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Abstract

Solute diffusion in compacted clays depends on ionic strength through its 
control on the thickness of the electrical double layer (EDL) on the charged 
clay surfaces. In the DR-A field experiment (Mont Terri, Switzerland), 
synthetic porewater was circulated through a borehole for 189 days, leading 
to the out-diffusion of a variety of tracers into the Opalinus Clay. The 
borehole solution was then replaced with a higher-salinity solution for an 
additional 540 days, leading to the diffusion of Cs+, Ca2+, Mg2+, and Sr2+ back 
into the borehole and to an increase in the out-diffusion of anions (I–, Br–) 
and 3H. The experimental results were interpreted using the CrunchClay 
code, which includes a mean electrostatic potential model for the EDL. The 
EDL corresponds to a second continuum in addition to bulk electrically 
neutral porewater. Species-specific diffusion (Nernst–Planck equation) occurs
through both domains. A 1D radial model considered a single pore diffusion 
coefficient (Dp = 10–9 m2/s) for cations and 3H in the bulk porosity, and a 
smaller Dp (3 × 10–10 m2/s) for anions. Dp values in the EDL were smaller (10–

11 m2/s), except for Cs+ and K+ (5 × 10–10 and 2 × 10–10 m2/s, respectively). 
The model reproduced well the experimental results and showed the 
capability to consider temporal changes in geochemical conditions affecting 
the transport and retention of potentially important radionuclide 
contaminants (e.g., 137Cs+, 90Sr2+, 129I–) in underground geological nuclear 
waste repositories. Coupled multicomponent diffusion together with the 
electrostatic properties of the charged surfaces are essential in the 
development of predictive models for ion transport in clays.
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1. Introduction

Argillaceous formations are considered as suitable host rocks for the 
geological disposal of radioactive waste in a number of countries (e.g., 
France, Belgium, Canada, Switzerland). These rocks are characterized by 
very low permeabilities with solute transport controlled by diffusion, and high
clay contents favoring sorption and retention of cations. Diffusion in these 
compact clay-rich rocks shows a dependency on ionic strength, which is 
linked to the properties of the electrical double layers (EDL) bordering 
charged clay mineral surfaces. A mechanistic understanding of this 
dependence is necessary for any model predictions of the evolution of this 
type of clay-rich systems.

The Mont Terri rock laboratory (St. Ursanne, Switzerland) is an international 
multidisciplinary project running since 1996 and it provides an opportunity to
study radionuclide migration in the Opalinus Clay Formation (Jurassic). The 
DR-A in situ diffusion experiment was performed between November 2011 
and November 2013 in the DR-A niche of the rock laboratory. The rock 
formation was the shaly facies of the Opalinus Clay (OPA).

Several diffusion experiments had already been performed at Mont Terri (DI, 
FM-C, DI-A1, DI-B, DI-A2, DR).(1−19) In those experiments, synthetic 
porewater at equilibrium with the rock and containing tracers was 
continuously circulated through a packed-off borehole interval and the 
decrease in tracer concentrations in the liquid phase was monitored. 
Subsequently, a volume of rock surrounding the borehole was overcored and
the tracer profiles in the rock were analyzed. The results showed the value of
the experimental setup and the importance of processes such as anion 
exclusion and sorption of cations.

After those first experiments, the DR-A test was designed to provide insight 
on solute transport coupled to relevant processes such as anion exclusion 
and competing sorption by cation exchange. The first stage of the DR-A test 
consisted of a conventional diffusion experiment using a synthetic version of 
the OPA porewater, including several tracers. After 189 days, the solution in 



the borehole was replaced with a higher-salinity solution (0.50 M NaCl + 0.56
M KCl). The effect of the change in ionic strength on solute transport was to 
be investigated.

The effect of the formation of EDLs on ion concentration and transport in 
porous materials with charged solid surfaces has been the subject of intense 
research in the last two decades.(20−24) The case of the clays, and 
especially smectite interlayers in compacted bentonite (overlapping EDLs), 
has received special attention due to its relevance in the geologic disposal of
radioactive waste.(25−31)

The calculations presented here correspond to the modeling of the 
experimental results from the DR-A experiment (evolution of solute 
concentrations in the circulation system and profiles in the rock) using the 
CrunchClay software, a variant of CrunchFlow that includes an explicit 
treatment of the EDL based on a mean electrostatic model.(32) These 
calculations are based on a new modeling approach that had not been used 
in previous experiments at Mont Terri (those experiments had only involved 
synthetic OPA porewater). A similar approach for the inclusion of the EDL in 
reactive transport codes has already been described by Appelo and Wersin.
(10) A simplified implementation has also been recently reported by Gimmi 
and Alt-Epping.(33)

2. Overview of the Experiment

The experiment was performed in the shaly facies of Opalinus Clay at Mont 
Terri. The closed circulation system (reservoir tank, lines, borehole interval) 
contained 10.243 L of solution. The reservoir tank was pressurized with 
argon to avoid pressure gradients between the system and the rock, and it 
was placed on a weighing scale to detect any possible inflows or outflows of 
water. A magnetic drive gear pump was used for circulation. Flow rate was 
25 mL/min. Figure 1 shows the experimental setup (tracer circulation 
interval). The solution was circulated through a small gap (0.5 mm) between 
the central tube and the filter. There was another gap (3 mm thick) between 
the filter and the borehole wall. Circulation of the tracers was started on 
November seventh, 2011, and lasted until November fifth, 2013.



Synthetic porewater (NaCl-dominated, ionic strength 0.36 molal) containing 
tracers was circulated through the borehole for 189 days. The tracers were 
HTO (3H; water tracer), I– and Br– (anionic tracers subject to anion exclusion), 
Cs+ and 85Sr2+ (cations sorbing by cation exchange), and 60Co2+ and 
Eu3+ (cations presumably sorbing strongly by surface complexation). After 
this period the synthetic porewater was replaced with a higher-salinity 
solution (0.50 M NaCl + 0.56 M KCl; more 85Sr2+ added) for an additional 540 
days. Replacement of the solution was performed by switching circulation 
from the initial reservoir tank to a second tank containing the high-salinity 
solution. Switching to the new solution led to diffusion of Cs+, Ca2+, Mg2+ and 
Sr2+ back into the borehole resulting from desorption and to an increase in 
the out-diffusion of anions (I–, Br–) and also of HTO. This increase in out-
diffusion is hypothesized to be related to the increase in ionic strength of the
water and its effect on the thickness of the EDL on the clay surfaces. At the 
end of the experiment the borehole equipment was removed, the borehole 
was filled with resin, and an overcore was drilled with a larger diameter to 
obtain rock samples for further analysis.

3. Model Description

Since transport in OPA is dominated by diffusion along the bedding planes 
(preferential fast pathways for diffusion)(34) and transport distances are 
short compared to the length of the injection interval, a one-dimensional 
(1D) approach with symmetry with respect to the borehole axis was deemed 



sufficient to model the results. However, the borehole in DR-A was drilled 
vertically at an angle of about 60° with respect to bedding (dip of bedding is 
about 30°). In principle, this geometry does not allow for a direct application 
of a 1D radially symmetric model around the borehole axis. However, by 
modifying the borehole radius and capacity, a 1D implementation was 
achieved.

The 1D radial diffusion-sorption calculations considering the formation of an 
EDL bordering the negatively charged clay surfaces and species-specific 
diffusion based on the Nernst–Planck equation have been performed using 
the CrunchClay reactive transport code.(32,35)

The diffusion equation in saturated porous media represented as a single 
continuum takes the form

(1)

where Ji is the diffusive flux of species i and totCi is the total concentration of 
the species (moles per bulk volume, mol/m3) given by

(2)

and Ci is the aqueous concentration of the species (moles per fluid volume, 
mol/m3), ϕ is porosity, ρd is the bulk dry density of the rock (kg/m3), si is the 
concentration of sorbed species (moles per mass of solid, mol/kg), and ρs is 
the solid density of the rock (2740 kg/m3).

Tournassat and Steefel(35) reviewed the basics of the application of the 
Nernst–Planck equation to the diffuse layer bordering charged surfaces in 
reactive transport codes. This approach is used in CrunchClay, a dual 
continuum version of CrunchFlow(32) that allows for the explicit calculation 
of accumulation and transport within bulk and EDL (also called diffuse layer) 
porosities. The EDL porosity is treated with a mean electrostatic model, 
which can be thought of as an averaging of the Poisson–Boltzmann equation.
(36) The fundamental assumption of the model is that rapid equilibrium 
between the diffuse layer and bulk water compositions is achieved within a 
representative elementary volume (grid cell). With this assumption, it is 
possible to describe the diffusive flux within the diffuse layer with an 
equation having the same form as the Nernst–Planck equation for the bulk 
porosity, given here in one dimension

(3)

where Ji is the diffusive flux of the species i, which has an effective diffusion 
coefficient De,i, a charge zi, a bulk concentration bci, and an activity 
coefficient bγi. The superscript b/EDL indicates that the parameter must be 
defined for the bulk water or the diffuse layer water, depending on the 



diffusive flux of interest. The term Ai corresponds to an 
accumulation/depletion factor of cations and anions in the diffuse layer 
compared to bulk water. Ai = 1 in the bulk water porosity and   in 
the EDL porosity, ψEDL is the mean electrical potential in the EDL porosity, F is
the Faraday constant, R is the gas constant, and T is the temperature.

When applied to a system where diffuse layer water and bulk water are 
present, eq 1 in one dimension becomes

(4)

where bJi and EDLJi are fluxes in bulk and diffuse layer water as defined in eq 3.
Expanding eq 3 for bulk and diffuse layer water, we obtain

(5)

(6)

where D0,i is the self-diffusion coefficient of the species i, and τ is a tortuosity
term that is specific to each type of porosity and medium 
(b/EDLDe,i=b/EDLϕ b/EDLτ b/EDLD0,i).

The EDL porosity is dynamically calculated according to

(7)

where Areaclay is the area of clay (m2/m3) and λDL is the number of Debye 
lengths (used here as an adjustable model parameter). The Debye length DL, 
which provides an approximate measure of the thickness of the EDL, is given
by

(8)

where βDL is a constant (3.0 × 10–10 m (mol/L)1/2 at 25 °C) and I is the ionic 
strength of the bulk solution. In the calculations shown here total 
porosity Totϕ has been fixed to 0.15. Therefore, the bulk porosity is

(9)

Solute concentrations in the EDL are related to concentrations in the bulk 
solution through the Ai term (EDLCi = Ai

bCi).

Figure 2 shows a schematic representation of the pore domains in the rock.



In the results presented here, the fitting of the model to the experimental 
data involved the adjustment of the number of Debye lengths (λDL), which is 
used to calculate the EDL porosity (eq 7), and of the pore diffusion 
coefficients (Dp) for water, cations, and anions in both the EDL and bulk 
porosities. λDL and Dp values are constant throughout the calculation in the 
model. De values change due to the changes in ionic strength, which imply 
changes in bulk and EDL porosities. Total porosity and clay (Illite) properties 
(volume fraction, specific surface area, surface charge, CEC and cation 
exchange model) were fixed based on previous studies, as discussed 
in Section 4. However, a small modification of the cation exchange model 
was required for a better match of the model to the measured data.

4. Setup, Dimensions, and Model Parameters

Figure 1 shows the experimental setup (tracer circulation interval) 
and Table1 shows the relevant parameters for the simulations. The solution 
was circulated through a small gap (0.5 mm) between the central tube and 
the filter.

For a correct description of the borehole geometry with respect to the 
orientation of the bedding planes (preferential planes for diffusion), the 
model has to take into account that the intersection between borehole and 
bedding is actually elliptical. The length of this intersection affects the 
magnitude of the solute fluxes between borehole and rock. However, in the 
1D radial model used here the borehole section is by definition circular. An 
adjusted borehole radius (41.6 mm) was calculated assuming that the outer 
circumference was equal to the perimeter of the elliptical intersection 
between bedding plane and borehole. The area of the circle with the newly 
calculated radius is 1% larger than the area of the ellipse, which is relevant 



for the calculation of the volume of the borehole (volume of solution). 
Therefore, the borehole capacity αb (volume of solution per volume of 
borehole interval) was reduced by the same factor (1%). The same 
correction was applied to filter and gap. As a result, in the model the filter 
has a thickness of 4.38 mm and a porosity equal to 44.5%. The gap between 
filter and borehole wall has a porosity of 98.9%. The validity of the 
implementation was checked by comparing the results from 2D and 1D-
radial models (only single tracer transport).

The volume of water in the circulation system (tank, lines, inner gap) was 
10.243 L, which translated into a capacity value of the borehole αb equal to 
3.262 (it does not include the filter and gap between filter and borehole 
wall). Fast diffusion (well-mixed conditions) was assumed for the borehole 
and filter (possible fluid circulation through the filter). Otherwise, the 
implementation of measured filter diffusion coefficients (De about 10–10 m2/s), 
resulted in the formation of solute concentration gradients across the filter 
which prevented a good match between model results and measured data, 
mainly for sorbing species. For those species (e.g., Cs+), the measured fast 
initial drop in concentration in the circulation system (borehole) could not be 
reproduced due to the slow diffusive transport through the filter.

Synthetic porewater containing tracers was circulated through the borehole 
for 189 days, after which it was replaced with a higher-salinity solution for an
additional 540 days. Tables2 and 3 show the initial solution compositions in 
the model, which are based on the measurement of solution chemistry 
during the experiment.





Sorption has been modeled using a multisite cation exchange for OPA.
(37−39)Table4 shows the parameters of the cation exchange model (Gaines-
Thomas convention) used in the calculations. The original log K value for K+–
Na+ exchange on the planar sites (PS-K reaction) had to be changed from 
−1.1 to −0.4 (weaker affinity of K+ for the planar sites). Otherwise, the 
results showed too much sorption of K+ compared with the measured data. 
Note that the previous in situ experiments had only involved the use of 
synthetic OPA porewater (lower ionic strength), and the sorption behavior on 
the low-affinity planar sites had not really been tested. log K for Sr2+–
Na+ exchange was assigned a value of −1.0 by calibration with the measured
experimental data. Also, the capacity of the planar sites had to be increased 
by 20% (from 9.5 × 10–2 to 1.14 × 10–1 eq/kg) for a better model match of 
the Ca and Mg concentrations in the rock profiles. The total cation exchange 
capacity (0.1225 eq/kg) is in good agreement with the values of about 0.120 
eq/kg reported by Waber et al.(40) for the location of the DR-A experiment 
within the Opalinus Clay.

The total number of solution species in the calculations was 62. Speciation 
reactions were from the EQ3/6 database included in CrunchFlow.
(41) Activities were calculated with an extended Debye–Hückel formulation 
(b-dot model).

Concerning the EDL parameters in the rock, a surface charge of −0.2 eq/kg 
for Illite was assumed, which is equivalent to the cation exchange capacity of
Illite.(37) The volume fraction and specific surface area of Illite in the rock 
were fixed to 0.20(26) and 100 m2/g,(42) respectively. Note that the proved 
application of the Illite cation exchange model to the Opalinus 
Clay(37−39) only considers the Illite content of the rock. The same approach
was used here, also for the calculation of the EDL properties.

Fitting of the model to the experimental results required the use of 4 Debye 
lengths (λDL = 4). Otherwise it was not possible to obtain enough difference 
in the transport parameters when changing from OPA porewater to the high 



salinity solution (different values in the bulk and EDL porosities). Note also 
that according to the diffuse double layer model(43) the surface potential 
actually falls exponentially with distance from the surface, and it is smaller 
by a factor of 1/e (0.368) at 1 Debye length, and by a factor of 0.018 at 4 
Debye lengths (bulk concentrations would be found after about 4 Debye 
lengths from the charged surface). All this translated into initial bulk and EDL
porosities in the rock equal to 0.0397 and 0.1103, respectively. Total 
porosity was fixed to 0.15, according to the findings in previous laboratory 
and field experiments.(12,19)

Typical reported anion-accessible porosities of the Opalinus Clay at Mont 
Terri, assuming total exclusion of anions in the nonaccessible porosity, are 
about 50% to 60% of the total porosity.(12,17) The 4 Debye lengths that 
were used in the calculations, together with the total Cl– concentrations in 
both the bulk and EDL porosities, translate into an initial anion-accessible 
porosity in the rock equal to 57% of the total porosity.

It should be mentioned that in the approach used here, cation exchange 
(Table4) and EDL are uncoupled. On one hand, the model makes use of a 
well-established multisite nonelectrostatic cation exchange model. Cation 
exchange does not consider the EDL, and exchange is between the clay 
surface and the bulk solution. Surface charge used for the calculation of the 
EDL is independent of the cation exchange capacity in the modeling 
presented here, although this is not a requirement of the CrunchClay 
software, which can consider fully coupled surface complexation and surface 
charge. Note however that the permanent structural charge of Illite may 
range from −1.9 to −2.8 eq/kgIllite,(42) while its cation exchange capacity is 
approximately 0.2 eq/kgIllite.(37) Therefore, the surface charges 
corresponding to the cation exchange complex and to the EDL could be both 
accommodated by the large value of the permanent structural charge. This 
approach allows (i) the combination of the well-established cation exchange 
model for cation sorption on the clay with an explicit treatment of the EDL, 
and (ii) the model reproduction of the measured exchangeable cation 
contents in the rock, as discussed in Section 5.3.

Effective diffusion coefficients (De) in the model were calculated according to 
(Figure 2, eqs 5 and 6)

(10)

The following tortuosity (τ) values were used: 3.07 × 104 (borehole), 2.25 × 
104 (filter), 2.02 (gap), 1.0 (rock). The values apply to both bulk and EDL 
porosity. Since the value of τ in the rock is 1.0, the value of D0 (constant 
throughout the calculations) is equivalent to the pore diffusion 
coefficient Dp (Dp = De/ϕ). D0 values were adjusted to match model results to 
experimental data. Large τ-values in borehole and filter allow the 
implementation of large effective diffusion coefficients (well-mixed 
conditions). Table5 shows the initial De values in the model. Since negligible 



surface charge was assigned to the borehole, filter and gap, they do not 
contain any EDL porosity. As a result, De values do not change when the 
salinity changes. However, De values in the rock will change as bulk porosity 
increases and EDL porosity decreases with increasing salinity (the Debye 
length changes according to eq 8). The initial net value for HTO (4.08 × 10–

11 m2/s) is consistent with the results of modeling without explicit treatment 
of the EDL and with previous experimental results.(19) Note also that it was 
necessary to assign large diffusion coefficients to the Cs+ and K+ species in 
the EDL, consistent with larger net De values for strongly sorbing cations.
(44) This is interpreted to be the result of fast diffusive transport of these 
cations in the EDL or within a Stern layer.(20,21,44)

Differences in Dp in the rock between bulk and EDL porosities, and also 
between cations and anions, may be caused by the different geometries of 
the diffusion pathways near the clay surfaces (EDL) compared to those in the
centers of the pores (bulk). Pore throats where EDLs from opposite walls 
overlap may be the reason for the smaller Dp values for anions in the bulk 
porosity. Pore throats would have a stronger effect on anions, due to the 
limited access of anions to the EDL.

5. Results and Discussion

Stage 1 of the DR-A experiment (OPA porewater) lasted 189 days and stage 
2 (high-salinity solution) lasted 540 days, totaling 729 days. At the end of 
stage 2 the borehole equipment was removed and filling of the borehole with
resin and chalk gravel was attempted. On the following day it was realized 
that resin did not fill the borehole completely and that some water was 
present at the bottom of the borehole. Some of this water could be pumped 
out of the borehole and resin was injected again. Overcoring and rock 
sampling was performed on day 735. The modeling presented here only 
covers the 729 days of the experiment (stages 1 and 2). The last 6-day 
period is probably responsible for the back-diffusion signals visible in the first
3–4 cm of the tracer profiles in the rock. These back-diffusion transport 
distances are consistent with a time period of 6 days when estimating 
diffusion distances with the Einstein equation in 2D (⟨x⟩2 = 4Dpt). However, 
this short period of back-diffusion does not affect the profiles further away 
from the borehole wall.



The reported modeling results do not include 85Sr2+ (C0 = 4000 Bq/L = 5.4 × 
10–14 mol/L), 60Co2+ (C0 = 600 Bq/L = 2.4 × 10–14 mol/L) and Eu3++ (C0 = 10–

6 mol/L). Because of its short half-life (64.85 d), no 85Sr2+ could be detected in
the rock profile samples. Also, accurate modeling of 85Sr2+ would need the 
explicit incorporation of radioactive decay to 85Rb+ and its sorption by cation 
exchange. 60Co2+ (strongly sorbing by surface complexation) was only 
detected in some of the measured profiles up to about 1 cm from the 
borehole wall. It was not possible to measure Eu3+ in the rock probably due 
to sorption onto equipment parts of the borehole circulation system. 
Experimental results for HTO correspond to activities corrected for decay 
back to the beginning of the experiment.

5.1. Concentrations in the Circulation System

Major-element concentrations were measured by ion chromatography (IC), 
inductively coupled plasma-optical emission spectroscopy (ICP-OES), and 
inductively coupled plasma-mass spectrometry (ICP-MS), as described in 
Gimmi et al. (in their Supporting Information file),(17) for the previous DR 
experiment. HTO activities were measured by liquid scintillation counting, as 
described in Wersin et al.,(12) also for a previous experiment (DI-A2). Errors 
in the measured concentrations were about ±10% for Cl– and Na+, ±3% for 
HTO and ±5% for all other tracers and solutes.

Figure 3 shows the evolution of solute concentrations in the circulation 
system. It is noteworthy that out-diffusion of the tracer anions I– and Br– from 
the borehole increased after the replacement of the solution in the borehole 
(faster drop in concentrations). This also affected HTO, although the effect 
was less. The model reproduced these trends well. When salinity increases 
(stage 2), EDL porosity decreases and bulk porosity increases (Figure 4). 
Because diffusion coefficients in the bulk porosity are larger than in the EDL 
(Table5), the net diffusion coefficient increases and accelerates out-diffusion.
The decrease in concentration for Br– is slightly slower than for I– due to the 
larger background concentration in the rock (7.15 × 10–4 mol/L for 
Br– compared to virtually no I–).



Cs+ shows a rapid drop in concentration at early times due to the strong 
sorption in the rock. However, after replacing the solution in the borehole, 



Cs+ is displaced from the exchange complex by K+ and partially diffuses back
to the borehole, causing a temporary increase in concentration. At about 200
days, shortly after the replacement of the borehole solution, concentration 
decreases again due to diffusion and sorption into the rock.

Back-diffusion (from rock to borehole) due to desorption is also observed for 
Ca2+, Mg2+, and Sr2+. The high-salinity solution had Na+ and K+ concentrations
that were higher than the background concentrations in the rock. 
K+ concentration began to decrease after the replacement of the solution in 
the circulation system due to strong sorption in the rock, which caused 
displacement of Ca2+, Mg2+, Sr2+, and Na+ from the exchange complex. A 
positive concentration gradient (higher concentration in the rock and lower in
the borehole) was created for Ca2+, Mg2+, and Sr2+ but not for Na+ due to its 
high concentration in the borehole.

Regarding Cl–, the high-salinity solution also had a concentration much 
higher than the background concentration in the rock. Cl– concentration 
began to decrease after the replacement of the solution in the circulation 
system. SO4

2– concentration started increasing after solution replacement, 
since the high-salinity solution contained very little SO4

2– compared to the 
Opalinus Clay porewater. Overall, the simulations reproduced well the 
changes in concentrations in the circulation system.

5.2. Aqueous Extract Data

Aqueous extracts from rock samples were obtained according to the 
procedure described in Gimmi et al.(17) Centimetric rock samples of known 
weight were quickly transferred into an oxygen-free glovebox after 
overcoring, where they were dried under ambient temperature. Afterward 
they were subject to grinding in a ring mill outside of the glovebox. Aqueous 
extracts were prepared in polypropylene tubes from about 30 g of rock 
material (grain size <63 μm) and about the same mass of degassed, oxygen-
and CO2-free water. After 24 h under continuous shaking, the solutions were 
filtered within the glovebox (0.45 μm) and the supernatant was used for the 
chemical analyses. Measurements were performed at the Paul Scherrer 
Institut (PSI) and at the University of Bern (UB). These aqueous extracts 
allow the determination of porewater concentrations for nonsorbing tracers 
and solutes. However, the measured concentrations for sorbing cations may 
be subject to disturbances.

Figure 5 shows measured and calculated profiles for HTO (Bq per gram of 
porewater), Cl–, I–, and Br– (mol/L). Note that the calculated HTO 
concentrations in the bulk and EDL porosities are identical, due to the 
electrically neutral character of HTO (no effect of surface charge on 
concentration). For Cl–, I–, and Br–, the experimental data fall between the 
calculated values for bulk and EDL porosities, as expected.



Overall, model results reproduce well the observed solute distributions in the
profiles, which reflect diffusion from the borehole to the rock through the two
different pore domains (bulk and EDL). As discussed above, the measured 
lower concentrations in the first 3–4 cm of rock probably reflect back-
diffusion to the borehole during the 6 days between partial filling of the 
borehole with resin and overcoring.

5.3. Ni-Ethylenediamine Extract Data

Figure 6 shows calculated and measured concentrations corresponding to Ni-
ethylenediamine extracts performed at the University of Bern. The extraction
procedure, which allows the measurement of the amounts of cations sorbed 
on the cation exchange complex plus the amounts present in the porewater, 
is based on the method described by Baeyens and Bradbury(45,46) and in 
Pearson et al.(47) A 0.1 M Ni-ethylenediamine solution prepared with 
degassed, ultrapure water was used. The wet rock material was immediately 
immersed into the solution without previous drying. The suspensions 
prepared on site at a liquid to rock ratio of about 1 were transferred on the 
same evening to the laboratory in Bern. There, they were shaken for 7 days 
under ambient conditions. The solutions were prepared such that the 
equivalents of Ni-ethylenediamine added were about twice the exchange 
capacity. Separation of liquid and solid occurred by centrifugation followed 
by filtration (0.45 μm) of the supernatant solution. Cations and Ni in the Ni-
ethylenediamine solutions were analyzed by ICP-OES.



Experimental data and calculated values are in good agreement. Match 
between model results and measurements is slightly better in profile 11.60 
for Na+ and in profile 11.80 for Ca2+ and Mg2+. Measured porosities ranged 
between 0.15 and 0.16 in samples from profile 11.80 and between 0.17 and 
0.18 in samples from profile 11.60. Figure 6 also shows the calculated 
Cs+ concentrations, which were not measured. Note that they are much 
smaller than those of the other elements.

Again, the cation distribution profiles in the rock reflect diffusion from the 
borehole to the rock through the two different pore domains plus retention 
by cation exchange. In the second stage of the experiment K+ displaces Na+, 
Ca2+, Mg2+, Sr+, and Cs+ from the exchange complex.

6. Conclusions



Modeling of the DR-A experiment at Mont Terri, involving the study of salinity
changes on solute diffusion and retention in the Opalinus Clay, has been 
performed using the CrunchClay code. The inclusion in the model of (i) the 
effect of the EDL on diffusion, (ii) multisite cation exchange, (iii) smaller 
diffusion coefficients in the EDL compared to those in the bulk porosity, and 
(iv) smaller diffusion coefficients in the bulk porosity for anions compared to 
those for cations and neutral species, allowed the reproduction of both the 
changes in concentrations in the borehole and the solute distribution profiles
in the rock. The model reproduced well the experimental results and showed 
the capability to consider temporal changes in geochemical conditions 
affecting the transport and retention of potentially important radionuclide 
contaminants (e.g., 137Cs+, 90Sr2+, 129I–) in underground geological nuclear 
waste repositories. The modeling of the experiment highlights the need to 
consider coupled multicomponent diffusion (Nernst–Planck equation) 
together with the electrostatic properties of the charged surfaces in order to 
develop predictive models for ion transport in clays.
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