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Abstract 

Cement and clays are proposed as sealing materials in underground repositories for radioactive waste. When cement and clay come 

into contact, chemical gradients between their very different porewater compositions lead to diffusive exchange of solutes, which can 

result in mineral transformations and alterations of transport properties at the material’s interface. Small samples of cement-clay 

interfaces were prepared and let react over a period of six years. During this time, the changes in transport properties of the samples 

were periodically monitored by means of through-diffusion experiments. This technique allows studying the evolution of the 

diffusive flux across the reacting interface and characterizing the variation of the corresponding effective diffusion coefficient (De) 

over time. All experiments were performed on samples consisting of a hardened high porosity OPC paste and Na-montmorillonite. 

These model materials were chosen in order to simplify the mineralogy of the system. The experiments allowed obtaining relevant 

information regarding the development of the diffusive properties and the reactivity of such a cement-clay interface system. HTO and 
36Cl- were used as tracers to study the evolution of both the total and the anion accessible porosity. After six years of reaction a 

considerable reduction of the flux for both HTO and 36Cl- was observed. The flux of HTO did, however, not approach zero, which 

means that connected porosity for diffusive transport of water is still available. The periodic monitoring of the sample evolution 

showed a strong reduction of the effective diffusion coefficient De of the samples within the first 1.5 years of the experiment and a 

less prominent decrease in the period between 1.5 and 6 years. The De of 36Cl- showed a stronger reduction compared to that of HTO; 

for some cells no chloride flux at all could be measured anymore at t > ~4 a. Using additional information on the extension of 

porosity changes from a neutron imaging study performed in parallel on the same samples, the diffusive properties of each 

component of the interface, or of a clay zone with reduced porosity could be estimated. For HTO the relation between the evolution 

of De and of the porosity in the clay part can be well described with Archie’s empirical law. For chloride large uncertainties regarding 

the accessible porosity do not allow a precise correlation. Whether a complete porosity clogging will take place or some fraction of 

connected pore space will persist in the sample over reaction times >> than 6 years remains an open question.  
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1. Introduction 

Several countries are planning to dispose radioactive wastes in an underground geological repository in clay-rich rock formations. 

Most concepts of Engineered Barrier Systems (EBS) in the geological repository foresee a wide use of cementitious materials as 

tunnel backfill or shotcrete liner (e.g., Nagra, 2002; IAEA, 2009; Nagra 2014). Accordingly, cement and clays will come into 

contact. Strong chemical disequilibrium between their pore waters will drive mass fluxes that can lead to dissolution and/or 

precipitation reactions and the formation of so called “skins”: regions close to the interface with clearly altered physicochemical 

properties (Read et al., 2001; Cuevas et al., 2006; Dauzeres at al., 2010; Kosakowski and Berner, 2013). These newly formed skins 

may have a strong impact on safety relevant properties of the repository, such as solute and gas transport or re-saturation. 

The extension and the type of alteration of these skins vary depending on the interfacing materials. Field experiments and natural 

analogues indicate that after years to decades of interaction the altered region extends over mm to cm scale (Tinseau et al., 2006; 

Fernandez et al., 2017; Mäder et al., 2017). Experimental investigations of such interfaces beyond decades are not available and their 

evolution on the repository timescale still remains uncertain. The quantitative understanding of reactive transport phenomena at these 

interfaces, that is, of the formation, extent and properties of the skins is therefore important for long-term model-based assessment of 

the repository under in situ conditions. To better understand the reactions taking place at such mineral interfaces, the study of natural 

analogues (Hodgkinson and Hughes, 1999; Martin et al., 2016;  Tineasu et al., 2006; Smellie et al., 1998), laboratory experiments 

(e.g., Ramirez et al., 2002; Claret et al., 2002; Melkior et al., 2004; Karnland, 2004; Fernández et al., 2010) and a multitude of 

modelling approaches (Steefel and Lichtner, 1998; de Windt et al., 2004; Watson et al., 2009; Berner et al., 2013; Vielliard et al., 

2014; Jenni et al., 2017) have been applied.  Valuable reviews on the state of knowledge and future challenges regarding cement-clay 

interaction are provided by Gaucher and Blanc (2006), Savage (2011) and Savage and Cloet (2018). The review by Marty et al. 

(2014) demonstrates that the variability of modelling predictions for cement-clay interfaces in terms of porosity, mineralogical 

variation and position of the altered region is strongly dependent on the initial mineralogy/chemistry of the system as well as on 

several badly constrained model parameters. It is therefore clear that despite of the great body of research data available in this field 

considerable uncertainties still remain.  

One of the still missing information are the properties of the skins forming at the interface when cement and clay come in contact. 

Especially the evolution of the diffusivity through such interfaces remains a nearly uninvestigated field where data are limited. 

Albinsson et al. (1996) performed diffusion experiments with different ions across clay-concrete interfaces and could estimate some 

diffusion coefficients. Melkior et al. (2004) studied the evolution of the HTO and chloride diffusion coefficient of bentonite after 

contact with alkaline porewater; and observed a decrease of the diffusivity with increasing interaction time. Yamaguchi et al. (2016) 

reported also a decrease of HTO diffusion coefficients to 70% of the initial value after 600 d in samples prepared from hardened 

cement paste and bentonite.  

The present study embarks on a non-destructive methodology for studying the temporal evolution of the diffusive properties through 

a reacting interface composed of cement and clay material. A special cell was designed and filled with hardened high porosity 

cement paste and compacted Na-montmorillonite (Shafizadeh et al., 2019). These materials were chosen to build a fast reacting and 

relatively simple cement-clay model system. The idea was to be able to monitor the progress of the reactions within a reasonable time 

frame and to have a comparably simple initial chemical composition, which should facilitate the quantitative interpretation of the 

chemical and transport processes occurring at the interface. During six years the transport properties of the reacting samples were 

repeatedly investigated by measuring the steady state diffusive flux across the samples using HTO and 36Cl- radioactive tracers. The 

combined use of HTO and 36Cl- tracers allows quantification of diffusive transport of a neutral and a negatively charged species 

simultaneously. As anions are expected to be partly excluded from regions near the negatively charged clay surfaces, such data 

provide insight regarding the evolution of the total and the anion accessible pore space. Recently, the same samples were investigated 
by means of neutron imaging (Shafizadeh et al., 2015; 2020). There, the time evolution of water content across the interface was 
derived, which is a proxy for the porosity in the sample at saturated conditions. The observed data suggested that interactions 
between Na-montmorillonite and OPC result in i) a slightly increased porosity in the cement compartment close to the interface, 
likely related to dissolution of portlandite, and ii) a low porosity region formed within the first mm of the clay, likely related to 
precipitation of new mineral phases. The investigation of the same samples by means of through-diffusion experiments in the present 



3	
	

study makes it possible to correlate the changes in the transport properties with the reported porosity evolution. Accordingly, the 
evolution of the diffusivity can be interpreted taking into account the variation of the porosity across the interface.  

Although this system represents a simplification, it is expected to behave similarly as an interface between OPC and bentonite 

(mainly composed of Na-montmorillonite, Carlson, 2004), which potentially represents an interface that will be present in a deep 

geological repository for radioactive waste (e.g., Nagra, 2014). The data gained for the Na-montmorillonite-OPC paste system are 

therefore important; at the same time, they build a good basis to investigate more complex systems.  

 
 
2. Material and methods 

2.1 The experimental cell 

The cell was developed at the Paul Scherrer Institut (Shafizadeh et al., 2015; 2020) to allow simultaneous through-diffusion and 

neutron imaging investigations of cement-clay interfaces. A schematic view of the layout is shown in figure 1. The cement (1) and 

the clay (2) plugs (5 mm diameter, about 5 mm length, cf. table 1) were emplaced in a polytetrafluoroethylene (PTFE) cylindrical 

holder (3). This material is relatively flexible, resistant to the highly alkaline cement porewater, and transparent for neutrons. 

Mechanical stability and sample confinement is reinforced by the aluminum ring (4) around the PTFE cylinder. Polyether ether 

ketone (PEEK) screw caps on each side of the cells allow keeping the cell tight and the interface in contact (5). In- and outlet 

channels in the cap allow porewater circulation inside the cell (6). A small reservoir of ~30 mm3 (7) is separated from the sample by a 

PEEK filter (8). The tightness of the cells is maintained by fluoroelastomer (FKM) O-rings (9). Possible leaking of solutes around the 

cell is considered as irrelevant because of the tight fit of the swelling Na-montmorillonite and the high porosity of the cement. 

 

 
 

2.2 Composition and preparation of samples 

Na-montmorillonite and cement paste samples were prepared and saturated separately with their corresponding pore waters (table 2) 

and then introduced into the cell to start the interaction. Samples were kept for most of the time in a glove box under nitrogen 

atmosphere (24°C ± 2) to avoid potential carbonation. The cells had to be removed out of the glove box occasionally for short 

periods for complementary measurements. The characteristics of the interface samples are listed in table 1. 

 
Table 1  
Characteristics of the cement paste and the Na-montmorillonite in the different samples. 
  Clay  Cement 
Sample Interface contact Length (mm) Dry 

density 
(kg/m3) 

Porosity1 
(-) 

Length (mm) Dry 
density 
(kg/m3) 

Porosity2 
(-) 

C1 14.03.2013 5.5 1670 0.40 4.5 700 0.63 
C3 25.09.2013 5.0 1500 0.46 5.0 700 0.63 
C4 25.06.2013 5.5 1310 0.53 4.5 700 0.63 
C5 25.09.2013 5.1 1440 0.49 4.9 700 0.63 
C8 02.06.2014 4.7 1540 0.45 5.3 700 0.63 
C11 13.06.2014 5.0 1490 0.47 5.0 700 0.63 
C15 13.06.2014 5.0 1450 0.48 5.0 700 0.63 
C20 18.07.2014 4.9 1520 0.46 5.1 700 0.63 
D6 25.09.2017 5.0 1560 0.44 5.0 700 0.63 
D11 06.10.2017 5.0 1530 0.45 5.0 700 0.63 
1 Calculated from the dry density using a grain density of 2800 kg m-3  
2 Determined by MIP (Sarott et al., 1992) 
 
 

Fig.	1	Schematic	view	of	the	experimental	cell	
used	to	perform	through-diffusion	experiments	
(modified	after	Shafizadeh	et	al.,	2015). 
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2.2.1 Na-montmorillonite 

Na-montmorillonite from Milos (Greece) was converted into a homoionic form by cation exchange with a NaCl solution according to 

Glaus et al. (2010). The montmorillonite composition determined by XRF is listed in Shafizadeh et al. (2015). The samples were 

compacted to a bulk-dry density between 1310-1670 kg m-3 and then inserted into the cell. The compaction was performed using a 

dedicated press designed for this type of cell. The finally obtained bulk dry densities in the sample led to a porosity range of 0.40 – 

0.53 (table 1), with the porosity values calculated according to 

𝜀 = 1 − !!
!!

 ,  (1)  

where ε is the porosity (-), ρb the bulk dry density (kg m-3) and ρs the grain density (kg m-3). For the grain density a value of 2800 kg 

m-3 was used; similar values were considered by Muurinen (1994), Bourg et al. (2006) and Van Loon et al. (2007). Subsequently, the 

Na-montmorillonite plugs were saturated for 2 weeks with the corresponding porewater solution (table 2) calculated with GEMS 

(Kulik, 2013) according to Shafizadeh et al. (2019), with a cylindric metallic dummy occupying the space in the teflon holder 

foreseen for the hardened cement paste. 

The interaction of the highly alkaline cement porewater with Na-montmorillonite is likely to modify the interlayer cation inside the 

montmorillonite. Therefore additional samples of homoionic Ca- and K-montmorillonite were prepared to measure reference 

diffusive properties these forms. Ca- and K-montmorillonite were produced by contacting the Na-montmorillonite with CaCl2 and 

KCl solutions, respectively. Through-diffusion experiments were performed using the same solutions; their concentrations are given 

in table 6.	
 

Table 2  
Composition of the used synthetic porewater (total  
concentrations) for OPC (Wieland et al., 1998) and for 
 Na-montmorillonite (Shafizadeh et al., 2019)  
 OPC [M] Na-montmorillonite [M] 
Na 0.114 0.3 
K 0.18 - 
Ca 1.6 x 10-3 - 
Cl - 0.3 
SVI 3 x 10-3 - 
Al 5 x 10-5 - 
pH 13.3 8.7 

 
 
2.2.2 OPC cement paste 

Hardened Portland cement paste (Type CEM I 52.5 N HTS, Lafarge, France) was cast about 16 years ago (Tits et al., 2003). The 

cement paste was produced using a special procedure (Döhring et al., 1994) and a high water cement ratio of 1.3 leading to a porosity 

of 63% ± 5% determined by MIP (Sarott et al., 1992). The high porosity of the cement was selected to increase the diffusivity and 

thus to accelerate the reactions at the interface. The cement was produced using plexiglas moulds and let hydrate at air conditions for 

6 months. After that, the samples were introduced in a solution (table 2) in equilibrium with the cement (Tits et al., 2003). The 

samples were kept saturated all the time in the corresponding cement solution in a sealed container. A slice of about 1 cm was cut 

from the samples, then cylindrical samples of 5 mm diameter were drilled out of the slices. These cylinders were then placed into the 

cells in close contact to the Na-montmorillonite. Jakob et al. (1999) investigated the evolution of the hydraulic conductivity for the 

same type of cement and observed that after 3 months the hydraulic conductivity of this cement reached a constant value. 

Measurements performed months to years after the production indicated the same value. We assume therefore that the cement 

properties were not significantly changing in the following years.	
The chemistry of the cement and of the cement porewater composition, which was used in the reservoirs attached to the sample, are 

listed in tables 3 and 2, respectively. 

 
 
2.3 Through-diffusion experiments 

After emplacement in the cell, the cement-clay samples were saturated for two weeks by connecting each part of the cell with a 

reservoir containing the corresponding porewater solution (table 2). To start the diffusion experiment the tracer had to be added to 
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one of the reservoirs (‘high concentration side’). The tracer was inserted on the cement side in a 50 ml reservoir. For the different 

experiments the used activity concentration varied between 500 and 2000 Bq mL–1 for HTO (GE Healthcare, UK) and 500-40000 Bq 

mL–1 for 36Cl– (Eckert and Ziegler, D). The reservoir connected to the clay (‘low concentration side’) had a volume of 20 ml and 

was frequently replaced to keep its concentration near zero.  

The accumulated HTO and 36Cl– activity was subsequently measured by liquid scintillation counting (Tri-carb 2250 CA, Canberra-

Packard) using Ultima Gold XR (Canberra-Packard) as scintillation cocktail, with a ratio of 5 cm3 of sample to 15 cm3 of cocktail. 

The radioisotopes were obtained from Isotope Products Europe (Blaseg, Germany). For solution preparation the reagents used were 

provided by Fluka (Buchs, Switzerland) or Merck (Dietikon, Switzerland), and the de-ionized ultrapure water was Milli-Q® (Merck, 

Switzerland). 

Tritiated water is an uncharged species and should be able, in principle, to diffuse through the entire porosity domain. HTO is in 

general considered as a non-sorbing tracer, although Tits et al. (2003) reported some sorption on the same cement used in this 

experiment. A slight retardation in some cases was observed as well in the experiments discussed in this article.  
Chloride-36 is negatively charged. Some aspects need to be considered while performing diffusion experiments on cement-clay 

interfaces with this tracer: i) due to the negative charge of the clay surfaces, 36Cl- diffusivity through clay samples is known to be 

lower than that of HTO; this feature is related to the relatively small portion of total porosity accessible for anions in montmorillonite 

(Pusch, 2001; Van Loon et al., 2007). ii) Glaus et al. (2010) showed how the diffusivity of 36Cl- in clay depends on the chloride 

content in the electrolyte solution. iii) On the cement side, the OPC paste contains AFm and C-S-H phases (both represent hydration 

products of Portland cement), on which chloride can be sorbed. Afm are a family of hydrated Ca-Al phases, which possess positively 

charged surfaces (Taylor, 1997). C-S-H are the main hydration product of OPC and are mainly responsible for the cement strength; 

they can also take up anions (Beaudoin et al. 1990; Plusquellec and Nonat, 2016). Accordingly, chloride interacts with cement when 

diffusing through it; such sorption phenomena have been extensively investigated in the literature (Page et al., 1981; Jensen et al., 

1990; Hirao et al., 2004). During our experiments chloride sorption was observed as retardation during the transient phase; for the 

calculation of De, however, only the steady state diffusion was considered (see chapt. 2.4), which is independent of sorption. 

 

 
2.4 Through-diffusion experiments: data analysis 

Given the experimental set-up, diffusion can be considered as a one-dimensional process, where the tracer diffuses through a 1D 

domain with a length L, with a flux J. For a steady state condition, Fick’s first law can be applied: 

J =  −𝐷!
!"
!"

   (2) 

J is the flux [Bq m-2 s-1 or mol m-2 s-1], De is the effective diffusion coefficient of the sample [m2 s-1], C is the tracer concentration [Bq 

m-3] or [mol m3] and x is the length [m] 

In a non-steady state system Fick’s second law applies: 

!"
!"
= !!

!
!!!
!!!

 ,  (3) 

where t is time, α is the rock capacity, defined as: 

 𝛼 = 𝜀 + 𝜌! Kd ,  (5) 

Kd is the equilibrium distribution coefficient [m3 kg–1], ε the (accessible) porosity and 𝜌! the bulk dry density [kg m-3]. For a non-

sorbing tracer Kd  is zero and therefore the rock capacity is equal to the (accessible) porosity.  

Eq. (3) only applies for spatially constant parameters. More generally for our cement-clay system where De is varying along the 

sample, eq. (3) has to be rewritten as 

𝛼(𝑥) !"
!"
= !

!
 𝐷! 𝑥

!"
!"

 ,  (6) 
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Because De is calculated in our experiments from the steady state,  !"
!"
= 0 and eq. (2) can be used for the determination of the 

domain averaged De of the sample. 

The effective diffusion coefficient De gives an indication of the diffusive properties of the sample, and can be expressed as 

 𝐷!=ε  !!
G

   (7) 

Dw [m2 s-1] is the diffusion coefficient of the species in pure water, and G [-] is a term accounting for geometrical factors (Gonzalez 

Sanchez et al., 2008) including the tortuosity and the constrictivity of the porous network. These two parameters are difficult to be 

measured separately and therefore lumped into G. 

 

The initial and the boundary conditions are:  

c(x,t) = 0   x>0         t=0 

c(0,t) = C0 = constant x=0 t>0 (8) 

c(L,t) = 0   x=L t>0 

The concentration C0 [mol m-3] of the tracer on the cement side (high concentration side) is assumed to be constant, whereas c(L,t ) 

[mol m-3], the concentration on the clay side (low concentration side), is assumed to be zero (Van Loon and Soler, 2003). 

The flux at the low concentration side is therefore given by: 

J(L,t) = De ∙ !"
!"
|!!! 	 	 (9)	

 

Solving eq. (3) for the given initial and boundary conditions results in an analytical expression for the cumulated diffused activity 

A!"#!  [Bq] or [mol] of a tracer in the low concentration reservoir as a function of time (Crank, 1979): 

A!"#! = 𝑆 ∙ 𝐿 ∙ 𝐶!  ∙ !! ∙ !
!!

− !
!
− ! ∙ !

!!
!! !

!!
!
!!! ∙  𝑒𝑥𝑝 − !! ∙ !! ∙ !! ∙ ! 

!! ∙ !
    (10) 

where S is the cross-sectional area [m2] and t is the time [s]. At steady state conditions (t ∞) the solution reduces to: 

A!"#! = 𝑆 ∙ 𝐿 ∙ 𝐶!  ∙ !! ∙ !
!!

− !
!

 (11) 

and the accumulated activity becomes a linear function of time 

A!"#! = 𝑎 ∙ 𝑡 + 𝑏   (12) 

where   

 𝑎 = !  ∙!!∙!!
!

  and 𝑏 = − ! ∙! ∙!!∙!
!

  

Thus, an average sample De can be derived from the slope of the accumulated activity in the linear regime (Van Loon and Soler, 

2003). In such a simplified description, the resulting rock capacity α represents a combined contribution of the two components 

(cement and clay). The resulting value of α is therefore difficult to interpret. 

 
2.5 Determination of the effective diffusion coefficient for the clay (De, clay) and for the clay skin (De, skin) 

The measured effective diffusion coefficient represents the diffusive flux through the entire cell domain which consists of filters, clay 

and cement (Fig. 2). The filters need therefore to be considered in the calculation to obtain only the diffusive properties of the cement 

and of the clay. The filters are taken into account by considering the system as a series of resistances (Glaus et al., 2015):  
!
!!"!

= !
!!"#$

+ !
!!"#

+ !
!!"#$%&'

    (13) 
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where R is 

𝑅 =  !!
!!

    (14)  

and 𝛥𝑥 is the dimension of each component of the domain. Using eq. (13) the properties of the clay domain and subsequently of the 

clay skin can be estimated assuming known properties of all other components. We generally assumed in our analysis a constant De 

of the cement, but considered the effect of a potential alteration in the error estimation in the following section. The filter properties 

and the cement and clay diffusion coefficients used for this derivation are listed in table 4. Figure 3 illustrates how the diffusion 

coefficients of different components were determined. 

 

 
 

 
 
 
 
 
 

 

 
 
2.6 Error estimation on the derived diffusion coefficients 

The estimation of the error on the total diffusion coefficient (raw De) was performed according to Van Loon and Soler (2003). In 

general, the derived diffusion coefficients have a relatively small error (~ ±6%). The errors of De for the other models were 

calculated following first order error propagation. Some additional errors may arise from (unknown) changes in filter and cement 

Table 3 Effective diffusion coefficients (De) used for calculation of the interface properties 

  De HTO De
36Cl- Comment 

Hardened OPC paste 2.8 x 10-10 1.6 x 10-10 Tits et al. (2003) and Sarott et al. (1992) 
Filter (Peek) 1.1 x 10-10 1.1 x 10-10 Glaus et al. (2008) 
Na-mont.  1.5 g/cm3  6.1 x 10-11 5.2 x 10-12 Present study, average value (table 6) 
K or Ca-mont. 1.5 g/cm3  1.0 x 10-10 1.5 x 10-11 Present study, average value (table 6) 

Fig. 2 Schematic view of a fresh and an aged cement-clay interface sample. 

Homogeneous sample / domain: De of the entire sample, 
which represents cement, clay and filters (De, raw) 

By considering the cement De constant, the diffusion 
coefficient of the clay can be derived (De, clay) 

Using the clay De derived from model 2 the diffusion 
coefficient of the skin can be determined (De, skin). Skin 
thickness must be known. 
 

Fig.	3	Schematic	representation	of	the	region	or	component	for	which	De	was	obtained.	The	red	dashed	line	represents	the	region	
taken	into	consideration	for	De	derivation	in	each	model.	 

By accounting for the filters the diffusion coefficient of 
the interface (cement + clay) can be derived (De, sample) 
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properties, or from the choice of the steady state interval from which De was calculated. Glaus et al. (2008) performed diffusion 

experiments on similar filters as those used for the present study, and reported for filters previously used with Na-montmorillonite a 

decrease of up to 45% of the derived filter De (reaching a value of 1.1 x 10-10 m2 s-1). In this study for some samples the filters were 

exchanged during the diffusion experiments (once steady state conditions were reached since several days) to study the variation of 

the total diffusive properties. For the tested samples only slight variations of the flux were observed confirming the low impact of the 

filters on the derived sample De. For the De, sample derivation we considered for both filters the value of an used filter (1.1 x 10-10 m2 s-

1). Cement may affect less strongly the filter properties than clay, but a slight decrease of the diffusive properties is also likely to take 

place. Therefore, we considered the same value also for the filter on the cement side, leading to a maximum value for the derived 

sample diffusion coefficient (De, sample) 

According to eqs. (13, 14), to derive the De, clay, the cement diffusion coefficient must be known. For our calculation De, cem was 

considered similar to the one measured by Tits et al. (2003), which is 2.8 x 10-10 m2 s-1 (cement porosity: 0.63). This assumption is 

based on observations made by Sarott et al. (1992) on cement samples produced in the same way, where hydraulic conductivity was 

measured over longer period, concluding that the hydration was largely completed after 3 months and that the hydraulic conductivity 

remains constant after that time. Moreover the samples were stored under nitrogen atmosphere, strongly reducing the carbonation 

chances, which may influence the cement diffusive properties. Although the cement properties are not expected to be significantly 

altered, we estimated the effect of a modified cement diffusion coefficient (De, cem) on the derived De, clay (Fig. 4a). We furthermore 

estimated the error arising from neglecting the alteration of the diffusion properties of the cement skin. Shafizadeh et al. (2019) 

observed on the cement side porosity variations with a local maximum of +10% porosity. The impact of this cement skin (with 

different spatial extension) is shown in Figure 4b. 

The high porosity of the used cement paste results in a high De, cem. Therefore, according to eq. (13), a variation of the cement 

diffusion coefficient would only slightly affect the derived De, clay. Furthermore, with increasing interaction time the formation of the 

low-porosity region inside the clay further reduces the overall diffusivity of the system, making the variation of the cement properties 

progressively less influent. Thus, a modification of the cement diffusion coefficient, or the formation of a cement skin with slightly 

altered porosity will have little impact on the derived clay diffusion coefficient as clearly visible in Figures 4a and 4b.  

For the error estimation we considered a variation of the filters and the cement properties of 10% (on the initial value). This led to a 

general error of ~ ± 20% for the entire clay domain (model 2). For the skin region (model 3), additional uncertainties (e.g., skin 

extension, unaltered clay De) increased the propagated error up to ± 45%.  
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3. Results 

3.1 HTO through-diffusion experiments 

The data shown in Fig. 5a, representing the derived raw De (filters, cement and clay), can be divided into two subgroups. For the first 

subgroup (red symbols in Fig. 5a), a remarkable reduction of the determined De during the first 12 to 17 months is observed, 

followed by a subsequent moderate reduction until 73 months. There is a certain scatter between the data obtained on different 

cement-clay samples for this subgroup. This fact is certainly related to i) slight variations in the density of the clays and ii) slight 

variations in the length of the cement and clay parts of the samples (see table 1), possibly also to iii) partial clogging of filter pores, 

leading to a decrease of the diffusive properties of the entire system, or also iv) small fractures or heterogeneities which may occur 

during the insertion or during the reaction of the cement with the clay, resulting in diffusivity change. The second subgroup showed a 

clearly different overall trend: the De of these samples does not significantly vary over time (blue squares, Fig. 5a), it decreases only 

slightly with respect to the initially measured values. Shafizadeh et al. (2019) using neutron imaging did not detect any significant 

porosity variation for such samples; the reason why the low porosity region did not form in these samples is unclear and under 

investigation.  Table 4 resumes the derived effective diffusion coefficients for all the interface samples that were measured. 

 
  
From the raw De values (Fig. 5a), first the De values of the entire samples (De, sample) consisting of cement and clay were calculated 

according to Eq. (13) and Table 1. In order to reduce the variability in the derived diffusion data caused by the slight variation of the 

clay and cement domain sizes, effective diffusion coefficients for the clay part (De, clay) were then calculated from the overall sample 

diffusion coefficients (De, sample), assuming that the main changes affecting diffusion occurred in the clay. This assumption is based on 

the results of Shafizadeh et al. (2020), who reported a region with only slightly higher porosity developing on the cement side of the 

interface, but a low porosity region of about 1 mm developing on the clay side close to the interface. The derived average De of the 

~5 mm clay plug represents the properties of the region with unvaried porosity (unaltered clay), and the properties of the skin (Fig. 

3). Assuming a constant effective diffusion coefficient in the cement plug equal to the one reported by Tits et al. (2003), De values 

for the clay part were obtained using eq. (13) (Fig. 5b). The general trend is similar to the one observed for the derived De, raw (Fig. 

5a): a strong decrease of diffusivity during the first 12 to 17 months and a subsequent slower De decrease after 17 months. The scatter 

between the data points became visibly smaller compared to that of the raw De shown in Fig. 5a, confirming that an important 

variability of the sample De is related to the variability of the lengths of the cement and clay part. The remaining variabilities are 

probably related to minor variations of the material density (and composition) and the contamination of filters. 

Fig.	5	Evolution	of	 the	 average	diffusion	 coefficient	 (De)	 of	HTO	 for	a)	 the	entire	 system	(De,	 raw)	 composed	of	
filters,	cement	and	clay);	and	b)	for	the	clay	part	only	(De,	clay).		
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The earliest measured De value for the clay region, defined as the average value after 2-4 months, is 4.7 x 10-11 m2 s-1, which is lower 

than values measured for unaltered Na-montmorillonite samples at a similar density (green circles Fig. 5b; table 6). One has to keep 

in mind that any variation of the cement or of the filters diffusion coefficient directly affects the derived De value of the clay. But 

more importantly, this ‘initial’ De of the clay region represents a value after 2-4 months of interaction, due to the time needed to 

perform the through-diffusion experiments. The difference between this ‘initial’ value and that of unaltered Na-montmorillonite 

means that reactions at the interface already occurred and possibly a skin already started forming, leading to a decrease of the De. 

After 12 to 17 months the De, HTO rapidly decreased to 3.3 x 10-11 m2 s-1
. Between 17 and 73 months the De, HTO decreased further to an 

average value of 2.2 x 10-11 m2 s-1
.  Interestingly from 45 to 73 months the De, HTO remained quite stable. This fact suggests that from 

45 months the interface reactivity is clearly reduced. Since no data were obtained between 17 and 45 months of interaction it is 

possible that the reactivity of the interface was reduced already earlier. 

 
Table 4  
Effective diffusion coefficients of HTO for the various regions of the clay domain (subdivided in 4 parts, see Fig. 4). Raw De: obtained De for sample 
and filters. Model 1: the interface sample (cement, clay). Model 2: the entire clay region. Model 3: skin region evaluated assuming either a diffusion 
coefficient of Na-montmorillonite (model 3a) or of K, Ca-montmorillonite (model 3b) for the for unaltered clay part (table 4). For the De, skin 

calculation, a skin thickness of 1mm was used (2 mm for C1) according to Shafizadeh et al. (2019, 2020). 

 
 
3.2 36Cl- through-diffusion experiments: 

Effective 36Cl- diffusion coefficients derived from samples at different interaction times (Fig. 6 and table 5) show a similar trend as 

observed for the HTO tracer: a strong reduction of the De after 17 months and a more gentle reduction in the subsequent years. The 

relative reduction in chlorine diffusivity is, however, much stronger than the relative reduction measured with HTO. The earliest 

derived De, Cl for the whole clay domain, obtained after 2 months of interaction time from one cell only, is 8.4 x 10-12 m2 s-1, which is 

slightly higher than the 5.2 x 10-12 m2 s-1 measured for unaltered Na-montmorillonite. After 17 months the De, Cl drastically decreased 

to 2.2 x 10-13 m2 s-1. The three measurements after more than 55 months of interaction indicate variable values between 1.5 x 10-14 

and 2.5 x 10-13 m2 s-1.  

The obtained De, Cl
 show a relatively large scatter. This is related to the sensitivity of the tracer with respect to the media through 

which it diffuses: small changes in compaction, a preferential transport pathway or variation in filter properties may have a very 

strong influence on the calculated chloride diffusivity. Also, the reduction of De is so strong that the activity measurements partly 

approach the detection limit. For this reason repeated experiments with different initial activities were performed. It has to be noted 

that several samples did not show any 36Cl- flux even when using the highest initial activity (40 kBq/ml). Furthermore, as mentioned 

in the previous section, not all the samples reacted similarly: some of them show a very small reduction of the diffusive flux over 

time. In one of these samples (where porosity hardly evolved, as observed by Shafizadeh et al. (2015; 2020) the De of 36Cl- changed 

similarly as that of HTO. In fact, the De, Cl was only slightly lower than the initial value in this sample (orange symbol, Fig. 6). 

 
 

Sample interaction time 
(months) 

De of the entire 
sample ( De, raw) 

De interface without 
filters (Model 1) 

De  of the entire clay 
domain,   (Model 2) 

De of the skin region. Unaltered 
clay = Na-mont. 

(Model 3a) 

De of the skin region. Unaltered 
clay = Ca, K-mont.  

(Model 3b) 
C1 12 6.2 x 10-11 5.5 x 10-11 3.3 x 10-11 2.1 x 10-11 1.5 x 10-11 
 54 4.3 x 10-11 3.7 x 10-11 2.1 x 10-11 1.1 x 10-11 9.0 x 10-12 
 60 3.9 x 10-11 3.3 x 10-11 1.9 x 10-11 9.2 x 10-12 7.9 x 10-12 
 73 3.1 x 10-11 2.5 x 10-11 1.4 x 10-11 6.4 x 10-12 5.8 x 10-12 
C3 5 8.7 x 10-11 8.2 x 10-11 4.8 x 10-11 2.6 x 10-11 1.5 x 10-11 
 47 4.8 x 10-11 4.1 x 10-11 2.2 x 10-11 6.3 x 10-12 5.4 x 10-12 
 53 4.3 x 10-11 3.6 x 10-11 1.9 x 10-11 5.2 x 10-12 4.6 x 10-12 
 66 4.3 x 10-11 3.7 x 10-11 2.0 x 10-11 5.3 x 10-12 4.6 x 10-12 
D6 2 8.7 x 10-11 8.2 x 10-11 4.8 x 10-11 2.6 x 10-11 1.6 x 10-11 
 4 8.2 x 10-11 7.6 x 10-11 4.4 x 10-11 2.1 x 10-11 1.3 x 10-11 
 17 6.7 x 10-11 6.0 x 10-11 3.3 x 10-11 1.2 x 10-11 9.1 x 10-12 
D11 2 9.2 x 10-11 8.7 x 10-11 5.2 x 10-11 3.2 x 10-11 1.7 x 10-11 
 4 8.3 x 10-11 7.7 x 10-11 4.4 x 10-11 2.1 x 10-11 1.4 x 10-11 
C5 51 5.0 x 10-11 4.3 x 10-11 2.4 x 10-11 6.7 x 10-12 5.7 x 10-12 
 53 5.2 x 10-11 4.4 x 10-11 2.5 x 10-11 7.3 x 10-12 6.0 x 10-12 
 66 5.1 x 10-11 4.5 x 10-11 2.4 x 10-11 7.2 x 10-12 6.0 x 10-12 
C15 45 4.5 x 10-11 3.9 x 10-11 2.1 x 10-11 5.7 x 10-12 5.0 x 10-12 
 57 6.0 x 10-11 5.3 x 10-11 3.0 x 10-11 9.6 x 10-12 7.6 x 10-12 
C8 39 7.6 x 10-11 6.9 x 10-11 3.7 x 10-11 - - 
 58 7.5 x 10-11 6.9 x 10-11 3.7 x 10-11 - - 
C20 37 8.4 x 10-11 7.8 x 10-11 4.5 x 10-11 - - 
C11 57 4.5 x 10-11 3.9 x 10-11 2.1 x 10-11 5.7 x 10-12 5.0 x 10-12 
C4 69 4.6 x 10-11 3.9 x 10-11 2.3 x 10-11 6.1 x 10-12 5.2 x 10-12 
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Table 5 Effective diffusion coefficients for 36Cl- for the various regions of the clay domain (subdivided in 4 parts, see Fig. 4). Raw De: obtained De for 
sample and filters. Model 1: the interface sample (cement, clay). Model 2: the entire clay region. Model 3: skin region evaluated assuming an average 
diffusion coefficient of Na-montmorillonite for the unaltered the clay part (table 4). For the De, skin calculation, a skin thickness of 1mm was used 
according to Shafizadeh et al. (2020). 
 

 
 
 
 
 
 
 
 
 

 
 
4. Discussion 

4.1 Interface reactivity: evolution of diffusivity and porosity 

The observed changes of the diffusive fluxes for HTO and chloride indicate a strong reduction of the De of the entire sample (De, 

sample), or also of the clay part (De, clay), during the first 12 to 17 months and a subsequent slower reduction. According to eq. (7) a 

reduction of the diffusion coefficient is related to a decrease of the (average) porosity (ε) and an increase of the geometrical factor 

(G), which includes the tortuosity. The strong chemical differences between cement and clay porewater trigger mass fluxes at the 

material interface and lead to quick mixing of the porewater in the interface region. This change in the pore water composition 

induces dissolution-precipitation reactions and mineralogical changes, which affect both the porosity and the geometry of the pores. 

Analysis of the samples conducted by Shafizadeh et al. (2015; 2020) showed a reduction of the porosity inside the first mm of the 

clay and a slight increase of porosity on the cement side. This porosity evolution certainly affects fluxes measured in our through-

diffusion experiments. At the same time, the remaining part of the clay region without clear porosity evolution, which was called 

“unaltered or unreacted clay part”, may have undergone chemical changes too. Due to the high alkalinity of the cement porewater 

and the higher cation exchange selectivity of montmorillonite for Ca and K compared to Na, the montmorillonite is expected to 

transform from the initial Na form into a K and Ca form near the interface. As cation exchange reactions are fast compared to mineral 

alterations, it is likely that this transformation into a K and Ca form has extended clearly beyond the zone of altered porosity, 

possibly throughout the whole clay plug. Ca- and K-montmorillonite have different diffusive (Gonzalez  Sanchez et al., 2008) and 

swelling properties (Karnland, 2006) compared to Na-montmorillonite. Gonzalez  Sanchez et al. (2008) investigated diffusion 

coefficients of Ca and Na-montmorillonites for a bulk dry density of 1900 kg m3 and two different ionic strengths. In these 

experiments the De of HTO in Ca-montmorillonite was found to be about ~60% higher than that in Na-montmorillonite. In the 

experiments performed  during the present study, for a compaction of 1500 ± 100 kg m3 the De of HTO in Ca- and K-montmorillonite 

were found to have similar values, and were ~40% higher than the De of HTO in Na-montmorillonite. Thus the dependence of the 

HTO diffusivity on the composition of the montmorillonite needs to be considered while dealing with the evolution of the diffusivity 

of the clay at the interface. Preliminary (unpublished yet) investigation on the present samples by means of SEM/EDX, indicate a 

partial transformation of Na-montmorillonite into the Ca and K form, as already described in the literature (Mosser-Ruck and 

Cathelineau, 2004; Gaucher and Blanc, 2006). 

The stronger reduction of the diffusion coefficient of chloride with respect to HTO is related to the montmorillonite structure. The 

distinction of different pore environments in clays (Fig. 7) and the magnitude of diffusive fluxes or generally of solute transport in 

these environments remain a matter of debate (Wersin et al., 2004; Appelo, 2013). Often the total porosity in clay rocks is subdivided 

into i) free porosity, a domain with a charge balanced electrolyte solution, ii) interlayer porosity between single TOT layers of 

swelling clay minerals, containing hydrated cations that compensate the negative structural charge, and iii) diffuse double layer 

(DDL) porosity, containing water, charge compensating cations and anions. Interlayer water is generally thought to contain mainly 

(or even only) cations, whereas the DDL displays an excess of cations and the free porosity is charge neutral (Mitchell and Soga, 

1992; Bradbury and Baeyens, 2003; Appelo, 2013). Interlayer and diffuse double layer are partly also considered as a single 

compartment, which can be described by a Donnan approach (Jenni et al., 2017), where the Donnan pore water contains also an 

excess of cations. At a bulk dry density of 1500 kg m3 most of the porosity of Na-montmorillonite is interlayer porosity (Pusch, 

Sample interaction time 
(months) 

De of the entire 
sample ( De, raw )  

De interface without filters 
(Model 1) 

De  of the entire clay domain,   
(Model 2) 

De of the skin region. Unaltered clay = Na-
mont. (Model 3) 

D11 2 2.0 x 10-11 1.6 x 10-11 8.4 x 10-12 - 
 4 1.5 x 10-11 1.2 x 10-11 6.4 x 10-12 - 
D6 17 5.7 x 10 -13 4.4 x 10-13 2.2 x 10-13 4.6 x 10-14 
C4 69 3.1 x 10-13 2.4 x 10-13 1.3 x 10-13 2.5 x 10-14 
C11 57 3.8 x 10-14 2.9 x 10-14 1.5 x 10-14 3.0 x 10-15 
C15 57 6.4 x 10-13 4.9 x 10-13 2.5 x 10-13 5.1 x 10-14 
C8 58 1.4 x 10-11 1.1 x 10-11 5.5 x 10-12 - 



12	
	

Fig.7	Schematic	illustration	of	clay	minerals	and	respective	pore	environments	for	unaltered	clay,	and	for	clay	
after	contact	with	alkaline	solution	(e.g.	cement	porewater).		Precipitation	location	(free	porosity	only	or	
interlayer/	diffuse	double	layer)	and	precipitation	type	(homogeneous	vs	heterogeneous)	are	not	clear.	

2001). Precipitation of new mineral phases is thought to occur preferably in the free porosity. Interlayer pores are expected to be less 

accessible or inaccessible for anions. Therefore precipitation of new minerals taking place in the free porosity is expected to affect 

the chloride flux more strongly than the HTO flux. This conclusion is supported by the observed evolution of the diffusion 

coefficients ratio: the initial De, HTO /De, Cl for unaltered Na-montmorillonite samples is about 10; after 17 months of reaction this ratio 

is around 150. At longer interaction times, ratios between 120 and 1400 were obtained. It has to be noted that in several cells no 

chloride flux at all could be measured after 6 years of interaction, even though the initial activity at the inlet was increased in 

repeated experiments to possibly overcome the detection limit at the low concentration side for very low 36Cl- fluxes. For the cells 

where no 36Cl- flux was detected, it can be stated that the diffusion coefficient  of the entire sample had to be lower than 10-14 m2 s-1 

(no flux observed with a C0 activity of 40 kBq/ml), which indicates an almost complete blocking of the anion accessible porosity.  

Mineralogical investigation and simulation of bentonite-OPC interaction made by other authors indicate the possible formation of 

many different mineral phases, depending on the system composition and condition (Cuevas et al., 2006; Savage et al., 2007; 

Fernandez et al., 2018). In our case the nature of the phase/s precipitating is currently under investigation; but the experimental 

conditions (CO2 free environment and ambient temperature) suggest that carbonates and/or zeolite are unlikely to be the major phase 

responsible for the porosity decrease. 
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Table 6 
Summary of De values for HTO and Cl in various montmorillonites and Bentonites (MX-80) from literature and measured in the present work. 
 
Author HTO  

Na-mont. 
36Cl-  
Na-mont. 

HTO  
Ca-mont. 

36Cl-  
Ca-mont. 

HTO  
K-mont. 

36Cl-  
K-mont. 

Comment Bulk dry 
density 

Glaus et al. (2010) 1.7 x 10-11 7.2 x 10-14     0.1 M NaClO4 1900 kg m3 
  2.5 x 10-13     0.5 M NaClO4 1900 kg m3 
 1.9 x.10-11 4.7 x 10-13     1.0 M NaClO4 1900 kg m3 
  7.2 x 10-13     2.0 M NaClO4 1900 kg m3 
Gonzalez et al. (2008)   3.5 x 10-11    0.5 M CaCl2 1900 kg m3 
   3.7 x 10-11    0.005 CaCl2 1900 kg m3 
 1.4 x 10-11      1.0 M NaCl 1900 kg m3 
 1.5 x 10-11      0.01 M NaCl 1900 kg m3 
Melkior et al. (2004) 7.4 x 10-11 5.5 x 10-12     *Bentonite sample 1700 kg m3 
 7.3 x 10-11      *Bentonite sample 1700 kg m3 
 4.4 x 10-11 1.5 x 10-12     *Bentonite sample 2000 kg m3 
 4.2 x 10-11      *Bentonite sample 2000 kg m3 
Melkior et al. (2009) 5.3 x 10-11  5.1 x 10-11    *Bentonite sample 1600 kg m3 
 5.0 x 10-11  5.1 x 10-11    *Bentonite sample 1600 kg m3 
Present Study         
P_Na1 6.0 x 10-11 4.8 x 10-12     0.3 M NaCl 1450 kg m3 
P_Na2 5.9 x 10-11 5.0 x 10-12     0.3 M NaCl 1450 kg m3 
P_Na1B 6.5 x 10-11      0.3 M NaCl 1550 kg m3 
P_Na2B *7.5 x 10-11 5.7 x 10-12     0.3 M NaCl 1520 kg m3 
P_K1     1.1 x 10-10 2.7 x 10-11 0.3M KCl 1450 kg m3 
P_K2     8.8 x 10-11  0.3M KCl 1450 kg m3 
P_Ca1B   1.0 x 10-10 1.3 x 10-11   0.1M CaCl2 1450 kg m3 
P_Ca2B   1.2 x 10-10 4.6 x 10-12   0.1M CaCl2 1450 kg m3 
*value not considered to obtain average unaltered Na-montmorillonite De 
 
 
 
4.2 Temporal development of the reactivity at the interface 

The De evolution of the clay domain (model 2 see Fig. 4) for both HTO and 36Cl- (Fig. 5 and 6) give an estimate of a characteristic 

time required for substantial mineral transformations at the interface. Two distinct phases could be identified: a first period (0-17 

months) related to a strong decrease of the diffusivity (46% De, HTO reduction, and ~ 96% decreases for De, Cl) and a second period 

(17-73 months) with moderate decrease of the De. It was further noted that the De, HTO remained quite stable during the period 

between 45 and 73 months. The two periods with different evolution of the diffusive properties are likely related to stages of 

dissolution-precipitation reactions occurring at the interface. Although only limited data are available at the moment, it can be 

hypothesized that most of the reactions occurred already during the first 1.5 year. For the same samples, Shafizadeh et al. (2020) 

observed by means of neutron imaging a strong porosity reduction in the clay within the first 17 months and a less prominent 

porosity decrease after this period. The porosity reduction following mineral reactions slows down diffusive mass transfer and thus 

reduces the further reactivity of the interface. This trend was observed as well in field experiments (Mäder et al., 2017) or in 

numerical simulation (Kosakowski and Berner, 2013)  

 
 
4.3 Considerations on the skin properties 

Measurements performed by Shafizadeh et al. (2020) provide an estimate of the thickness (~1mm) of the low porosity alteration zone 

developing inside the clay. According to eqs. (13) and (14), by making some assumption as previously discussed, it is possible to 

derive a rough estimation of the diffusive properties of the clay skin. The obtained values are only an approximation because of other 

unknown factors such as changes in the diffusive properties of filters, and the slight variation of cement porosity (Shafizadeh et al., 

2020). Nevertheless, it can be assumed with high confidence that the low porosity region in the clay compartment next to the 

interface represents the bottleneck domain which limits the overall HTO and ion flux through the interface. In such a system slight 

changes in the diffusive properties of cement or of the filters should have a minor impact on the overall properties of the sample. The 

clay domain was split in two regions: an unaltered clay compartment and an altered skin at the interface (Fig. 8a and b). As has been 

discussed earlier the diffusive properties of the clay with more or less unaltered porosity are not certain. Some chemical reactions 

(e.g. cation exchange in the interlayer) are very likely to take place on the time scale of the experiments due to the high contents of 

K+ and Ca2+ of the cement porewater. Therefore the calculated skin parameters are subject to relatively large uncertainties. The 

diffusion coefficient of montmorillonite can vary remarkably depending on its cationic composition (Table 7). Assuming that all 

montmorillonite turned into Ca- or K-montmorillonite via cation exchange, the calculated De, HTO of the skin is lower by about 27% 



14	
	

(0 and 17 months interaction) or about 15% (>45 months interaction) compared to assuming the clay remained Na-montmorillonite 

(Fig. 8a). In the former case, De, skin for HTO becomes ~1.2 x 10-11 after 12-17 months of interaction and reaches an average value of 

6 x 10-12 between 45 and 73 months. In the latter case, the clay skin De for HTO after 12-17 months becomes ~1.7 x 10-11 m2 s-1 and 

reaches an average value of 7 x 10-12 between 45 and 73 months.  

Regarding chloride (Fig. 8b), the measured diffusivity values are so low and their variability at later times so large that considering 

the diffusive properties of the unreacted clay part as that of Na-montmorillonite or of K or Ca- montmorillonite does hardly affect the 

resulting diffusion coefficients obtained for the skin.  After 17 months of interaction the chloride De, skin is calculated as 4.6 x 10-14 m2 

s-1; at more than 55 months the 36Cl- De, skin varies between 5.1 x 10-14 and 3.0 x 10-15 m2 s-1. 

 

 
 
 
4.4 Relation to Archie’s law 

The effective diffusion coefficient and the porosity can often be correlated according to a relationship given by Archie (1952), 

𝐷! = 𝐷! 𝜀!   (15) 

where m is a cementation factor [-], which depends on the connectivity and the geometry of the pores and is rock specific. Several 

modified versions of this relationship were used to describe different rock properties (Boudreau, 1996; Muurinen, 1994; Rosanne et 

al., 2003; Van Loon et al., 2014; Tyagi et al., 2013). Fig. 8 displays in a logarithmic plot the conventional Archie’s relationship for 

some literature data and the De of HTO for Na-montmorillonite derived in the present study (for estimation of the De, skin the 

unaltered clay part was considered to be Na-montmorillonite). For unreacted fresh samples the porosity values were calculated 

according to eq. (1). For the skin region in the montmorillonite the porosity was estimated based on the measurements performed by 

Shafizadeh et al. (2020). Porosity values for the skins have a considerable uncertainty, since the estimation of the thickness, of the 

porosity and the definition of the skin itself is not straightforward. The HTO data, including those of the reacted clay skins, can be 

approximately described by Archie’s relationship using a cementation factor of m = 4.4, The other way round, this means also that 

Archie’s relationship may be used in numerical simulations, which aim at modelling Na-montmorillonite contacting cement or 

alkaline porewater, to estimate the diffusive properties of such newly forming skins based on the evolving porosity.  

The analogous plot for the chloride diffusion coefficients is more controversial and more difficult to interpret. This fact is related to 

the uncertainty of the estimation of the anion accessible porosity. For unreacted clay samples the anion accessible porosity was 

estimated based on data in Van Loon et al. (2007). For the skin-regions the average total porosity of ~30% estimated from the data of 

Shafizadeh et al. (2020) would relate to an anion accessible porosity of less than 2% according to Van Loon et al. (2007). It has to be 

mentioned that Van Loon et al. (2007) use porosities for differently compacted samples, whereas in our case porosities were reduced 
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Fig. 8 a) Evolution of the effective HTO diffusion coefficient of the clay skin (De, skin). The diffusion coefficient is calculated considering the unreacted part of 
the clay as Na-montmorillonite (blue) or K/Ca-montmorillonite (red). b) Evolution of the effective diffusion coefficient, for 36Cl-, of the entire clay domain 
(pink) and of the clay-skin (light blue). The diffusion coefficient of the skin (De, skin) is calculated considering the unreacted part of the clay as Na-
montmorillonite.  
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by mineral precipitations. Precipitation is likely to take place in the free porosity, drastically reducing the anion accessible porosity 

(Fig. 7). Accordingly, the anion accessible porosity estimated for our skins in this way is very uncertain, leading to a large 

uncertainty when estimating a cementation exponent with Archie’s empirical law. In fact, due to the very large uncertainty of the 

anion accessible porosity of the skins, it cannot be decided whether or not the skin data follow the same trend as the other data. 

Nevertheless the very low diffusivity values measured (in some cases no flux was observed) suggest that only a very small portion of 

the porosity remains available for anions. 

 

 
 

 
 

Fig.	9	Relationship	between	the	effective	HTO	diffusion	coefficient	and	the	diffusion	accessible	porosity	for	Na-montmorillonite	
(and	bentonite),	with	data	from	the	literature	and	values	reported	here.	The	dashed	line	represents	the	classical	Archie’s	relation,	
eq.	(15)	with	m	=	4.4.		Porosities	for	the	skin	regions	were	derived	from	the	data	of	Shafizadeh	et	al.	(2020);	the	error	on	these	
porosities	is	estimated	to	be	±10%.	
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Fig.	10	Relationship	between	the	effective	36Cl-	diffusion	coefficient	and	the	diffusion	accessible	porosity	for	chloride	in	Na-
montmorillonite	(and	bentonite),	with	data	from	the	literature	and	derived	in	this	study.	The	dashed	line	represents	the	classical	
Archie’s	relation	(Eq.	15)	with	m	=	2.	Porosities	for	the	entire	clay	domain	(pink)	and	the	clay	skin	(orange)	are	only	rough	estimates	
with	very	large	uncertainties.	
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4.5 Transferability and implications for other cement-clay systems and other processes 

The mineralogy of the interface samples studied in this work was intentionally kept as simple as possible to facilitate the 

interpretation of the measurement. Using cement-claystone samples or concrete-bentonite samples made of materials as will be used 

in disposal sites is very complex in terms of handling, sample preparation, characterisation and interpretation of the observations, 

mainly due to the high heterogeneity of the phases and their chemical variability. The exact parameters of mass transport, interaction 

kinetics and the consequent mineral reactions modifying the transport properties of interfaces are expected to depend on the specific 

materials. Despite the simplicity, the samples prepared from Na-montmorillonite and OPC paste studied in this work are a good 

proxy to a bentonite-OPC interface that is foreseen in a geological repository for radioactive wastes (e.g., Nagra, 2002). Bentonite 

(MX-80) contains up to 85% of Na-montmorillonite. Other minerals are quartz, feldspars, calcite and accessory minerals in minor 

amounts (Carlson, 2004). The accessory mineral dissolution in alkaline conditions will for sure play a role (Soler and Mäder, 2010), 

but due to the high amount of montmorillonite present in the MX-80 bentonite it is likely that at least during the initial period of 

interaction bentonite-OPC interfaces will behave in a similar way as Na-montmorillonite-OPC interfaces. For other interface types 

(e.g., Opalinus Clay-OPC or Boom Clay-OPC), a direct inference on the evolving diffusivity or porosity is difficult due to the 

completely different initial conditions of the interface. Nevertheless, the results of the present study may provide a general indication 

in terms of expected times of reactions and magnitudes of diffusivity changes.  

Besides transport of solutes, as investigated in this study, many other processes are important for the assessment of the safety of a 

geologic repository for radioactive waste. These processes include the (re-)saturation of clay rocks or clay granulates surrounding the 

waste canisters, or also transport of gases (dissolved or in the gas phase). The (re-)saturation occurs via advective water transport and 

diffusive water vapour transport. Clay skins with reduced porosity will certainly also affect these processes, leading to a slower mass 

transfer in general. The performed experiments indicate an extremely low diffusivity for the anion 36Cl-. This experimental evidence 

probably has consequences for other species: i) the flux of the anion OH- through the clay at larger times is likely to be limited as 

well to a relative small extent; accordingly, the (initially probably fast) propagation of the pH front will later slow down. ii) In a 

similar way, diffusion of negatively charged radionuclides may be strongly reduced. iii) Diffusion of large dissolved gas molecules 

(e.g. CH4, CO2) will probably be influenced as well by the reactions at the interfaces, because diffusion of large gas molecules tends 

to occur through the same porosity as that of anions.  

At the same time, a generalisation of the present findings to the much larger space and time scale relevant for a repository would 

certainly require additional investigations. For instance, questions of the homogeneity of heterogeneity of skins at larger spatial 

scales should be addressed. Also, the performed experiments on OPC paste Na-montmorillonite interfaces do not allow an 

extrapolation of the porosity/diffusivity behaviour over very long time scales, even though the previously discussed trends of the 

evolution of the diffusion coefficient suggest that in short term a total reduction of the porosity will not be reached. 

 
 
5. Conclusions 

Na-montmorillonite/OPC paste interface samples have been reacting under controlled condition over six years. The evolution of 

transport properties across the interface was periodically monitored by through-diffusion experiments. Two distinct phases of the 

interface reactivity could be identified.  The first phase (0-17 months) was characterized by a strong decrease of the diffusion 

coefficient (46% reduction of De for HTO, and ~96% decrease of  De for 36Cl-). The second phase (17-73 months) was characterised 

by a slow further decrease of the diffusivity across the interface.  Combining the diffusive flux measurements presented here and 

non-destructive analysis of the sample porosity across the interface presented by Shafizadeh et al. (2020), it was concluded that the 

changes of transport properties across the sample are dominated by a narrow low porosity / low diffusivity alteration zone in the clay 

compartment close to the interface. This alteration zone is likely to form as a result of precipitations following mineral 

transformations. A reduction of diffusive transport with time was observed for both HTO and 36Cl- tracers. The chloride De showed a 

much stronger reduction compared to HTO. This suggests that precipitation of new phases occurred likely in the porosity that was 

accessible to anions (free porosity), such that these pathways were partly blocked for 36Cl-. The neutral tracer HTO is less affected by 

this partial blocking of the free porosity, because it can still diffuse via interlayer or DDL porosity. The De, Cl values determined for 

the entire clay domain are very low (<2.5 x 10-13 m2 s1), and in some cases no anion flux at all was observed. A complete clogging, 
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that is, a complete blocking of the pore space for diffusion of HTO, was, however, not observed up to a time of six years. Combining 

information gained from the precedent neutron investigation measurements (Shafizadeh et al., 2020) with the present data allowed 

estimating the diffusive properties of the skin region for HTO and chloride. These skin regions in the clay (after at least 45 months 

interaction) have an estimated diffusivity of 7.0 x 10-12 m2 s-1 for HTO (considering the unaltered clay part as Na montmorillonite) 

and <5.1 x 10-14 m2 s-1 for chloride. A series of assumptions and simplifications had to be made to derive these numbers, leading to 

comparably large uncertainties. For HTO the evolution of the effective diffusion coefficient of the entire clay domain (De, clay) and of 

the skin  (De, skin) can be well described with Archie’s empirical law, whereas for chloride the unknown accessible porosity of the 

skins does not allow a precise statement. 
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