711 

porous media can be written in a general form as: 712 
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𝜕(𝜃𝑙𝑐𝑖𝛿𝑉)

𝜕𝑡
+

𝜕(𝜃𝑙𝑠𝑖𝛿𝑉)

𝜕𝑡
+ 𝛿𝑉∇ ∙ 𝐽𝑖 = 0 (A1) 

where,  𝐽𝑖  is the total chemical flux accounting for the sum of advective, diffusive and dispersive 713 

fluxes.   714 

An aqueous solution is electrically neutral on macroscopic scale and the charge should remained 715 

balanced (Lasaga, 1979). The general form of charge conservation on the transport processes can be 716 

given as (Sedighi et al. 2011): 717 

∑
𝜕(𝜃𝑙𝐹𝑧𝑖𝑐𝑖𝛿𝑉)

𝜕𝑡

𝑛𝑐

𝑖=1

+ ∑
𝜕(𝜃𝑙𝐹𝑧𝑖𝑠𝑖𝛿𝑉)

𝜕𝑡

𝑛𝑐

𝑖=1

+ ∑𝛿𝑉∇ ∙ 𝐹𝑧𝑖𝐽𝑖

𝑛𝑐

𝑖=1

= 0 (A2) 

where, 𝐹 is Faraday constant. 718 

Assuming that the charge is separately conserved in geochemical reactions, (i.e. ∑
𝜕(𝜃𝑙𝑧𝑖𝑠𝑖𝛿𝑉)

𝜕𝑡

𝑛𝑐
𝑖=1 = 0), 719 

the electro-neutrality for the transport part can be divided into two separate requirements (e.g. Lasaga, 720 

1979): i) the total charge should be conserved (i.e. no net charge ∑
𝜕(𝜃𝑙𝑧𝑖𝑐𝑖𝛿𝑉)

𝜕𝑡

𝑛𝑐
𝑖=1 = 0) and ii) no 721 

electrical current should run through the solution (i.e. no current condition ∑ 𝛿𝑉∇ ∙ (𝑧𝑖𝐽𝑖) = 0
𝑛𝑐
𝑖=1 ).   722 

Sedighi et al. (2011) and Thomas et al. (2012) have proposed a general formulation for the diffusive 723 

flux in aqueous solution due to concentration potential, electrical potential and thermal potential by 724 

expanding the formulations proposed by Lasaga (1979) for multicomponent chemical diffusion and 725 

the heat of transport by Ballufi et al. (2005), given as: 726 

𝐽𝑖
𝑑𝑖𝑓𝑓

= −
𝐷𝑖

0𝑐𝑖

𝑅𝑇

𝜕𝜇𝑖

𝜕𝑐𝑖
∇𝑐𝑖 −

𝐷𝑖
0𝐹𝑧𝑖𝑐𝑖

𝑅𝑇
∇Φ −

𝐷𝑖
0𝑐𝑖𝑄𝑖

∗

𝑅𝑇2
∇𝑇 (A3) 

where 𝜇𝑖  is the chemical potential of the i
th
 component, Φ is the electrical potential and 𝑄𝑖

∗ represents 727 

the heat of transport of the i
th
 component.  728 

The gradient of electrical potential can therefore be determined explicitly by considering “no current 729 

condition” (∑ 𝛿𝑉∇ ∙ (𝑧𝑗𝐽𝑗) = 0
𝑛𝑐
𝑗=1 ): 730 
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∇Φ = −
1

𝐹

[
 
 
 ∑ 𝐷𝑗

0𝑧𝑗𝑐𝑗

𝜕𝜇𝑗

𝜕𝑐𝑗
𝑛𝑐
𝑗=1 ∇𝑐𝑗 + ∑ 𝐷𝑗

0𝑧𝑗𝑐𝑗
𝑄𝑖

∗

𝑇
𝑛𝑐
𝑗=1 ∇𝑇

∑ 𝐷𝑗
0𝑧𝑗

2𝑐𝑗
𝑛𝑐
𝑗=1

]
 
 
 

 (A4) 

The derivative of chemical potential with respect to concentration is (Oelkers, 1996): 731 

𝜕𝜇𝑗

𝜕𝑐𝑗
= −

𝑅𝑇

𝑐𝑗
[1 +

𝜕 ln 𝛾𝑖

𝜕𝑐𝑖
] (A5) 

Substituting the electrical potential from equation (A5) into equation (A3) yields: 732 

𝐽
𝑖
𝑑𝑖𝑓𝑓 = −𝐷𝑖

0 (1 +
𝜕 ln 𝛾

𝑖

𝜕𝑐𝑖

) ∇𝑐𝑖 +
𝐷𝑖

0𝑧𝑖𝑐𝑖

∑ 𝐷𝑧
0𝑧

𝑧

2
𝑐𝑧

𝑛𝑐

𝑧=1

∑𝐷𝑗
0𝑧𝑗 (1 +

𝜕 ln 𝛾
𝑖

𝜕𝑐𝑖

) ∇𝑐𝑗

𝑛𝑐

𝑗=1

−
𝐷𝑖

0𝑐𝑖𝑄𝑖
∗

𝑅𝑇2
∇𝑇

+
𝐷𝑖

0𝑧𝑖𝑐𝑖

∑ 𝐷𝑧
0𝑧

𝑧

2
𝑐𝑧

𝑛𝑐

𝑧=1

∑𝐷𝑗
0𝑧𝑗𝑐𝑗

𝑄
𝑗
∗

𝑅𝑇2 ∇𝑇

𝑛𝑐

𝑗=1

 

      (A6) 

The total flux of due to dvection, diffusion and dispersion can be implemented in the mass 733 

conservation that yields: 734 

𝜕(𝜃𝑙𝑐𝑖𝛿𝑉)

𝜕𝑡
+

𝜕(𝜃𝑙𝑠𝑖𝛿𝑉)

𝜕𝑡
= −𝛿𝑉∇ ∙ (𝑐𝑖vl − ∑𝜃𝑙𝜏𝑖𝐷𝑖𝑗∇𝑐𝑗

𝑛𝑐

𝑗=1

− 𝜃𝑙𝜏𝑖𝐷𝑖
𝑇∇𝑇 − D𝑚∇𝑐𝑗) (A7) 

The overall charge is conserved by implementing the “no charge” and “no current” conditions. In 735 

addition, the electro-neutrality must be maintained in geochemical reactions model too. The charge 736 

conservation in the reactions is adjusted by the pH in the solution in PHREEQC (Parkhust and 737 

Appelo, 1999). The advective and dispersive fluxes are not considered in the “no current” condition 738 

(all ions move with the same rate). If the overall charge conservation equation is explicitly employed 739 

in combination with the 𝑛𝑐 conservation equations for mass, an over-determined system of equations 740 

is obtained (Lasaga, 1979 and Boudreau et al., 2004). As proposed by Lasaga (1979), one of the 741 

concentrations and its derivatives needs to be eliminated from all the equations. A particular 742 

dependent ion is therefore eliminated from the model whilst its concentration is calculated from 743 

(𝑛𝑐 − 1) components by the charge conservation equation (Lasaga 1981; Boudreau et al. 2004). In 744 
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other words, the mass conservation is solved for (𝑛𝑐 − 1) components where the diffusive flux does 745 

no longer contain the mutual dependant concentration effects. Accordingly, a dependent ion is 746 

removed from the mass conservation in the transport model and its actual concentration is calculated 747 

by knowing the concentration of the remained (𝑛𝑐 − 1) components through the no-charge 748 

condition ∑
𝜕(𝜃𝑙𝑧𝑖𝑐𝑖𝛿𝑉)

𝜕𝑡

𝑛𝑐
𝑖=1 = 0.  749 

Appendix B:  750 

The governing differential equation for transport of an arbitrary chemical component in a coupled 751 

form with thermal, hydraulic and chemical primary variable can be described as: 752 

𝐶𝑐𝑖𝑙

𝜕𝑢𝑙

𝜕𝑡
+ 𝐶𝑐𝑖𝑇

𝜕𝑇

𝜕𝑡
+ 𝐶𝑐𝑖𝑎

𝜕𝑢𝑎

𝜕𝑡
+ 𝐶𝑐𝑖

𝜕𝑐𝑖

𝜕𝑡

= ∇ ∙ (𝐾𝑐𝑖𝑙∇𝑢𝑙) + ∇ ∙ (𝐾𝑐𝑖𝑇∇𝑇) + ∇ ∙ (𝐾𝑐𝑖𝑎∇𝑢𝑎) + ∇ ∙ (∑𝐾𝑐𝑖𝑐𝑗
∇

𝑛𝑐

𝑗=1

𝑐𝑗) + 𝑓𝑐𝑖
 

(B1) 

where 𝐶 and 𝐾 are lumped coefficients of the equation. 𝑓𝑐𝑖
 represents the chemical flux of the i

th
 753 

component normal to the boundary surface. 754 

The numerical solution of the formulations is achieved by the application of the finite element (in 755 

space) and the finite difference (in time) (Thomas and He, 1998).  The Galerkin weighted residual 756 

method is adopted by which the special discretisation is developed and the residual error resulting 757 

from an approximate function over the entire element domain is minimised using the shape functions, 758 

given as:  759 

∫𝑁𝑟𝑅Ω𝑑Ω𝑒 = 0 (B2) 

where, 𝑁𝑟 is the shape function, 𝑅Ω is the residual factor and Ω𝑒 represents the entire element domain. 760 

Applying this method to the governing differential equation for an arbitrary chemical component in 761 

terms of the approximate functions yields:  762 
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∫𝑁𝑟 [−𝐶𝑐𝑖𝑙

𝜕𝑢𝑙

𝜕𝑡
− 𝐶𝑐𝑖𝑇

𝜕𝑇

𝜕𝑡
− 𝐶𝑐𝑖𝑎

𝜕𝑢𝑎

𝜕𝑡
− 𝐶𝑐𝑖

𝜕𝑐𝑖

𝜕𝑡
+ ∇ ∙ (𝐾𝑐𝑖𝑇∇𝑇) + ∇ ∙ (𝐾𝑐𝑖𝑎∇𝑢𝑎) + ∇

∙ (∑𝐾𝑐𝑖𝑐𝑗
∇

𝑛𝑐

𝑗=1

𝑐𝑗) + 𝐽𝑐𝑖
]𝑑Ω𝑒 = 0 

(B3) 

The spatially discretised equations can then be combined and presented in a matrix form: (Thomas 763 

and He, 1998): 764 

K{𝜙} + C {
𝜕𝜙

𝜕𝑡
}={𝑓} (B4) 

where 𝜙 is the vector of primary variables (unknowns). K, C are the corresponding matrices of the 765 

governing equation. 𝑓 is the RHS vector and detailed elsewhere (Seetharam et al., 2007).  766 

Details of the numerical solution to the coupled THM and THCM formulation of the model have been 767 

comprehensively discussed by (Thomas and He, 1998; Seetharam et al., 2007).  768 

The computational solution used for the reactive transport formulations is based on a time-splitting 769 

approach. The governing equations for the transport and the geochemical reactions are therefore 770 

solved sequentially. The coupling scheme adopted here between the transport model (COMPASS) and 771 

geochemical model (PHREEQC) is a sequential non-iterative approach (SNIA). Figure (B1) presents 772 

the SNIA coupling approach and modular data exchange between COMPASS and PHREEQC.  773 

The numerical formulation concerning reactive chemical equations by PHREEQC has been described 774 

elsewhere (Parkhurst and Appelo, 1999). The model has been used with no alteration to its numerical 775 

formulation. In summary, there are two numerical solutions adopeted in PHREEQC to solve problems 776 

involved multiple chemical reactions (Parkhurst and Appelo, 1999): 777 

i) A modified Newton-Raphson method is employed to solve a series of non-linear algebraic equations 778 

for chemical reactions under equilibrium reactions.  779 
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ii) For kinetically controlled reaction, the model uses a Runge-Kutta algorithm, which integrates the 780 

rate of reactions over time. The scheme includes a Runge-Kutta method with lower order to derive an 781 

error estimate with up to six intermediate evaluations of the derivative (Parkhurst and Appelo, 1999).  782 
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Table 1. Thermodynamic parameters used for dissolution/precipitation of minerals (adopted from the 984 

phreeqc.dat database by Pankhurst and Appelo, 1999) and the equilibrium constants of the ion 985 

exchange reactions for the FEBEX bentonite (adopted from Fernández et al. 2001). 986 

Reactions 
Thermodynamic parameters 

log Keq  (25 
o
C) ΔHr

0
 (kcal) 

Mineral dissolution/precipitation:   

CaSO4=Ca
2+

 + SO4
2-

 (Anhydrite) -4.360 -1.710 

CaSO4.2H2O=Ca
2+

 + SO4
2- 

+ 2H2O (Gypsum) -4.580 -0.109 

NaCl=Na
+
 + Cl

-
 (Halite) 1.582 0.918 

CaCO3=Ca
2+

 + CO3
2-

 (Carbonate) -8.480 -2.297 

Ion exchange:   

Na-X=Na
+
 + X

-
  0.0 - 

Ca-X2=Ca
2+

 + 2X
-
 0.774 - 

Mg-X2=Mg
2+

 + 2X
-
 0.655 - 

K-X=K
+
 + X

-
 0.878 - 

 987 

Table 2. Initial geochemistry of the clay-water system and injected aqueous solution 988 

Pore fluid chemistry Initial pore water Inflow water Unit 

Dissolved ions: 

Cl
-
         158.8 0.369 mol/m

3
 

SO4
2-

       34.7 0.150 mol/m
3
 

HCO3
-   

 0.43 2.593 mol/m
3
 

Ca
2+

     22.2 1.00 mol/m
3
 

Mg
2+

    27.1 0.387 mol/m
3
 

Na
+
      129.9 0.461 mol/m

3
 

K
+
        1.10 0.026 mol/m

3
 

pH 7.72 8.72 - 

Mineral contents: 

Anhydrite 0 - mol/kg soil 

Gypsum 0.0054 - mol/kg soil 

Halite 0 - mol/kg soil 

Calcite 0.06 - mol/kg soil 

Exchangeable contents: 

Ca-X2 17.1×10
-2

 - mol/kg soil 

Mg-X2 16.7×10
-2

 - mol/kg soil 

Na-X 30.4×10
-2

 - mol/kg soil 

K-X 1.9×10
-2

 - mol/kg soil 

 989 
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Table 3. Thermal and hydraulic properties and relationships  991 

Relationships Variables Constants 

Thermal conductivity:   

𝜆𝑇 = 𝐴2 + (𝐴1 − 𝐴2) [1 + 𝑒𝑥𝑝 (
𝑆𝑙 − 𝑥0

𝑑𝑥
)]

−1

 𝑆𝑙: Degree of saturation 

𝐴1 = 0.52 

𝐴2 = 1.28 

𝑥0 = 0.65 

𝑑𝑥 = 0.1 

Moisture retention:   

𝑆𝑙 = 𝑆𝑙0 + (𝑆𝑙𝑚𝑎𝑥 − 𝑆𝑙0) [1 + (
𝑠

𝑝0
)
1 (1−𝛼)⁄

]

−𝛼

 
𝑠: Suction (MPa) 

 

𝑆𝑙0 = 0.1 

𝑆𝑙𝑚𝑎𝑥 = 1.0 

𝑝0 = 30 𝑀𝑃𝑎 

𝛼 = 0.32 

 992 

Table 4. Parameters used in the hydration/dehydration model for the FEBEX bentonite in order to 993 

calculate the interlayer hydrate water content. 994 

Parameter Value 

𝑛𝑐 moles/ O10(OH)2 4.5 

𝑣𝑖𝑙   m
3
/mole 17.22 

𝑚𝑠𝑚 g/mol O10(OH)2 376.234 

𝜌𝑑
𝑠𝑚 kg/m

3
 1580 

Composition/thermodynamic parameters: Ca-smectite Mg-smectite Na-smectite 

Content % 37 34 29 

𝑊𝑠 kcal/mol -2883 -2806 -3254 

(log𝐾𝑒𝑞)𝑇𝑟
 𝑇𝑟 = 25𝑜𝐶 -3.61 -4.28 -0.767 

(∆𝐻𝑟
0)𝑇𝑟

 kcal/mol 9630 10,609 5810 

∆𝐶𝑝
0

 cal/mol 69.13 

 995 
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 997 

 998 

Fig.1. Schematic of the heating and hydration experiments reported by Villar et al., (2008).  999 
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 1001 

Fig.2. The initial and boundary conditions applied for coupled thermal, hydraulic and chemical 1002 

simulation of the heating and hydration experiments. 1003 
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 1005 

Fig.3. Schematic of the “micro porosity” and “macro porosity” definition in compacted smectite clay. 1006 

 1007 

 1008 

Fig.4. Variations of temperature in the domain obtained from obtained from the transient analysis 1009 

(lines) and experiments (Villar et al., 2008b) (symbols). 1010 

 1011 

 1012 
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 1013 

Fig.5. Variations of degree of saturation in the domain obtained from the transient analysis (symbols) 1014 

and experiments (calculated from data by Villar et al., 2008b) (lines). 1015 

 1016 

Fig. 6. Variations of chloride in the domain obtained from the transient analysis (lines) and 1017 

experimental results (Fernández and Villar, 2010) (symbols).  1018 

 1019 

Fig. 7.  Variations of sulfate in the domain obtained from the transient analysis (left) and post-mortem 1020 

(right) analysis.  Experimental results (symbols) are form Fernández and Villar (2010).   1021 
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 1022 

Fig.8. Variations of gypsum (left) and anhydrite (right) in the domain obtained from the transient 1023 

analysis.  1024 

 1025 

Fig.9.  Variations of bicarbonate in the domain obtained from the transient analysis (left) and post-1026 

mortem (right) analysis.  Experimental results (symbols) are form Fernández and Villar (2010).   1027 

 1028 

Fig.10. Variations of calcite in the domain obtained from the transient analysis. 1029 
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 1030 

Fig.11. Variations of cationic ions in the domain obtained from the transient analysis. 1031 

 1032 

Fig.12. Variations of exchangeable ions in the domain obtained from transient analysis. 1033 

 1034 
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 1035 

Fig.13. Variations of cationic ions in the domain obtained from the post mortem analysis (lines) and 1036 

experiments (Fernández and Villar, 2010) (symbols). 1037 

 1038 

Fig.14. Variations of pH in the domain obtained from obtained i) from transient analysis (left) and ii) 1039 

the post mortem analysis (left ) where and experiments (Fernández and Villar, 2010) are also 1040 

presented (symbols). 1041 
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 1042 

Fig.B1. The sequential non-iterative approach (SNIA) adopted for coupling the transport model 1043 

(COMPASS) and geochemical model (PHREEQC). 1044 

 1045 
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