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ARTICLE INFO ABSTRACT

Editorial handling by: Adrian Bath It is widely recognised that diffusive transport of charged species in charged clay media must be consistently
described for ions with different charge signs and numbers, as well as consistently with pore diffusion schemes

Keywords: for inert solutes that do not undergo interactions with the clay surface. This study presents a modelling approach

Surface diffusion that meets these requirements for the diffusion of tritiated water, 2Na* and 3°Cl~ tracer in heterogeneous

Anion exclusion

i Mesozoic sediment sequences of multiple deep-boreholes in northern Switzerland. The model uses an electrical
Electrical double layer

Mean potential double layer (EDL) approach and a discrete Donnan potential description of cation enrichment and concomitant

Heterogenous sedimentary rocks anion depletion in the Donnan layer close to the basal (planar) clay surfaces to predict effective diffusion co-

Opalinus clay efficients and capacity factors of the charged tracers. It incorporates diffusion data of tritiated water to determine
the parameters related to the functional relationships between the accessible porosity and geometry factors with
the total clay content as the main input variable. It also calculates concentration enrichment or depletion factors
for mobile cationic and anionic species using relationships with the total clay content, such as the average
density of surface sites or the thickness of the Donnan layer and the related volume fraction of free pore water.
These factors are subsequently used to derive effective diffusion coefficients that include surface diffusion of
cations and anion exclusion effects and the related capacity factors. Despite the various lithologies of the rock
samples, where significant variability between carbonates and siliciclastic contents are observed, the model
shows good agreement with experimental data. Discrepancies between experimental and modelled data are
mainly due to inadequacies in the geometric description of diffusion pathways, rather than by potential bias in
the calculation of concentration enhancement or depletion factors. However, the model approach assumes that
diffusion in clay rock occurs via the pore space of clay minerals and treats all related parameters as simple
average values, neglecting heterogeneity of mineral constituents and the unknown statistical distribution of the
parameter values.

The model has identified the chemical composition of the equilibrium pore water as a significant influencing
variable for prediction concentration enhancement or depletion factors and related effective diffusion co-
efficients. Experimental data obtained for different synthetic pore water compositions support this finding. The
robustness of the model predictions across various types of lithologies and formations, all of which exhibit
diffusion as the dominant transport mode, is crucial for the generic application of the EDL diffusion model to
predict diffusion parameters for elements lacking experimental data.

1. Introduction radioactive waste and spent fuel in clay-rich host rocks, like the Opalinus
Clay and the adjacent, under- and overlying formations up to the next
The assessment of the long-term safety of deep geological disposal of aquifer (the ‘confining units’) in Switzerland, requires a thorough
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comprehension of the transport processes of solutes in porous media
(both saturated and unsaturated) and the role related parameters (or
best estimates) play. Since diffusion is the primary transport process in
non-fractured geological formations, it is critical for estimating future
radiation dose rates across rock intervals, aquifers or in the biosphere.
Predictive calculations utilise deterministic simulations based on
simplifying assumptions, such as effective diffusion coefficients repre-
senting the global diffusion of an element rather than its individual
species (Nagra, 2014). Effective diffusion coefficients are scaling factors
between the gradients of total element concentration in the aqueous
phase and the diffusive fluxes of these elements according to Fick’s first
law. The effective diffusion coefficients of charged species in negatively
charged argillaceous media are lump parameters that encompass (i) the
bulk diffusion properties of the chemical species for the relevant state of
the fluid with respect to viscosity and temperature, (ii) the geometric
properties of the porous medium and (iii) the chemical enrichment of
mobile species in the clay phase (cations) or depletion from the solution
phase (anions) (Altmann et al., 2015; Maes et al., 2021; Shackelford and
Daniel, 1991; Tinnacher et al., 2016).

As part of the Swiss deep geological radioactive waste repository site
selection process, Nagra conducted deep borehole drillings to charac-
terise the Mesozoic sedimentary units of northern Switzerland (Nagra,
2021). The first paper of this Virtual Special Issue (Mazurek et al., 2023)
provides an overview of the drilling campaign locations and the char-
acterisation of the lithologically diverse Malm/Jurassic/Triassic rock
sequences. Abbreviations used in the context of these localities are given
at the end of this contribution.

Diffusion measurements of various radiotracers on laboratory scale
samples were conducted (Van Loon et al., 2023) to provide the experi-
mental basis for the model development in the present contribution, and
complementing earlier diffusion studies (e.g. Van Loon and Jakob
(2005); Van Loon et al. (2003, 2004)). To investigate charge effects, the
experimental study of Van Loon et al. (2023) included *°Cl~ and *Na™
tracers and details of charged tracer modelling are presented here. The
presence of permanent lattice charges near the basal (planar) clay sur-
faces leads to concentration enrichment of cationic species in the clay
phase and a concurrent depletion of anionic species in the solution phase
immediately adjacent to the clay surfaces relative to the respective
concentrations in free water. Based on the assumption that some of the
surface-associated cationic species are mobile, it is expected that the
effective diffusion coefficients of 2Na™ (normalised with the respective
bulk diffusion coefficients) would be larger than those of HTO and the
effective diffusion coefficients of 36Cl~ smaller than those of HTO. The
results generally confirmed these expectations (Van Loon et al. (2023).

The aim of this contribution is to evaluate the applicability of current
models in describing the interaction of cationic and anionic species at
planar clay surfaces using the entire data obtained from diffusion
measurements (Van Loon et al., 2023). Previous studies, including van
Schaik et al. (1966), Dufey and Laudelout (1975), Jensen and Radke
(1988), or Molera and Eriksen (2002), have established that concen-
tration gradients of mobile surface-associated species of cationic ele-
ments in negatively charged clays also contribute to overall observed
fluxes. These gradients can explain the “unexpectedly large” effective
diffusion coefficients of such elements because the definition of the
effective diffusion coefficient relates the overall observed flux to the
concentration gradients of the aqueous phase species, only. For com-
pacted smectites, the concentration gradients of mobile
surface-associated cationic species are even the dominant driving forces
for diffusion (Glaus et al., 2007), which has been confirmed in diffusion
experiments carried out under gradient conditions of the main electro-
lyte, in which gradients of the electro-potential act as an additional
driving force (Glaus et al., 2013). Under such situations, the concen-
tration gradients of mobile surface-associated cationic species were
identified as the dominating driving force for diffusion. Similar findings
were also made in the case of diffusion of transition metal cations in
compacted illite (Glaus et al., 2015a). This latter study used an electrical
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double layer (EDL) approach for a quantitative description of the
effective diffusion coefficients as a function of the properties of the clay
surface and the solution composition. The present study focuses on the
same EDL model (as shown in Fig. 1), which proposes that cationic
surface species in the so-called Stern layer at planar clay surfaces are
immobile, while species in the diffuse layer are mobile. The concen-
tration ratios between the species in the diffuse layer and free pore water
are determined, among other factors, by the (mean) Donnan potential
resulting from the excess free negative surface charges. The overall
charge neutralisation is achieved by the balance between the sum of
charges of all cations and anions present in the EDL and the sum of
permanent negative lattice charges.

The model used in this study (Fig. 1) assumes that ions in free water
(blue charge signs) and the ion swarm in the Donnan layer (green charge
signs) are mobile, while cationic species in the Stern layer (red charge
signs) are immobile surface complexes. The blue domain (Fig. 1) rep-
resents free water with bulk properties where charge neutralisation is
fulfilled by solution anions and cations. The green domain represents the
Donnan layer, a charged solution phase exhibiting the opposite net
charge of the clay surface. The local concentration gradients parallel to
the clay surface in the different domains result in individual flux con-
tributions (J;) if there is a concentration difference of a tracer cation
species. This model has been applied successfully to determine diffusion
and retardation properties of a wide range of chemically different ele-
ments in compacted illite (Glaus et al., 2015a, 2020) and Opalinus Clay
(Appelo et al., 2010). The term ‘Donnan layer’ is considered as a special
case of the more general term ‘diffuse layer’, where the potential curve is
not explicitly defined (mostly assumed as exponential according to the
Poisson-Boltzmann equation), while in the former, it is defined as a
homogeneous discrete step function.

The main scientific question addressed in this research is whether the
EDL model for illite, which was validated to be transferable to Opalinus
Clay by Glaus et al. (2021) using a > Co?" tracer, is transferable to
sedimentary rocks with variable mineralogies of clays, carbonates and
other silicates. The EDL model comprises parameters that cannot be
directly measured or which may differ in a specific manner for the rock
samples from different lithologies, such as the average pore diameter or
the thickness of the Donnan (or EDL) layer (dpy,) at the surfaces of a clay
pore. Another objective of this study is to assess whether generic average
parameter values can adequately describe the experimental results. The
predictions of the model primarily involve the effective diffusion coef-
ficient (D,, [m? s™11) and the rock capacity factor (a, [-]), which are
related to the apparent diffusion coefficient (D,) by eq. (1)

D,=D,a (@]

The rock capacity factor, @, can further be expanded according to eq.
(2) which allows for secondary information to be derived from « related
to the diffusion behaviour and to the distribution of a diffusing species
between the aqueous and the clay phase.

a=¢e+Rqp, 2)

€ [-] is the accessible porosity, Rg [m® kg’l] the sorption distribution
coefficient and py, [kg m 3] the bulk-dry density. For non-sorbing species
(R4 = 0), like neutral and many anionic species, a equals ¢. In the case of

Profile of electrical

potential ;z Negatively charged clay surface

" 4+ Free water == i tree
EDL —} JipL

Negatively charged clay surface

Y 0

Fig. 1. Schematic representation of the Donnan approach for an electrical
double layer (EDL) for a planar pore geometry. Details on the symbols and
colours are given in the main text. (Sketch adapted from Maes et al. (2021)).
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uncharged tracers like HTO, it is normally assumed that ¢ equals the
total porosity. In the case of anionic species, € may be represented by the
‘anion-accessible’ porosity (ean) for the assumption of exclusion of an-
ions from parts of the total porosity. ‘Anion exclusion’ is different from
the situation shown in Fig. 1, where anions are present in both the
diffuse layer and the free porosity. A more detailed discussion of anion
exclusion effects and their formal treatment in an EDL model can be
found in section 2.4 of the present work and in Zwahlen et al. (2023).

As a pure modelling study, this contribution is closely related to the
two companion papers of Part I by Van Loon et al. (2023), which pro-
vides the entire basic set of experimental data, the technical details
related to the diffusion measurements and the modelling methods to
describe the ‘geometric effects’, and Part III by Van Laer et al. (2023)
which presents a benchmark study of diffusion measurement and
modelling approaches carried out at PSI and at SCK-CEN (Belgium)
using a selection of five rock samples from the complete series of
diffusion samples examined.

2. Model definitions and parametrisation

The EDL model (cf Fig. 1) is an extension of the classic cation ex-
change model for the uptake of cations at the planar clay surfaces. There,
the negative charges near the planar clay surfaces are completely neu-
tralised by charge compensating cations (Baeyens and Bradbury, 2004;
Stumm and Morgan, 1996). The EDL extension assumes that only a
fraction of the planar clay charges is directly compensated by cations at
the surface (Stern layer), leaving a number of free charges that give rise
to electrostatic effects (Appelo et al., 2010). These free charges are
counterbalanced by loosely bound cations which are assumed to be
mobile, while those in the Stern layer are treated as immobile (Glaus
et al., 2020). The Stern layer species are thermodynamically treated as
surface complexes, the stability of which is given by a surface
complexation constant and an additional surface potential term (Appelo
and Postma, 2005).

The EDL model using a constant Donnan potential in a given volume
near the surface (the Donnan layer) has been successfully applied to
describe the effects of enhanced diffusion rates of cationic species in
charged clays (Glaus et al., 2015a, 2020). D, is calculated from the su-
perposition of parallel diffusive fluxes in the free pore water and in the
Donnan layer as

3 CpL
D, = EDW (ffree +fDLT[IV/) 3

The ratio cpp/c represents the concentration ratio of charged species
between the Donnan layer and the free aqueous phase. ¢ is the total
porosity, G [-] the geometry factor, fiee [-] the volume fraction of free
pore water, fp1, [-] the volume fraction of the Donnan layer, Dyy [m?s™ 1]
the diffusion coefficient in bulk water and q, [-] the ratio of viscosity of
free and EDL water. Note that the application of eq. (3) is restricted to a
series of prerequisites, such as a fast equilibration of the thermodynamic
equilibrium between Donnan layer and free water species compared to
the dynamics of diffusion, or the condition of linear sorption. For the
present application of eq. (3) to the diffusion data of the charged ra-
dioisotopes, it is assumed for simplicity that G has the same value as
measured for HTO, both in the free aqueous pore phase and in the
Donnan layer, and that q, equals 1. For uncharged species, such as HTO,
the concentration ratio cpp/c equals 1 and eq. (3) is reduced to

€
D= D, 4
because ffree +fDL =1

With fixed assumptions for G and q, as described, D, values depend
on all parameters that may affect free, fpL and the concentration ratio
cpr/c. The latter expression is calculated for all charged species from an
electrical potential term assuming equal activity coefficients for species
in the free aqueous phase and in the Donnan layer (cf. eq. (5))
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cpL —z2F¥p
P ( RT ) ©)

z is the charge number, F the Faraday constant (96,485 C mol™!), R the
universal gas constant (8.314 J K! mol_l), T the temperature (K) and
¥p the (mean) Donnan potential. ¥ is obtained by iteratively solving
the defining equations comprising (i) the overall charge neutrality for
solution and solid and (ii) eq. (5) for all charged species present in the
system (Appelo et al., 2010). According to the conventions regarding the
signs of charge numbers and the involved potential, cationic species are
enriched in the Donnan layer compared to their concentrations in the
bulk aqueous phase (cpr/c > 1) while anionic species are depleted
(cpL/c < 1). For the present application of the EDL diffusion model, the
parameters affecting fiee, fpr and the concentration ratio cpr/c can be
grouped into different categories. This compilation also provides the
derivation of the parameters for the purpose of application to clay rock
and the values chosen as default settings.

2.1. Geometric properties of the pore space

Here, the assumption of infinitely long planar pores, restricted to
clay domains only, is taken. The pore width (dp [m]) for a planar pore
with much longer lateral dimensions compared to thickness is approx-
imately proportional to the ratio of pore surface area (A, [m?]) and pore
volume (V, [m®]) and thus to the specific surface area (Ag, [m? kg’l])
and the solid:liquid ratio (ps, [kg m’3]), according to:

=2 2 ©
p APafe

Note that pgy, is related to the mass of clay rock per pore volume. The
restriction that porosity is present only in clay minerals is realised in eq.
(6) by the introduction of the clay mass fraction (f.), defined as the mass
ratio between clay and rock. The Donnan thickness (dpy, [m]) is assumed
to be a multiple (npy) of the Debye length (1/x, which is, among other
factors, a primary function of the ionic strength, cf. Appelo and Postma
(2005)). Thus:

dp, =" @
K

A commonly used default value for npy, is 2, as established in previous
research (Glaus et al., 2015a). Based on the simplified illustration in
Fig. 1, it is assumed that there are no domains where complete
anion-exclusion exist, even though such areas have been identified in
dense clay media (Chagneau et al., 2015; Wigger et al., 2018). There-
fore, the volume fraction of free pore water fsee can be calculated as
follows (note that there are two Donnan layers on each side of a planar
pore)

. 2d, . .
JfoL = d—DLandffree =1—/foo ®
P

For the implementation of the model in Phreeqc (Appelo and Wersin,
2007), it is important to prevent situations where 2dp, > dp, as this can
result in negative values of fyee. To address this issue for such conditions,
ffree is limited arbitrarily to 0.01 and dpy, to 0.99d,/2.

The geometric properties of the rock samples are derived from the
same empiric relationships of ¢ and G on the clay content (W,, W, = f,
x100%) as described the companion paper Van Loon et al. (2023).

e=my(1— e ) ©
G=a +e" an

The empiric parameters m;, my, a; and ay were evaluated in Van Loon
et al. (2023) from fitting the diffusion data of HTO to egs. (9) and (10).
The validity of the model could be directly assessed by comparing the D,
values measured for HTO with the modelled values according to eq. (4).
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The numeric values of the best estimates are m; = 0.1444 + 0.0063, my
= 0.0398 + 0.0045, a; = 10 + 2 and az = 0.0515 + 0.0016. The spec-
ified parameter uncertainties are at the 1o confidence level. These
parameter values are also used for the present purpose of calculating the
accessible porosity and geometry values in the simulation of the D,
values of the 3°Cl~ and %*Na™ tracers (cf. eq. (3)). The reasons for using
egs. (9) and (10) for the calculation of the geometric properties of the
rock samples instead of Archie’s relationship (e.g. Van Loon and Mibus,
2015) are explained in detail in Van Loon et al. (2023).

The bulk-dry density (pp [kg m~]) and ps. were calculated,
assuming an average grain (or material) density (ps [kg m*3]) of the
solid rock of 2700 [kg m’?’], which was chosen as an approximate
average from all rock samples obtained from the deep drilling campaign
(cf. Fig. Al of the Appendix). Both quantities depend thus on W, ac-
cording to the dependence of ¢ on W, (cf. eq. (9)

Py = ps(1 — €)and pg; :% an

Agp is set to 10° [m? kg~ of clay], a typical value for illite, which is
for simplicity assumed to be the representative clay mineral in the rock
samples. Alternatively, it would also be possible to use a representative
value (~6 x 10* [m2 kg~! of clay]) of all samples of the drilling
campaign used for the purpose of diffusion measurements (cf. Fig. A2 of
the Appendix). This choice is somehow irrelevant because it cannot be
resolved from the selection of the assumptions regarding npy.

2.2. Mineralogic properties of the solid

The mean value of cation exchange capacity (CEC [mol kg ! of clay])
measurements, obtained using both the Ni-ethylenediamine and the Cs
isotope dilution methods on the rock samples collected during the deep
drilling campaign, has been extrapolated to 100% clay (CECjgg). The
estimated value of CEC1qg is approximately ~0.21 mol kg™! of clay (as
shown in Fig A3 of the Appendix). In order to facilitate the practical
implementation in Phreeqc, the CEC is converted to a volumetric basis
(CECyo)) using eq. (12), which expresses CEC as moles of cations per
volume of pore water:

CEC,o = CEC\0of. P 12)

2.3. Chemical properties of the solution and the clay surfaces

Van Loon et al. (2023) employed four different compositions of
synthetic pore water (SPW) to conduct the diffusion measurements.
Their compositions (Table 1) were derived from the results of advective
displacement studies of selected laboratory-scale samples in order to
provide a maximum of representativity for the adjacent layers. The
abbreviations in their acronyms correspond to the names of the locations
of the drilling sites.

The primary aim of using SPWs was to prevent concentration

Table 1
Composition of the synthetic pore water (SPW) used in the diffusion
experiments.

Element Concentration (M)

Name SPW-BOZ SPW-BUL SPW-STA SPW-TRU
Na 1.40 x 107! 3.43 x 107! 1.56 x 1071 2.44 x 1071
K 7.76 x 107* 1.91 x 1073 1.91 x 1073 1.64 x 1072
Ca 9.24 x 1072 3.83 x 1072 3.50 x 1072 2.22 x 1072
Mg 3.94 x 1072 1.76 x 1072 1.76 x 1072 1.56 x 1072
Sr 115 x 1074 333 x107* 333 x107* 2.89 x 1074
cl 8.28 x 1072 4.02 x 107! 2.19 x 107! 2.72 x 107!
S (as SO4) 4.21 x 1072 2.75 x 1072 2.22 x 1072 2.43 x 1072
C (as HCO3) 7.05 x 10~* 413 x 107* 413 x 107* 4.87 x 107*
pH 7.90 7.56 7.56 7.68

I 0.190 0.505 0.306 0.354

Applied Geochemistry 162 (2024) 105842

gradients with regards to electrolyte concentrations between the pore
solutions of the rock samples and the electrolyte solutions in contact
with these during the phase of tracer through-diffusion measurements.
To attain such conditions, the rock samples were pre-equilibrated with
the SPWs for sufficient periods before adding the tracer.

Table 2, as reported by Glaus et al. (2021), provides the surface
complexation constants for the Stern layer species. These constants serve
as the primary variables that determine the negative excess surface
charge and, consequently, the species distribution between the free
aqueous phase and the Donnan layer.

2.4. Calculation of diffusion and sorption/depletion parameters using the
EDL model

For the simulations of D, (cf. eq. (3)) values, the element-specific D,
values are taken from the literature (Li and Gregory, 1974), while the
total porosity (¢) and geometry factor (G) are derived as discussed above
from empiric relationships with W, (cf. egs. (9) and (10)) and the
parameter values specified in the respective text. The base thermody-
namic equilibrium data were obtained from the PSI Nagra 2020 ther-
modynamic database (Hummel and Thoenen, 2023). A summary of all
parameters, constants and variables used for the EDL simulations is
provided in Table A1 of the Appendix.

The parameter predictions of the EDL model are not only restricted to
D, values which are derived from the quasi-steady-state flux behaviour
in a through-diffusion experiment (Glaus et al., 2015b). The retardation
behaviour is characterised by the rock capacity factor a (cf. eq. (1))
which is related to the Rq value according to eq. (2). The simulation of Rq
values for cationic species through the use of the EDL model is based on
the definition of Rq as the ratio of the total number of species bound to
the clay divided by the total number of species present in solution,
normalised for the mass of the clay and volume of the solution. The
bracket expression in eq. (3) cannot be directly applied for the calcu-
lation of Ry, because the cpy/c ratio only represents the equilibrium
conditions of the Donnan layer species. To accurately calculate Ry, the
contribution of the Stern layer species must also be considered and
included in the calculation. All of these characteristics can be obtained
directly from the output data of Phreeqc. The calculation of R4 values
according to eq. (2) for cationic tracers like 22Nat further involves the
assumption that the accessible porosity of these species equals the
accessible porosity of HTO.

Eq. (2) is formally also applied within the scope of an anion-
exclusion model, in which a fraction of the pore volume is assumed to
be completely devoid of anions. The anion exclusion volume is not
identical to the Donnan volume because anions distribute both to free
pore water and Donnan volume in the EDL model (cf. Fig. (1)). Never-
theless, the results obtained from the EDL model can be readily con-
verted to an anion exclusion model. With regards to eq. (3), the
conversion is done (q; = 1) by

Table 2

Surface complexation constants for the formation of dominant Stern layer spe-
cies. The constant for H* has been omitted because such complexes are hardly
formed at the pH of the experiments. The constant for Sr>* has been adjusted to
that of Ca®".

Site types logS“K
Na' -0.7 ¢
K ~1.0°
Ca%* 0.104 "
Mg?* 0.107°

@ Taken from Appelo and Wersin (2007) and references cited therein.
b Adapted values which produce a similar cation loading as a pure cation
exchange model (Glaus et al., 2021).
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¢
A= Esn = ffree +fDL% 13)

This conversion allows for comparison of the present model to
different conceptual approaches to predict Cl-accessible porosity frac-
tions assuming full anion exclusion (Zwahlen et al., 2023). Using the
accessible porosity data of the 3°Cl~ tracer derived from the EDL model,
the respective anion-accessible porosity fractions (fan) were calculated
according to eq. (14), where eyro denotes the accessible porosity of
HTO.

Fay =AY (14)

EHTO

3. Results and discussion

In the study conducted by Van Loon et al. (2023), it was found that
the composition of the pore water has a significant impact on the
diffusion parameters of >°Cl~ and #2Na™ tracers. The authors concluded
that, for a given type of lithology, the pore water composition has a
greater influence on these parameters than the location or area from
where the samples were taken throughout the study areas. Conse-
quently, it is considered a practical approach to model the entire set of
diffusion using generic parameters for pore geometry and clay proper-
ties, while accounting for the specific composition of the pore water.

As shown in section 2.1, the dependence of the pore geometry on the
clay content has a pivotal impact on the equilibrium distribution of
charged species between the free aqueous phase and the Donnan layer.
Fig. 2 shows the spatial extension of the Donnan thickness in comparison
to the pore width. The particular dependence of these two quantities on
the total clay content is governed by the assumption that the porosity of
the clay rock is limited to the domains containing the clay mineral (cf.
eq. (6)). This is clearly a gross simplification of reality which is made
here for the purpose of reducing the model description to a minimum of
adjustable parameters. According to eq. (9), the limiting total porosity
would tend towards zero for a zero total clay content. This is certainly
outside the scope of reality and for this reason, the model cannot be
indiscriminately to such cases. Accordingly, the model curves in Fig. 2

8 | T
——— SPW-BOZ
s s ==« SPW-STA
S 1 A S— S— — SPW-TRU |7
— — - SPW-BUL
—_ 4
S
=
a
ke
N 3 N
2
1

0 20 40 60 80 100
Clay content, W, (%)

Fig. 2. Twice Donnan thickness (2dp;) as a function of clay content calculated
for the various SPW’s using the default model settings (black lines). The blue
line represents the pore width (d;). The points, at which the black lines reach
the blue line indicate that dp has been truncated to 0.99d,/2 according to the
condition 2dpy, > d;, (cf. section 2.1).
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and the subsequent diagrams are interrupted arbitrarily at very low total
clay contents. As can be seen from Fig. 2, the pore diameter decreases
with increasing total clay content. This trend is in agreement with the
hypothesis expressed in Mazurek et al. (2023) and Van Loon et al.
(2023) that the clay compaction increases with increasing clay content.
The Donnan thickness is further governed by the pore water properties,
viz. The ionic strength of the pore water. In order to avoid situations of
overlapping double layers, the limitation of 2dp, > d,, has been intro-
duced (cf. section 2.1). At the transition point, at which this condition is
reached, the Donnan thickness is truncated to 0.99d,,/2. These situations
are represented in Fig. 2, where the black curves reach the blue line.

Figs. 3-5 provide a visual comparison between the model predictions
(lines) for %°Cl~ and ?Na™ (including those of HTO for completeness)
and the experimental data grouped into selected different lithologies.
The plots are arranged based on the different pore water compositions
used in the experiments starting with the lowest ionic strength (in JO)
(Fig. 3) to the highest ionic strength (in NL) (Fig. 5). The model curves
are calculated according to the information given in section 2.

The data from Marthalen-1 and Triillikon-1 (ZNO area), and Stadel-
2/-3 (NL area), which used similar pore water compositions, are shown
together in a single plot (Fig. 4). Lithologies are categorised as claystone,
argillaceous sand/siltstones (arg sst/slt) and limestone rock types. The
clay-rich Opalinus Clay (OPA) is represented by a lighter variant of vi-
olet (Figs. 3, 4 and 5). No experimental uncertainties are shown in these
plots for clarity reasons. The uncertainties on the best-fit parameter
values were evaluated in the course of the Matlab parameter optimisa-
tion routine on a 95% confidence level (Van Loon et al., 2023). On a
relative scale, the uncertainties are less than 10% for the effective
diffusion coefficients D, of most tracers. The calculated relative un-
certainties on the a values (accessible porosities) of HTO are in the order
of less than 10 %, while these are significantly larger in the case of >6G1~
(average of ~40%, single cases up to almost 100%). The calculated
uncertainties on the Rq values of 2Na* are of the order of 10-15%. Any
measurement data that deviate significantly from the model are marked
for discussion by their sample identity (drilling depth). Note that the «
values for HTO represent the diffusion-accessible porosity which is
commonly assumed to be identical with the total porosity.

In terms of providing an overall description of the average system
behaviour, the model predictions demonstrate a satisfactory agreement
with the experimental data, although certain biases are observed in
various aspects. This reaffirms the suitability of the fundamental data for
illite to be applied to Opalinus Clay, as previously established in earlier
research (Glaus et al., 2021). The choice of the model parameters does
not need to be adjusted specifically for the rock samples investigated.
The model can also be applied to a broad range of other formations and
lithologies within the Mesozoic sedimentary rocks where diffusion
transport dominates. There, it is even valuable at low clay contents. This
is unexpected as the model only considers clay mineral properties and
does not take into account other mineral constituents like carbonates or
other silicates. However, as demonstrated by Van Loon et al. (2023), the
diffusion data (D, values) of the clay- and quartz-rich rock samples
exhibit smaller variability than those of the carbonate-rich samples. This
is also evident in Fig. 4, that shows the diffusion data from the boreholes
of Marthalen and Stadel, where the focus of the sample analysis was on
the over- and underlying geological units rather than the Opalinus Clay
formation.

Figs. 3-5 demonstrate the impact of surface diffusion, which is active
in the case of 2Na*. This is seen by comparing the model curves for
22Na* and HTO. The effect decreases as ionic strength increases. It
should be noted that the bulk diffusion coefficient of HTO is larger (2.2
x 1072 m? s1) than that of ?*Nat (1.3 x 1072 m? s!). To show an
unbiased effect of surface diffusion, the model curves should be nor-
malised by the ratio of these bulk diffusion coefficients. The reason for
increased model discrepancies in some experimental data is due to
intrinsic inconsistencies of the underlying diffusion measurements. This
is the case in the marked 2’Na* cases shown in Figs. 3, 4 and 5 by
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anion-accessible porosity for the *°Cl™ tracer (eq. (13)); Rq values can be derived from « in the case of *Na * tracer according to eq. (2).

specification of the drilling depth. In some of those cases, a significant
mass discrepancy between the tracer depletion in the source reservoir
and the mass transferred to the target reservoir and clay was noted. The
reason for this issue could not be resolved.

As expected, the diffusion data of 36C1~ exhibits the opposite trend,
showing an increasing alignment to the D, values of HTO with
increasing ionic strength. The *Cl™ results marked by depth in Fig. 3 are
not due to experimental inconsistencies, but rather to samples with a
high content of goethite. This raises a broader discussion of the « values
for anions, which are commonly assumed to be non-sorbing species and
that the observed « values for anions are representative of the anion-
accessible porosity. However, it has been established that anions may
significantly sorb on clay minerals, in particular on kaolinite and, to a
lesser extent, on illite (Chen et al., 2018). Although the underlying
mechanism is not fully understood, anions may sorb via electrostatic
forces on protonated aluminol sites, which are abundant on the oxidic
surfaces of kaolinite. Sorption of anions increases as the pH decreases. As
the result, the a values will be higher than the anion-accessible porosity
in such cases. A high content of goethite (or other iron oxides) in clay

rock samples would particularly enhance anion sorption.

The elevated discrepancies between experimental data and model
prediction for other cases of ®Cl™ results in Figs. 4 and 5 are not due to
obvious experimental inconsistencies or distinct differences in rock
properties. The geometric factors are notably high in some carbonate-
rich rock samples, in particular those with high organic carbon con-
tent. However, no generic correlation can be found between the organic
content and the geometric factors for HTO (cf. Fig. A4 of the Appendix).

In some cases (Figs. 3a, 4a and 5a), the experimental diffusion co-
efficients of >°Cl~ exhibits more significant outliers than those of 2>Na™.
The significance of this difference may be evaluated using statistical
methods, such as the chi-square analysis. However, a quantitative sta-
tistical analysis of the data deviations from the model curve may not be
informative given the nature of the model curves representing near-
blind predictions instead of error-minimised best-fits. Additionally, the
logarithmic scale of the representation of the D, values in Fig. 3a, 4a and
5a may be misleading as negative errors can appear larger than positive
ones. To avoid bias, Fig. 6a shows a representation of the relative re-
siduals (eq. (15)) on absolute, rather than logarithmic scale.
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Ary :ycxp — Ymod
Ymod

(15)

Ay represents in the present case the relative residuals of D, values with
subscript exp denoting the experimental values and mod the model
values. A A,y of 1 denotes thus a deviation of 100%. Fig. 6a indicates
that the deviations from the model are approximately similar for all
tracers, with a tendency towards lower deviations for clay contents
exceeding ~50%. Fig. 6b shows the relationship between the relative
residuals of D, values of the charged tracers as a function of the relative
residuals of HTO, revealing correlated data sets with similar slopes. This
finding suggests that bracket expression inadequacies in eq. (3) are not
the primary reason of the model discrepancies. The assumption of an
average pore width, which may be biased, and the generalization that
porosity is only linked to clay minerals may contribute to these in-
adequacies. Zwahlen et al., 2023 provide a more detailed discussion of
this topic.

Fig. 7 shows the dependence of the bracket expression of eq. (3) on
the ‘concentration enhancement/depletion factor’, as a function of pore
width, which is calculated using simple average values based on eq. (6).
If non-clay minerals make up a significant portion of the porosity, this
equation may not be suitable to adequately evaluating concentration
enhancement/depletion effects. Despite the opposite behaviour of the
model curves of the 3°Cl™ and ?*Na * tracers, Fig. 6b shows an almost
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direct correlation. Consequently, for the majority of the data, it can be
concluded that the geometric effects rather than the ‘chemical contri-
butions’ are the main reasons for the deviations between experimental
data and model curves. Also note that the behaviour of positively and
negatively charged species in Fig. 6b is not precisely symmetrical.
Nevertheless, these nuances are lost by the typical data uncertainties
and the minor role of the electrostatic factors to the overall
uncertainties.

The sole systematic deviation in the model is an overestimation of
the capacity factors for the 22Na* data. This can be attributed to an
overestimation of the occupancy of the planar clay surfaces with Na™ by
the thermodynamic data shown in Table 2, which was derived from illite
data. The formal cation selectivities, obtained by summing the amounts
of cationic species present in the Stern layer species and those in the
Donnan layer, are not in full agreement with the data shown in Table 2.
However, generic values are still used for the modelling and in view of
the tolerable model discrepancies, no further adjustment of those ther-
modynamic base data is made.

An important parameter in evaluating palaeogeological stable-
isotope concentration profiles (Aschwanden et al., 2023; Wersin et al.,
2023) is the porosity fraction accessible for different anions, which is
shown for 3°Cl™ in Fig. 8 along with experimental uncertainties for all
study sites. The data are calculated according to eqs. (13) and (14). The
propagated experimental uncertainties are quite large and in many cases
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Fig. 6. Representation of relative residuals (eq. (15)) of effective diffusion D, values shown in Fig. 4a (left-hand plot) and correlation between the relative residuals
of charged species as a function of the relative residuals for HTO (right-hand plot).
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due to the high experimental uncertainties related to the
anion-accessible porosity for 36Cl ™. The effect of pore water composition
on fay is clearly visible in the clay-rich rock samples, which have less
experimental uncertainty and are very well represented by the model
curves. The distinction becomes less noticeable in samples with low clay
contents, however, most of the data agree with the model predictions
despite the large uncertainties generally involved. Fig. 8 highlights that
the model assumptions taken in the simulations of palaeogeological
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isotope profiles of charged species must take into account the compo-
sition of the in situ pore waters, such as the ionic strength.

Zwahlen et al., 2023 present an empirical model that relates
Cl-accessible porosity fraction derived from various approaches to clay
fraction. At clay contents >30 %, the modelled accessibilities are close to
constant at approximately 0.32 for samples from the JO area (BOZ) and
at 0.47 in case of ZNO and NL. This difference is attributed to the
significantly lower ionic strength of the in situ porewater of JO
compared to the two other regions.

4. Conclusions

Based on a comprehensive dataset of diffusion data from the Meso-
zoic sedimentary rocks in northern Switzerland, the EDL model’s pre-
diction for 22Na™ and 36Cl~ show remarkable consistency with the
experimental diffusion data. The settings for the model were previously
used for illite systems and found to be transferable to Opalinus Clay (i.e.
using similar values for the parameter settings in terms of CEC and
specific surface area) (Glaus et al., 2021). The settings are applicable
also for other types of argillaceous rocks in which illite is not exclusively
the dominating clay mineral. The robustness of the model predictions for
these different types of lithologies and formations, all of which shows
diffusion as the dominant transport mode, is very important for a generic
application of the EDL diffusion model to predict diffusion parameters
for elements for which no experimental data exist. Despite a slight bias
in the Na™ sorption data, which is mainly due to an overestimation of the
population of Na™ in the Stern layer sites, the model’s performance is not
significantly impaired. A bias in the population of the Stern layer species
is not critical for the prediction of the sorption properties of strongly
sorbing radioelements, such as transition metals, lanthanides or acti-
nides. Surface complexes at the clay edge surfaces are the dominant
sorbing species for these elements at trace conditions and overrule the
contribution from Stern layer species. These surface complexes are not
relevant with respect to surface diffusion because they are treated as
immobile. Previous work (Glaus et al., 2015a, 2020) has demonstrated
the model’s applicability to a broad variety of cations with different
chemical behaviours towards clay minerals and this work adds further
support to the EDL model’s capability to predict the diffusion behaviour
of charges species in different sedimentary rocks.

The study demonstrates that accurately describing the diffusion and
retardation properties of charged species in sedimentary rocks relies
heavily on the chemical composition of the pore water. The clay rock
samples used in the experiment were pre-equilibrated with synthetic
pore waters that represent an average in situ pore water of the Opalinus
Clay. However, it is important to note that this pore water composition
may not be identical to the in situ conditions and that the ionic strength
of the pore water can impact the effective diffusion coefficients (i.e. ratio
of mobile surface species versus mobile aqueous species). The signifi-
cance of ionic strength is evident in the spread between the model curves
for 3°C1~ and ?>Na™, which decreases with increasing ionic strength. The
pore water composition of SPW-STA and SPW-TRU differ significantly in
terms of the content of bivalent alkaline earth cations and sulfate and the
monovalent Na* and Cl™. Nonetheless, the calculated Donnan potential
for these two pore waters is very similar, indicating that all types of
charged solutes are important for the resulting enrichment or depletion
factors between Donnan layer and bulk aqueous phase. The ionic
strength appears to be an ideal indicator to for the description of the
global effect of all cations and anions.
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Abbreviations used in the context of the study areas and the
locations of the drilling campaign (more details to be found in
(Mazurek et al., 2023))

BOZ Bozberg
BUL: Biilach

MAR Marthalen

STA Stadel

TRU Triillikon

JO Jura Ost

NL: Nordlich Lagern

ZNO Ziirich Nordost
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