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The diffusive mobility of radionuclides in buffer materials and potential host rocks is an important topic
in the safety analysis for underground waste repositories. Many of the radionuclides are cations.
Accordingly, the diffusion and retention of cations in compacted clay minerals and clay rocks is of central
interest. The retention properties of the clay minerals originate from their negative surface charges. These
are compensated by unspecifically sorbed cations that are located on planar surfaces or in interlayers
(exchangeable cations) and by cations that are more specifically sorbed for instance to edge sites.

In general, sorbed cations are considered as immobile with respect to diffusive transport. Whereas this may
be correct for specifically sorbed cations, this is probably not the case for unspecifically sorbed
exchangeable cations. They can easily exchange with cations in the pore solution, even if they are located–
at low hydration states–in very narrow interlayers. For such exchange a certain mobility in the sorbed state
is required. This is in line with the observations that many experimentally derived cation diffusion
coefficients are larger than expected when compared with those of water tracers (e.g., Glaus et al., 2007).
This and the dependence of effective diffusion coefficients on the external salt concentration can be
explained with so-called surface diffusion, that is, a movement of sorbed cations. Unfortunately, no direct
proof of this phenomenon is available, and parameters like surface diffusion coefficients or surface
mobilities are largely unknown.

We compiled a large number of published cation diffusion coefficients for various clay minerals and clay
rocks. We showed that by an appropriate scaling of the cation diffusion coefficients, it is possible to
estimate the average surface mobility of the cation in each experiment (Gimmi & Kosakowski, 2009). We
define the surface mobility as the surface diffusion coefficient of a cation on a flat surface, divided by the
bulk water diffusion coefficient of the same cation. We use the term average mobility, because each
derived mobility value represents an average for the specific experimental and sample conditions.

Figure 1 shows statistical measures of the average surface mobilities that were obtained from the compiled
diffusion data. It turned out that, as a first approximation, these average surface mobilities are specific for
each cation, but largely independent of the type of clay or clay rock, the orientation of the fabric of the
sample, the bulk dry density of the rock, or the chemical composition of the pore water. For cations like
Cs that can also undergo specific sorption, it seems, however, that different surface mobilities need to be
considered for different types of sorption. For exchangeable cations, mean values of the average surface
mobilities follow the lyotropic series. On average, the surface mobility of Na is about half of that in bulk
water, whereas for Sr it is ~0.2-0.3, for Ca ~0.1, and for Cs ~0.03 for one group and much smaller for
another group of data. The first group may be related to exchange on planar surfaces, the second may be
influenced more by specific sorption.

The scatter of the average surface mobility values for each cation is very large, which may partly originate
from the propagation of the uncertainty of the compiled data during scaling. Other, more systematic effects
may also contribute to the observed variability, like different hydration states of the interlayers due to
different compaction of the samples, or the use of pore solutions with different ionic strength. These
parameters affect the average distance of sorbed cations from the surfaces and thus possibly the average
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mobility. We tried to extract the influence of the mentioned parameters on estimated average surface
mobilities by looking more closely at the previously compiled and some new diffusion data. A general
quantification of such second-order effects on average surface mobilities was not feasible so far, though.

We finally compared the average surface mobilities obtained from the experimental data with those derived
from molecular modelling studies. The latter analysis calls for the distinction between sorbed and pore
water cations in the molecular model, which is not straightforward and may require the inclusion of a bulk
water phase in the model. The majority of molecular modelling studies investigate the state and mobility
of water and cations in the interlayer of clay minerals. The calculated interlayer mobility values can be
directly compared to the experimental surface mobility values of unspecifically sorbed cations. Whereas
for Na and Sr a good agreement was observed between experimental and modelled mobilities, larger
differences appeared in case of Cs. They may be caused by ignoring sorption processes in the molecular
modelling studies that may have been relevant in the experiments. Molecular modelling can furthermore
be used to derive the influence of clay layer spacing or bulk density on surface mobilities. It was shown
e.g. for Na that interlayer diffusion coefficients are reduced at low hydration states (mono-layer and less),
but vary only slightly at higher interlayer hydration (bi- to quad-layer) (Kosakowski et al., 2008).
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Figure 1: Average surface mobilities of cations on surfaces of clays and clay rocks (bentonite,
montmorillonite, Opalinus Clay, Calovo Oxfordian Clay, other clay sediments, and clay soils) obtained
from published diffusion coefficients (see Gimmi & Kosakowski, 2009). Each box encloses 50% of the
data with the median value displayed as a line. The bars show the range of values within ±1.5 times the
box size. Any value outside of this range is displayed individually. The number of observations is also
shown.


