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Abstract Transport and retardation parameters of
radionuclides, which are needed to perform a safety anal-
ysis for a deep geological repository for radioactive waste
in a compacted claystone such as Opalinus Clay, must be
based on a detailed understanding of the mobility of
nuclides at different spatial scales (laboratory, field, geo-
logical unit). Thanks to steadily improving experimental
designs, similar tracer compositions in different experi-
ments and complementary small laboratory-scale diffusion
tests, a unique and large database could be compiled. This
paper presents the main findings of 20 years of diffusion
and retention experiments at the Mont Terri rock laboratory
and their impact on safety analysis.
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1 Introduction

Claystone formations are considered worldwide as potential
host rocks for the deep geological disposal of radioactive
waste. They generally act as aquitards or aquicludes because
of their very low hydraulic conductivities, which result from
the very small pore and particle sizes. Thus, molecular dif-
fusion is the dominant transport mechanism in these for-
mations under natural conditions (Van Loon et al. 2003;
Patriarche et al. 2004; Lavastre et al. 2005; Hendry and
Wassenaar 2005; Gimmi et al. 2007; Savoye et al. 2008;
Koroleva et al. 2011; Mazurek et al. 2011). Claystone for-
mations also exhibit a large retention potential for sorbing
solutes due to the large reactive surface areas of the clay
minerals. These properties have triggered an intensive
research programme at both laboratory and field scales in the
last years. In this regard, the international Mont Terri Project
with its underground research laboratory in the Swiss Jura
Mountains near St-Ursanne offers a unique platform for
improving the understanding of the transport and retention
properties of indurated clays. This paper aims to review the
main findings and the progress made in the understanding of
diffusion and retention processes in Opalinus Clay at the
Mont Terri rock laboratory.

Several field diffusion experiments have been performed
in the Mont Terri rock laboratory (see Fig. 1; Table 1). The
main motivations for conducting diffusion experiments at
field scale to complement laboratory-scale experiments, in
addition to the large volume of rock that can be investigated,
are (a) the very low water/rock ratio leading to a better
control of the chemical conditions by the rock and (b) the
in situ head pressure which is closer to the disposal situation.

The experiments all served to investigate the in situ
transport properties of Opalinus Clay (e.g. Palut et al. 2003;
Van Loon et al. 2004b; Wersin et al. 2004; Yllera et al.
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Fig. 1 Map of the Mont Terri rock laboratory indicating the location of the different diffusion experiments

2004; Wersin et al. 2008; Gimmi et al. 2014). A main
interest was the comparison of results with those from
laboratory experiments performed on small samples (in the
order of a few cm) of the same material. For instance, small
laboratory samples may be strongly affected by stress
release, meaning that the obtained parameters are not
representative for in situ conditions. Representativeness
was also an issue for the in situ tests. One of the field
studies (Palut et al. 2003) suggested the existence of a
borehole disturbed zone (BdZ), but all the other studies
(Van Loon et al. 2004b; Wersin et al. 2004; Soler et al.
2008; Wersin et al. 2008; Gimmi et al. 2014) did not report
such an effect. Even though some differences in transport
and retention properties were observed, the laboratory
values obtained in smaller-scale diffusion experiments
could generally be confirmed. For instance, similar diffu-
sion coefficients to those in laboratory studies were
obtained in the FM-C, DI, DI-Al,! DI-A2 and DI-B

! DI-Al and DI-A2 were two distinct experiments that were
administrated within the Mont Terri DI-A project.

experiments (for locations see Fig. 6 in Bossart et al. 2017)
for tritiated water HTO, I~ and **Na* (Palut et al. 2003;
Gomez-Hernandez and Guardiola-Albert 2004; Tevissen
et al. 2004; Van Loon et al. 2004b; Wersin et al. 2008;
Soler et al. 2008). Most of the field experiments in Opal-
inus Clay used relatively long injection intervals (~1 m)
and were thus dominated by diffusion parallel to the bed-
ding plane of the clay formation. Only the more recent DR
experiment (Gimmi et al. 2014) focused on diffusion per-
pendicular to bedding and on the anisotropy of diffusion.

2 Concept and modelling of the diffusion
experiments

The general concept of most field diffusion experiments at
the Mont Terri rock laboratory is based on the layout used in
the first DI experiment (Palut et al. 2003), which was a
variation of the decreasing source concentration method
used in laboratory column experiments (Rowe et al. 1988;
Shackelford 1991). The same general principle was followed
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in earlier in situ large-scale experiments in the Boom Clay
Formation in Belgium (Put et al. 1993; De Canniere et al.
1996; Aertsens et al. 2013). In those experiments, tracers
(HTO, '*17) were injected in a borehole interval and their
concentrations monitored in other intervals of the same
borehole. In the experiments at Mont Terri, a tracer cocktail
is circulated into a hydraulically packed-off borehole from
where the tracers diffuse through a filter screen into the
Opalinus Clay. The pressure head of the fluid is maintained at
a value close to that of the surrounding pore-water to avoid
any advective transport. The decrease in the concentration of
the tracers in the circulation system of the borehole is mon-
itored over time until the end of the experiment. At that time,
a volume of rock around the borehole interval is overcored
and tracer distribution profiles in the rock are measured. The
two sets of independent data (temporal evolution in the
borehole and spatial distribution profiles in the rock) allow
determination through modelling of (a) a transport parameter
(effective diffusion coefficient) and (b) an accessible
porosity (conservative tracers) or sorption parameter (sorb-
ing tracers). Figure 2 shows results from the DI-A2 experi-
ment (Wersin et al. 2008).

In general, the models used to interpret the measured
data solve the diffusion-sorption equation

=¥ (eve) m
ot

with Cy, the total solute concentration (including the sor-
bed fraction), C the aqueous solute concentration, ¢ the
time, and D, the effective diffusion coefficient tensor.
Models for sorbing tracers often assume a linear isotherm
(Van Loon et al. 2004b; Wersin et al. 2008, 2010; Gimmi
et al. 2014), leading to a constant distribution coefficient K,
and a constant rock capacity factor o according to

ci/co
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Fig. 2 Experimental and model results from DI-A2 (after Wersin
et al. 2008). Evolution of the concentration of the tracers (Br, I, HTO,
88r, ®Co, Cs) in the injection system (relative concentration vs.
time) (/eft). Experimental data (symbols) and modelled concentrations
(lines). HTO profiles in the rock (concentration vs. distance from
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with ¢ the (accessible) porosity and p,, the bulk dry density
of the rock. A Freundlich type isotherm or multi-site ion
exchange was considered in other cases (above references
and Soler et al. 2013, 2014; see also below). The decrease
in tracer concentration in the borehole depends directly on
both D, and o (¢ for conservative tracers), while transport
distances in the rock depend on the magnitude of the
apparent diffusion coefficient D, = D,/o. In this way, both
D, and o can be determined for each tracer by simultane-
ously adjusting the model to both sets of data.

The geometrical and conceptual complexity of the
models used to analyse and interpret the data from the field
experiments have evolved with time. The simulations for
the DI, FM-C and (partly) DI-A1l and DI-B experiments
were set up in 3D, but it was then recognised that, for the
comparably long injection intervals in these experiments,
diffusion parallel to bedding dominated the behaviour.
Accordingly, later models for the same geometrical setup
(DI-Al, DI-A2, DR-A) considered a 1D radial system with
diffusion parallel to bedding only, which considerably
facilitates simulations. In order to account for the oblique
angle of bedding with respect to the vertical borehole axis,
a corrected borehole radius had to be adopted.

The borehole for the DR experiment was drilled per-
pendicular to the bedding. In this case, a 1D radial repre-
sentation would also be appropriate, but diffusion parallel
and perpendicular to bedding had to be considered
explicitly for the comparably short intervals, leading to
ellipsoidal tracer plumes.
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Conceptually, the models for the earlier experiments
considered single tracer diffusion only (e.g. Palut et al.
2003; Tevissen et al. 2004; Van Loon et al. 2004b; Yllera
et al. 2004; Wersin et al. 2004; Soler et al. 2008; Wersin
et al. 2008). That is, transport of a tracer (neutral, anion
and/or cation) was assumed to be independent of that of
any other solute. This approach was justified for these
experiments because the tracers were introduced at low
concentrations and the background chemical composition
of the pore-water remained practically unaffected.

Stable Cs™ in the DI-A1 and DI-A2 experiments, which
was injected at concentrations large enough to experience
non-linear sorption, was also initially modelled as a single
tracer. Non-linear sorption was included through Fre-
undlich sorption isotherms (Van Loon et al. 2004b; Wersin
et al. 2004, 2008). Later, a multi-component approach
allowed the use of a more mechanistic cation-exchange
model (Appelo and Wersin 2007; Appelo et al. 2010; Soler
et al. 2013, 2014).

A multi-component approach with interrelated spe-
cies-specific diffusion of anions and cations (Appelo and
Wersin 2007; Appelo et al. 2010) can be considered as
more appropriate from a scientific point of view, even
though it was not strictly required for the earlier
experiments. The strength of such a multi-component
approach lies in the fact that the effect of the negatively
charged clay surfaces can also be included. These later
models considered a diffuse layer region, from which
anions are (partly) excluded and where cations are
enriched (and contribute to “surface diffusion”) com-
pared to bulk pore-water. Inevitably, this multi-porosity
approach introduces additional parameters such as the
width of the diffuse layer region. These parameters are
typically unknown, but there are attempts to determine
them from independent data. The DR-A experiment was
explicitly set up to test the predictive capability of such
multi-component approaches. The strong perturbation of
the pore-water chemistry in this experiment requires the
coupling between transport and sorption of different ions
to be considered and a single-component approach is no
longer feasible.

3 Evolution of the experimental setup

Table 1 gives an overview of the Mont Terri diffusion
experiments performed to date together with the tracers
used. The early FM-C experiment was originally planned
as a cross-hole tracer test to investigate flow mechanisms in
a fracture zone of the main fault area at Mont Terri, but it
was then turned into a series of diffusion experiments. In
the latest FM-C test (Gomez-Herniandez and Guardiola-
Albert 2004), diffusion of HTO and I~ through the fracture

zone was investigated, starting from a packed-off borehole
section around 0.97 m long.

The main objective of the DI experiment, the pioneer
diffusion test, was to develop an experimental concept that
would allow a comparison between laboratory and in situ
results. It was constructed with two intervals of 0.6 m
length. The lower one was used to inject the tracers (HTO
and I7) and the upper one was intended as an observation
interval to detect any leakage of tracers along the borehole
and packer system. No tracers were detected in the upper
interval, meaning that the packer seal was tight and no
bypass transport occurred. The setup of the subsequent DI-
Al, DI-B and DI-A2 experiments consisted of a single
interval from which tracers diffused into the rock.

In the DI-A1, DI-B and DI-A2 experiments, the studies
were extended to include different sorbing tracers. In
addition, DI-B explored the possibility of performing such
experiments using only non-active tracers. The setup of
these experiments consisted of a single interval from which
tracers diffused into the rock.

Two short injection intervals (top and middle, each
0.15 m long) and a pressure monitoring interval at the bot-
tom (0.13 m long) were installed in the DR experiment. The
short injection intervals were chosen to be able to determine
the diffusion anisotropy in situ and the larger fluid volume in
the circulation loop allowed a longer duration of the test
(slower decline of tracer concentrations).

The setup of the recent DR-A experiment was a copy of
that of the DI-A2. The DR-A experiment aimed at testing
multi-component reactive transport models by inducing a
strong salinity perturbation after a first half year of tracer in-
diffusion. The soon to be started diffusion test DR-B is
planned as a very long-term, low-maintenance experiment
and requires a fundamentally different experimental design
in which no fluid would circulate and no active tracers would
be needed. The main focus of this diffusion test is to validate
diffusion process understanding by using an alternative
experimental setup, longer diffusion periods and larger rock
volumes. A central borehole was drilled with sufficiently
large dimensions to allow emplacement of a source con-
taining a 2 M Nal solution that will provide a diffusion
gradient that can be followed over at least a decade from
observation boreholes placed at different distances. For this
purpose, a highly sensitive, comparably small and mobile
XRF probe was developed to follow the diffusion of iodide
and other tracers that may be injected in the future.

4 Analytical methods
All experiments except DR-B involved the circulation of a

solution through the injection interval. Samples of the
circulated solutions were regularly taken from the return-
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flow lines and analysed for tracers and partly for major
components. Usually no fluid was replaced after sampling,
which led to a reduction of the total fluid volume in the
circulation loops (e.g. by 6-7% in the case of the DR
experiment) by the end of the experiment. In the DI
experiment, it was first attempted to keep the HTO activity
approximately constant by regularly re-spiking the circu-
lated solution. However, this procedure turned out to be
impractical and it was abandoned after three re-spiking
events. In addition to the sample data, time series of
radioactive tracer activities within the circulated solutions
were obtained by v spectrometry (Wersin et al. 2008) in the
DI-A2 and the DR experiments.

4.1 Major element chemistry of water samples

In most experiments, the major element and tracer
composition of collected borehole water was analysed by
ion chromatography (IC), inductively coupled plasma-
optical emission spectroscopy (ICP-OES) and/or induc-
tively coupled plasma-mass spectrometry (ICP-MS).
Details of the determination of ions are given in Palut
et al. (2003), Van Loon et al. (2004b), Wersin et al.
(2004, 2008), Soler et al. (2008) and Gimmi et al.
(2014). Most of the samples were filtered (0.45 or
0.2 wm) prior to analysis. Using these techniques, ana-
lytical uncertainties are in the range of +10% for CI™
and Na™ and 45% for all other tracers and solutes.
Alkalinity was generally determined for selected samples
by potentiometric titration. In some experiments, pH was
measured in the laboratory and in-line with a combined
glass electrode (high-pressure resisting KCl-type gel
electrolyte containing glycerol) and E; was obtained in-
line with an Ag/AgCl electrode (3 M KCIl gel type,
reference potential of +0.210 V).

4.2 Off-line analyses of radiotracers in water
samples

Samples of the water circulating through the borehole
interval were taken at different times during the exper-
iments to monitor the decrease in tracer concentrations.
Activities of 7°Se0,2~, 2*Na™*, 8582+, 133Ba%*, 137Cs™,
0Co** and "*?Eu’" in filtered (0.45 um) borehole water
samples were determined by y-ray counting with two
high-resolution intrinsic p-type coaxial Ge-detectors at
the radio-analytical laboratory of the Paul Scherrer
Institute. The HTO activity concentrations of the same
solutions were obtained by liquid scintillation counting
(LSC) at the same laboratory. The analytical uncertain-
ties were estimated to be about 3% for HTO, between
+5 and +15% for *Na* (B-emitter) and +5% for the
other radiotracers.

4.3 In-situ analyses of radiotracers in reservoir
tanks

In the DI-A2 and DR experiments, the depletion of radio-
tracers in the circulating fluid was also measured in situ using a
solid-state intrinsic high-purity Ge-detector with an electric
cryo-cooling system (Wersin et al. 2008) which was placed in
between (DR) or juxtaposed (DI-A2) to the tracer reservoirs.
The following tracers could be tracked in the circulating fluid:
75560,2", 22Na*t, $582F, 13Bg2t, 13706+, 0o and
2By F. The Ge-detector had to be regularly dismantled for
maintenance, which resulted in small gaps in the time series
and slight shifts in the measurements after re-installation;
these were attributed to slightly different sensitivities and
measurement geometries of the device. The *°K background
signal was used to recalibrate the data after re-installation.

4.4 Profile data

Tracer profiles in the claystone were essential in order to
estimate transport parameters (e.g. HTO, 1™, Br™, **Na™
and others) and water content unambiguously. The beha-
viour of the different mobile tracers could be compared
directly when plotting the radial and axial profiles using
normalised concentrations.

Therefore, after termination of the experiments the dif-
fusion test intervals were usually overcored to analyse
tracer distribution in the rock. The overcoring technique
itself evolved over time and had to be adapted to the dif-
fusion test geometries and boundary conditions (e.g. the
inclined central borehole in the DR experiment required an
oblique overcoring and the long duration of DR-A required
an excentric overcore to maximise the sampling distance).
The overcore was typically obtained a few days after taking
the last sample from the circulation loop. The overcore was
then sub-sampled immediately on site, as far as possible,
by cutting disks parallel (e.g. DR experiment) or oblique
(e.g. FM-C experiment) to the bedding or by drilling sub-
cores (DI-A1, DI-A2). These disks and sub-cores were then
further dimensioned to a practical size for the specific
analyses. Detailed information on the analytical pro-
gramme for the sub-samples can be found in e.g. Gimmi
et al. (2014). In general, and depending on the specific
composition of the circulating fluid, water content,
stable water isotopes, active tracers and major element
composition of the aqueous extracts were analysed.

5 Compilation of experimental results
The diffusion and sorption parameters obtained from

numerical modelling exercises in the DI, DI-A1, DI-B, DI-
A2 and DR experiments are compared with diffusion data



Mont Terri, paper #20: 20 years of diffusion and sorption research

397

from oriented small-scale samples parallel to the bedding
plane (Van Loon and Soler 2003; Van Loon et al. 2004b)
and with laboratory batch sorption data (Van Loon et al.
2005a). As shown in Table 2, this comparison shows an
overall consistent picture between laboratory and in situ
results (details discussed below).

For all diffusion experiments carried out so far, except for
DR-A, the circulating artificial water was prepared to match
approximately the in situ pore-water composition. The
borehole waters, which were sampled regularly, indicated
fairly constant compositions, consistent with that expected
for the pore-water. This confirms that the added artificial
pore-water affected chemical conditions to only a small
extent, thus ensuring stable chemical conditions. It is note-
worthy that most of the added tracers (i.e. HTO, I, Br™,
Na™, Sr**, Cs™) were not, or only barely, sensitive to pH or
Eh, and thus perturbation of the pH or redox conditions
should not have altered their diffusion behaviour. However,
disturbance of salinity will affect cationic and anionic tracers
to some extent and this was demonstrated in the DR-A
experiment. A redox disturbance was unintentionally caused
in the upper borehole section of the DR experiment by
leakage of glycerol from the pH electrode (Gimmi et al.
2014). This resulted in microbially induced sulphate reduc-
tion and sulphide generation. Tracer data indicated that this
led to the precipitation of CoS but did not affect the diffusion
of the other injected tracers (Gimmi et al. 2014).

5.1 Water tracer diffusion

For HTO (and HDO in the DI-B and DR experiments, with
D being “H), the derived values for effective diffusivity and
porosity show good agreement between in situ and labo-
ratory data, well within the uncertainty of these parameters.
A more detailed analysis of the HTO profiles in the DI-A2
experiment shows that the concentrations in the profiles
measured around the upper and lower parts of the injection
interval are slightly smaller than those in the central part of
the interval (length = 1 m; Fig. 2). This fact may suggest
that transport distances for HTO were large enough to start
noticing the effect of diffusion in the direction normal to
bedding. This trend was not obvious for I, Br™ or 85gr2+,
In DI-A2, some evidence was found related to erosion of
the borehole wall in the upper and lower parts of the
borehole that could also result in the observed differences
in the diffusion profiles (Wersin et al. 2008).

Most HTO profiles in the DI, DI-Al, DI-A2 and DR
experiments (and HDO in DI-B) show a slightly flatter
region (low concentrations compared to model curves) next
to the injection borehole (Fig. 2). This feature could in
principle be related to (1) a BdZ, with somewhat increased
diffusion coefficients and porosity; (2) evaporation of HTO
during the overcoring procedure; (3) back-diffusion of

HTO into the resin while it was hardening,” possibly sup-
ported by the increased temperature. The occurrence of a
BdZ was reported only in the DI experiment, mainly based
on a higher rate of out-diffusion at earlier times compared
to later times. It was not reported in any of the other
experiments, where the drilling disturbance was kept to a
minimum by installing the packer system and filling the
interval section quickly after drilling. Also, a BdZ would in
fact lead to slightly higher HTO concentrations close to the
borehole interface compared to model results for uniform
rock properties, in contrast to what was observed. Thus,
process (1) is not a likely cause of the observed feature of
the HTO profiles. Evaporation of water close to the bore-
hole wall would also lead to a potential increase in the
HTO concentrations due to the fractionation of *H into the
remaining liquid phase. Moreover, the external rims of the
overcores, which were exposed to air for the longest times,
did not show any noticeable anomaly. Accordingly, evap-
oration can also not explain the observation. A slight out-
diffusion of HTO into the (not yet hardened) resin was
therefore considered as a possible cause for the observed
slight flattening of the HTO profiles near the borehole
interface and the overestimation of the concentrations
when modelling the data. It is possible that HTO shows a
higher solubility in the resin compared to other tracers,
which would make HTO more sensitive to such out-dif-
fusion. Unfortunately, no resin was sampled to test its HTO
content in any of the experiments.

5.2 Anionic tracer diffusion

The effective diffusion coefficients for the anionic tracers
I” and Br™ are systematically smaller than those for the
water tracers HTO and HDO. The same trend is manifested
for the diffusion-accessible porosities. The diffusion coef-
ficients obtained for Br~ and I™ in the DI-A2 experiment
were somewhat higher than those from other in situ
experiments (DI-Al, DR, DI-B, FM-C) and laboratory
diffusion tests (Table 2). In the case of Br~, this observa-
tion may be related to the higher uncertainty in experi-
mental data arising from the low ratio between tracer to
background concentrations. Note that identical parameters
were obtained for Br™ and I in spite of the slightly slower
decrease of bromide concentration in the borehole. This
difference is fully explained by the smaller concentration
gradient due to the higher background concentration of Br—
in the pore-water. Note also that, for DI, the derived dif-
fusivities and porosities show a large uncertainty, which is
related to the BdZ created during borehole construction and

2 Immediately after the dismantling of the packer system, the central
borehole was filled with sand and resin to stiffen the borehole before
overcoring.
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installation (Tevissen et al. 2004). The smaller effective
diffusion coefficients and diffusion-accessible porosities of
anions compared to water tracers and cations is explained
by repulsion of anions from the negatively charged clay
surfaces, which leads to a deficit of anions relative to
cations in the electric double layers (EDLs). This anion
exclusion effect is commonly approximated by the concept
of anion-accessible porosity (Pearson 1999; Pearson et al.
2003), although in reality the decrease towards the nega-
tively charged surface is a continuum rather than a step
function. The anion-accessible porosity fraction calculated
from the ratio of the porosities of I and HTO (HDO in DI-
B) for DI-Al, DI-A2, DI-B, FM-C and DR is 0.55 %+ 0.014.
This value is in good agreement with porosities obtained in
laboratory experiments and indicates the good quality of
the derived porosities and a relatively small variation in the
anion porosity fraction at Mont Terri. Similar anion-ac-
cessible porosities were obtained from a previous compi-
lation of Mont Terri data (Pearson et al. 2003) and also for
Opalinus Clay in north-east Switzerland (Gimmi and
Waber 2004; Wersin et al. 2013). According to the double
layer theory, this parameter should vary with ionic
strength; thus, at lower ionic strength the thickness of the
EDL should increase, which would lead to a decrease in the
anion-accessible porosity fraction. This effect is not
observed in the in situ diffusion experiments. The differ-
ence in ionic strength seems to be too small (maximum of a
factor of roughly 2 (Gimmi et al. 2014)) to be able to
observe any effect, given the experimental uncertainty.

5.3 Cation diffusion coefficients

As illustrated in Table 2, the diffusion coefficients of
Na™, Sr** or Cs™ tracers from the field experiments are
relatively large when compared to those of HTO. This is
in agreement with laboratory studies on montmorillonite,
bentonite and other clay-rich rocks (e.g. Glaus et al. 2010;
Gimmi and Kosakowski 2011; Tachi et al. 2011; Tachi
and Yotsuji 2014). The comparably large values may be
explained by the so-called surface diffusion of sorbed
cations (including cations in the diffuse layer and in
interlayers), which leads to an additional driving force for
diffusion besides the pore-water gradient (e.g. Glaus et al.
2013). From a normalisation of a large number of pub-
lished tracer cation diffusion data, Gimmi and Kosa-
kowski (2011) could show that normalised effective
cation diffusion coefficients D, generally increase with
a normalised sorption capacity of the cation. The latter
was calculated as ¥ = ppq K€ and Dy, = D, T/(Doey),
with 1, the tortuosity and &, the porosity obtained for a
water tracer. Values of D, larger than 1 point to a
contribution of surface diffusion. They also derived
average surface mobilities (surface diffusion coefficient
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Fig. 3 Normalised cation diffusion coefficients De,, for Na*, Sr**
and Cs* plotted as a function of the normalised sorption capacity
K = ppa K. Small symbols literature values for tracers compiled by
Gimmi and Kosakowski (2011); lines model (Gimmi and Kosakowski
2011). For Cs, two lines are drawn according to two subsets of the
data as identified in Gimmi and Kosakowski (2011): thicker line for
data obtained at comparably high (but constant) Cs background
concentrations or for samples without illite, thinner line for data
obtained at Cs trace concentrations in samples containing illite (thus
probably strongly influenced by frayed edge sites). Large symbols and
shaded area D, derived from results of Mont Terri field experi-
ments (Van Loon et al. 2004b; Wersin et al. 2008, partly re-analysed).
In the field experiments, the Cs concentration was not constant:
initially comparably high, then quickly decreasing to lower values.
This leads to K, values varying in time and space due to non-linear
(multi-site) sorption. The large symbol for Cs is drawn at the average
K, value, the shaded area encompasses the relevant K, range

on a flat surface normalised to bulk water diffusion
coefficient) for various cations. Different surface mobili-
ties, which represent averages for all relevant sorption
sites in multi-site sorption, were derived for Na™, Sr*",
Ca*" and Cs™. Figure 3 shows a plot of normalised Na™,
Sr*™ and Cs™ cation diffusion coefficients D, against
the normalised sorption capacity K = ppq Ki/¢. The lit-
erature values compiled by Gimmi and Kosakowski
(2011) are shown as small symbols and their modelled
curves as lines; the results of the Mont Terri field
experiments for Nat, Sr** and Cs* (Van Loon et al.
2004b; Wersin et al. 2008; partly re-analysed) are shown
as large symbols. From this Figure, the following can be
concluded: (1) Firstly, the normalised diffusion coeffi-
cients for Na®, Sr** and Cs' derived from the values
obtained in the Mont Terri field experiments are in
accordance with the trends of other published (mostly
laboratory) data, for instance those of Melkior et al.
(2005) (for all references see Gimmi and Kosakowski
2011). (2) Secondly, the normalised diffusion coefficients
for Na*, Sr** and Cs* in the field experiments are
somewhat increased (De., > 1), which points to a con-
tribution from surface diffusion. The extent of this
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increase is, however, relatively small compared to some
of the other (laboratory) data for other materials. This is
mainly related to the in situ pore-water composition in the
field experiments, with an ionic strength in the order of
0.2-0.4 M (the ionic strength was usually adjusted to the
specific location of the test in the Mont Terri rock labo-
ratory). The largest normalised effective cation diffusion
coefficients shown in Fig. 3 (see references in Gimmi and
Kosakowski 2011) are typically observed for relatively
dilute solutions (with low ionic strength). (3) Thirdly, the
Cs™ field diffusion coefficients cannot be uniquely rep-
resented in such a plot that depends on a single K,; value.
This is because the Cs™ concentration varied considerably
during the field experiments, which affects the degree of
sorption in a non-linear way and leads to a K, that varies
in the experiment with space and time. Figure 3 shows
the D, for Cs™ plotted at the capacity ratio obtained from
an average K, with a shaded area covering the possible
range of K; values. In the DR experiment, caesium
showed different penetration distances for the stable Cs™
added at high concentrations in the upper interval and for
the '*’Cs*added at trace concentrations in the lower
interval. This behaviour confirms the non-linear nature of
Cs™ sorption in Opalinus Clay also observed in e.g. the
DI-Al and DI-A2 experiments and in laboratory sorption
experiments (Lauber et al. 2000). Cs™ sorption was first
assumed to follow a Freundlich isotherm (Lauber et al.
2000; Van Loon et al. 2004b) in DI-A1 and DI-A2, or a
3-site cation-exchange process (Bradbury and Baeyens
2000; Van Loon et al. 2009; Jakob et al. 2009) later in
DI-A2 and DR (Soler et al. 2013; Gimmi et al. 2014).
The sorption behaviour could be well described by a
Freundlich-type adsorption isotherm in DI-A1 and DI-A2,
although there was a clear tendency towards a decreased
sorption capacity in the field diffusion experiments rela-
tive to the batch sorption data. This tendency, however,
may be the result of an inconsistent treatment of diffusion
through the filter in the model of the DI-A1l and DI-A2
field experiments, even though other reasons (uncertainty
in selectivities, incomplete initial mixing) may also apply
(Soler et al. 2013). For cobalt, so far there are no other
diffusion data with which to compare the field results.
Given the different profiles measured in the rock in the
DI-A2 experiment, different combinations of D, and K
are possible. However, the K, values tend to be smaller
than those obtained from batch sorption experiments for
similar geochemical conditions (420 L/kg, unpublished
results, see Table 2). When D, and ¢ for Co”* are set to
the same values as for HTO, a K, value of about 90 L/kg
is obtained. Thus, the sorption of this tracer may be
smaller in intact rock than in crushed rock (batch exper-
iments) but, in view of the large scatter in the rock

profiles for DI-A2 and the scarce laboratory data, it is not
possible to draw definite conclusions.

5.4 Porosities

A Cl -accessible porosity of 0.09 (0.55 of the average
water-loss porosity of 0.164) was reliably estimated from a
comparison of the equilibrated Cl™~ concentrations in the
rock and in the borehole fluid in the DR experiment. The
same value was also applicable for Br~ and I". The value
seems to be unaffected by the lower ionic strength at the
location of the DR experiment compared to the earlier DI-
A and DI-B experiments.

5.5 Anisotropy factor

Anisotropy ratios were obtained in situ for the first time in
the DR experiment. They were found to be slightly larger
for HTO and **Na* (~5.1 £ 0.5) as compared to the
anions (~3.8 =204 for I" and ~2.6 & 0.4 for Br ),
which may be related to the exclusion of anions from the
narrowest, well oriented pores. The design of the other
in situ experiments did not allow anisotropy factors to be
derived. The diffusion anisotropy ratios are slightly larger
than (HTO), similar to (I), or slightly lower (Br) than
values obtained in the laboratory (Van Loon et al. 2004a)
for **C1~ and HTO in Opalinus Clay from Mont Terri
(Gimmi et al. 2014).

5.6 Borehole disturbed zone

The profile data in the DI-Al, DI-B, DI-A2 and DR
experiments did not indicate the presence of a BdZ, in
contrast to the data from the DI experiment. In the DR
experiment, the model of tracer fluid data only suggested
the possibility of a BdZ in the range of 1 to 1.5 cm around
the lower interval. Such a strongly disturbed zone was,
however, clearly not visible in the profile data.

6 Conclusions

Due to steadily evolving experimental designs, similar
tracer compositions in different experiments and comple-
mentary small laboratory-scale diffusion tests, a unique and
comprehensive database for diffusion and sorption of both
chemically conservative and reactive nuclides under in situ
conditions could be compiled for an indurated argillaceous
rock. Such a database is a key component of the safety case
for a repository for radioactive waste in claystone.

It could be shown that the sorption and diffusion data
from in situ experiments are consistent and also
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comparable with the results obtained from small-scale
laboratory experiments.

Values for diffusion-accessible porosities for anions
turned out to be consistent within the field experiments and
also with the results from laboratory experiments. Anion-
accessible porosity seemed to be unaffected by the salinity
gradients (0.22-0.39 M) in the Mont Terri rock laboratory
and the anisotropy factor (3—4 for anions, 5 for HTO and
Na') agrees well with the values measured in the labora-
tory. This factor is smaller than that obtained for samples
from the Benken borehole in north-east Switzerland (Nagra
2014).

Field experiments have also shown that phenomena such
as textural and/or mineralogical heterogeneities, or pro-
cesses such as the formation of a BdZ do not jeopardise the
interpretation of diffusion data as previously feared. Based
on the profile data, the DI-Al, DI-B, DI-A2 and DR
experiments did not indicate the presence of a BdZ, in
contrast to the BdZ deduced in the DI experiment. The
presence of the latter BdZ was due to technical issues
during the realisation of the borehole (problems with
packer installation led to a longer time when the borehole
was open to the atmosphere).

The number and duration of the different experiments
allowed suitable rock profiles to be obtained, also for
strongly sorbing tracers. The observed sequence of pene-
tration depths of the tracers (HTO >Br™ > 1" >
Se0,2” > BNa™ > BBa?t > Cst > PBCst > 0Co*t >
2Eu™) is as expected for the small pore diffusion coef-
ficients of the anions compared to HTO and the increasing
retardation by sorption for the cations. Penetration depths
for the strongly sorbing tracers did not extend beyond a few
centimetres.

Finally, the field diffusion experiments at the Mont Terri
rock laboratory not only allowed a good scientific under-
standing of diffusion processes in claystones to be
acquired, but also the development and testing of techno-
logical skills required for performing underground diffu-
sion tests. This know-how has been successfully transferred
to other underground laboratories (e.g. Delay et al. 2014;
Naves et al. 2010).

The field diffusion experiments are of great relevance
for the safety case of deep geological repositories. The
reasons for this are not related primarily to the parameters
derived from such experiments but are as formulated in the
introduction, namely (a) complementing laboratory-scale
experiments, in addition to the large volume of rock
investigated, (b) the very low water/rock ratio leading to
better control of the chemical conditions by the rock, and
(c) the in situ head pressure being closer to the disposal
case. In summary, the diffusion experiments conducted at
the Mont Terri rock laboratory have greatly improved the
understanding of transport and retention processes and the

modelling of these and thus our confidence in Opalinus
Clay as a host rock with outstanding safety barrier
qualities.
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