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SUMMARY

Diffusion is the dominant mechanism for radionuclide transport in a clay repository. Modeling of
diffusive transport in clay rocks is complicated by the existence of heterogeneity at different scales and
coupling between diffusive and electro-chemical processes. This report reviews the two kinds of
modeling approaches. Phenomenological approaches are based on Fick’s diffusion law and use semi-
empirical constants to roughly incorporate the effects of electro-chemical processes. While they cannot
capture the detailed transport mechanisms and therefore inherently introduce a certain modeling
uncertainty, they are relatively simple, computationally efficient, and straightforward to implement.
Mechanistic approaches are based on detailed and explicit descriptions of interaction between diffusion
processes and electro-chemical processes. They do not suffer the limitations of phenomenological
approaches, but are computationally more complex and involve more parameters. This report also reviews
and compiles data sets of parameters related to diffusive transport in clay formations that are available in
the literature. These data sets provide useful information for evaluating modeling approaches and can be
used as inputs into relevant models. An improved modeling approach is proposed to combine the
advantages of phenomenological and mechanistic approaches. Results from a preliminary evaluation of
the approach are encouraging. In the future, we will continue to evaluate the proposed modeling approach
with more data, investigate the impact of heterogeneity on large-scale diffusion process, and integrate
process modeling of diffusion in clay with system-level modeling.
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DIFFUSION MODELING IN A GENERIC CLAY
REPOSITORY

1. INTRODUCTION

Clay/shale has been considered as potential host rock for geological disposal of high-level radioactive
waste throughout the world, because of its low permeability, low diffusion coefficient, high retention
capacity for radionuclides, and capability to self-seal fractures. For example, Callovo-Oxfordian argillites
at the Bure site, France (Fouche et al. 2004), Toarcian argillites at the Tournemire site, France (Patriarche
et al., 2004a), Opalinus Clay at the Mont Terri site, Switzerland (Meier et al. 2000), and Boom clay at the
Mol site, Belgium (Barnichon and Volckaert 2003) have all been under intensive scientific investigation
(at both field and laboratory scales) for understanding a variety of rock properties and their relationships
to flow and transport processes associated with geological disposal of radioactive waste. Figure 1 presents
the distribution of clay/shale formations within the USA.
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Figure 1. Clay/shale-formation distribution in the USA (Gonzales and Johnson 1984)

Owing to the low permeability of clay rock, diffusion may be the dominant mechanism for radionuclide
transport in a clay formation. Exceptions possibly include areas where flow velocities may be larger, e.g.,
within the excavation disturbed zone (EDZ) where highly-permeable fractures are induced by tunnel
excavation or along natural features such as faults or intrusions disrupting the formation. The overall
objectives of this work activity are to summarize the state of the art for modeling diffusion process in
natural clay formations, to review analysis results from diffusion experiments on clay rock that are
available in the literature, to evaluate the impact of relevant processes on diffusion, and to develop
simplified diffusion process models that can be used to support the development of the system-level
diffusion model for natural clay formations. This work activity addresses Features, Events and Processes
FEP 2.2.09, Chemical Process—Transport (shale), which has been ranked medium in importance, as
listed in Table 7 of the Used Fuel Disposition Campaign Disposal Research and Development Roadmap
(FCR&D-USED-2011-000065 REV0) (Nutt 2011).
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This report documents progress that has been made in FY11, including a review of the modeling approach
and parameter data sets (Section 2), as well as a preliminary evaluation of a newly proposed modeling
approach (Section 3). The summary and a discussion of future work are given in Section 4.

2. DIFFUSION THROUGH CLAY ROCK: A REVIEW

This section presents a review of approaches to modeling diffusion processes in natural clay formations,
and parameter data obtained from relevant experimental observations.

2.1 Review of Modeling Approach

Modeling of diffusive transport in clay rocks (natural system) is complicated by the existence of
heterogeneity at different scales and coupling between diffusive and electrochemical processes (Revil and
Leroy 2004; Appelo et al. 2010; Bourg et al. 2003; Jougnot et al. 2009). At a local scale, different pore
spaces co-exist within a representative elementary volume (REV), or a “point” within the context of
continuum mechanics. They include pore spaces surrounded by grains other than clay, pore spaces
surrounded by clay and other grains, pore spaces surrounded by clay grains only, and interlayer spaces
within clay grains. The dominant transport processes of radionuclides can be quite different for these
different kinds of pore spaces. For example, the coupling between diffusive and electrochemical
processes, or the interaction between diffusion in bulk fluid and an electrical double-diffusion layer near
clay surfaces, is negligible for pores surrounded by other grain particles, but critical for small pores
surrounded by clay particles and interlayer spaces. The last two pore-space types are especially important
for compacted clay systems (such as clay buffers in Engineered Barrier System (EBS)) and also highly
relevant for natural clay rock. Modeling approaches for diffusion differ in their treatment of these
different types of pores and in their considerations of the electrochemical processes. In the literature,
specifically two kinds of modeling approaches are available for describing diffusive transport in clay
materials (Bourg et al. 2003; Revil and Leroy 2004; Appelo et al. 2008; Jougnot et al. 2009; Appelo et al.
2010): the phenomenological approach and the mechanistic approach.

2.1.1 Phenomenological Approach

The phenomenological approach, a modeling approach based on Fick’s diffusion law, uses semi-empirical
constants to roughly incorporate the effects of electrochemical processes, such as using the “accessible
porosity” to consider anion exclusion effects. While this kind of approach cannot capture detailed
transport mechanisms, it is relatively simple, computationally efficient, and straightforward to implement.

Typically, using this approach, the diffusive transport equation is given as:
e5%=?- VL) 1)

where C is concentration, ¢ is the time, € is porosity, D= is effective diffusion coefficient and B is
retardation factor which is given by the following equation:

R=1428 @
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where 2 is the dry density of the solid and 4 is the distribution coefficient.

The effective diffusion coefficient is treated as an empirical parameter and is related to the diffusion
coefficient of a chemical species in free water by the following equation (e.g., Appelo and Wersin 2007;
Appelo et al. 2010):

D, =¢h, = e%ﬂw @)

where & is the pore-water diffusion coefficient, Dw is the diffusion coefficient in free water, &% is the
tortuosity factor, which accounts for the fact that diffusing molecules must pass around solid grains and
take a longer path than a straight-line distance, and & is the constrictivity factor, encompassing the effect

of pore narrowing and widening (Appelo et al. 2010). Because it is difficult to derive €* and &

1 &
theoretically, researchers tend to obtain them (or a geometrical factor G (& ~ &% ) that combines them)
by fitting laboratory or field test data. Some researchers do not even bother to calibrate them — they
calibrate effective diffusion coefficient directly.

In many cases, Equation (3) has been observed to underpredict the diffusion of cations (e.g., Bourg et al.
2003). This is often interpreted as resulting from the diffusion of adsorbed species along the solid surface.
Therefore, as reviewed by Bourg et al. (2003), a semi-empirical effective “surface diffusion coefficient”
was introduced to take this effect into account:

0. iy
ﬂm:mf - +&d|“ o (4)

where Dy, is the so-called surface diffusion coefficient, and subscript e refers to effective parameters
throughout this report. The derivation of Equation (4) was based on an assumption that tortuosity factors
are the same for pore space and surface paths (Bourg et al. 2003). Note that the summation of effective
diffusion coefficients given in Equations (3) and (4) should be used in Equation (1) for cations.

Negative adsorption of anions — electrostatic anion exclusion from the diffuse layer due to the negative
charge of the solid — calls for a further adjustment through replacing a geometrical porosity in Equation
(1) by a so-called accessible porosity. The latter is generally smaller than the former, to account for the
fact that within clay, as a result of anion exclusion, a fraction of the porosity does not participate in anion
diffusion.

The phenomenological approach has occasionally been extended by considering different types of pores
(pore spaces surrounded by clay versus those surrounded by other grains), resulting in a type of model
that is usually referred to as a dual-continuum or dual-porosity model (Samper et al. 2008; Zheng and
Samper 2011). The dual-continuum model is motivated by limitations in the phenomenological approach
based on a single continuum: this approach has failed to interpret some laboratory or field diffusion test
results. For example, Figure 2 shows the breakthrough curve of chloride for a permeation test using
FEBEX bentonite (Samper et al. 2008). Similar behavior was also observed for the diffusion of tritiated
water (HTO) in a natural clay sample (Opalinus Clay) (van Loon and Jakob 2005). Samper et al. (2008)
showed that the single-continuum model with optimal effective diffusion coefficient and accessible
porosity, calibrated by an inverse methodology, fails to reproduce the measured long tail of the
breakthrough curve of chloride—whereas the dual-continuum model does a better job, as shown in Figure
2. The dual-continuum model was first developed for matrix-fracture systems (Barenblatt and Zheltov
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1960; Pruess and Narasimhan 1985) and later applied to structured natural soil (Gerke and van Genuchten
1993a; 1993b; Gerke and van Genuchten 1996; Ray et al. 1997; Hantush et al. 2000 ; Lichtner 2000;
Hantush et al. 2002; Simunek et al. 2003). When applying such a model to a clay formation or compacted
bentonite, the concept is to divide the porous media system into two continua: one associated with the
pores surrounded by clay particles, and the other tied with those surrounded by other grains. The division
is either arbitrary (Wilson et al. 1992) or based loosely on the physical characteristics of the soil (Ray et
al. 1997). Equation (1) is applied to both continua, and the mass transfer between the two continua are
either calculated by solving the mass-transfer equation perpendicular to the flow direction in the continua
(Lichtner 2000) or by a lumped transfer term with a first-order (Gerke and van Genuchten 1993a; 1993b)
or higher-order form (Zheng and Samper 2011).
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Figure 2. Measured and computed breakthrough curves of chloride with Single-Continuum Model
(SCM) and Dual-Continuum Model (DCM) (Samper et al. 2008).

In summary, the phenomenological approach is largely based on a conventional approach to model
contaminant transport in porous media, one that essentially ignores the effects of details of
electrochemical processes. As a result of its computational and conceptual simplicity, this approach seems
to be a natural choice for system-level modeling studies. However, some uncertainties exist when
applying it to natural clay formations. As reviewed below in Section 2.2, although reasonable success
with this approach has been achieved with calibrated effective parameters, most experiments (including
field tests) used to evaluate this approach were conducted at relatively small scales. It remains to be
determined if extrapolation of results from small scales to large scales relevant to a clay geological
formation will provide results representative of the actual process. This is simply because our knowledge
of how electrochemical processes affect large-scale diffusion is still lacking at this point. Furthermore,
most of the effective parameters using this approach are not rigorously defined. Care must be taken when
applying the measured values for these parameters to problems in which the corresponding conditions are
different. For example, accessible porosity is used to account for the impact of anion exclusion. The latter,
however, would likely vary with ionic strength and the charge of the anion in question, and therefore
cannot be predicted using an adjusted accessible porosity. In other words, estimated values for accessible
porosity are not constants, but a function of experimental conditions.

2.1.2 Mechanistic Approach
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Mechanistic approaches are based on detailed and explicit descriptions of interactions between diffusion
processes and electrochemical processes. Development of improved mechanistic approaches for diffusion
processes in clay buffers (bentonite) is an active research activity in the EBS work package. A review of
mechanistic approaches within the context of diffusion in bentonite was already provided by Steefel et al.
(2010). As a result, we give only a very brief discussion of mechanistic approaches here. However, it is
important to note that our interest here is mainly in diffusion within natural clay rock. Although the
mechanistic approaches developed for bentonite, in principle, can be applied to natural clay rock, there
are some notable differences between features of natural clay rock and bentonite that are relevant to
diffusion processes. For example, unlike the EBS bentonite, which contains large proportions of clay
minerals (e.g. FEBEX bentonite has 92% of smectite (ENRESA 2000)), clay rock has a relatively small
percentage of smectite clay minerals. For example, Opalinus Clay has only 10% of an illite/smectite
mixture (Thury 2002). The pore space surrounded by the clay minerals therefore only accounts for a
relatively small portion of whole pore space.

One important feature of clay is that a clay particle’s surface is negatively charged, which creates a so-
called diffuse double layer (DDL). Figure 3 presents a schematic diagram of pore space in Opalinus Clay
(Appelo et al. 2010). In a typical pore surrounded by clay, the pore water (close to the surface of the clay)
becomes charged by an excess of anions and a deficit of cations, and turns into a DDL. Mechanistic
approaches tend to explicitly consider the coupling between diffusive and electrochemical processes, i.e.,
the diffusion through the free solution and the interaction with DDL (Appelo et al. 2008; Jougnot et al.
2009; Appelo et al. 2010). For example, Appelo et al. (2010) divide water in pore space into three parts,
based on their different physical and chemical properties: mobile pore water (that is not impacted by
electrochemical processes), DDL water near the pore walls, and interlayer water (occupying spaces
between clay layers). Then, the diffusion processes in the three parts and their interactions (or couplings)
are modeled.

Swelling clay mineral - Interlayer and
(ilite/smectite intercalation) -~ Surface diffusion

Bound water:
- interlayer water —
- diffuse double layer water .

| Overlapping double layers
block transport of anions

Free (mobile) porewater o —— ——-
| Double layer
T e B b - T
+. + __* (f,u ",r'[‘)DDL
3 | o | 2 JFree solution
Non-swelling clay ——— | com¥=0
mineral (e.g. kaolinite)

%= Diffusive transport

Figure 3. A diagram of the pore space in Opalinus Clay, showing three water types with associated
diffusion domains (Appelo et al. 2010).

While a number of mechanistic approaches are available, they are all generally much more complicated
than the phenomenological approach and have the following three common features. First, the diffusive
flux of a species is the result of both a chemical and electrical potential gradient (Appelo and Wersin
2007). In the other words, the commonly used Fick’s law is in general not considered to be applicable
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anymore. Second, DDL is explicitly incorporated, and the concentrations in DDL are linked to the
concentrations in free solution by Boltzmann’s equation or Donnan approximation (Appelo and Wersin
2007). Third, the adsorption of ions is calculated by combining a surface complexation model and the
DDL (Appelo et al. 2010).

In general, since the electrochemical processes are relatively rigorously considered in a mechanistic
approach, this approach does not have the limitations of a phenomenological approach, mentioned in
Section 2.1.1. However, this kind of approach is computationally more complex, involves more
parameters, and therefore needs more experimental data to identify parameter values. It may be of
interest to indicate that the related parameter values are spatially variable in a natural clay formation,
because of the existence of heterogeneity at different scales, which likely increases the burden for
parameter determination. This issue, however, may not be a problem for EBS bentonite because, at the
continuum scale, heterogeneity for bentonite is minor, as a result of the way it is packed.

2.2 Data For Transport Parameters of Clay Formations

This section documents parameter data sets related to diffusion processes in clay formations that are
available in the literature. In this section, by “measured” parameters, we mean those estimated based on
the phenomenological approach (discussed in Section 2.1.1) from diffusion experiments. Also, while our
compilation of the data sets includes typical ones for clay formations, it by no means is exhaustive.

Opalinus Clay (OPA) is a geological formation in the northern part of Switzerland with suitable
properties for hosting a repository for high-level radioactive waste (Thury 2002). Table 1 summarizes the
measured OPA property values, including effective diffusion coefficients D, , effective diffusion

coefficients in directions parallel and perpendicular to the bedding of clay formation , D, and D, ,
accessible porosity ¢, distribution coefficient K, apparent diffusion coefficient D,, apparent diffusion
coefficients in the directions of parallel and perpendicular to the bedding, D, and D, , retardation

coefficient R, rock capacity factor « and rock capacity factor for directions parallel and perpendicular to
the bedding , «, and «, . As for the entities listed in Table 1, they are related through the following

equations:

b,
z=eR (6)

Apparently, for non-adsorbed species, Equation (6) becomes:
a=c¢ ()

In Table 1, the values directly reported in the corresponding references are shown in the cell with white
background, and those with yellow background are derived according to Equation (5) to (7). To make the
inter-reference comparison, two difficulties need to be overcome. First, different researchers chose
different type of parameters to report. For example, Cormenzana et al. (2008) reported the accessible
porosity and apparent diffusion coefficients for HTO, whereas Van Loon et al. (2004a) reported the rock
capacity factor and effective diffusion coefficients for HTO. Second, diffusion processes through the
OPA exhibit anisotropy, with a diffusion coefficient parallel to clay-formation bedding that is higher than
that perpendicular to the bedding. When conditions allowed—for example, as three dimensional
laboratory or in situ data became available for model calibrations—uvalues for diffusion coefficient and
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rock capacity factor in both directions (D, and D,, ) were reported (Van Loon et al. 2004a; Garcia-

Gutierrez et al. 2006; Samper et al. 2008). On the contrary, most in- or through-diffusion tests do not
allow for calibration of the anisotropic diffusion coefficients (Van Loon et al. 2003; Van Loon et al. 2003;
Maes et al. 2008; Wersin et al. 2008; Wu et al. 2009), and single values for the diffusion coefficient (D,)

were reported.

We therefore make the following adjustment to make different sets of data comparable. First, we use the
effective diffusion coefficient, accessible porosity, and rock capacity factors as the parameters to be
compared. For example, if apparent diffusion coefficients are reported ( D, ), they are converted to an

B = Hl‘ll + Hr-

effective diffusion coefficient (D, ). Second, we take “% — 2 to overcome the difficulty when

anisotropic effective-diffusion coefficients are reported in one reference while non-anisotropic ones are
reported in other references. Table 2 presents values for the maximum, minimum, and average for
effective diffusion coefficient, accessible porosity, and rock capacity factor. The diffusion coefficient of
HTO has been measured quite extensively. The accessible porosity for HTO is usually close to the
physical porosity of OPA and represents the upper bound of diffusive porosity for other species. The
difference between minimum and maximum diffusion coefficient of HTO is about one order of
magnitude. Accessible porosity for HTO ranges from 0.1 to 0.16, with most values reported around 0.15
(see Table 1). Only the effective diffusion coefficient and accessible porosity of D,O (deuterium) are
reported in Samper et al. (2006), which are calibrated from a 3D model based on the DI-B in situ test for
OPA. They are quite close to those values for HTO. It is known that chloride is subject to anion exclusion
and has an accessible porosity smaller than that for a neutral species such as HTO. As shown in Table 2,
the accessible porosity for chloride ranges from 0.039 to 0.081, with an average of 0.059, which is about
40% of the porosity for HTO. Because of the smaller accessible porosity, the effective diffusion
coefficient for chloride is also smaller, about 13% of that for HTO. The measured effective diffusion
coefficient for chloride varies significantly, with a difference between minimum and maximum values
that is more than one order of magnitude.

lodide has slightly higher accessible porosity than chloride, probably because iodide is weakly adsorbed
(Savoye et al. 2006a). The average effective diffusion coefficient for iodide is also slightly higher than
that for chloride. Only diffusion coefficient and accessible porosity for bromide are reported in Van der
Kamp and Van Stempvoort (1998), cited in Van loon et al. (2004b), and both are much higher than those
for chloride and iodide, which leads to questioning the reliability of the data. For cations, Table 2 lists
values for the rock capacity factor instead of accessible porosity, because cations are usually adsorbed.
The measured effective diffusion coefficient for sodium is quite consistent with the ratio of the maximum
to the minimum (2.5), based on the four data points from Van Loon et al. (2004a; 2004b). The average
effective diffusion coefficient is about 1.6 fold that of HTO. Sodium is not very strongly adsorbed. Its
rock capacity factor ranges from 0.55 to 1 and the average is 0.7. Cesium, on the other hand, is very
strongly adsorbed and has an average rock capacity factor of 3570. The large rock capacity factor for
cesium leads to a large effective diffusion coefficient, which is about 20 times higher than that for HTO.
Diffusion coefficient and rock capacity data for neptunium (V) was only reported in Wu et al. (2009). The
rock capacity factor is lower than that for cesium, but the measured effective diffusion coefficient is much
smaller than that for HTO. Note that for highly adsorbed cations, measured concentration or flux data are
not very sensitive to the diffusion coefficient, so that the calibrated diffusion coefficient might have rather
large uncertainty.

The Callovo-Oxfordian (COx) argillite formation is a candidate host rock for disposal of high-level
radioactive waste in France. Although diffusion through the COx argillite was not as widely studied as the
diffusion through the OPA, several researchers have reported values for related parameters such as
diffusion coefficient, accessible porosity, and distribution coefficient for COx argillite. Reported
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parameters are summarized in Table 3. The entities derived from originally reported ones are in the cells
with yellow background, while others are directly taken from the literature. In Table 3, reported values for
rock capacity factor (called apparent porosity by the authors in the literature) (Descostes et al. 2008) for
HTO, chloride, iodide, Se0s™, and SO, are taken to be the same as accessible porosity, with the
assumption that these neutral and anionic species are not adsorbed. When effective diffusion coefficients
in directions parallel and perpendicular to the bedding of clay formation, D, and D, , are reported, the

el
averages of these coefficients are taken when comparing with the D, (not considering anisotropic
diffusion coefficients) reported by others.

Based on the data listed in Table 3, we calculated the minimum, maximum, and average for effective
diffusion coefficient D, , accessible porosity ¢, and distribution coefficient K, for COx argellite (Table

4). The effective diffusion coefficients of HTO for COx are quite consistent from different sources,
ranging from 1.1e-11 to 4.9e-11 m?/s, with an average of 3.1e-11 m%/s. The accessible porosities of HTO
for COx, however, show rather large variations, with a range from 0.15 to 0.25, partially because of some
large values reported in Descostes et al. (2008). Descostes et al. (2008) measured the porosity of COx
argillite samples taken from different depths of a core. The compositional difference (for example,
between the content of clay) might be the possible reason for such variations in porosity. Note that the
porosity value reported by Garcia-Gutierrez et al. (2008) (see Table 3) is obtained by the measurement of
dry density and grain density. The steady-state concentration profiles collected in Garcia-Gutierrez et al.
(2008) from through-diffusion and in-diffusion do not allow for calibration of porosity. The effective
diffusion coefficient of chloride for COx seems to exhibit large variation, with a minimum value of 4.8e-
13 m?/s and a maximum value that is about 20 times the minimum one. However, if we leave out 4.8e-13
m?/s from Descostes et al. (2008), the rest are quite consistent, ranging from 4.4e-12 to 9.1e-12 m?/s (The
reliability of the measured value of 4.8e-13 m?/s needs to be further examined). The accessible porosity of
chloride ranges from 0.05 to 0.09, with an average of 0.07. The effective diffusion coefficients of iodide
show small variation, whereas the accessible porosity does not. Again, we call attention to the abnormally
large ¢ value of 0.284 from Descostes et al. (2008). Also reported in Descostes et al. (2008) are the
diffusion coefficients and accessible porosities for Se052 and SO, 2. Some notable observations from
these data are: (1) the low effective diffusion coefficient, especially for SeO3?, which seems to suggest
that the bivalent anions have a lower diffusion coefficient than monovalent ones; and (2) the low
accessible porosity for SeO5 (about one order of magnitude smaller than that for chloride), which seems
to suggest that bivalent anions suffer a more significant anion exclusion effect than monovalent, although
the accessible porosity for S0, does not show this behavior. It should be noticed that iodide and SO,
are weakly adsorbed—the accessible porosity values listed in Table 4 really are those for rock capacity
factor, a product of accessible porosity and retardation factor—which explains why those values are
higher. Parameters for three cations—sodium, strontium and cesium—~have been reported. Their
accessible porosities are similar to that for HTO, all of them are adsorbed, and their diffusion coefficients
are not always larger than that for HTO. The values for the effective diffusion coefficients of sodium and
cesium are larger than that for HTO, whereas that for strontium is lower.

Diffusion parameters for the Toarcian clayey formation at the Tournemire experimental site (France) have
been studied by several researchers (Patriarche et al. 2004b; Savoye et al. 2006b; Motellier et al. 2007).
The Tournemire site is a French experimental site chosen by the Institute for Radioprotection and Nuclear
Safety (IRSN) to evaluate the migration processes of chemical species through an argillaceous formation
(argillites), similar to those studied elsewhere for radioactive waste disposal. Table 5 lists the measured
effective diffusion coefficients D, , accessible porosity ¢, and distribution coefficient K, for the Toarcian

clayey formation, while Table 6 summarizes the minimum, maximum, and average values for the
effective diffusion coefficient D, , accessible porosity ¢, distribution coefficient K, Motellier et al.

(2007) measured the effective diffusion coefficients of HTO for several samples under different
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conditions: with and without fractures or in different orientations. Measured data are quite consistent
except for two smaller values: 7.5e-12 and 7.9e-12, which are measured from an orientation 90° to the
horizontal direction (not necessarily perpendicular to the clay-formation bedding). As for parameters
listed in Table 6 for chloride, iodide, and bromide, note the large variation in the accessible porosity for
iodide and the weak adsorption of iodide.

As a result of subsurface heterogeneity, diffusion properties vary for a given species within the same clay
formation. Effective diffusion coefficient, accessible porosity, and distribution coefficient for the same
chemical species also change according to the type of clay formation. So far, we have compiled data for
three types of clay formation: Opalinus Clay (OPA), Callovo-Oxfordian (COx) argillite, and Toarcian
clayey. Table 7 shows variations in the effective diffusion coefficient among these formations. The large
ratios of the maximum value to the minimum value show the significant variability in effective diffusion
coefficient. The ratio for HTO associated with OPA is about 10. For the rest of the species, the largest
ratio is 22 for iodide associated with OPA, and smallest one is 2.4 for sodium associated with COXx.
Unlike the diffusion coefficient calibrated from the measured concentration (or flux) data from a diffusion
test, the accessible porosity for HTO, usually assumed to be the total porosity, can be measured directly
(e.g., by measuring nitrogen or mercury adsorption) or indirectly (e.g., by measuring the dry density and
grain density). Therefore, the accessible porosity for HTO has relatively small variation (Table 8).
However, the accessible porosity of chloride and iodide (that is subject to anion exclusion) must be
calibrated and therefore has the larger porosity ratio of the maximum to minimum values, up to 7 for
iodide (Table 8). Note that iodide can also be adsorbed.

There are several reasons for the variations in measured diffusion parameters within a given species and
clay formation. First, the consistency between results from different types of laboratory and field
diffusion tests (such as percolation experiments, pulse injections, through-diffusion and in-diffusion tests)
is a concern (Aertsens et al. 2008). Second, the spatial heterogeneity of a clay formation is an important
source of variation in parameters. Samples taken from different locations or tests conducted at different
places can lead to quite different results. For example, in situ tests DI-A2 (Wersin et al. 2008) and DI-Al
(Van Loon et al. 2004a) have the same setup but are located 1 m apart. The diffusion coefficients for
HTO, I- and Cs+ are quite different for these two tests. Third, the anisotropy of a given clay sample
apparently can cause variation in parameters along different directions (e.g., Cormenzana et a. 2008; Van
Loon et al. 2004a;, Motellier et al. 2007).
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Table 1.  Estimated values for the effective diffusion coefficients D, (m%s), effective diffusion coefficients in directions parallel and
perpendicular to the clay-formation bedding, D, (m%s) and D, (m?/s), accessible porosity ¢, distribution coefficient K, (mL/g), apparent
diffusion coefficient D, (m?/s), apparent diffusion coefficients in directions parallel and perpendicular to the bedding, . (m%s)and D,,

(m?/s), retardation coefficient R, rock capacity factor « _and the factor in directions parallel and perpendicular to the bedding of other
clay formations, « and «, .

Species| D. |Pe D,, e Ky |Da D, D, R a |% |

HTO |1.36E-11]2.40E-11]3.20E-120.16 8.50E-11|1.50E-10|2.00E-11 (Cormenzana et al., 2008)
HTO [3.44E-11/5.60E-11|1.28E-11/0.16 2.15E-10[3.50E-10(8.00E-11 (Cormenzana et al., 2008)
HTO |[3.75E-11/6.00E-11{1.50E-11{0.15 2.50E-10/4.00E-10|1.00E-10! (Garcia-Gutierrez et al., 2006)
HTO |[3.22E-11/5.00E-11{1.43E-11{0.15 2.14E-10 (Palut et al., 2003)

HTO |1.82E-11]3.10E-11|5.40E-12|1.45E-01 1.26E-10 1.45E-010.15 {0.14  |(Van Loon et al., 2004a)
HTO |[1.87E-11{3.20E-11/5.40E-12(1.30E-01 1.44E-10 1.30E-010.13 {0.13  |(Van Loon et al., 2004a)
HTO |[3.40E-11{5.40E-11{1.40E-11{1.60E-01 2.13E-10 1.60E-010.15 {0.17  |(Van Loon et al., 2004a)
HTO |[3.40E-11/5.40E-11{1.40E-11/1.55E-01 2.19E-10 1.55E-010.17 {0.14  |(Van Loon et al., 2004a)
HTO |4.00E-11/4.00E-11 1.50E-01 2.67E-10 1.50E-01 |0.15 (Van Loon et al., 2004a)
HTO |4.00E-11 0.15 2.67E-10 (Van Loon et al., 2004b)
HTO |6.00E-11 0.15 4.00E-10 (Wersin et al., 2008)
HTO |6.70E-12 0.15 4.47E-11 (Van Loon et al., 2003b)
HTO |[5.90E-12 0.14 4.21E-11 (Van Loon et al., 2003b)
HTO |[5.60E-12 0.13 4.31E-11 (Van Loon et al., 2003b)
HTO |1.50E-11 0.1 1.50E-10 (Van Loon et al., 2003a)
HTO |1.20E-11 0.1 1.20E-10 (Van Loon et al., 2003a)
D20 [2.50E-11/4.00E-11{1.00E-11{0.15 (Samper et al., 2006)

Cl 2.50E-12|4.00E-12|1.00E-12/8.06E-02 3.10E-11/5.00E-11|1.20E-11 (Garcia-Gutierrez et al., 2006)
Cl 9.10E-13 0.044 (Van Loon et al., 2003b)
Cl 7.90E-13 0.039 (Van Loon et al., 2003b)
Cl 7.10E-13 0.039 (\Van Loon et al., 2003b)
Cl 5.70E-12 0.073 (Van Loon et al., 2003a)
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Cl 4.10E-12 0.072 (Van Loon et al., 2003a)

Cl 2.04E-123.40E-12|6.70E-13/4.50E-02 4.50E-02(0.05 [0.04 |(Van Loon et al., 2004a)

Cl 1.01E-11|1.60E-11/4.10E-12/8.00E-02 8.00E-02 (0.08 |0.08  |(Van Loon et al., 2004a)

Cl* 1.80E-11{1.80E-11 1.00E-01 1.00E-01 (0.1 (van der Kamp and Van Stempvoort, 1998)
Cl* 5.60E-11/5.60E-11 1.50E-01 1.50E-01|0.15 (van der Kamp and Van Stempvoort, 1998)
I 5.17E-12/8.27E-12[2.07E-128.00E-02 (Samper et al., 2006)

I 6.60E-13 0.083 (Van Loon et al., 2003b)

I 5.00E-13 0.063 (Van Loon et al., 2003b)

I 4.50E-13 0.076 (Van Loon et al., 2003b)

I 4.80E-12 0.105 (Van Loon et al., 2003a)

I 3.40E-12 0.077 (Van Loon et al., 2003a)

I 1.00E-11{1.00E-11 0.09 0.09 (Van Loon et al., 2004a)

I 1.00E-11 0.085 (Van Loon et al., 2004b)

Br-*  |1.70E-111.70E-11 0.1 0.1 (van der Kamp and Van Stempvoort, 1998)
Br-*  |4.50E-11/4.50E-11 0.15 0.15 (van der Kamp and Van Stempvoort, 1998)
Na 4.55E-11 4.55E-11(7.80E-11{1.30E-11 1.00E+00/0.89 |1.11  |(Van Loon et al., 2004a)

Na 2.39E-11 4.35E-11(7.20E-11{1.50E-11 5.50E-01(0.62 |0.48 |(Van Loon et al., 2004a)

Na 3.84E-11 6.00E-11/6.00E-11 6.40E-01 |0.64 (Van Loon et al., 2004a)

Na 6.00E-11 0.64 (Van Loon et al., 2004b)

Cs 1.35E-09 1.90E-13 1.92E+04 |7.10E+03 (Maes et al., 2008)

Cs 4.05E-10 1.62E-13 6.80E+03 [2.50E+03 (Maes et al., 2008)

Cs 1.10E-10 1.00E-13 2.90E+03 [1.10E+03 (Maes et al., 2008)

Cs 2.00E-10 s=0.186¢%° (Van Loon et al., 2004b)

Np(v) |6.90E-12 0.15 0.1 243 (Wu et al., 2009)

*the measured effective diffusion coefficient and accessible porosity are cited in Van Loon et al. (2004a).
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Table 2. The minimum, maximum and average values for the effective diffusion coefficient D,
(m?/s), accessible porosity &, distribution coefficient X, (mL/g), rock capacity factor « for
Opalinus Clay.
Species D, £ a
min max |average| min max average Min max average
HTO 5.60E-12 |6.00E-11 |2.55E-11 (0.100 0.160 0.143
D20 2.50E-11 0.150
Cl 7.10E-13|1.01E-11 [3.35E-12 (0.039 0.081 0.059
| 4.50E-13 |1.00E-11 |4.37E-12 [0.063 0.105 0.082
Br 1.70E-11 4.50E-11 3.10E-11 |0.100 0.150 0.130
Na 2.39E-11/6.00E-11 4.20E-11 0.55 1 0.708
Cs 1.10E-10|1.35E-09 [5.16E-10 1100 7100 3570
Np(V) 6.90E-12 243
Table3.  Estimated data for the effective diffusion coefficients D, (m?s), effective diffusion
coefficients in directions parallel and perpendicular to the bedding of clay formation , D, (m?/s)
and D,, (m%s), accessible porosity ¢, distribution coefficient K, (mL/g), apparent diffusion
coefficients in directions parallel to the bedding, D,, (m%s), and rock capacity factor « for
Callovo-Oxfordian (COXx) argillite.
Species | D. D, D, & Kq D a
HTO 1.1E-11 0.204 0.204  |(Descostes et al., 2008)
HTO |4.4E-11 0.215 0.215  |(Descostes et al., 2008)
HTO 3.3E-11 0.165 0.165  |(Descostes et al., 2008)
HTO |4.7E-11 0.224 0.224  |(Descostes et al., 2008)
HTO |4.9E-11 0.217 0.217  |(Descostes et al., 2008)
HTO 14E-11 0.171 0.171  |(Descostes et al., 2008)
HTO [2.5E-11 0.167 0.167  |(Descostes et al., 2008)
HTO [2.7E-11 0.247 0.247  |(Descostes et al., 2008)
HTO 1.88E-113.00E-11{7.50E-12/0.15 (Garcia-Gutierrez et al., 2008)
HTO  [2.93E-11/4.50E-11[1.35E-11/0.15 (Garcia-Gutierrez et al., 2008)
HTO 1.78E-11 0.15 (Garcia-Gutierrez et al., 2008)
HTO  |4.22E-11 0.15 (Garcia-Gutierrez et al., 2008)
HTO  [3.75E-11 0.15 (Garcia-Gutierrez et al., 2008)
HTO  [3.97E-11 0.15 (Garcia-Gutierrez et al., 2008)
HTO  |4.10E-11 0.18 (Samper et al., 2008)
HTO 2.74E-11/4.04E-11(1.45E-11 (Samper et al., 2008)
HTO  [3.06E-11/4.51E-11(1.61E-11 (Samper et al., 2008)
Cl 4.8E-13 0.049 0.049  |(Descostes et al., 2008)
Cl 5.9E-12 0.064 0.064  |(Descostes et al., 2008)
Cl 8.4E-12 0.077 0.077  |(Descostes et al., 2008)
Cl 4.6E-12 0.065 0.065 |(Descostes et al., 2008)
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Cl 4.44E-12 (Garcia-Gutierrez et al., 2008)
Cl 8.86E-12 (Garcia-Gutierrez et al., 2008)
Cl 6.48E-12 (Garcia-Gutierrez et al., 2008)
Cl 8.01E-12 (Garcia-Gutierrez et al., 2008)
Cl 9.10E-12 0.09 (Samper et al., 2008)
I 2.3E-12 0.284 0.284  |(Descostes et al., 2008)
| 4.7E-12 0.065 0.065 |(Descostes et al., 2008)
I 4.6E-12 0.053 0.053  |(Descostes et al., 2008)
I 1.6E-12 0.033 0.033  |(Descostes et al., 2008)
| 4.40E-12 0.13 (Samper et al., 2008)
SeOs> [1E-14 0.003 0.003  |(Descostes et al., 2008)
SeOs> [1.5E-13 0.009 0.009 |(Descostes et al., 2008)
S0~ 2.1E-13 0.107 0.107  |(Descostes et al., 2008)
S0~ [1.9E-12 0.307 0.307  |(Descostes et al., 2008)
Na 2.75E-11 0.15 0.37 (Garcia-Gutierrez et al., 2008)
Na 6.09E-11 0.15 0.37 (Garcia-Gutierrez et al., 2008)
Na 6.70E-11 0.18 0.74 (Samper et al., 2008)
Sr 7.06E-12 0.87 (Garcia-Gutierrez et al., 2008)
Sr 2.63E-13 0.15 0.87 6.00E-13 (Garcia-Gutierrez et al., 2008)
Sr 8.77E-13 0.15 0.87 2.00E-12 (Garcia-Gutierrez et al., 2008)
Sr 2.70E-112.70E-11 0.16 1.09 (Samper et al., 2008)
Cs 3.60E-10 0.18 50 (Samper et al., 2008)
Table 4. The minimum, maximum and average values for effective diffusion coefficient D,
(m?/s), accessible porosity &, distribution coefficient X, (ml/g) for COx argillite.
Species D, £ Kg
min max average min max Average min max average
HTO 1.10E-11 14.90E-11 [3.14E-11  (0.150 0.247 0.179
Cl 4.80E-13 |(9.10E-12 |6.25E-12  |0.049 0.090 0.069
I 1.60E-12 |4.70E-12 [3.52E-12 |0.033  [0.284  |0.113
Se032- 1.00E-14 |1.5E-13 [8.00E-14  (0.003 0.009 0.006
S042- 2.10E-13 |1.90E-12 |1.055E-12 |0.107 0.307 0.207
Na 2.75E-11 |6.70E-11 [5.18E-11 0.15 0.18 0.16 0.37 0.74 0.49
Sr 2.63E-13 [2.70E-11 |8.80E-12 0.15 0.87
Cs 3.60E-10 0.18 50
Table 5.  Estimated values for effective diffusion coefficients D, (m%s), accessible porosity ¢ , and

distribution coefficient K, (mL/g) for Toarcian clayey formation at the Tournemire experimental
site (France).

Species

D

e

Kq

HTO

2.64E-11

0.124

(Motellier et al., 2007)
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HTO 2.65E-11 | 0.124 (Motellier et al., 2007)
HTO 2.83E-11 0.124 (Motellier et al., 2007)
HTO 2.62E-11 | 0.124 (Motellier et al., 2007)
HTO 2.62E-11 0.124 (Motellier et al., 2007)
HTO 2.75E-11 | 0.124 (Motellier et al., 2007)
HTO 2.85E-11 | 0.124 (Motellier et al., 2007)
HTO 2.05E-11 0.124 (Motellier et al., 2007)
HTO 2.06E-11 | 0.124 (Motellier et al., 2007)
HTO |7.50E-12*| 0.124 (Motellier et al., 2007)
HTO 7.9E-12* 0.124 (Motellier et al., 2007)
HTO 2.22E-11 | 0.124 (Motellier et al., 2007)
HTO 271E-11 | 0.124 (Motellier et al., 2007)
HTO 3.1E-11 0.124 (Motellier et al., 2007)
HTO 3.36E-11 | 0.124 (Motellier et al., 2007)
HTO 2.33E-11 0.124 (Motellier et al., 2007)
HTO 2.01E-11 | 0.124 (Motellier et al., 2007)
Cl 2.20E-12 0.02 (Savoye et al., 2006b)
Cl 3.80E-12 0.02 (Savoye et al., 2006b)
Cl 3.90E-12 0.03 (Savoye et al., 2006hb)
Cl 2.60E-12 0.037 (Savoye et al., 2006b)
Cl 3.60E-12 | 0.037 (Savoye et al., 2006h)
Cl 4.20E-12 0.037 (Savoye et al., 2006b)
Cl 7.50E-12 | 0.038 (Savoye et al., 2006h)
Cl 4.10E-12 | 0.042 (Savoye et al., 2006hb)
Cl 1.20E-12 0.02 (Patriarche et al., 2004b)
Cl 1.30E-12 0.021 (Patriarche et al., 2004b)
Cl 1.70E-12 0.02 (Patriarche et al., 2004b)
[ 2.10E-12 | 0.037 | 0.00E+00 | (Savoye et al., 2006b)
[ 3.00E-12 0.037 | 0.00E+00 | (Savoye et al., 2006b)
[ 1.10E-11 0.12 3.50E-02 | (Savoye et al., 2006b)
[ 9.80E-12 0.14 3.50E-02 | (Savoye et al., 2006hb)
[ 8.00E-12 0.16 5.50E-02 | (Savoye et al., 2006b)
[ 1.60E-11 0.2 6.40E-02 | (Savoye et al., 2006h)
[ 1.50E-11 0.21 6.70E-02 | (Savoye et al., 2006b)
[ 2.00E-11 0.25 8.20E-02 | (Savoye et al., 2006h)
Br 2.00E-12 | 0.042 (Savoye et al., 2006hb)
Br 3.10E-12 0.05 (Savoye et al., 2006b)
Br 3.40E-12 | 0.048 (Savoye et al., 2006hb)
Br 3.40E-12 0.038 (Savoye et al., 2006b)

* measured in an orientation 90° to horizontal
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le 6.

The minimum, maximum and average values for the effective diffusion coefficient D,

(m?/s), accessible porosity &, distribution coefficient X, (mL/g) for Toarcian clayey formation at
the Tournemire experimental site (France).

Species D, £ Ky
min max ave min max ave min max ave
HTO 7.50E-12 (3.36E-11 [2.37E-11 0.124
Cl 1.20E-12 |7.50E-12 [3.28E-12 |0.020 0.042 0.029
| 2.10E-12 [2.00E-11 [1.06E-11 [3.70E-02 [2.50E-01 |1.44E-01 |0.00E+00 [2.50E-01 [4.23E-02
Br 2.00E-12 (3.40E-12 [2.98E-12
Table 7. Values for effective diffusion coefficient (m?/s) of different species for Opalinus Clay
(OPc), Callovo-Oxfordian (COx) argillite and Toarcian clayey formations (TOc) .
HTO Cl [ Br Na Cs
Clay rockMax Max Max Max Max Max
/min  |Average{/min |Averagel/min |Average//min |Averagel/min |Averagel/min |Average
OPc 10.7 [255E-11]14.2 |3.35E-1222.2 |4.37E-122.69 (3.1E-11 |2.5 4.2E-11 12.2 [5.16E-10
COx 4.4 3.14E-11/18.92 [6.25E-1212.9 3.52E-12 2.4 5.18E-11 3.6E-10
TOC 4.5 2.37E-1116.3 3.28E-12(9.5 1.06E-11/9.5 2.98E-12
Table 8.  Values for accessible porosity of different species for Opalinus Clay (OPc), Callovo-
Oxfordian (COx) argillite, and Toarcian clayey formations (TOc) .
HTO Cl |
Clay rock - : -
Max/min | Average | Max/min | Average | Max/min | Average
OPc 1.6 0.14 2.1 0.059 1.7 0.082
COx 1.6 0.18 1.8 0.069 3.9 0.070
TOc 0.12 2.1 0.029 6.8 0.144

3. AN IMPROVED MODELING APPROACH

Because of its computational and conceptual simplicity, the phenomenological approach has often been
used for analyzing diffusion experiment results (Section 2.2) and also seems to be a natural choice for
system-level modeling of diffusion processes. However, as previously indicated, this approach is subject
to a number of limitations, mainly because it does not account for the effects of detailed electrochemical
processes. This section presents an improved modeling approach to remove some of these limitations. In
particular, our model development focuses on two questions that are fundamental to modeling diffusion
processes in natural clay rock (within the context of system-level modeling): (1) Can Fick’s law be an
acceptable approximation for modeling diffusion? (2) How can essential features of electrochemical
processes be incorporated into a simple diffusion model? As discussed later, answers to these questions
may be different for dense clay (bentonite) and natural clay rock: our focus here is on the latter.

3.1 Theoretical Basis

For simplicity, we divide pore water into two parts: (1) mobile water in macropores that is not subject to
electrochemical processes, and (2) pore water with DDL (including interlayers) that is strongly impacted
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by electrochemical processes. Based on the Donnan approximation, the electrochemical potential of
species i is given by (Appelo et al. 2010):

Hep = @ + BTingyp + 45 (8)

where subscript D refers to average properties within DDL, 1 is the standard potential, R is the gas
constant, T is the absolute temperature, a; p is the activity, z; is the charge number, F is Faraday constant,

and ¥ is the electrical potential.
The chemical potential for macropore water, #: , is described by

sy = pf + BTina, ©))
where a; is the activity for the macropore water. It is commonly assumed that at local scale, chemical

equilibrium exists (e.g., Appelo et al. 2010; Leroy et al. 2007), or chemical potentials defined in
Equations (8) and (9) are equal. Therefore, we have from Equations (8) and (9)

%o = ﬁr?x?*[' %; (10)

Based on the general relationship between diffusion flux and gradient of chemical potential (Appelo et al.
2010; Leroy et al. 2007), and considering that the total diffusion flux is the summation of fluxes for
macropore water and the DDL, we obtain the total flux:

a.M'fe (= PepCip) 11
o= 5T VH, ()
where f'is the volumetric fraction of macopore water in the pore porosity, and C is concentration. D, ;, and
D, p are effective diffusion coefficients for macropore space and the DDL, respectively, and can be
calculated following Eq. (3). Considering the practical difficulty in determining tortuosity and
constrictivity independently for both macropore water and the DDL, we assume here that they are the
same as the first order of approximation. In this case, we can derive from Equation (3):

Dop — Dy gro By (12)

epr —
B0 Dygre

where subscript w refers to the diffusion coefficient in free water, and D, g0 is the effective diffusion
coefficient (defined by Equation (3)) for HTO that is not subject to electrochemical processes.

If we further assume the reactivity coefficient (the ratio of activity to concentration) to be one for both
parts of pore water, we obtain the following relationship between diffusive flux and concentration
gradient by combining Equations (9), (10), and (11):

Je = Do [f + @ - Poxp[-Z[fve (13)

The derivation of Equation (13) employs a previously discussed approximation that at local scale,
chemical potentials are the same for the DDL and macropore water. One important implication from
Equations (13) is that Fick’s law is still applicable for modeling the diffusion process in natural clay,
largely resulting from the fact that macropore water (that is not subject to electro-mechanical process)
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exists, such that the chemical potential gradient in the two parts of the water can be described by the
concentration gradient corresponding to the macropore—water part. This may not be the case for EBS
bentonite, in which DDL overlapping may occur, even within a relatively large pore (Steefel et al. 2010).

From (13), the effective diffusion coefficient can be written as
Bes = Depe ff+ 01— Poxp[-2E (14)

Note that in the above equation, the electrical potential may change with the reactive transport process
(such as a change in ionic strength). For a natural clay formation, the electrical potential may not change
significantly (Jougnot et al. 2009). Therefore, in this study, we assume that potential to be constant.

It is of interest to compare our approach with the commonly used phenomenological approach (Section
2.1.1). Both approaches calculate diffusion flux using Fick’s law, and consequently our approach has a
computational efficiency similar to that of the phenomenological approach. However, our approach
explicitly considers the effects of electrochemical processes, although we employed a number of
assumptions/approximations, based on the practical consideration that model simplicity is a desirable
feature for system-level models.

3.2 Preliminary Evaluation

In Section 3.1, we proposed an improved diffusion model that considers the effects of electrochemical
processes through the dependence of an effective diffusion coefficient on electrical properties of clay rock
(Equation (14)). In other words, the key element of our approach is Equation (14), which can be
rearranged as

gﬁ=f+ﬂ—ﬂﬂm[—%§] (15)

Therefore, the evaluation of the approach focuses on examining how Equation (15) represents parameter
values obtained from experimental observations.

Figure 4 shows a comparison between measured and calculated values for the ratio of diffusion
ﬂﬂ.i

coefficient (ﬂim‘-f ). The filled and open rectangles in the figure correspond to data points for Opalinus
Clay from Appelo et al. (2010) and Wersin et al. (2008), respectively. These data points represent results
for HTO, CI', B/, I', Cs*, N,", %Sr** and ®°Co?* . To calculate diffusion-coefficient ratio from the data, we
calculate D, ,, from Equation (12) with water self-diffusion coefficient, and diffusion coefficient in free
water, for a corresponding chemical species determined from Harris and Woolf (1980) and Li and
Gregory (1974), respectively.

¥

To calculate the diffusion coefficient ratio using Equation (15), we treat /'and Am HT as two fitting
factors in this study. (While they may be able to be determined independently from relevant data, an
acceptable approach for doing so is not yet available in the literature.) The solid curve in the figure is the
best match of Equation (15) to the data for a given /= 0.4. The parameter f'was not further adjusted to
optimize the match. The dashed line corresponds to the same 4 value as the solid line, but a different f°
value (0.2). Differences between these two curves are not considered significant, indicating that the ratio
calculated from Equation (15) is not very sensitive to f'within a certain range of f'values. The comparison
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between calculated and observed results is fairly reasonable, supporting the usefulness of our approach.
However, notable differences between observed and calculated ratio values occur for Cs* (the three data
points with ratio values larger than 3 for z; = 1 in Figure 4). Note that for highly adsorbed cations like Cs",
as previously discussed, measured concentration or flux data used to determine diffusion coefficient
estimates are not very sensitive to values for the diffusion coefficient, so that the corresponding estimates
(or data points in Figure 4) might have rather large uncertainty. Also, Figure 4 only includes a few data
points for Opalinus Clay; we are planning to use all the data presented in Section 2.2 to further evaluate
the approach in the future.

Ratio of Diffusion Coefficient
N
T l T l T l T l T l T l T l T l

L L L l L L L L l L L L L l L L L L l L L L L l L L L L l
-2 -1 0 1 2 3
Zi

Figure 4. Comparison between calculated (curves) and observed (rectangles) values for ratio of
diffusion coefficient as a function of charge number z;.

To further examine the practical usefulness of incorporating the effects of electrochemical effects into an
effective diffusion coefficient, we check whether observed breakthrough curves can be captured by a
modeling approach based on Fick’s law and treating diffusion coefficient as an uncertain parameter. (The
uncertainty partially comes from the treatment of electrochemistry effects.) This is highly relevant to
system-level models for diffusion in clay, because they use Fick’s law and allow for consideration of
parameter uncertainty. We evaluate this issue with results from an in situ diffusion test using inert and
reactive tracers (DIR) at the Bure site in France (Samper et al. 2008).

ANDRA has undertaken an extensive characterization program at the Bure site to assess the feasibility of
a deep high-level radioactive waste (HLW) repository in the Callovo—-Oxfordian (COXx) clay. Diffusion of
inert and reactive tracers (DIR) is one of several experimental programs that aim at characterizing
diffusion and retention of radionuclides in clay rock. Figure 5 shows the sketch of the experiment. The
experiment was an in situ single-point dilution test that involved injecting tracers into a 1 m long packed-
off section of the boreholes. Details of the experiment are given in Samper et al. (2008).

The conventional approach requires calibrating the accessible porosity and effective diffusion coefficient
for anions. For this study based on the proposed approach, we use total porosity and the effective
diffusion coefficient from Equation (15). In this report, we use the same numerical model as developed in
Samper et al. (2008). The model uses 2D axi-symmetric finite element mesh and the simulation is
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conducted with INVERSE-CORE?® (Dai and Samper 2004). Figure 6 shows the measured chloride
concentration, the optimal accessible porosity, and the effective diffusion coefficient. Also shown in
Figure 6 is the model results with total porosity (0.18) and several possible effective diffusion coefficients
calculated from Equation (15). It shows that our approach leads to either very similar results to the
reference model, or results within the error of measured data.

Our approach considers the DDL effect by modifying the effective diffusion coefficient but not the
adsorption. In other words, the distribution coefficient or retardation factor is still needed when applying
our approach. Those model results, shown in Figure 7, have a distribution coefficient of 1.13 ml/g. We
also model the diffusion of sodium (Figure 7) with two other effective diffusion coefficients: 3.4e-11
m?/s, which is about 2/3 of the reference value, and 8.5e-12 m%/s, which is about 1/6 of the reference
value. Compared with the reference model, the model with smaller diffusion coefficient deviates from the
best fit, but the effect is rather minimal.

Central cilinder Undisturbed
C-Ox clay

Gap (3 mm thick)
Filter (3 mm thick)

Circulation of water
containing tracer coktail

Figure 5. Sketch of borehole geometry for DIR experiments (Samper et al. 2008)
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Figure 6. Measured (Samper et al. 2008) and computed CI concentration with several effective
diffusion coefficients (m?/s).
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Figure 7. Measured (Samper et al. 2008) and computed Na concentration with several effective
diffusion coefficients (m%s).

4. CONCLUDING REMARKS

Summary

Diffusion is the dominant mechanism for radionuclide transport in a clay repository. Modeling of
diffusive transport in clay rocks is complicated by the existence of heterogeneity at different scales and
coupling between diffusive and electro-chemical processes. This report reviews the two kinds of
modeling approaches. Phenomenological approaches are based on Fick’s diffusion law and use semi-
empirical constants to roughly incorporate the effects of electro-chemical processes. While they cannot
capture the detailed transport mechanisms and therefore inherently introduce a certain modeling
uncertainty, they relatively simple, computationally efficient, and straightforward to implement.
Mechanistic approaches are based on detailed and explicit descriptions of interaction between diffusion
processes and electro-chemical processes. They do not suffer the limitations of phenomenological
approaches, but are computationally more complex and involve more parameters. This report also reviews
and compiles data sets of parameters related to diffusive transport in clay formations that are available in
the literature. These data sets provide useful information for evaluating modeling approaches and can be
used as inputs into relevant models. An improved modeling approach is proposed to combine the
advantages of phenomenological and mechanistic approaches. Results from a preliminary evaluation of
the approach are encouraging.

Future Work

e Continue to evaluate the proposed modeling approach with more data. The approach has been
evaluated with a few data points (Figure 4) and by a comparison between simulation results based on
the approach and test observations. More evaluations are needed to improve and/or increase the
confidence in the approach.

e Investigate the impact of heterogeneity (and anisotropy) on large-scale diffusion process by
comparing simulation results with apparent diffusion coefficients and without considering
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heterogeneity and those theoretical and numerical results that explicitly consider heterogeneity. The
outcome should be useful for determining how the heterogeneity should be treated in system-level
modeling of diffusion in clay.

o Integrate process modeling of diffusion in clay with system-level modeling. LBNL will work with
ANL to develop process-modeling results to support ANL’s system-level diffusion model for clay.

e Study the impact of electrochemical process on large-scale diffusion. As previously indicated, our
knowledge of this impact is still lacking. Once a rigorous mechanistic approach is available from the
EBS work (e.g., Steefel et al. 2010), we will compare simulation results obtained with our proposed
and the mechanistic approaches for a large-scale problem to check how well our approach can capture
the large-scale electro-chemical process.
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