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Abstract

Diffusion experiments with HTO, 361, Br, 17, 2Na™, 3°Sr?" and **Cs™ at trace concentrations in a single sample of
Opalinus Clay are modeled with PHREEQC’s multicomponent diffusion module. The model is used first in a classical
approach to derive accessible porosities, geometrical factors (the ratio of pore tortuosity and constrictivity) and sorption
behavior of the individual tracers assuming that the clay is homogeneous. The accessible porosity for neutral species and cat-
jons is obtained from HTO, the anion exclusion volume from **Cl~ and Br~, and the cation exchange capacity from >*Na™.
The homogeneous model works well for tritium, the anions and >*Na*. However, the °Sr>" and '**Cs™ experiments show an
early arrival of the tracer and a front-form that suggest a dual porosity structure. A model with 10% dead-end pores, con-
taining 19% of the total exchange capacity, can satisfactorily calculate all the experimental data. The Cs™ diffusion model
builds on a 3-site exchange model, constructed from batch sorption data. The excellent agreement of modeled and measured
data contradicts earlier reports that the exchange capacity for Cs™ would be smaller in diffusion than in batch experiments.

The geometrical factors for the anions are 1.5 times larger than for HTO, and for the cations 2-4 times smaller than for
HTO. The different behavior is explained by a tripartite division of the porespace in free porewater, diffuse double layer
(DDL) water, and interlayer water in montmorillonite. Differences between estimated and observed geometrical factors for
cations are attributed to increased ion-pairing of the divalent cations in DDL water as a result of the low relative dielectric
permittivity. Interlayer and/or surface diffusion contributes significantly to the diffusive flux of Cs* but is negligible for the
other solutes. The geometrical factors for anions are higher than estimated, because pore constrictions with overlapping dou-
ble layers force the anions to take longer routes than HTO and the cations. Small differences among the anions can also be
attributed to different ion-pairing in DDL water.
© 2009 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

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 (Na-
gra, 2002a). The virgin rock has a very low hydraulic con-
ductivity, ranging from 107 to 107" m/s (Croisé et al.,
2004), and diffusion is therefore the main transport mecha-
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nism for radionuclides released from a repository. Several
diffusion studies have been performed to obtain transport
parameters for OPA, both in the laboratory under well-de-
fined conditions (Van Loon et al., 2003a, 2004a, 2005), and
in the field under more realistic in-situ settings (Palut et al.,
2003; Van Loon et al., 2004b; Wersin et al., 2004, 2007).
The field experiments were done in the Underground
Research Laboratory (URL) at Mont Terri (Thury and
Bossart, 1999).

The experiments provide apparent diffusion coefficients
for the tracers, which are a function of the solute’s tracer
diffusion coefficient in water, the geometrical factor that
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accounts for the tortuous and occasionally constricted path
in the clay, the accessible porosity, and the distribution
coefficient that is regulated by the affinity for sorption sites.
The diffusion and distribution coefficients are well known to
be different for various solutes (Boudreau, 1997; Appelo
and Postma, 2005). Perhaps more surprising, and anyhow
less well understood, is that also the accessible porosity
and the geometrical factor are different for the various trac-
ers. In Opalinus Clay, diffusion of cations is enhanced, and
that of anions diminished, relative to a neutral tracer such
as tritiated water (HTO). This is in line with results from
many other diffusion experiments with clayrock, bentonite
or pure montmorillonite (Shackelford and Daniel, 1991;
Sato et al., 1992; Sato, 2005; Kozaki et al., 1998, 2005,
2008; Molera and Eriksen, 2002; Van Loon et al.,
2003a,b; 2004a,b; 2007; Melkior et al., 2007; Wersin
et al., 2007; Descostes et al., 2008). The increased diffusion
of cations is explained either by interlayer or surface diffu-
sion of sorbed cations (Ohlsson and Neretnieks, 1998; Erik-
sen et al., 1999; Bourg, 2004; Bourg et al., 2007; Glaus
et al., 2007), or by diffusion in the diffuse double layer
(DDL) that surrounds the negatively charged clay surface
and contains an excess of cations (Van Schaik et al.,
1966; Kemper and Quirk, 1972; Ochs et al., 1998, 2001;
Lehikoinen et al., 1999; Leroy and Revil, 2004; Leroy
et al., 2006; Appelo and Wersin, 2007; Jougnot et al., 2009).

The concepts that are invoked to explain the different
diffusion behavior are illustrated in a sketch of the pore-
space in Opalinus Clay in Fig. | (NAGRA, 2002b; Brad-
bury and Baeyens, 2003; Appelo et al., 2008). The largest
pores contain free porewater, an electrically neutral solu-
tion. Close to the surface of the clay, the free porewater be-
comes charged by an excess of counter-ions and a deficit of
co-ions and turns into a diffuse double layer (DDL). At the
surface per se, exchangeable cations form complexes with
surface oxygens. Interlayer water in montmorillonite is
the third type, and assumed to contain exchangeable cat-
ions only which behave chemically and physically compara-
ble to the surface complexed cations. Diffusion in free
porewater is similar to diffusion in pure water, but the flux

Swelling clay mineral
(ilite/smectite intercalation)

is less because the tortuous path in the pores is longer than
the straight-line distance used for defining the concentra-
tion gradient in Fick’s laws. The excess of cations in the
DDL gives an increase of the concentration gradient in
the free (uncharged) pores and thus, diffusion of cations is
enhanced (Van Schaik et al., 1966; Kemper and Quirk,
1972; Ochs et al., 1998, 2001; Lehikoinen et al., 1999; Leroy
and Revil, 2004; Leroy et al., 2006; Appelo and Wersin,
2007; Jougnot et al., 2009). Also, the deficit of anions in
the DDL explains why anions diffuse more slowly (Lehikoi-
nen et al., 1999; Ochs et al., 2001; Leroy et al., 2006; Joug-
not et al., 2009), and why the accessible porosity is smaller
for anions than for cations (Bolt and De Haan, 1982;
Muurinen et al., 2004, 2007; Van Loon et al., 2007).
Another enigma is the apparent mismatch of distribu-
tion coefficients for Cs" in diffusion and batch experiments
using the same material. To model Cs-data from the field
experiments, both Van Loon et al. (2004b) and Wersin
et al. (2007) used a Freundlich-type isotherm with a twice
smaller sorption capacity than found in batch experiments
by Lauber et al. (2000). While modeling another diffusion
experiment with tabulated slopes for the same sorption iso-
therm, Jakob et al. (2009) reduced the sorption capacity for
Cs™ even five times. Maes et al. (2008) also invoked a smal-
ler sorption capacity for diffusion of Cs* in Boom clay than
found in batch experiments. One difficulty, not fully recog-
nized so far, is that the very strong partitioning of Cs* to-
wards the solid phase leaves less than 1% of the total mass
in solution. Modeling of transport requires then a very
accurate incorporation of the details of the (non-linear)
sorption isotherm. In addition, field experiments in OPA
show a highly irregular distribution of diffused tracer Cs*
in the rock, which is linked to spatial variations of the illite
content (Grolimund et al., 2005). This indicates that some
pores are lined with surfaces that sorb Cs* very strongly
and remove Cs™ almost completely from solution until
the sorption sites are filled. If these pores are dead-ended,
the concentration of Cs™ may be kept at a low level that
cannot be resupplied sufficiently quickly from more contin-
uous pores during the passage of a front. As a result of this
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Fig. 1. A diagram of the porespace in Opalinus Clay, showing three water-types with associated diffusion domains (modified from NAGRA,

2002b). Right hand side: representation of a pore in PHREEQC.
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physical non-equilibrium, the front travels more rapidly
than when all the pores and sorption sites react instanta-
neously. In the model-studies noted above, this was coun-
terbalanced by reducing the sorption capacity for Cs*.
However, as will be shown in this paper, the sorption iso-
therm of Cs* from batch experiments is valid in diffusive
transport as well when dead-end pores are accounted for.

In order to develop a consistent model that encompasses
the diffusion of all the tracers together, the data of Van
Loon et al. (2004a) were remodeled together with new mea-
surements of I, Br™, %S> and **Cs™. Van Loon et al.
(2003a,b; 2004a,b; 2005) and Wersin et al. (2004, 2007) used
a single porosity medium with a homogeneous distribution
of the surface charge, and ignored the effect of the filters
that enclose the sample. The model presented here intro-
duces a dual porosity structure with dead-end pores for dif-
fusion, assumes a heterogeneous distribution of surface
charge over the porosity domains, and takes the filters into
account. The model was implemented in PHREEQC (Park-
hurst and Appelo, 1999) and makes use of the multicompo-
nent diffusion module of Appelo and Wersin (2007).
Following the modeling, it will be investigated how the dif-
ferent geometrical factors for the seven tracers are related
to porespace properties when subdivided as in Fig. 1, viz.
in free porewater, DDL water, and interlayer water.

2. MATERIALS, METHODS AND MODEL
STRUCTURE

2.1. Mineralogy/water chemistry

The OPA sample used in the diffusion experiments orig-
inates from the Mont Terri URL and was taken in the gal-
lery used for the in-situ experiments (Van Loon et al.,
2004b; Wersin et al., 2007). The mineralogical composition
of the specific sample was not analyzed, but the properties
of the clayrock close-by are presented in Table 1. The syn-
thetic OPA porewater composition for the Mont Terri OPA

Table 1

Mineralogy and other properties of Opalinus clay from Mont Terri
(Nagra, 2002b). The cation exchange capacity (CEC) was deter-
mined from the diffusion experiment with 2*Na (stagnant model).

Minerals Mont Terri OPA (wt.%)
Calcite 13+8
Dolomite/ankerite n.d.?
Siderite 3.0+1.8
Quartz 14+4
Albite 1+1.0
K-Feldspar 1£1.6
Pyrite 1.1 £0.5
Total phyllosilicates 66 + 11
Illite 2342
Illite/smectite mixed layer 11+£2
Kaolinite 2242
Chlorite 10+£2
Organic carbon 0.8+£0.5
CEC/(meg/kg dry) 124
Dry density/(kg/L) 2.7

# n.d.: not detectable.

system was prepared according to Pearson (1998) and is gi-
ven in Table 2. The water contains oxygen and is in equilib-
rium with the laboratory’s atmosphere.

2.2. Radial diffusion experiment

The sample preparation, the experimental set-up and the
theory of the radial through-diffusion method is described
in detail in Van Loon et al. (2004a). A cylindrical sample
was prepared with the axis normal to the bedding plane
of the clay. The inner and outer radius of the sample was
6.58 and 25.4 mm, respectively, and the height was
52 mm. The sample was introduced in the diffusion cell be-
tween cylindrical stainless steel filters with thicknesses of 1.6
and 1.8 mm for the inner and outer one, respectively. End
plates were mounted at the top and bottom of the sample
and pressurized to 7 MPa, which represents the burden load
on the Opalinus Clay formation in Mont Terri. The sample
was resaturated with artificial pore water (see Table 2) for
1 month. Hereafter, the diffusion experiments were started.
The experiments were continued until diffusion through the
sample reached steady state, except for Cs™, which is sorbed
too strongly. All experiments were performed at a temper-
ature of 23 £2°C. The timeframe is listed in electronic
annex EA-1.

2.3. Batch experiments for Cs* sorption

Sorption of Cs* was measured on crushed and intact
samples from the same core of Opalinus Clay that was used
in the diffusion experiments following procedures described
by Lauber et al. (2000). A detailed description of the sorp-
tion measurements is given in Van Loon et al. (2009).

2.4. Tracers and tracer analysis

The procedures for the tracers HTO, *°Cl~ and **Na*
have been described by Van Loon et al. (2004a). Following
those experiments, stable I” and Br™ tracers were added in
form of Nal and NaBr to the artificial pore water. The con-
centration in the source reservoir was 107> M and had no
effect on the ionic strength of the pore water. The amount
of diffused I™ and Br™ in the receiving reservoir was mea-
sured by High Performance Liquid Chromatography (Dio-
nex, DX-600) using an Ionpac AS16 4 x 250 mm analytical
anion exchange column equipped with an Ionpac AG16
4 x 50 mm guard column. The eluent was 40 mM NaOH.
The eluted ions were detected by electric conductivity mea-
surements and reducing the background conductivity with
a self-regenerating suppressor (ASRS). The detection limit
for I” and Br~ analysis was 5 x 107® M.

858r*" and '**Cs™ were purchased from Isotope Prod-
ucts Europe (Germany). The activity concentration of the
tracers in the source reservoir was 1000 Bg/cm>. The back-
ground concentrations of stable Sr** and Cs™ were
5.1 x 107* M (see Table 2) and 1.0 x 10~ M, respectively.
134Cs was measured by y-counting (Minaxi-y, Autogamma
5000 series, Packard) and 5°Sr by liquid scintillation count-
ing (Tri-Carb 2250 CA, Canberra-Packard) using Ultima
Gold XR (Canberra-Packard) as scintillation cocktail.
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Table 2

Concentrations (mmol/L, except pH) in the boundary fluids, diffusion coefficients and surface complexation constants (log Ks,) in the model.
The free water diffusion coefficients (D,,) are for 25 °C (Boudreau, 1997). Log Knasu is fixed, other log Kjs,’s were adapted to make the sum of
surface and DDL concentrations equal with the exchangeable cation concentrations according to Pearson et al. (2003); log Ksisuz 18
determined in the experiment with 3°Sr (stagnant model).

Concentration D,, (107" m%/s) log K
pH 7.6 9.31 23 (H")
Na® 240 1.33 -0.7
K" 1.61 1.96 0.15
Mgt 16.9 0.705 —0.56
Ca** 25.8 0.793 -0.32
St 0.505 0.794 0.20
Cl™ 300 2.03
Alkalinity 0.476 1.18 (HCO3")
SO~ 14.1 1.07
OH™ 5.27
The measured activities were corrected for radioactive de- g o i Ot (1)
cay. The detection limits for the activity measurements T JnlF ox

was ca. 1 Bg. where J; is the flux (mol/m?/s), u; is the mobility (m?/s/V), ¢;

is the concentration (mol/m?), z; is charge number (—), F is
the Faraday constant (96485J/V/eq), x is distance (m), and
u; is the thermodynamic potential, given by:

;= 1 + RT In[i] + zFy 2)

2.5. Uncertainty estimations

The uncertainty in the values of the fluxes and the accu-
mulated diffused mass in the through-diffusion measure-
ments results mainly from random variations in the count
rates and the counting efficiency, the dead volumes in the
diffusion cell and the tubings and filters, and errors in the
pipetting and weighing procedures. Details for estimating
the overall uncertainty are given in Van Loon and Soler
(2004). The uncertainty in the precision of the flux is esti-
mated to be about 10% (Van Loon et al., 2004a). The accu-
racy probably varies for the tracers, but the standard
deviation in the diffusion coefficient calculated from the
data is (much) smaller than 10% for all (cf. Table 3).

where 10 is the standard potential (J/mol), R is the gas con-
stant (8.314 J/K/mol), T is the absolute temperature (K), [i]
is the activity (—), and ¢ is the electric potential (V). The
activity in water is related to concentration by [i]=7; ¢/
(1000c°), where y; is the activity coefficient (—) and ¢° is
the standard state (1 mol/kg H,O, taken equal to 1 mol/L
in the following).

Assuming an activity coefficient y; =1 and an electric
potential gradient 0y/0x =0, and using the identities
u;=D,,;|z| F/ (RT) and ¢ d(In ¢) = d(c), Eq. (1) becomes
Fick’s law:

dCi
Ji= =Dy, i (3)

2.6. Model structure and configuration

The experimental data were fitted with a diffusive trans-

port model to obtain the parameters in Fick’s diffusion
equations for the overall pore. The diffusional flux of spe-
cies i is:

Table 3

where D, ; is the diffusion coefficient in water (m?/ s).
In a porous medium, the porewater diffusion coefficient
(D,,;) differs from the diffusion coefficient in free water by

Accessible porosities (&,), geometrical factors (G) and distribution coefficients (K,/(mol/L/mol/L)) for tritium (HTO), CI~, Br—, I, Na™, Sr2*t
and Cs™. Numbers with standard deviation indicated are optimized; numbers without are taken from experiments with another solute, except

G for Cs* (see text).

Homogeneous With dead-end pores

&4 G K, &4 G K,
HTO(1) 0.162 + 0.001 6.33 +0.05 0 0.167 & 0.001 5.87 4+ 0.07 0
HTO(2) 0.155 + 0.003 5.96 +0.19 0 0.156 + 0.003 5.4340.20 0
Average 0.159 6.14 0 0.161 5.65 0
61~ 0.077 £ 0.001 9.24 +0.13 0 0.078 4 0.001 8.47 +£0.13 0
Br~ 0.078 £ 0.002 9.54 +0.22 0 0.085 £ 0.001 9.36 +0.17 0
I 0.105 =+ 0.003 145408 0 0.076 + 0.006 9.840.7 0
I~ 0.077 10.7 + 0.05 0.029 + 0.003 0.081 10.04 £ 0.05 0.021 £ 0.003
2Na™ 0.159 2.21 +0.00 3.41 +0.03 0.161 2.16 + 0.00 3.58 +0.04
85812 0.159 1.68 £ 0.00 243402 0.161 1.44 £+ 0.00 26.3+0.2
134t 0.159 Variable 0.161 1.44 Variable
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tortuosity and constrictivity factors (Dullien, 1992; Van
Brakel and Heertjes, 1974):

1
Dp.i = EDWJ' (4)

The tortuosity factor (6%) expresses that diffusing mole-
cules have to pass around solid grains and take a longer
path (L,) than the straight-line distance (L). A tortuous
path at an angle of 45° with the straight-line distance obvi-
ously gives a tortuosity 6 =2/,/2 =14, and a tortuosity
factor 62 = 2. The constrictivity factor () encompasses ef-
fects of pore narrowing and widening. A straight pore has
a constrictivity factor of 1, if the pore narrows it becomes
smaller than 1, and if it widens, larger than 1. Inert porous
media have constrictivity factors slightly smaller than 1
(Van Brakel and Heertjes, 1974).

Since it is difficult to discern tortuosity and constrictivity
for a natural porous medium, the two are conveniently
assembled in the geometrical factor (G;), which is related
by Archie’s law to the accessible porosity (e, ;) (Grathwohl,
1998; Van Loon et al., 2007):

1
o 5
where n is an empirical factor (x1).

In the flux equation, diffusion is calculated for the sur-
face area that is accessible for the solute. The steady state
flux in the porous medium becomes:

Dw.,' dCl' dCi

Ji=—&q G, a = _De,ia (6)

where D, ; is the effective diffusion coefficient (m?/s).
Before steady state is reached, the concentration changes
in the radial field (x = r) of the experiment are given by:

0 P\ e, 10
ot (Ci"l‘s[;j) —Dp.i(ﬁ-l—;g (7)

where ¢ is time (s), s, is the concentration in the solid (mol/
kg), and p, is the solid’s bulk density (kg/m?>).

The radial diffusion field in the experiment was modeled
with PHREEQC, using explicit, second order accurate
finite differences (Appelo et al., 2008; a c-program that
writes the PHREEQC input file for Cs* diffusion is listed
in EA-1). The harmonic mean of the accessible porosity

and the geometrical factor were used for calculating the flux
over the interface between 2 cells:

€ali a2

Gi; G,
WDW(CZJ - Cl.i) (8)

G G

Jii=—

where Ji; is the flux between cells 1 and 2, subscripts 1 and
2 indicate the cell, and Ar is the cell length (m).

Fig. 2 shows the outline of the model grid with dead-end
pores. Cell-numbers are indicated in red in Fig. 2. The num-
bering determines the computation order for PHREEQC
and should follow the major transport routes. The geomet-
rical factor of the filters (colored grey) was fixed to G = 10
for all the tracers, as measured by Glaus et al. (2008). The
porosity of the filters was 0.418 and 0.367 for the inner and
outer filter, respectively. For the sample, the accessible
porosity, the geometrical factor and the sorption properties
were optimized with the non-linear, least squares code
PEST (Doherty, 1994). The model accuracy was checked
by varying the time step, nr and nz and the number of cells
used for the filters. The results reported here were obtained
with nr = 13, with 1 cell used for each filter and 11 for the
sample.

2.7. Surface complexation model for cation exchange

Cation exchange between water and clay was calculated
by combining Dzombak and Morel’s (1990) surface com-
plexation model and the Donnan approximation of the
diffuse double layer (Appelo and Wersin, 2007). The surface
complexation reactions are, for example for Na™ and Ca*"
on surface sites Su™:

Na® 4+ Su™ < NaSu; logKnasu = —0.7 9)
Ca** +2Su™ < CaSuy;
log Kcasu, = 2108 Knasy + 1.08 = —0.32 (10)

Subtracting Equation (9) twice from Eq. (10) gives the tra-
ditional equation for Na"—Ca*" exchange.

Not all the surface sites are occupied by cations. The
charge of the empty sites is compensated by the diffuse dou-
ble layer, approximated by a Donnan volume in which the
concentrations are related with Boltzmann’s equation to the
concentrations in free porewater:

7

nr +3 nr +4

c

e

[ =] ~

©2 <=

= O -~ -~
v - < -
3 4 5 6

2xnr

-
=
a 2
o

—
~f1 IL
L . Q
Ty Ty g
iS5
&)
nr +2 2+nr +1 | 2xnr +2

o

Fig. 2. Outline of the radial grid in the PHREEQC model with dead-end pores. The filter-cells are indicated in grey.
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—ziF lpD)

RT (11)

CDDL, = Cfree,iexp(
where cppr; is concentration of i in the Donnan volume
(mol/kg water, assumed equal to mol/L), ¢, is the concen-
tration in free porewater, z is the charge number, F is the
Faraday constant (96485 J/V/eq), ¥p the potential in the
Donnan volume (V), R the gas constant (8.314 J/K/mol)
and T the temperature (K).

The potential yp is defined by letting the charge of the
Donnan volume counterbalance the net-charge of the sur-
face (not complexed by cations):

2(kgH,0)pp; X zicppr, i + eqgu = 0 (12)

where (kg H,O)ppy is the mass of water in the Donnan vol-
ume and eqg, is the charge of the surface (eq).

The partitioning of the total surface charge over the
DDL and the surface sites affects the distribution coefficient
(si/c;) because the ratios of the ions are different in the sur-
face sites and in the DDL. In turn, this has a bearing on the
surface potential and on complexation (Dzombak and
Hudson, 1995). According to the Boltzmann equation, the
ratios of equal-charged cations are the same in the DDL
and the solution. In the surface sites, the ratios mainly de-
pend on the chemical selectivity given by the surface com-
plexation constant. If the surface complexation constants
are higher than 10'°, all the surface sites are occupied by
cations and the DDL-charge is zero. If, on the other hand,
the constants are smaller than 107!°, the surface sites are
empty and the surface charge is compensated in the
DDL. At intermediate values the charge is distributed over
the two domains, depending also on the composition of the
solution, the surface potential and the surface area. The ref-
erence log Knasu = —0.7, the value adopted by Dzombak
and Hudson (1995), Appelo and Wersin (2007) and Appelo
et al. (2008).

Fig. 3 shows that the surface area also affects the distribu-
tion coefficients. If the surface area is large, the electrostatic
contribution to surface complexation is negligible, resulting
in 95% of the surface charge being compensated in the DDL.
The distribution coefficients of Na™ and K+ are then nearly
the same. If the surface area decreases, charge neutralization
changes from DDL to surface sites. As a result, the distribu-
tion coefficients of Na* and K" diverge by a factor of 7, the
constant for K™/Na* exchange. The trend in the distribution
coefficients of Mg>" and Ca”" can be interpreted similarly
and the behavior of groups of monovalent and divalent cat-
ions follow this pattern as well. In the model, the measured
BET value of 37 m?/g was adopted since it agrees with the
average pore diameter of 8 nm found by mercury porosime-
try (Gimmi, 2003; Pearson et al., 2003). It results in 45% of
the surface charge being compensated in the DDL. Using
this surface area, the values of the surface complexation
constants for the major cations were adapted to give the dis-
tribution coefficients calculated from measured exchange
constants for Opalinus Clay (Pearson et al., 2003; Fig. 3).
The constants are listed in Table 2.

2.8. Modeling strategy

The experiments were run until the diffusional flux
reached steady state, within the limits imposed by the avail-
able mass in the reservoir and the sorption capacity of the
clay. The steady state flux provides the effective diffusion
coefficient of the tracer (Eq. (6)), while the delay in the steady
state arrival time gives the mass that is stored in the accessible
porosity and the sum of sorption sitesand DDL (Eq. (7)). For
extracting the geometrical factor from the effective diffusion
coefficient, the accessible porosity is needed, but this param-
eter can be determined only for HTO and non-sorbing anions
from diffusion experiments. For cations, also the cation

100

Distribution coefficient (—)

175
(]
o
o
=
o
_______ @
-------- &
{50 5
w
=
................. ]
e
Q
e
{25

DDL—charge _|

37m? /g

doo 0.02 0.04

0.06 0.08 o1

Inverse surface area/(g/m? )

Fig. 3. Distribution coefficients (moles sorbed + DDL/moles solute) and DDL-charge calculated by the surface complexation model as a
function of the (inverse) surface area. The DDL-charge is expressed as a percentage of the total surface charge. The average BET surface area
of Opalinus Clay is 37 m*/g. Data points with error bars are the distribution coefficients according to averaged cation exchange constants

from Pearson et al. (2003), p. 224.
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exchange capacity is a variable that must be resolved. The
interdependency of the parameters necessitates a step-by-
step approach, first modeling HTO to obtain the total poros-
ity, and next, modeling the anions to find the anion-accessible
porosity. The difference gives the amount of DDL water,
which (optionally in PHREEQC) is assigned to be devoid
of anions. Also with this option, the concentration gradient
for calculating the diffusive flux of counter-ions in the DDL
is set equal to the gradient in free pore water. By optimizing
the model outcome on the measured, accumulated mass out-
flow of the tracers, it allows to obtain the effective diffusion
coefficient of cations in the traditional manner together with
parameters in the chemical model.

For Cs™, a model with three surface sites of different
strengths was constructed that fits the measured sorption
isotherm, and the geometrical factor was adapted in the dif-
fusion model. Comparison with the data indicated that dif-
fusion of Cs™ was affected by heterogeneities in the sample.
A dual porosity structure, with the exchange capacity dis-
tributed differently over dead-end and continuous pores,
showed the best results. This refined model with dead-end
pores was run once again to obtain the variables for all
the tracers together. This stage showed delicate interdepen-
dencies of the physical and chemical model parameters: the
fraction of dead-end pores was limited for HTO, the an-
ions, and Na™, and thus, also for Cs™, assuming that the
physical properties of the sample remained the same over
the 2.6 years that the experiment lasted.

3. RESULTS

Results of the homogeneous and dead-end pore models
are presented in Figs. 47 for the tracers. For Cs* the effects
of changing various parameters are shown in Fig. 9. The
resulting geometrical factors are listed in Table 3.

3.1. Modeling HTO, *Cl1~, Br~ and I~

Two consecutive experiments with HTO are shown in
Fig. 4. The volume of the tracer solution was 0.2 L for

the experiment marked as HTO(1) and 1 L for HTO(2).
The smaller reservoir used for HTO(1) was depleted more
quickly which resulted in a more clearly declining flux after
10 days. The porosities and geometrical factors found for
the two experiments can be compared, following the solid
and dashed black lines which were calculated with the opti-
mized numbers for the set, and with the numbers from the
companion set, respectively. The small differences are with-
in the uncertainty range of the two experiments (1% for
HTO(1) and 4% for HTO(2)).

The blue lines are for the model with dead-end pores
(adopted on the basis of the Sr*" and Cs' experiments),
with the geometrical factors averaged for the two HTO
experiments. For an individual experiment, both the homo-
geneous and the dead-end pores model provide equal fit
with the data if the geometrical factor is adapted. With
the averaged values, the fit deteriorates somewhat for
HTO(2), for which the flux-data points lie above the model
lines during the transition stage to steady state. Probably,
these details are insignificant in view of the experimental
error.

For the anions, the experimental data and model lines
are shown in Fig. 5. Again, the black lines stem from the
homogeneous model in which the accessible porosity and
the geometrical factor are optimized. The blue lines repre-
sent the fit with the dual porosity model with the accessible
porosity averaged from the CI™ and Br~ experiments, and
the geometrical factor optimized. The porosity in the dual
porosity model is larger than in the homogeneous model,
in compensation of the decreased mass that is stored in
the continuous pores which determines the position of the
flux front. Also in compensation of the smaller surface area,
the geometrical factors in the dual porosity model are de-
creased to achieve the same flux at steady state.

The flux front for I™ is retarded compared with that of
Cl™ and Br™. Consequently, the modeled accessible poros-
ity as well as the geometrical factor are higher. A likely
explanation for the delayed arrival of 1™ relative to the
other anions is sorption and a model was constructed with
linear sorption of I". The model was run with the geomet-
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rical factor of I™ fixed to the average of CI™ and Br~ while
optimizing the constant for the reaction:

I" + Na™ + Sor « SorNal (13)

The results of this model are listed in Table 3, and
graphed for the dual porosity model by the dashed blue line
in Fig. 5 (overlaps with results from the homogeneous mod-
el). In the dead-end pore models, the geometrical factor for
I" is 1.1 times larger than for C1™ and Br™, and the reaction
constant translates to a distribution coefficient K;= 0.02
(mol/L porewater / mol/L porewater).

3.2. Modeling >*Na™ and 3Sr**

Data and model lines for **Na™ are shown in Fig. 6. The
two models give rather similar fits with the measured data,
but small differences in the flux model lines are illustrative
for the pitfalls of optimizing highly correlated variables in
a natural rock sample. Similar as for anions, a model with
dead-end pores results in an earlier front arrival than for
the homogeneous case. For anions, this was compensated
by increasing the accessible porosity and decreasing geo-
metrical factors. However, for cations the early front arrival
can also be compensated by increasing the CEC, and data
fitting with both CEC and geometrical factors as variables
results in a reduced geometrical factor for Na*t, similar as
for the anions.

The optimized overall CEC’s are in the range that has
been analyzed in various samples of Opalinus Clay
(0.084-0.175 eq/kg, Pearson et al., 2003; 0.10 eq/kg, Lauber
et al., 2000). The CEC’s of 0.117 eq/kg and 0.124 eq/kg for
the homogeneous and dead-end pore models, respectively,
agree with measurements close to the sampling site DI-A
(cf. Pearson et al., 2003).

The ¥Sr** data were fitted using the CEC’s found for
22Na™, optimizing the geometrical factor and log K for

the surface complexation reaction. The aqueous complex
of 83SrSO, forms about 10% of the tracer concentration
and was included with D,, = 0.4 x 10~° m%/s and, being a
neutral species, with the geometrical factor of HTO. Results
of the homogeneous model in Fig. 7 are not entirely satis-
factory. The experimental data show a slightly earlier and
less steep front arrival, which is typical for dual porosity
or kinetic sorption. Kinetic sorption can improve the fit,
mainly in the front (model results not shown). However,
cation exchange is a very fast reaction, and using kinetics
for Sr*" exchange, but not for Na™, renders this model op-
tion unlikely and therefore it is disfavored.

Based on runs with Cs* shown next, a dead-end pore
structure was defined to occupy 10% of the total porosity
(cf. Fig. 1). The exchange among the continuous and
dead-end pores was defined by mass-transfer (cf. Parkhurst
and Appelo, 1999):

DPAIA dead

14
h Vdead ( )

mle dead =
where mixfy,, s the mixing factor of continuous and dead-
end porewater, At is the model time step (s), Ageqq 1s the
interface of the continuous and the dead-end pores (m?), as-
sumed equal to the fraction of the radial porous surface of
the cell that is occupied by the dead-end pores (0.1 ¢ =
((r + Ar)? — %), with r the radial distance and Ar the cell-
size in the model), Vg, is the volume of water in the
dead-end pores (m?), and / is the distance between the
two regions (m), a factor that was optimized to be
h =73 mm. The value of & is larger than the sample height
(=52 mm), which indicates that the interfacial area is smal-
ler, or that the porewater diffusion coefficient is smaller
than in the continuous pores. However, if also the CEC is
varied in the two regions as suggested by modeling of the
Cs™ data and the CEC is increased in the dead-end pores,
the data fitting gives a smaller distance. Also, if the
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Surface site concentrations and complexation constants for Cs" and other alkalis on Opalinus Clay. Su_fes and Su_ii are sites on illite; Su__

(planar) on illite/smectite.

Site type eq/kg OPA log Kcgsu_ log Knasu_ log Kisu
Su_fes (frayed edges) 7.40 x 107° 17.14 10.0 12.4
Su_ii (intermediate) 7.88 x 107* 14.60 10.0 12.1
Su_ (planar) 0.117%/0.124° 1.34%/1.30° —0.7 0.15

% Homogeneous.
® Dead-end pores models.

exchange rate among the continuous and dead-end pores is
small, the model deteriorates markedly for **Na™. After
exhaustive trial runs with all the tracers, a value of
h = 52 mm (the physical maximum) was adopted as a com-
promise. Further decrease has barely discernible influence
on HTO and the anions, and slight effect only on 2*Na™.
For ®Sr*", the overall fit improves as illustrated in
Fig. 7, and indicated by a 10-fold decrease of the sum of
squared errors among the model- and the data points.

3.3. Modeling '3*Cs*

3.3.1. Sorption isotherm from batch experiments

Sorption of Cs* was described by an ion-exchange mod-
el (Brouwer et al., 1983; Bradbury and Baeyens, 2000;
Zachara et al., 2002; Steefel et al., 2003; Liu et al., 2004).
The model discerns three types of sites with different sorp-
tion strengths. Strong sites are attributed to the frayed edges
of illite, weak sites to the planar (001) faces of illite and
montmorillonite, and sites of intermediate strength have
an uncertain location. The strong and intermediate sites
are occupied by alkali-ions only, while the planar sites sorb
all the ions according to the usual ion exchange reactions.
The total exchange capacities of the clay of 0.117 or
0.124 eq/kg, obtained from the diffusion experiment with
2Na™ for the homogeneous and dead-end pores models,
respectively, were attributed to the planar sites. Table 4 pre-
sents the numbers optimized on the measured data and
Fig. 8 shows the fit. The frayed edge sites become the dom-
inant sorbents when the Cs™ concentrations are <1 pM, and
the planar sites prevail with Cs* concentrations >45 pM.

% % crushed samples
2t 00 intact samples
— 3-site model
o
~
= -3
o
S
-
-~
n -4
[=2]
2
-5
-6,

10 -9 8 7 6 5 -4 -3
og(c/ (mol/L))

s / (mmol/kg)

For the same experiment, Van Loon et al. (2009) estimated
somewhat different numbers, not optimizing for the actually
measured data, but using the constants of Bradbury and
Baeyens (2000) and the illite content of OPA.

The measurements of the sorption isotherm indicate that
the uptake of Cs* by the OPA sample is a kinetic process
(Van Loon et al., 2009). About 95% of the total sorption
took place in the first 30 days. About 99% was sorbed after
260 days and the uptake over that period was used for con-
structing the isotherm. It is likely that the uptake is a com-
bination of sorption on various surface sites of minerals
and slow transformation of K-illite into Cs-illite (Comans
et al., 1991; Liu et al., 2003).

3.3.2. Model for **Cs* diffusion

The measured mass outflow and the calculated flux of
Cs™ are plotted together with model lines in Fig. 9. Com-
paring the model and flux-data, the model with a homoge-
neously distributed CEC and an adapted geometrical factor
shows a delayed front arrival, a relatively high peak and a
continuing relatively high flux after the peak (black line).
The front can be forced to arrive earlier by decreasing the
geometrical factor (dashed black line, 15% smaller geomet-
rical factor). However, with the resulting higher porewater
diffusion coefficient of Cs™, the modeled flux-peak increases
even more and the flux after the peak remains too high. The
deviations suggest, as for Sr?", a dual porosity medium in
which the continuous pores guide Cs™ relatively quickly to-
wards the zero-concentration boundary, while part of the
mass is taken up by the dead-end pores. A model with
10% dead-end pores has the correct front position and
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Fig. 8. Sorption isotherm for Cs* on Opalinus Clay measured after 260 days and model lines with 3 types of sites. (A) Logarithmic axes, (B)

linear axes.
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shows a reduced peak (dashed blue line). The peak and
front position can be improved further by distributing the
exchange sites over the domains. The full blue lines show
the result when 90% of the average CEC is assigned to
the continuous pores and the rest to the dead-end pores.
Due to rather lengthy computing times, the parameters
were obtained by visual fitting only.

4. INTERPRETING THE GEOMETRICAL FACTORS

The model results presented in Table 3 show that the
geometrical factors decrease more than 5-fold in the
order I~ > Br™ > 3°Cl~ > HTO > **Na ™’ > 8§r>" > 134Cgt,
The geometrical factors for the anions are 1.5 times high-
er, and for cations 2-4 times smaller than for HTO, which
is far more than the experimental uncertainty (cf. Table
3). The decreasing geometrical factors for 2?Na*t > 85§/2+
> 1%*Cs" have no relation with the tracer diffusion coeffi-
cients in water (Table 2). However, the decrease follows
the order of increasing sorption of the cation, which sug-
gests that diffusion in the diffuse double layer and in the
interlayer space plays a role. Accordingly, the variations
in the geometrical factors may be explained by consider-
ing the diffusional fluxes in these sub domains (Appelo
and Wersin, 2007; Leroy et al., 2007; Jougnot et al.,
2009).

4.1. Diffusion equations for three porewater fractions

In our interpretation, porewater is subdivided in three
fractions, fic., fopL, and fyi of the total porosity &,,,, repre-
senting free porewater, DDL water and interlayer water,
respectively (cf. Fig. 1). The flux in free porewater is,
according to Eq. (6):
Dw,i

G

o

Ci

(15)

J free,ji — _f}?'eegtot

&

Appelo and Wersin (2007) and Jougnot et al. (2009)
have shown that the potential gradient in free porewater
also applies to diffusion in DDL water, only the concentra-
tion being different. Thus, the flux through DDL water fol-
lows from Eqgs. (1), (2), and (11):

. D,; c i de
JpDLi = —/DDLE0 —~ —DbLs e (16)

G o

Since DDL water and free water occupy the same pores,
the tortuosity is the same for both fractions. However, in
pore constrictions or with a local increase of the surface
charge, the constrictivity decreases for anions. Thus, the
geometrical factor will appear to increase for anions.

For surface complexed and exchangeable cations, the
activity in Eq. (2) is given by the molar or equivalent frac-
tion B;, which results in:

D,; ciL; dﬁi
Gu,; B; dx

JILi = — 1L (17)

where ¢y ; is the concentration in interlayer water (mol/L)

and Gy is the geometrical factor for interlayer diffusion.

In general, for equivalent fractions of exchangeable cations,
i

_ Piencee (18)

CILi = \z|
1

where ¢y, cec is the CEC expressed as concentration in
interlayer water (mol/L).
The flux of exchangeable cations then is:

D,; (cicec dpB;
== ot ——— | ——— | — 1
Ji, 1L &0 G, ( 1] ) ] (19)

Altogether, the steady state diffusive flux becomes:

Ero1 CppL,i MH,0 fiLéor (CiLcec\ df;
Ji ) ot . ¥ 2 p 3 i
{G,- (ffee+fDDL Ci WDDL) * G ( |z > de;

dC,‘

X Dw,,va (20)
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where no/MppL is the viscosity ratio of free porewater
and DDL water. The probably different viscosity of inter-
layer water is included in the geometrical factor Giy.

4.2. Porosity fractions and Donnan potentials

Opalinus Clay contains about 10% illite-smectite mixed
layers, dominated by illite (Pearson et al., 2003). It can be
calculated that the volume of smectite interlayer water is
2.8 mL/kg clayrock if the smectite forms 3% of the rock
and is present as a 1-layer hydrate (with interlayer spacing
of 0.25 nm, water density of 1 kg/L, Pitteloud et al., 2000).
However, as shown later, interlayer water is probably not
measured in diffusion experiments with HTO; it can be ne-
glected except for diffusion of very strongly sorbing cations.

From the accessible porosities of CI™ and Br™ in the dif-
fusion experiment (Table 3), the anion concentrations in the
Donnan volume (Eq. (11)), and neglecting interlayer water,
follows the relation between the fraction of free porewater
and the potential in the Donnan volume:

€ F
05 = e+ (1 ) o0 (2) @)

The relation is shown in Fig. 10A (the python file for
calculating Fig. 10 is given in EA-1). The maximal potential
is =17 mV for f4.. = 0; it drops rapidly for fj.. larger than
0.4 and becomes —oo for fj.. = 0.5. From 1, and the con-
centrations of equally charged ions in free porewater, the
free charge of the surface, eqg,, is obtained with Egs. (11)
and (12) which define the Donnan volume. The free surface
charge is drawn in Fig. 10B as a function of fj... The CEC
of OPA (1.7 eq/L porewater) limits fj., to be smaller than
0.36.

4.3. Porosity fractions, surface area and -charge, and the
association constant Kn,s,

It was noted (Section 2.6) that the surface area affects
the contribution of the electrostatic term in the surface
complexation reaction, and hence, determines the site occu-
pancy and the part of the surface charge that is balanced in
the DDL. If both the specific surface area and the complex-
ation constants are known, the site occupancy can be calcu-
lated. The remaining surface charge then determines p,
which, in turn, fixes the proportion of free porewater by
the measured anion exclusion (Eq. (21)). For a surface area
of 37 mz/g (Section 2.6), the effect of varying log Kyasy 1S
shown in Fig. 10C. With the value for log Kyasu of —0.7
(Section 2.5), fce is 0.117. The corresponding DDL-charge
is 45% of the cation exchange capacity (Fig. 10C).

4.4. Comparing estimated and experimental geometrical
factors

Neglecting the contribution of interlayer diffusion in Eq.
(20), and assuming the same model geometrical factor (G))
for free and DDL water for all solutes, allows to estimate
the overall geometrical factor. The model geometrical fac-
tor is estimated with Archie’s law, Guro = 0.167' = 6.25.
The resulting overall factors are drawn in Fig. 11 (full lines)
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Fig. 10. Relations among fj.., the fraction of charge-free pore-
water and (A) the potential in the DDL; (B) the DDL-charge, also
showing the limit of fj.. = 0.36 imposed by the cation exchange
capacity; C) log Knasu and DDL-charge as percentage of CEC. Log
Knasu = —0.7 fixes ffe. t0 0.117, and the DDL-charge to 45% of the
CEC.

as a function of fj.. and the charge number of the solute,
with #pprL = 120 (Lyklema et al., 1998). For 0 < fj.. <
0.36, the geometrical factors vary from 3.1 to 1.6 and from
1.6 to 0.5 for mono- and divalent cations, respectively. The
factors for cations decrease with f.. since the potential in
the Donnan volume lowers to reduce the amounts of anions
in the DDL, needed to keep ¢, = 0.5¢,; according to Eq.
(21). For the anions, the model geometrical factor is equal
to the one for HTO, independent of f.., according to Egs.
(20) and (21).

Experimental geometrical factors are plotted in Fig. 11
from the homogeneous model (except for Cs' for which
only the stagnant model provided a good description of
the laboratory experiment; the value from the stagnant
model was increased by 10% in compensation of the 10%
greater continuous porosity in the homogeneous model).
The numbers are also given in Table 5. The value
G,ops. o = 0.14, obtained from the diffusion experiments,
agrees well with the model value of 6.25 (which is indepen-
dent of fj..). For Na*, the estimated factor is too high by
1.25; for Sr*" it is too small by 1.25. For Cs™, the experi-
mental value is much smaller, and for the anions, the exper-
imental values are larger and also different for equally
charged anions.

The difference for Na' and Sr*" is small but significant
relative to the experimental errors, and may be related to
porespace configuration. The model geometrical factors
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the observed factors for Na™ and Sr**; dotted line includes interlayer diffusion for Cs™. (B) The estimated geometrical factor is the same for
HTO and anions; the observed geometrical factor for anions is 1.5 times higher.

Table 5

Observed and model geometrical factors for differently charged tracers in Opalinus Clay. The observed factor for Cs* stems from fitting the
data with dead-end pores, multiplied with 1.1 to correct for the larger continuous porosity. The geometrical factor for anions is for an
accessible porosity of 0.08. Model numbers for the cations are obtained by stepwise adding diffusion in the DDL, ion-pairing in the DDL, and

interlayer diffusion, with the key numbers printed in bold.

HTO Na® Cst Srt - Br~ I
Gops 6.14 2.21 1.58% 1.68 9.24 9.54 10.7
Gmodel = 3t0t71 6.25
+ DDL 2.89 2.89 1.28
+ ion-pairing 2.36 2.36 1.68
+ interlayer diffusion 2.35 1.58 1.64
Goverall model 6.25 2.35 1.58 1.64 6.25 6.25 6.25

*1.44 x 1.1

are for a uniform pore, with the properties of DDL water
defined by the observed anion exclusion. In this pore, a lar-
ger fraction of DDL water results in a higher Donnan po-
tential, and thus, in smaller concentration increase of
cations in DDL water. In the real medium, the fraction of
DDL water may increase in pore constrictions, and keep
the same potential if the mineral properties are the same.
The concomitant concentration increase of the cations re-
sults in smaller apparent geometrical factors. Furthermore,
the composition of the DDL is calculated assuming that the
dielectric permittivity is the one of bulk water, while it
probably decreases (Bockris and Reddy, 1998). A decreas-
ing dielectric permittivity will increase ion-pairing accord-
ing to Bjerrum theory and reduce the contribution of the
divalent cations in DDL water, but increase the role of
the less-complexed, monovalent cations.

Following the ion-pairing explanation, the observed
geometrical factor for Sr** is obtained if ion-pairing for
Sr*" in DDL water is increased to 32% (whereas it is
10% in free porewater). It requires that the association
constant for the SrSO, ion-pair increases from 10%? to
10 in the Donnan volume, or, according to Bjerrum’s

ion-pairing theory which relates the change to the cube
of the dielectric permittivity, that the relative dielectric
permittivity of DDL water decreases from 80 to 47. Since
the divalent cations show similar ion-pairing in the free
solution, mainly with S0,2~, the increase will be similar
as well. In compensation of the lower contribution of
the divalent cations in the DDL, and with the specific
composition of free porewater given in Table 2, the con-
centration of monovalent cations in the DDL increases
by 1.23. This concentration increase gives a geometrical
factor that is in good agreement with the observed value
for Na™ (dashed line in Fig. 11A; Table 5).

For a very strongly sorbing cation such as Cs*, the con-
tribution of interlayer or surface diffusion in Eq. (20) is:

FiLeor (clmc> dfc, _ 0045, (0.12x 055\ o 1585,
1/ decs 28%x10°

GIL‘Cs

(22)

where the term in brackets stands for the CEC (=0.12 eq/kg
solid), the fraction of the CEC occupied by the surface com-
plexes (=0.55) and the volume of interlayer water (=2.8
mL/kg) as given before.

GrLcs GrLcs
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The multiplier for interlayer diffusion of Cs* is 158 (Eq.
(22)) and much higher than for diffusion through free and
DDL water, which varies from 1.9 to 2.1, for f4.. =0 to
0.13. Since a model that neglects interlayer diffusion
approximates the observed overall geometrical factor al-
ready, the geometrical factor for interlayer diffusion must
be quite high as well, Gy = 750 (dotted line in Fig. 11A).
For Na* and Sr**, (df/dc) is 2 and 9, respectively, or 80—
19 times smaller than for Cs™. Therefore, the contribution
of interlayer diffusion is negligible for these cations and
for HTO, although it is possible that the mobility of the cat-
ions is differently affected by the environment in the inter-
layer space (Marry et al., 2002; Rotenberg et al., 2007).
The stepwise construction of the geometrical factor for
the cations with the effects of, first a simple DDL, then dif-
ferent ion-pairing, and finally interlayer diffusion is indi-
cated in Table 5 with numbers in bold for the ion used
for calculating the step.

For the anions, the model flux follows from filling the
ratio of anion-accessible and total porosity of 0.5 (Eq.
(21)) in (20). Accordingly, the flux of the anions is halved
relative to the flux of HTO. The observed geometrical fac-
tors are at least 50% higher, and increase in the order
ClI” <Br~ <I". The much higher geometrical factor is
readily explained by pore constrictions in which overlap-
ping double layers block transport of anions, while neutral
species and cations can pass unhindered or at increased
concentrations. The anions must circumnavigate the obsta-
cle, resulting in longer path lengths.

The differences among the anions are more difficult to
understand. The largest difference, among Cl™ and 17, is
only 15%, but it is significant and has been observed in
other experiments as well (Van Loon et al., 2003a,b;
Descostes et al., 2008). The difference can be related to
jon-pairing with Nat which, from electric conductance
measurements, is higher for CI~ > Br~ > 1" (Fuoss, 1980).
However, the resulting association constants are rather
high. For example, for NaCl°, Fuoss found Kyaci = 0.82,
which binds 10% of ClI™ in Opalinus Clay porewater in
the NaCl complex. Such high ion-pairing could not have
gone unnoticed in activity measurements of Na* and CI~
in aqueous systems, but is absent in the databases distrib-
uted with PHREEQC (Parkhurst and Appelo, 1999). On
the other hand, the relative decrease of the association con-
stants for NaCl° and Nal® of about 20% fits well with the
observed decrease of the effective diffusion coefficient of
CI™ and I". The different behavior of the anions may also
be due to variation of the number and the orientation of
the water molecules in the first hydration shell (Wolynes,
1980; Koneshan et al., 1998; Bockris and Reddy, 1998),
but this is much more complicated to evaluate and does
not offer the simple and straightforward explanation which
ion-pairing gives.

5. DISCUSSION

The results show that diffusion of HTO, *°Cl~, Br~, I,
2Na*, ¥sr?" and '**Cs* in a single sample of Opalinus
Clay is a function of the accessible porosity, the porewater
diffusion coefficient, the cation exchange capacity of the

clay, and the exchange constant of the cation. In the litera-
ture describing these experiments, the physical and chemi-
cal parameters were fitted individually for each tracer.
However, in the real situation in the field, interactions
among the solutes affect transport and chemical behavior
in exchange and mineral reactions. The challenge is thus,
to build a model structure that can fit the diffusive transport
of the solutes together. The PHREEQC geochemical model
offers a framework for that. A structure was devised for
Opalinus Clay in which the accessible porosity can be differ-
ent for anions and for cations and neutral species, in which
the solute species can be given different geometrical factors,
in which the exchange capacity can be distributed and ex-
change constants adapted for each cation, in which a dual
porosity structure can be introduced, and in which kinetic
reactions can be defined. Microscopic observations and
analyses indicate that these properties do vary in Opalinus
Clay. The question is, of course, how good is the model,
and where does it need improvement. But first, the data
quality and fitting needs evaluation.

The cumulative out-flowing mass, measured with time in
the diffusion experiments, was fitted by model calculations.
However, deviations are more evident when the derivative
(the flux) is compared with model results. Two duplicate
experiments with HTO diverge in the steady state flux. In
the 2nd experiment the fitted porosity was 4% smaller than
in the first, but since the geometrical factor decreased 7%,
the steady state flux was 3% larger. The variation is within
the accuracy of the data (1% for HTO(1), 4% for HTO(2)).
On the other hand, the properties of the Opalinus Clay
sample may have changed during the experiments by oxida-
tion of pyrite with dissolved oxygen in the solutions. Oxida-
tion of pyrite will produce sulfuric acid and possibly iron-
oxyhydroxide. The resulting acidification of porewater will
dissolve calcite, which may have changed the porosity struc-
ture. Also, sorption of iodide may occur on iron-oxyhy-
droxide which is positively charged at the pH of the
solutions. The uncertainty of sample properties and
changes therein in the course of the years that the experi-
ments have lasted resides in the model results as well.

A homogeneous model can fit the measured data well by
fine-tuning accessible porosities and geometrical factors for
HTO and anions, and the exchange capacity for Na*. The
homogeneous models deviate more when the retardation of
the cation (3°Sr*™ and Cs™) increases. The retardation de-
pends directly on the binding strength of the cation with
the clay. Thus, the flux front of #*Sr** arrives in the exper-
iment a few days earlier than the homogeneous model cal-
culates. The front of Cs* arrives tens of days sooner in the
experiment. Even for 2?Na™ a small difference may be pres-
ent. The difference is probably caused by a dual porosity
structure of the clay, with continuous and dead-end pores
that transmit the tracers differently. Such a dual porosity
structure was already described for the diffusion of HTO
by Van Loon and Jakob (2005). Also, porosity-heterogene-
ity is suggested by the irregular distribution of the minerals,
which is visible in micro-XRF analyses of Opalinus Clay
(Grolimund et al., 2005).

A dual porosity model improves the data fit for
and '**Cs™. If it is assumed that the physical properties of

SSSr2+
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the sample have remained the same over time, the propor-
tion of dead-end pores is limited by the fit that can be
achieved for HTO, anions and >*Na™, and then it cannot
be more than 10%. However, the oxidation of pyrite and
concomitant precipitation of iron-oxyhydroxides may have
increased the proportion of dead-end pores in the course of
the experiments in which ®°Sr** and **Cs™ were the last
that were done. On the other hand, the dissolution of calcite
will increase the connectivity of the pores in the calcite-
dominated regions. Thus, the geometrical factor decreases
and the effective diffusion coefficient would increase with
time. For Cs*, the model may be improved further if the
CEC in the dead-end pores is larger than in the continuous
pores. Since specific sorption of Cs' is linked with illite/
montmorillonite, it suggests that the porosity structure of
the clay is related to mineralogy, with the calcite-filled areas
having a more continuous porosity than the regions where
illite dominates.

Diffusion of Cs* has been calculated here with an ex-
change model based on batch experiments. The exchange
constants for Cs* on three site types of different strength
are similar to an earlier model for Lauber et al.’s 2000 mea-
surements, and very much the same as the constants found
by Steefel et al. (2003). Thus, the different sorption capaci-
ties for Cs* in batch- and diffusion experiments that have
been invoked before (Van Loon et al., 2004b; Wersin
et al., 2007; Maes et al., 2008; Jakob et al., 2009) are unnec-
essary and in fact, incorrect. The reason for the reported
discrepancies lies in the neglect of dead-end pores, but also
in the approximate isotherm used in the diffusion model.
The plot of the sorption isotherm with linear axes in
Fig. 8B illustrates clearly that sorption of Cs* is non-linear.
If this non-linear behavior is not correctly incorporated in
the diffusion model (for example because model-limitations
force to use a simplifying Freundlich isotherm), the sorp-
tion capacity may well turn out to become different from
the one found in batch experiments since the slope of the
isotherm is the important term in the diffusion model, not
the integrated mass. Or, with:

£ 05 _dg, 2
g Ot de; Ot (23)
in Eq. (7):

8(:’1' - Dp.,‘ azci 1 60

%= ragm (5 a) 24

where ¢; is sorbed concentration per liter porewater. For a
very strongly sorbing constituent such as Cs*, an incorrect
slope also results in incorrect fitting of the diffusion
coefficient.

In the model results, the geometrical factors decrease in
the order I™ > Br~ >3°Cl~ > HTO > 2Nat > 85§12+ > 134t
The decrease is very probably related to the electrochemical
properties of a pore, in which part of the porespace is occu-
pied by a double layer. The two-part subdivision of the pore
in a fraction of uncharged (f4..) and charged water
(fooL =1 — ffie) allows to quantify the relations. The
quantification requires the measured accessible porosity
for anions, the external surface areca from BET measure-
ments, the CEC, and the association constant of Na® for

the surface sites. Of these, the accessible porosity for the ha-
lides is the most firmly established by repeated measure-
ments in the laboratory (Van Loon et al., 2003a,b; 2004a)
and in-situ (Van Loon et al., 2004b; Appelo and Wersin,
2007; Wersin et al., 2007), and it results in at least 45% of
the total exchange capacity of Opalinus Clay being located
in the DDL. In a similar model for Callovo-Oxfordian clay-
rock (COX), Leroy et al. (2007), Appelo et al. (2008) and
Jougnot et al. (2009) obtained much smaller values of
4—10% for the DDL-charge. However, the water composi-
tion in COX (Vinsot et al., 2008) differs from the one in
Opalinus Clay. Using Egs. (11) and (12) that define the
DDL water, and a similar anion-accessible porosity of
50% (Gaucher et al., 2006; Descostes et al., 2008), results
in 6-11% of the CEC being located in the DDL for
0 <ffiee <0.3, in excellent agreement with the earlier
findings.

Leroy and Revil (2004) and Leroy et al. (2007) used elec-
trophoretic measurements to estimate the potential of the
DDL, and, assuming the fraction of free porewater fj.. =0,
obtained the association constant of Na* for the surface
sites that gives the same potential. However, with 0.5 nm
Debye length as a measure of the extent of the DDL, and
an average pore radius of 4 nm, it is unlikely that the pore
is wholly charged. Therefore, we defined the potential of the
charged part as a function of fj., from the anion-accessible
porosity, and used fs. as master variable to show the
dependency of the various parameters, including the geo-
metrical factor in the diffusion equation. The calculated
geometrical factors for Na' and Sr*" can be matched with
observed ones, but they do so at a different fj... Appar-
ently, the concentration enhancement of Sr*>* in the DDL
is less, and of Na' is more. Probably, the difference is re-
lated to increased ion-pairing of the divalent cations with
SO~ in the DDL, due to a smaller dielectric permittivity.
The smaller dielectric permittivity of water close to the sur-
faces of oxides, hydroxides and metals is well established
(Bockris et al., 2000; Sverjensky, 2001; Hiemstra and Van
Riemsdijk, 2006), and so is the increase of ion-association
with decreasing dielectric permittivity of the solution
(Fuoss, 1980; Bockris and Reddy, 1998). The effective diffu-
sion coefficient of SO4>~ is equal or half of CI~ in COX
(Descostes et al., 2008), while the tracer diffusion coefficient
of SO,*~ is half of CI~. This also suggests that ion-pairing
compensates for the increased rejection of the divalent
SO, from the DDL (Jougnot et al., 2009).

Ton-pairing in the DDL may also explain the observed,
small increase of the geometrical factor for CI” < Br~ <17,
which conforms to a small decrease of ion association, in
the same order, deduced from electric conductance mea-
surements (Fuoss, 1980). The effect can be included in the
equations that relate the electrochemical properties of the
pore to fj.., which are all based on the observed fraction
that the halide anions occupy of the total porespace. It
would decrease the calculated DDL potential, and conse-
quently, the maximal f.., that is determined by the CEC,
decreases. Also the actual fz,, would decrease that is sur-
mised for Opalinus Clay from pore surface area and the
association constants for the surface sites. Consequently
(cf. Fig. 11), the difference between the calculated and ob-
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served geometrical factor for Sr** decreases, and less ion-
association would be necessary to explain the difference.
However, the DDL calculations are done for an average
pore, while the increased tortuosity of anions shows that
pore constrictions are present that block their transport
more than of neutral species and cations. But, it would also
mean that transport of higher charged cations is facilitated
more than of HTO, and thus, more ion-association is nec-
essary to rationalize the difference with the calculated geo-
metrical factor in which the same tortuosity (path length) is
assumed for both HTO and cations.

Still another possibility is that averaging of the DDL
properties in a Donnan volume accounts insufficiently for
the different enrichment of cations near the surface, and
the associated different diffusion along it. For example,
the larger hydrated radius of Sr>" and the smaller one of
Cs™, relative to Na™, will decrease, respectively increase dif-
fusion relative to Na*, compared with the average that is
calculated for a Donnan volume. However, it can be calcu-
lated by numerical integration (cf. Appelo and Postma,
2005) that the closer approach to the surface of Cs' is
not enough for explaining its higher diffusion, and surface
or interlayer diffusion is likely for this ion. This process
has a rather high geometrical factor of 840, which reduces
the effective diffusion coefficient to 2 x 1072 m?/s, or 100
times smaller than calculated with molecular dynamics sim-
ulations (MD) for the interlayer space of montmorillonite
with a single layer of water (Chang et al., 1995; Marry
et al., 2002; Rotenberg et al., 2007; Liu et al., 2008). Of
course, the MD number is for a small rectangular box,
without the irregular stacking and distribution of montmo-
rillonite in mixed layers of illite and montmorillonite in a
natural clayrock. From the small diffusion coefficient for
Cs*, we inferred that the contribution of interlayer or sur-
face diffusion would be insignificant for cations with a
much smaller distribution coefficient than that of Cs*. Fur-
thermore, it was assumed that water in the Donnan volume
has the viscosity of free porewater, although it may be
somewhat higher (Lyklema et al., 1998). With a higher vis-
cosity for DDL water, the diffusion enhancement is less for
cations, a higher proportion of the Cs* flux is then appor-
tioned to interlayer diffusion, and the geometrical factor for
interlayer diffusion would decrease.

6. CONCLUSIONS

A dual porosity model can calculate, concomitantly, dif-
fusion of tritium, anions, and cations in a sample of Opali-
nus Clay in close agreement with experimental data. The
dual porosity structure is needed for ¥Sr** and '**Cs*,
but *Na™, tritium and the anions can be modeled as well
or even better with a homogeneous porosity structure.
The fraction of dead-end pores is limited to about 10%,
but modeling indicates that this fraction contains a rela-
tively greater share of about 19% of the total exchange
capacity of the clay sample. It is possible that the porosity
structure has been influenced by pyrite oxidation occurring
in the course of the experiment. Hence, the access of oxygen
should be avoided in future experiments. The model is able
to describe the diffusion of Cs* using measured sorption

data as input for an exchange model with three sites of dif-
ferent strengths. Thus, it is unnecessary to assume a smaller
sorption capacity for diffusion than measured in batch
experiments and to adapt the geometrical factor of Cs™ to
fit diffusion data, as was suggested by Maes et al. (2008).

The diffusion behavior is summarized in different geo-
metrical factors for differently charged solutes. The differ-
ences are related to the electrochemical properties of the
pore which can be approximated by a bipartition of pore-
water in a free, uncharged part, and a DDL averaged in a
Donnan volume. The geometrical factor of tritium (HTO)
is given by the inverse of the porosity, in fair agreement
with Archie’s law. Cations and HTO travel along the same
paths, and the geometrical factor should be the same. How-
ever, diffusion of cations is enhanced by their concentration
increase in the Donnan volume. This increase is affected by
ion-pairing in the Donnan volume due to the smaller dielec-
tric permittivity in the DDL. More ion-pairing reduces the
concentration increase of the divalent cations whereas it in-
creases the concentrations of the monovalent cations, which
explains the observed behavior of Na' and Sr**. Interlayer
or surface diffusion contributes to diffusion of strongly
sorbed cations such as Cs*.

Anions are partially excluded from the Donnan volume,
which results in slower diffusion than of HTO. A simple
formula gives the decline as the fraction of the total poros-
ity that is accessible for anions. The actual decrease is high-
er because pore constrictions with overlapping DDLs force
the anions to take longer routes in the clayrock. Small dif-
ferences among the halide anions are also related to differ-
ent ion-pairing in the DDL.

The geometrical factors for cations can be quantified as
a function of the fraction of free porewater in the porespace
and a given anion-accessible porosity. For a particular clay-
rock, the fraction of free porewater is determined by the
porewater composition, the pore diameter, the cation ex-
change capacity, and the association constants for the
surface sites. It allows to estimate porewater diffusion
coefficients for cations, to be corrected for ion-pairing using
the relative dielectric permittivity of about 50 that was
found in this study.
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