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PREFACE

The research summarised here is a part of POSIVA's research programme. This report
combines the results of two separate assignments: Combination of onion exclusion and
surface diffusion to surface complexation models (Anionieksluusion ja pintadiffuusion
kytkenta pintakompleksaatiomalleihin) and Surface diffusion and anion exclusion in
rocks; second phase (Toimeksianto pintadiffuusiosta ja anioniekskluusiosta kivissa, 2.
vaihe). Juhani Vira, D.Tech and Lauri Pollanen, M.Sc.Tech were the contact persons
from POSIVA and Markus Olin, Ph.D. and Matti Valkiainen, M.Sc. from VTT
Chemical Technology.



1 INTRODUCTION

Matrix diffusion is an important retardation mechanism for radionuclide migration in
the geosphere. Most often diffusion in a crystalline rock matrix is modelled by Fickian
laws, and linear isotherm for sorption - and in performance analysis this approach will
also be used in the near future. However, before using this standard approach it must
be tested both in laboratory conditions and in situ.

Matrix diffusion has been extensively studied experimentally with various methods
including tracer experiments, electrical conductivity (Bradbury & Green 1985, Skagius
& Neretnieks 1982, Kumpulainen & Uusheimo 1989) and gas diffusion (Hartikainen et
al. 1996). The aim of the latter two methods is to obtain data in a shorter time than in
aqueous phase tracer experiments, which for typical samples takes several months for
non-sorbing species. In natural systems, sorption is so closely coupled to diffusion that
it may be impossible to ignore diffusion in sorption experiments. Therefore, these two
processes should be modelled in an internally consistent way, and this is a field for
mechanistic sorption modelling.

The understanding of diffusion in a complicated matrix, like crystalline rock or bento-
nite clay, consists of three coupled topics: structure, chemical reactions and transport.
In this study the structure topic has lower weight than the chemical reactions and
transport. The gas diffusion method and surface area analysis are tools for structure
quantities like porosity, specific surface area and geometric factor for diffusion.

The coupling between chemical reactions and diffusion has to be studied in water-
saturated systems. These studies include different sorption and diffusion experiments.
In this work the mechanistic sorption modelling is applied to pore-water chemistry and
the consequences of concentration changes in pore water to diffusion. The aim is to
develop relatively simple yet thermodynamically sound calculation methods for the
phenomena caused by charged mineral surfaces: anion exclusion and surface diffusion.
The rock structure model in this study is very simple but still realistic for real compari-
sons to experimental results.

This report includes a brief description of different experimental approaches, a brief
review of mechanistic sorption models, the systematic coupling of surface chemical
reactions to diffusion transport, results from experiments during 1995 - 1996 and the
application of new modelling on those results. Numerical methods are used for all the
modelling except some verification cases. Numerical programs are coded by Matlab
4.2c and analytical calculations by the symbolic mathematics program, Maple V Re-
lease 4.
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2 DIFFUSION AND SORPTION IN CRYSTALLINE ROCKS

In this chapter the standard diffusion theory for porous systems is briefly reviewed, and
solutions for some common experimental arrangements are given and discussed. The
various experimental methods of measuring sorption and diffusion are then discussed.

2.1 General

The structure of porous rock (both the physical structure and chemical or mineralogical
composition of rock) may influence the chemistry and diffusion directly; the chemical
properties have their influence on diffusion via sorption, see Figure 1. The structure of
rock is therefore the key to other properties; unfortunately the structure is also very dif-
ficult to study.

The pore distribution varies from very small pores (from atomic scale below one
nanometre) to large pores (several millimetres or even larger, if the scale studied is
very large). The larger pores are easier to study experimentally, and good data on them
is available (e.g. Hellmuth et al. 1993, 1994). For surface chemical reactions the
smaller pores are far more important than large pores, but unfortunately the structure of
smaller pores is very difficult to study: the volume and surface area distribution are
unknown. The most widely used structure parameter is (bulk) porosity - the ratio of
unfilled (non-solid) volume to total volume. There are several methods for measuring
porosity, some of which are described in Section 2.4, but these methods will not gener-
ally give equal values, which in fact is natural, because part of the void volume may
consist of molecular-level emptiness. Specific surface area would be a valuable pa-
rameter, but typical values are often low (below 1 m2/g) making the analysis very diffi-
cult. Some determinations are made for the rock-types studied in this work. These
measurements were made at BAM Berlin by the krypton method and reported by
Valkiainen et al. (1995). Therefore, the typical structure models consist of a bulk po-
rosity and, optionally, bulk surface area and mineralogical composition. The rock is
assumed to be homogeneous despite the well-known heterogeneous nature of rocks.
Heterogeneous models demand huge amounts of experimental data, which is nowadays
available, and the modelling is possible by using special algorithms, like the adaptable
tree multigrid method (e.g., Simbierowicz & Olin 1997).

In a typical rock there are several mineral phases, whose relative concentrations may
vary rather quickly, for example near fracture surfaces. The bulk mineralogical compo-
sition can be determined by standard geological methods, but the minerals on pore sur-
faces are much more difficult to analyse. The mineral surfaces are, on the other hand,
very important for surface complexation models and trace amounts of certain minerals
may dominate the sorption.

The standard theory (described in Section 2.2) for diffusion and sorption in crystalline
rocks is based on a very simple structure model of porosity, Fickian laws for diffusion
and linear sorption isotherm. It is also possible to include surface diffusion in this
model. The effects of the porous structure on diffusion are taken account of by multi-
plying the free water diffusivity by the porosity and geometric factor. Together these
form a simple structure model, as shown in Figure 1 as a standard model.



11

STANDARD

u...

rKV+++ ION EXCLUSION

L . .

MULTIPOROUS

Figure 1. Sketch of real porous rock and three models in order of increasing complex-
ity. In this report the second model is discussed and developed. Some possibilities to
combine the second and third models are also discussed.

Fickian laws for diffusion probably give a rather good estimate for systems consisting
of dilute water solutions and rock. Most difficulties lie in the linear sorption isotherm -
in the use of the sorption distribution factor, Kd. Sorption parameters are usually ob-
tained from experiments performed with ground rock samples, which causes difficul-
ties when applied to solid rock. The Kd:s are determined using a certain water solution,
certain rock sample, certain water to rock ratio, etc. There is no model link from ex-
perimental conditions to Kd, and therefore a new analysis must be performed for every
new situation into which the parameter is applied. In order to overcome these difficul-
ties, surface complexation models were developed as a mechanistic approach to under-
stand the sorption processes. The result from mechanistic models may be that we can
use some KA value in given conditions, and even change the value according to our
model if the conditions are changed, therefore maintaining the simple standard model
for diffusion with more reliable parameters.

Surface complexation models were developed for the mechanistic modelling of sorp-
tion. They are based on surface reactions and thermodynamics - common aqueous
phase reactions are extended to take account of species attached on surfaces. The most
difficult task - in one-mineral systems - is to choose the correct reactions and values
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for corresponding binding constants. In real rocks some trace mineral may dominate
sorption, and therefore very careful analysis of the solid phase must be made before
any modelling attempts.

Surface complexation has been studied thoroughly for some mineral surfaces, like hy-
drous ferric oxides (Dzombak & Morel 1990), but even these studies include only a
part of the important elements. Therefore it will take many years before a good data-
base that includes the most important minerals and ions will be available. The authors
do not know of any comprehensive surface complexation database compiled for hy-
drogeochemical computer models. In all applications of surface complexation both the
reactions and binding constants have to be selected from the literature or fitted from
empirical data.

In this work, diffusion and surface complexation models are coupled in order to study
sorption, ion exclusion and diffusion in porous systems. The main problem is to collect
a consistent set of equations that includes both aqueous and surface species, when part
of the water is in small pores, where coulombic forces have an influence throughout
the volume.

2.2 Standard diffusion theory

In the standard diffusion theory for porous systems the assumption of linear sorption
plays a rather central role. Therefore, we start by defining the sorption distribution co-
efficient, KA,

_ concentration in solid phase

concentration in water phase

To understand how this definition will remove the water-solid ratio dependence from
Kd and how A d̂:s are coupled to thermodynamics, an example can be taken. In surface
complexation models for sorption, the site density, [SOH], is calculated per available
water volume. For a typical sorption reaction

SOH + M 2 + = S O - M 2 + + H + (2)

the mass action reaction may be written as

J S O - - M 2 » I H + ]
S0-M~ [SOH!M2+J Y'S0-M

where the KSO_M is the binding constant and y is the activity correction factor including
all kind of interactions between species. Assuming that aqueous complexes of cation
are not formed, for the reaction (2) the KA is written as
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where Vw is the volume of water and Ms is the mass of solid phase. Site density [SOH]
depends on the specific system: the ratio of water volume to mass of solid, but the last
quantity in (4) is the site density per solid mass, which may be assumed to be a con-
stant. Thus, KA has a thermodynamic interpretation, which is valid at least for a reac-
tion like that given in (1), if the sorbing element is present at trace-level concentrations
and if the pH is not varied.

The demand for trace-level concentrations follows from the assumption that almost all
sorption sites are free, which is needed for the validity of (3). The variation in pH
causes big variations in Kd, and therefore Kd is not a constant. Also salinity causes
changes in Kd via the activity corrections. However, the Kd concept is useful if these
limitations are always considered when distribution constants are used.

In the following, diffusion in porous media is assumed to follow Fick's laws. The first
of them connects particle flux J to the gradient of concentration c

J-D%, (5)
dx

where D is the diffusion coefficient, which depends on the properties of the system.
Combining Fick's first law and the continuity equation in one dimension

dt

we get Fick's second law

D
dt dx2

(7)

where it is supposed that D has no spatial dependence. Fick's second law is a partial
differential equation, the solutions of which depend on the boundary conditions.

Fick's laws can be modified for the modelling of diffusion in porous media. The prop-
erties of porous media are taken into account in the diffusion coefficients and in the
form of boundary conditions. Modification starts by multiplying the diffusion constant
in free water, Dw, by the geometric correction factor G, taking account of the longer
diffusion path in porous media and the form of the pores; this product is called the pore
diffusion constant Dp. The effective diffusion constant, De, is formed by multiplying Dp

by porosity e, which takes account of the real (empty) cross-sectional area of porous
media:

De=eDp=eGDw. (8)

Using De, Fick's first law can be written as

(9)
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In (8) it is mandatory to use the free water concentration in order to have the correct
value for the diffusion flux. Later, in Fick's second law it is possible to use any rele-
vant concentration-diffusion constant pair due to the linear sorption law.

Because of sorption there are two components in concentration: part of the matter is
free in pore water, concentration cw, and part of it is sorbed, concentration cs. If we take
concentrations over the whole volume of porous media, free concentration should be
multiplied by porosity to transform it to free bulk concentration. The ratio of sorbed
fraction to free fraction can be estimated by the sorption distribution factor Kj, de-
pending on both the chemical properties of the sorbing material and on the properties
of the media. The use of the sorption distribution factor is relevant if sorption is a re-
versible and quick reaction - the sorbed part and free part being then continuously in
chemical equilibrium. With the sorption distribution factor, the sorbed concentration cs

can be written as

cs={\-z)Kdpcw (10)

where p is the dry density of the (non-porous) media, if bulk density is used instead,
the e term before KA should be omitted. Thus, we get for total concentration c

c = cp + cs.= [E + (l - e)Kdp]pw =acw, (11)

where a = E + (l - s)Kdp is the capacity factor and cp is the concentration in pore water
taken over the whole volume of the system. It is useful to note that in crystalline rock
the porosity is typically low, less than one per cent, and therefore the capacity factor is
often written as Kdp, which is correct only for strongly sorbing ions.

In deriving Fick's second law it is important to note that the time derivative in the con-
tinuity equation is for the total concentration c, but the spatial derivative is only for the
particle flux J, given by Fick's first law, where the concentration is pore-water concen-
tration, cw. So we get Fick's second law in porous media

where Da = De/a is the apparent diffusion coefficient.

The boundary condition at the 'water - porous media1- interface point x = L is written
as

™»,fi«(t)=C(LA (13)

which means that free water continues into the pores as such. // is precisely the above
boundary condition whose validity is studied in this work. We will especially show that
cations and anions will have different boundary conditions in small pores with charged
surfaces.
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2.3 Application of the theory to the experiments

The results of the through-diffusion experiment can be expressed conveniently by the
scaled ratio between the concentration in the measuring cell (C2), volume V2 and the
reservoir (C^): (C2V2)/(CiAL)=Cr(t). Assuming one-dimensional diffusion (12)
through a disk of thickness L and surface area A we have

The results of the samples of different thickness and different initial tracer concentra-
tions can be compared in the same (xj>) = (t/L2, (C2 F2)/(Ci^Z)) co-ordinates.

A modified diffusion model for porous substances, assuming some porosity to be dead-
ended (Hemingway et al. 1983, Lehikoinen et al. 1992), was applied to interpret the
leaching results. Defining F as the ratio of the leached tracer to the original amount of
tracer we have

2+ tn2a+a
1

(2n-l)Vj if P, (is)

The "leached relative concentration" is the amount of outleached nuclide divided by
the sample volume and the concentration in the equilibration solution.

2.4 Diffusion experiments

Matrix diffusion in rocks has been studied in many laboratories, for many years and for
several purposes. The comparison between different experiments is difficult due to big
differences both in the structure and mineralogical composition of rocks, and the
variation in water used in the experiments. In the following, only crystalline rocks with
low porosity (below a few per cent) are considered, because they are important for the
planned Posiva repository sites. Typical diffusion experiments may be classified in dif-
ferent ways, but in the following, through-diffusion and leaching experiments in the
water phase form two first classes, while diffusion experiments in the gas phase form
the third class.

The most typical through-diffusion experiment using constant boundary values is
sketched in Figure 2. The mathematical solution of an ideal through-diffusion experi-
ment is simple, and it offers a handy method to calculate both apparent, Da, and effec-
tive diffusion, De, constants, and therefore also the geometric factor, G, and sorption
distribution factor Krf. All the formulas are given in Table 1.
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Table 1. In the linear sorption theory (Kj) the diffusion in pores and on surfaces is de-
scribed by the parameters given below. Parameters s, p, and Kd can be measured in-
dependently of diffusion measurements. All diffusion coefficients are empirical and
also therefore is the geometric factor G.

Coefficients
Capacity factor a
D in pure phase
D in pores
Dt for transport
Apparent D,

Standard
diffusion

e
Dw

GDw=Dp

zDp

Surface
diffusion

DSO
GsDs0=Ds

(l-E.)KdPDs

Both

sDp+(\-e)KiPDs

Break-through curve

Figure 2. Sketch of through-diffusion: from the slope of break-through asymptote we
get effective diffusivity, while apparent diffusivity is calculated from the intersection
point of the t-axis of the asymptote. Figure 6 shows the corresponding experimental
arrangement for the through-diffusion experiment.

Critical estimation of the simplicity of the Figure 2 arrangement shows possible errors
at least on the following topics:

a) In order to have two water reservoirs separated only by rock, the rock sample must
be tightly covered by some elastic sealant on the walls parallel to diffusion, and
this is difficult to qualify and may disturb the sample. On the other hand, if the
system really leaks, the differences are often so noticeable, that the sample must be
excluded from any further consideration.
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b) The arrangement of this set-up is not isotropic, and thus if the rock itself has some
non-isotropic properties (like micro fractures in some direction), the results depend
on how the sample is oriented in the system. Therefore, the structure analysis may
give very valuable information for users of this experimental set-up.

c) The use of a constant value boundary condition gives simple mathematical formu-
lae, but may cause experimental problems. Both water reservoirs must be con-
trolled continuously to keep the constant and zero concentration. Even analytical
solutions are available for cases with varying boundary conditions, and numerical
methods are very flexible and handy to code for various realistic systems. One ad-
vantage of better methods is that if some tracer must be added to the constant con-
centration side, for example to obtain higher amounts of tracer at the other end, the
models either predict those amounts or they can be used as additional information
about the diffusion processes.

d) The mathematical formula used to calculate Da and De are based on the linear part
of break-through curve. But how to define where the linear part begins, without
continuing the experiment long enough. It can be seen by studying the deviation of
the solution from the asymptote that in the case of the diffusion behaving according
to the simple model, asymptote describes well the through-diffusion after

L2/T > 10 days / cm2 . And quite often when the curve is linear enough for deter-
mination of De, attempts to determine Da are ceased by poor values of time lag,
which may be even negative. Also the sampling by emptying either of the water
reservoirs during sampling may cause a pressure difference, which enhances diffu-
sion.

e) The time needed for the experiments is long, in any case months for samples of a
few centimetres thick, and the information gained is the geometric factor, G, be-
cause, in theory, porosity and sorption distribution factors are measured more eas-
ily by other methods. In practice there are differences between these methods. By
making diffusion experiments parallel for a set of samples it is possible to have a
relatively large set of data after the experimental period.

In the leaching methods the sample is surrounded by water, which makes the solutions
to the diffusion equation more complicated - at least two-dimensional diffusion. The
advantage is that no gasket or stuffing is needed to make the system one-dimensional.
The leaching may be done either inwards or outwards or both. From leaching results it
is possible to define the capacity factor (porosity for non-sorbing species) and apparent
diffusion coefficient. The difficulties with these methods are parallel with those ob-
tained for the through- diffusion experiments, except for the advantage of no stuffing,
and disadvantage of more difficult diffusion mathematics.

The diffusion constant of, for example, helium in the nitrogen gas is several orders of
magnitude higher than aqueous species in water solution. Therefore, performing the
experiments in a gas atmosphere will shorten the experimental time for the same
specimen dimensions from months to minutes (Hartikainen et al. 1996). The main ad-
vantage is that with the gas method it is possible to examine a gathering set of samples
from the planned repository site in an interval of some weeks. The other advantage is
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that also very large samples may be studied. The gas method can be used in many
kinds of arrangements, for example in through-diffusion or leaching experiments. The
main disadvantage is lack of the chemical interaction, which is both very important and
very complicated in aqueous solutions. However, for structure studies the gas method
is excellent; and aqueous and gas experiments complement each other.

2.5 Structure of rock

The structure of rock consists of both geometric and mineralogical properties. Of the
geometric factors one over the others is porosity, which is the void fraction of the total
volume of rock. Porosity is straightforward to measure by weighing - down to low po-
rosity of 0.1 per cent. The specific surface area of rock is much more difficult to meas-
ure, especially if porosity is low. Pore-size distribution for crystalline rock is almost
impossible to measure with present methods, if small pores with large surface area are
the main interest. In mineralogical studies, the interest lies in analysing the surfaces of
pores, on to which the sorption takes place.

For high-porosity systems (e > 1 %) it is possible to measure the pore distribution, for
example, with mercury porosimetry. For lower porosity the mercury porosimetry is not
available due to the high pressure needed to force the mercury into the small pores
typical of low porosity. Total porosity is rather straightforward to measure, for exam-
ple by dry-wet weighing - a special technique is needed, however (Melnyk & Skeet
1986), by leaching test with non-sorbing species (tritium) in water phase or by helium
leaching. Total porosity alone says nothing about the sizes of pores, but coupled to sur-
face area data, it will give at least some knowledge.

In the above it has been implicitly assumed that the geometric structure of rock is such
that there is distinct difference between void and occupied volume. One may ask if this
is true, when it is reasonable to assume that the smallest pores are of the dimension of
atomic level. Another implicit assumption is that there is no interaction between pore
surfaces and aqueous solution, meaning that the porosity or volume occupied by dif-
ferent non-sorbing species (anions, neutral species, cations or gas) is always equal.
There is, nowadays, strong experimental evidence against the validity of both of the
above-mentioned assumptions, and the results of the present work are also explained as
an indication of that.

The surface area can also be measured with mercury porosimetry, which is, though,
seldom applicable to the low porosity of crystalline rock. Surface area measurements
are also performed by gas adsorption on pore surfaces. The most widely used method
is called BET, and the gas used is nitrogen. This system is not available for small sur-
face areas (below 1 m2/g), but with a method where krypton is used instead of nitrogen,
very low specific surface areas may be measured.

Rocks consist of different minerals and therefore the knowledge of mineral phases on
the pore surfaces is of great interest. Different minerals have large variations in their
sorption properties, for example, hydrous ferric oxides and manganese dioxide have
very high sorption capacity compared to most other minerals. The analysis of surfaces
is possible, but expensive compared to porosity or surface area measurements.
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A new method of analysing the pore structure is the I4CPMMA (PolyMethyl-
Methalacrylate, e.g. Hellmuth et al. 1993, 1994), which produces an autoradiograph
about porous material over a cross-section. The method allows the calculation of pore-
size distribution, but the method is nowadays limited by the lateral resolution of about
20 |um; this is at least four orders of magnitude higher than the smallest pores of inter-
est.

2.6 Sorption experiments

Most sorption studies are performed to measure the sorption distribution constant, KA.
In the following, the discussion concentrates on these measurements, partly because
they form the majority of work, and partly because almost the same methods are used
in sorption studies based on surface complexation modelling.

The common method of measuring sorption is to mix water and finely ground mineral
sample, to which the sorbing species are added. After separation of the solid and aque-
ous phases, the concentration in either phase or both is measured, which gives the per-
centage, sorbed on solid phase, allowing the calculation of the sorption distribution co-
efficient, Kd. In a study for mechanistic sorption models, the sorption measurements
are repeated with several different pH values, but the basic principles are the same.

One of the main difficulties when applying these results to matrix diffusion is the use
of ground mineral samples. On a more advanced matrix diffusion modelling coupled to
mechanistic sorption modelling, the result for pure mineral phases may be applied, if
the mineral composition of the pore surface is known.

Sorption is such an important retardation mechanism that KA measurements have been
performed in all countries that work with the safe disposal of nuclear waste. The use of
Kd:s has been criticised in numerous conferences and publications during recent years.
Nevertheless, there is no realistic competitor for Kd and mechanistic sorption models
are planned to be used mainly to justify the use of the chosen Kd values.

One difficulty is the upscaling from laboratory experiments to real-field conditions,
where there are simultaneous processes like complexation, matrix diffusion and pre-
cipitation. For this upscaling work the coupling of mechanistic sorption modelling and
diffusion studies may be applied.
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3 DIFFUSION MODEL

This chapter describes the model that couples mechanistic sorption models and diffu-
sion transport. The aim is mainly to show how to perform such coupling, and therefore
the model is kept as simple as possible. But, it is straightforward to develop the model
to more complicated applications.

Especially the structure of the porous medium is assumed to be very simple, consisting
only of diffusion channels with small aperture compared to the width of the channels.
It is assumed that the system very quickly reaches equilibrium in the aperture direction
and the diffusion flux is oriented in the direction of the channels. The width of chan-
nels is assumed to be high enough, so that no end effects need be considered.

In our model the release of protons from the pore surfaces - protons bound on surfaces
move few nanometres above the surface - causes the charging of surfaces, and other
ions only screen the charge of the pore surface. The pore surfaces consist of some ox-
ide, like quartz or hydrous ferric oxides.

3.1 System description and mass-balance equations

In order to study the exclusion of anions, the reference state with which the exclusion
system is compared must be given. In thermodynamic studies this kind of reference
state must be a conditional equilibrium state - there is some constraint, which keeps
the system at a higher energy level. Without the constraint the system is free to go to
the next equilibrium state. In our case the reference state is pores without surface
charge, while the studied state is free water in contact with charged pores.

In our case we can consider a water volume Vw in contact with porous medium. Let the
cross-sectional area between the water and solid phases be S. Let us assume that po-
rosity is achieved by channels of length L=ZLQ, aperture 26 and width A, see Figure 3.

Figure 3. Sketch of a diffusion channel of our model. Dimensions in different direc-
tions are of different magnitude: 25 « 1-100 nm, A « 50 urn, L « \LQ, LQ»2- 100
mm, x« 3 - 10. Parameter LQ is the physical length of the system and x is the tortuosity
correcting for a longer route of diffusion through the system.
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There will be Np channels per unit cross-sectional area. The total porosity is given as

E = 2Npt5A. (16)

The half pore aperture may be calculated from measurable quantities, specific surface
area As, density and porosity, by

This is a simple model for the structure of porous media, but it allows the estimation of
exclusion and simulation of diffusion. The model is straightforward to extend to the
distribution of pore apertures.

In the beginning, all the pores and the water volume is filled with some electrolyte, for
example NaCl at neutral pH. In the next step, some of the protons are released from the
pore surfaces, which changes the surface charge from neutral to negative - protons
may either stay near the surface to maintain the electrical balance or they are changed
to some other cation from some outside source. The surface charge develops an electric
field that will distribute the ions in solution so that cations are near the surface and ani-
ons as far away from the surface as possible. The distribution of ions affects the poten-
tial, and the system of equations governing the system is strongly coupled. The whole
system of equations consists of mass balance for elements, mass-action equation for all
species, and the Poisson-Boltzmann equation for potential.

The net effect is that some of the anions go to free water with a corresponding amount
of protons, and some of the cations go to pores where they are balanced by negatively
charged surfaces. This is called anion exclusion. The high cation concentration may
appear, at macroscopic level, as surface diffusion. Important is the link between anion
exclusion, cation surface diffusion, surface reactions and aqueous reactions.

As an example we can study the mass balance of species / in a system shown in Fig-
ure 4 (page 36). Total mass of species / is written as

NpSA$dx \c, (x,<U*>fe (18)
-8

where c superscripted with w is the concentration in free water, c(x,0^,t) is the con-
centration inside pores at given position and time t. In equilibrium the ^-integration
changes to multiplication by L and the z-integration gives some definite number
28v/.c" at all points, so that the pore concentration, Cp for species i, may be written as

c?=zv,c: = zic:, (19)

where s, is the effective porosity of species /, and v/ is the porosity scaling factor,
which, in a case of negative surfaces, is v < 1 for anions and > 1 for cations. Then (18)
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is written as

M,, = ( 2 ^ + V | s K > ; = (2Vw + e,Vs)c?, (20)

where it has been assumed that the free water volumes are of equal size. Therefore, the
real task is to calculate the effective porosity E, or the porosity-scaling factor v / .

3.2 Sorption by surface complexation models

Mechanistic sorption models developed during the last decades have mainly been
based on surface complexation modelling, in which sorption is described by reactions
comparable to aqueous phase reactions. The deprotonation reaction for surface site
SOH is written as

SOH = SO" + H+ (21)

The mass-action equation is therefore written as

^-FV/RT

[SOH]

where ATSO is the binding constant - acidity constant. Square brackets denote concen-
tration, and \\) is the electrical potential at the surface. Note that no chemical activity
coefficients are used; only the Coulombic correction is included. The potential is
negative for negatively charged surfaces, and therefore the Coulombic correction in-
creases the proton concentration.

If the number of sorption sites per surface area, Ns is known, [SOH]/O/ can be calcu-
lated as

^ - . (23)
o

The concentration of negative sites is therefore written as

T - (24)

If it is assumed that almost all sites are uncharged, the simpler form - useful for ana-
lytical solutions - is written as

[ ] % ^ (25)e7 ] 5

If ions are near charged surfaces they are affected by Coulombic forces. In most cases
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the interaction energy is calculated from the central field potential, \\i, which is a com-
mon effect of aqueous ions and surface charges. The potential obeys the Poisson equa-
tion (e.g. Hiemenz 1986)

V-(eVi)/) = -p , (26)

where p is the charge density and e is the dielectric permittivity of medium. In the
classical Gouy-Chapman theory, permittivity is assumed to be constant. The interac-
tion energy Uj (per mole) for an ion of charge Zt is then written as

U,=FZiW, (27)

where F is the Faraday constant, 96 485 C mol1.

Applying the Boltzmann distribution for aqueous concentration we have for disturbed
concentration c{

c, = cO|.exp[- - ^ J = co,exp|^- - ^ - J , (28)

where cOj is some reference concentration corresponding to zero potential, T is absolute
temperature and R is the gas constant, 8.314 J K"1 mol'1. In our case the reference con-
centration is the concentration in free water at the boundary of porous media and water.
It is assumed that the free water volume is so large, that the sorption onto pore surfaces
may cause only negligible change in free water concentrations. Note that it is always
possible to add some constant to the potential; therefore the reference concentration
also depends on this added constant.

Now it is straightforward to write the charge density, p

P = * £ Z.c. = F X Z A, exp(- ^f) (29)

If the charge density is substituted in (26) and the electric permittivity is assumed to be
constant, we then have the Poisson-Boltzmann equation (e.g. Hiemenz 1986)

In the diffusion channel it is assumed that no gradients occur in the ^-direction, the
gradient in the jc-direction is proportional to the inverse length of the channel (I),
which is much smaller than the gradient in the z-direction (from surface to surface),
which depends inversely on the aperture 6.

If potential is low compared to F/RT, (25.7 mV at room temperature), we may expand
the exponent term as a Taylor series
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dx2

where K is defined as

and ionic strength / is written as

lXv (33)

If potential is not low we have to use (30), which is a complicated, non-linear equation
for the potential \\i. By making a few simplified assumptions we can get a form of (30)
that makes it easier to see the conceptual model clearly. First we assume that the con-
centration variations due to Coulombic interaction do not change the concentration of
the electrolyte solution: this is achieved by having a small volume of pores in contact
with a much larger volume of free water. Next we assume that the hydrogen and hy-
droxide ion concentrations are much lower than the concentration of electrolyte solu-
tion: if the lowest ionic strength of the solution is 1 mmol/L, this limits the pH values
to the range 5 - 9 . Next we assume that the anion concentration inside the pores is
much lower than cation concentration, which means that we study very strong anion
exclusion.

If the cation concentration in free water is cM, the simplified Poisson-Boltzmann can be
written as

dz s

If the following transform is performed

= _RT_ (35)

F

we can write (34) as a dimensionless equation

(36)

where

:5K. (37)
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K is therefore the ratio of aperture of the pore to the thickness of the diffuse layer. If K
is near unity, the anion exclusion should be clear.

If (36) is multiplied by the derivative of potential and then integrated once, we have

[ x 2

—1 =KV+C, (38)

where C is some constant dependent on boundary conditions. The boundary conditions
are such that in the middle of the pore the derivative of the potential is zero, which de-
fines C,

I—I =K2(ep-e<p»), (39)

where cp0 is the middle-point potential.

Now the equation may be integrated and the integration constant is set to fulfil the re-
maining boundary condition.

On the surfaces of the pores we have from electrodynamics

a
n-Vvi/ = — , (40)

8

where nis the normal of the surface (4=1, n = - k ) and a is the surface charge density,
which can be calculated from (24)

so (41)

where the proton concentration is equal to the free water concentration. Making the
potential and variable transform to (40) we have

where

cx= ^so
r^+1 (43)

25cM[H+]

expresses the ratio of charged site concentration to the cation concentration.

The solution to (36) may be written as
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a j
m

where the parameter a is obtained from the boundary condition, which may be re-
written as

32£soa5 sin a + s[H+ ]K V sine cos2a - a[H+ ]K6 cos5a = 0 (45)

by substituting (44) to (42).

Only numerical solutions are available in solving (45). We have used symbolic
mathematics program Maple V release 4 to simulate the solution of the set (37) and
(43-45). The main use of Maple V simulations has been in the verifying of our numeri-
cal methods.

3.3 Real systems

The complete system includes also a proton, a hydroxyl and an anion. In the following,
c{ stands for concentration and Zx for the charge of ion i. In our case the i is M, H, OH
or A for metal, proton, hydroxyl and anion, respectively. The hydroxyl ion concentra-
tions will be written by proton concentration using the mass action law of water dis-
solution reaction. Now the Poisson-Boltzmann equation can be written as

QI p zM/-\|/ Fy ZAFy fV

V ' 7 - - ~ n T - - " " - - - " • • - - " • ( 4 6 )T + C H e RT ~ ^ A C A e R "^OH 6*

where the direction studied is perpendicular to the charged planes (z).

If the following transform is performed

F

we can write a dimensionless equation

RT (47)
9

\z c eZMV+c e^-7 c e~Zf-v -c e"'
M + C H C Z 'A C A C COHC

or for 1:1 symmetric electrolyte (ZM=ZA=1)

,+cH)e<(>-(cA+c0H)e-<(>] (49)

where
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(50)

K is therefore the ratio of aperture of the pore to the thickness of the diffuse layer. If K
is near unity, the anion exclusion should be clear.

The charge balance in free water is written as

C M+ C H = C A+ C OH ( 5 1 )

and the ionic strength is therefore

7 = cM+cH (52)

and

COH =

where Kw is the equilibrium constant for water dissolution and y, ist the activity coef-
ficient for monovalent ion. If the ionic strength and pH are known, other concentra-
tions may be calculated from them using (52, 53).

Therefore (46) may be written as

'"=K2sinh9 (54)

The final task is to find a solution of (54), which also fulfils the boundary condition
given by (42) where now

(55)
25/

Mathematically the sorption problem is now stated as an ordinary differential equation
with two boundary conditions (on both boundaries) - a two-point boundary value
problem. These types of equations are rather common in science and therefore also
many kinds of solution methods exist. For our case, where the boundary conditions
include derivatives and an exponent of unknown function, relaxation methods are rec-
ommended. This means that the interval to be studied is divided by mesh points on
smaller intervals and differential equations are replaced by finite difference equations
on these mesh points.

Ferziger (1981) describes the methods explained below in detail. We use a uniform
grid of mesh points: the solution interval (0,1) is broken into N equally spaced subin-
tervals each of size h. The first derivative of <p is approximated by the central differ-
ence on mesh point /
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(56)

and the second derivative is approximated by

L (57)

Thus, the Poisson-Boltzmann equation (54) at ith mesh may be approximated by

<p,+l - 29, + 9,., = fc2K2sinh9, (58)

or

where

(59)

(60)

The boundary conditions are written with the aid of two artificial mesh points -1 and
N+\ as

dcp

2h
= 0 (61)

and

2h
(62)

The functions on these additional mesh points are solved and substituted back on (58)
giving

- cp0) = A.2 sinh<pc (63)

and

, -P .v (64)

The equation set may be also written in matrix form as

(65)
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where F is defined as

Ft = X2 sinhcp,,

FN = X,2sinh<pAr -

and A is a constant tridiagonal matrix

2/KX[H+]K2

- 2 2 0 0 • ;

1 - 2 1 •. 0

0 1 •. 1 0

0 '-. 1 - 2 1

- . 0 0 2 - 2

To solve the set we define function set G

(66)

(67)

(68)

whose components are shown in Table 2. The problem is non-linear, and we solve it
with the Newton-Raphson method, in which the solution is found by iteration. Let the

set (p(A> = ((po*',...,^') be the kth iterative solution of G = 0. The next iteration pro-

duces a new set <p(*+1) = (<p(
0*

+1),..., (p(^+1)) that may be written as

(69)

where ^'*' is the correction to be solved. The new set should satisfy - approximately -

the equation G = 0, and using Taylor expansion we get

(70)

Table 2. Function set G.

Location Equation
Interior mesh points

Left boundary

Right boundary

G, = cp,_, -2q>, +(p,+1 -X
1 sinh<p,

Go = -2(p 0 +2(p, -A.2 sinh(p0

GN =
+ H+
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The Jacobian matrix J of the set of functions G is written as

(71)

The elements of J are given in Table 3. The Jacobian is a tridiagonal matrix - only the
diagonal and elements on both sides of the diagonal are non-zero. In the last term of
(71) the Jacobian is split into two parts, of which the first is constant while the second
one varies during the iteration. Using the Jacobian, (70) is written as

(72)

or

JW.FW =-G{k)

Using the splitting of (68) we have instead of (73)

(73)

(74)

or-

(75)

The matrix D is diagonal with elements

DNN =
dF»

(76)

The solution is found by inverting (75) and repeating this iteration until the solution is
accurate enough. Short Matlab 4.2c code was made to find the solutions; an example of
the solutions is discussed in Chapter 4.

If we study salt intrusion into pores, we need to solve the Poisson-Boltzmann equation
without the knowledge of the concentrations in free water. The Poisson-Boltzmann
equation can be written as

z, />
RT (77)
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Table 3. Components of the Jacobian of the system.

Location Symmetric electrolyte
Diagonal

Left diagonal

Right diagonal

First right diagonal

Last left diagonal

Last diagonal

j(k) _ j

l(k) - 2
J 0,1 ~ L

/(*) _

where p is the number of different ions and C\Q are the reference concentrations to be
solved from equation

= c,0 j e^r fz (78)

where M/ is the surface density for ion / (moles of ion / per pore surface area), which
are known quantities. The boundary conditions are the same as earlier.

The reference concentrations are not known and we must iterate them, for example
starting with some initial guess for the concentrations and then solving (77) for poten-
tial. Substituting this potential to (78) we have nest approximation for the concentra-
tions. This iteration must then be repeated until we have a satisfactory solution.

In order to avoid too complex mathematical methods we have, in the following sec-
tions and chapters, concentrated on systems of constant ionic strength. This still allows
the study of the diffusion of ions of the same charge against each other, and this is the
experimental arrangement that should most clearly indicate surface diffusion.

3.4 Equations for surface diffusion

In the preceding sections the stationary state for anion exclusion and cation sorption,
without diffusion, was studied. It is a straightforward task to add diffusion to our
model, because the structure of porous media - in our simulations - is so elementary.
In a more realistic case the structure is much more complicated, but for studying the
effect of charged surfaces to diffusion, the elementary model is satisfactory.

To further simplify the modelling it is assumed that the diffusivity in pores - at all
distances from the pore surface - is equal to the diffusivity in free water, e.g. no vis-
cosity effects due to electric fields are taken into account. The diffusivities are allowed
to vary between species, and a special term is added to take account of charge balance.
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We start our modelling by describing the diffusion by chemical potential formalism:
the diffusion flux is coupled to the gradient of chemical potential. In this description
the flux is caused by differences in potential energy, which is the origin of forces
moving species to lower energy areas (usually these are also areas of lowest concen-
tration). The diffusion flux, J\, for ion / may be written as

dx
(79)

where \is is the chemical potential of species s and Z,j5's are the phenomenological co-
efficients, which are believed to be more insensitive to variations in system parameters
than common diffusivities (de Groot & Mazur 1963), and summing is taken over all
species present. The system is assumed to be in equilibrium in the direction of aperture
of the pores, and therefore only the x-variable is used in (79). If we now assume that
the flux for a certain ion depends only on the chemical potential of that specific ion, we
can omit the summation.

Diffusion fluxes given by (79) are not independent. In order to simplify the discussion
only three species are selected. If the water is omitted anyway, with three species it is
possible to model systems where there are two cations and one anion, or two anions
and one cation, which corresponds with the experiments performed at VTT Chemical
Technology.

The chemical potential in the electric potential field may be written as (see, e.g. Hayes
&Leckiel987)

(80)

where y.So is the standard state chemical potential of species s, cs is the concentration
of species s, ys is the activity coefficient of species s, and vj/ is the electric potential.
The last term is a coulombic term for electrostatic interaction via the central field - the
validity of this approximation has been discussed in earlier sections.

Substituting (80) to (79) we get

RT_f+dlnys)dcs

^ cbc . c. I 51ncc J ax dx

Comparing (81) with flux equation (5) written with diffusion coefficients we set

r RT
D,. = L

(81)

is is
(82)

and have therefore

D,\\
dc,

3Inc. dx RT * s " dx
(83)
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We now denote the activity coefficient term as

; | ! ^ (84)

where y, is the activity coefficient for monovalent ions. Flux (83) is rewritten with (84)
as

Z dc F 5v|/ ^
Z)fcr'"&"lwrar4-c'ZA" (85)

The coupling of fluxes and concentration gradients of different ions may be a true ef-
fect, but in order to further simplify the model, the fluxes are assumed to be uncoupled
or

(86)

In order to calculate the potential, we assume that the electric current through the sys-
tem is zero or

ZA=0 (87)

giving

D ^ -
-L.

The fluxes are therefore written as

dc Z Z ^A^

The effect of the charges of the diffusing ions is most easily seen by considering only
two species, A and B, with equal charges
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D ^ - + D ^A.

1A. = _D ^±+C
 A & B dx

T A dx A cA+cR

D ^ L + D !*!L
J„ dcR

 A rhr B fhr

f=-D°-bi+c° c +c

If we collect the gradients together, we have

CA

cA

CB

+ cB

+ CR

dcA

dx I J

dcA

dx

Q

C

Q
B c

CA

A+CB

CA

A+CB

dcB

dcB '

dx

(91)

which is parallel with the result J^ = -JB, and implies that ions diffuse against each
other to maintain the charge equilibrium. Local charge equilibrium gives

cA+cB = 'L = const. (92)

which gives for the flux

. A ' ( 9 3 >

The equation of continuity is written as

r» — - = — — / (Y T. t\ i — A R (<i&}

where a/ are the capacity factors. We have now two diffusion equations

dcA r d
A dt ~ c,+cR dx

9CB _ T d(, n t _ n sdcB

a ZZJL = — -\[cBDA+cADB)
dt cA +cB dx\ dx

(95)

3.4.1 Boundary conditions for diffusion

In order to couple the pore and free water concentration, we must have a boundary
condition at the interface. In standard theory the free water penetrates the 'free water -
solid'-interface, so that at the interface the free and pore concentrations are equal. Ad-
ditional complication comes from different conventions in defining the concentration
in the porous system; at least two volumes may be used: the volume of pores and total
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volume. In standard theories the equality of concentrations holds between free water
concentration and pore concentration calculated per pore volume.

The concentration inside the pores varies as a function of the distance from pore sur-
face. A natural way to deduce the form of boundary condition is to use the chemical
potential approach. For a system in equilibrium, the entropy has a maximum, and from
this fact it is straightforward to show that the temperature, pressure and chemical po-
tentials for all species must be constant over the system (e.g. Reichl 1980). It is as-
sumed that the volume and total particle number is constant. Therefore at the boundary
the condition

must be fulfilled for ion /, or

/ ^ FZ
lnc; =ln<(0,0,z)+-=fv|/(0,0,z), (97)

Kl

where w means free water outside the porous material and s stands for porous material
(x is the distance measured from interface into the material). The chemical activity co-
efficient is assumed to be same in free and pore water: it is a very complicated task,
and outside the scope of this work to discuss how to really calculate activities on
charged surfaces.

If (97) is integrated over the pore aperture we have

) r " c x (98)
where v/ is the porosity scaling factor, which must be calculated from basic data: pore
aperture, pH, ionic strength and mineral of pore surfaces.

The experimental system, described in Chapter 5, consists of two water tanks and one
rock sample between them. Initially the system is equilibrated with the same anion
(cation) while in the water tanks, A and B anions are balanced by cation (anion) A and
B, respectively. The task is to calculate how the cations migrate to the other side of the
system (see Figure 4).

The second boundary condition on both boundaries - the first one is given by (98) - is
the mass-balance equation: the total flux out or in from rock must equal the time de-
rivative of the total amount of the ion in the water tank. This is written as

j = A,B. (99)
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Figure 4. Schematic illustration of the experimental set-up: lithium ions migrate to
right and potassium to left. Fluoride ions are passive and maintain the charge equilib-
rium. Note that the actual length Lo must be scaled to real diffusion length by dividing
Lo by the square root of geometric factor G.

(100)

or

dt

On the other side we have

dt

dx
x=0

dx x=L

(101)

(102)

3.4.2 Numerical solution

The diffusion equation is solved by numerical methods. The finite-differencing scheme
is almost identical to the potential solving in section 4.2. The diffusion equation is
written as

dx2 (103)

and the partial spatial derivative is approximated as
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5c

dx
= c; =

x=ih 2/2 2h
(104)

and the second derivative as

d2c

dx2 = C" = cM - (105)

and finally the diffusion equation as

cc-
c" -c"

i+l l- l
c" -2c"+c"

At 2h
(106)

where

(107)

and

(108)

On the boundaries additional points -1 and JV+1 are used as earlier, giving

r"+] -r" wrS r" - c"

A/ V. 2h
(109)

while on the other side we have

"+]r" C" -C"

At 2h
(110)

The additional points are solved and substituted back to (106) giving

.KESDI
15 £L +2D"- 5 - - A ° °

A/ ; ° /i2
 KSS Mr

and

c;,,-c; 2F B acT-^ ( 1 1 2 )

KSS
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Both boundary conditions reduce to an implicit form

£-A/_1 C M
(113)

for concentration increase

We can solve 1"N from (113)

1 +
KES/I

1 h

A/
(114)

" c"

(115)

where the minus sign is accepted for the second term, because it will give a physically
correct solution: the flow is directed to lower concentration. After some simplifications
we have

. 2f
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4 EXPERIMENTS AND MODEL APPLICATIONS

4.1 Diffusion measurements

The experimental work has been concentrated on the results of typical rock-types from
Olkiluoto investigation site. The approach to measurements has been partly conven-
tional: diffusion measurement in equilibrium conditions using tracers, partly new:
measurement of diffusion in opposite directions using different anions or cations on the
opposite sides of the sample. In the previous reporting phase of the experimental pro-
gramme of anion exclusion and surface diffusion, two sets of results studying anion
exclusion were available together with specific surface area measurements, and both
gas diffusion and acrylate impregnation results (Valkiainen et al. 1995). In Table 4
there is a list of experimental phases connected to the present assignment. The results
presented in this report are obtained after the issue of the previous report (YJT-95-20).
At the end of this chapter there is a discussion of the reliability of the data obtained.

The rock samples in this study were chosen from the drill-core, 0L-KR5; the predomi-
nant rock-type is migmatic mica gneiss (Lindberg and Paananen 1991). Six rock-types,
three unweathered and three weathered/altered were chosen for the study. Table 5
shows the rock-types and the sampling depths.

Table 4. Availability of the results - experiments started in 1994.

Experimental conditions Method description Tracers Availability
NaCI/Na2SO/ 1) Leaching HTO, S-35, CI-36 In YJT-95-20

2) Through-diffusion
NaCI/Na2SO4' 3) Leaching HTO, Na-22, CI-36 In this report
(Na,K)CI + Na2SO4" 4) Through-diffusion HTO, S-35, CI-36 In this report

Na-22 Later
Counter diffusion of ions 5) Through-diffusion HTO, Cl, NO3, Li, K In this report

Dry samples He-gas diffusion (JYFL) He In TURVA-94-09
Dry samples Specific surface area (BAM) Kr In YJT-95-20
Acrylate impregnated samples Pore distribution (HYRL) C-14 In YJT-95-20

3 dilutions, all 6 rock-types "* same ionic strength
JYFL = Department of Physics, University of Jyvaskyla, BAM = Bundesanstalt fur Materialforschung und
-priifung (Berlin), HYRL = Laboratory of Radiochemistry, University of Helsinki

Table 5. Samples chosen from OL-KR5 drill-core.

Rock-type
Mica gneiss
Granite
Tonalite
Weathered mica gneiss

Weathered granite

Mica gneiss/migmatite, altered

438.25...438.48
362.96...363.24
370.25...370.77
280.05...280.13
281.22..281.40
428.43..428.56
428.93
429.41...429.50
272.48...272.72

Sampling depths (m)
438.50...438.83
363.25.-363.68
370.82...370.95
280.14...280.25
281.53...281.67
428.56...428.64
429.20

272.75...272.78

280.50...280.73

428.65...428.73
429.26.-429.39

272.90...273.90
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The diffusion experiments were performed in the following electrolyte solutions to
study the influences of both the ion type and salt concentration:

• NaCl-Na2SO4 solution (mainly NaCl, but also a carrier for sulphate tracer) in
three ionic concentrations,

• single-salt solutions in one concentration to study the influence of ionic type
• two-salt solutions in the same experiment on the opposite sides of the speci-

men.

The concentrations of the solutions in the first two cases are given in Table 6 and the
solutions in the 3rd case are given in Table 8.

The diffusion coefficients and rock-capacity factors of the samples were measured us-
ing either the equilibration-leaching method or through-diffusion method. The experi-
mental arrangement using the equilibration-leaching method is a simple one. The sam-
ple is first equilibrated in a solution, containing tracer. The time needed was evaluated
from the sample dimensions and anticipated apparent diffusion coefficient. After the
equilibration period the sample was flushed to remove the surface layer of equilibra-
tion solution and moved to a chemically equivalent unspiked solution, which was sam-
pled to reveal the diffusion kinetics. The experimental set-up is very simple and re-
quires little space (Figure 5). This experiment was performed in an anaerobic cabinet,
mainly to exclude the influence of carbon dioxide on the aqueous chemistry.

In the through-diffusion method, the sample forms a transport pathway between the
tracer-containing volume of liquid and the tracer-free volume of liquid. The sample is
glued to a sample holder, equilibrated in tracer-free solution and installed between the
two reservoirs. The tracer concentration is followed in the initially tracer-free reservoir,
Figure 6.

Radioactive isotopes of the elements used in the electrolyte solutions were chosen for
diffusion tracers (Table 7). The tracer concentrations were measured by the liquid
scintillation technique using a Wallac 1415 Liquid Scintillation Counter and triple la-
bel detection. The preconditions in the use of three coexistent tracers are:

• The beta-energies must be sufficiently apart of one another

• The intensities of the peaks should be in the range 1:10.

The first condition is taken into account by selecting the tracers, the second condition
needs some information on the sorption and exclusion behaviour of the tracers studied.
If in some rock-type there is both substantial exclusion and simultaneous sorption, the
concentrations in the leachate or the liquid on the "pure" side may be distorted out of
the range of resolution.

In order to study the effect of counter-diffusion of different ions, the experimental ar-
rangement of through-diffusion was used in such a way that the chambers on the oppo-
site sides of the sample were filled with different solutions. The samples were initially
equilibrated in solutions containing both ions present in the liquids on the opposite
sides of the rock sample, the experimental arrangement was the same as in previous
through-diffusion experiments (Figure 6).
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Three rock-types representing different porosities were selected. Lithium and potas-
sium were found to be adequately distinguishable cations and chloride and nitrate ani-
ons, respectively, in ion chromatography. The experiment was divided into three parts:

a diffusion of salt to pure water,
a diffusion of anions in opposite directions and
• diffusion of cations in opposite directions.

The rock-types and solutions in diffusion experiments are given in Table 8. The con-
centrations of the solution are explained in Table 9.

Table 6. Solutions used for the diffusion experiments; concentrations in mmol/L.

Solution

Initial
Dilution 1
Dilution 2
NaCI
KCI
Na2SO4

Ionic
strength

520
31
1

30
30
20

Na

518
31.1
1.04
30
-

20

Cl

482
28.9
0.96
30
30
-

so4

17.8
1.07

0.00356

-
10

K

-
-

-
30
-

Table 7. Radioisotope tracers for the diffusion experiments. Na-22 presents cationic
sorbing nuclides among neutral H-3 and anionic Cl-36 and S-35. The triple label de-
tection allowed the simultaneous measurement of H-3 and Cl-36 together with either
S-35 or Na-22. Numbers in brackets shows the percentage of given species - in an ex-
ample system: the first row in table 5.

Isotope
H-3
Cl-36

S-35

Na-22

Species
HTO (water)
Cl- (96 %)
NaCI(aq) (4%)
SO4

2" (58 %)
NaSO4

2- (42 %)
Na+, (95 %)
NaCI(aq) (4 %)
NaSCV (1 %)

Half life
12.3 a

300 000 a

87.5 d

2.6 a
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36

22 Na

i 3
H

35,

36

NaHP

Figure 5. Two phases of the equilibration-leaching experiment, a) Rock sample is
equilibrated with a tracer-containing solution and b) subsequently leached in a tracer-
free solution. Outleaching kinetics are followed.

Chambers for liquids

Rock sample

Magnetic stirrers

O-ring seals

Figure 6. During the through-diffusion experiment diffusion takes place between a
tracer-containing solution and a tracer-free solution through the sample studied.
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Table 8. The rock-types and solutions, on opposite sides of the sample. The compo-
nents in the solution act as tracers. To monitor the experiment, it was then needed to
analyse for instance a low concentration of Li-ion in a high concentration of KCl.
Tritium was also used on the Aside as a tracer. The molar ity of the solutions was 0.03
molar.

Rock-type
Mica gneiss
Tonalite
Mica gneiss/Migmatite. alt.
Mica gneiss
Tonalite
Mica gneiss/Migmatite. alt.
Mica gneiss
Tonalite
Mica gneiss/Migmatite. alt.
Mica gneiss
Tonalite
Mica gneiss/Migmatite. alt.
Mica gneiss
Tonalite
Mica gneiss/Migmatite. alt.
Mica gneiss
Tonalite
Mica gneiss/Migmatite. alt.

Equilibration

Pure water
Pure water
Pure water
Pure water
Pure water
Pure water
(Li,K)CI
(Li,K)CI
(Li,K)CI
(Li,K)NO3

(Li,K)NO3

(Li,K)NO3

Li(NO3,CI)
Li(NO3lCI)
Li(NO,,CI)
K(NO3,CI)
K(NO3,CI)
K(NO3,CI)

Filling
solution

A-side
LiCI
LiCI
LiCI
KNO3

KNO3

KNO3

LiCI
LiCI
LiCI
LiNO3

LiNO3

LiNO3

LiNO3

LiNO3

LiNO3

KNO3

KNO3

KNO3

B-side
Pure water
Pure water
Pure water
Pure water
Pure water
Pure water
KCl
KCl
KCl
KNO3

KNO3

KNO3

LiCI
LiCI
LiCI
KCl
KCl
KCl

Table 9. Concentrations of salts in the solutions of the counter-diffusion experiment.

Contents
Li and K,

Li and K,

NO and

NO and

of the solutions
common Cl

LiCI
KCl

common NO

UNO

KNO

Cl, common Li

UNO

LiCI
Cl, common K

KNO

KCl

mg/L

1

1

1

1

1

1

636
120

030

520

020

636

520

120
Filling solutions

LiCI 1 270
KCl 2 240

LiNO3 2 070

KNO3 3 030
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4.2 Results of measurements

In the following, the experimental conditions are explained and the results presented
mainly in the form of fitted parameters: effective diffusion coefficients and rock-
capacity factors. Some illustrative graphs of the primary results of the diffusion ex-
periments are added.

Figures 7 and 8 give typical leaching results of previously equilibrated rock samples.
The long-time asymptote of the outleached relative concentration, which is the amount
of outleached nuclide divided by the sample volume and the concentration in the
equilibrating solution, gives the rock-capacity factor a.

Figures 9, 10, 11 and 12 show the results of samples of altered mica gneiss/migmatite.
In the situation depicted in Figure 9, the liquid is NaCl solution. In the case of Na2SO4,
separate figures (Figs. 10, 11 and 12) illustrate the through-diffusion of tracers. The ex-
perimental data was fitted using (14) for each sample and tracer combination. Parame-
ters Do and a were obtained.

e

Table 11 shows the compilation of the parameters obtained by fitting the leaching ex-
periments (Table 4 method 3). To fit the experimentally obtained (F,t) leaching data
(15) was applied by the computer code LSF64 (Lehikoinen et al. 1992). The diffusion
coefficient and the ratio of conductive to dead-ended rock-capacity factor (ot7a*) is
obtained. The long-time asymptotic value of F is used to estimate a (= a++ a*). It
turned out that Na-22 shadowed Cl-36 too much in some of the data, thus making the
observed exclusion results of Cl-36 more fluctuating than in the previous series (Table
4 method 1). Therefore it was decided to use the exclusion results of the previous
measurements on the same rock-types (Table 4 method 1) for comparison purposes.

The results in Tables 10 and 11 indicate general exclusion behaviour. When both rock-
capacity factors and effective diffusion coefficients obtained with S-35 and Cl-36 in
the case of each sample are compared to the corresponding values obtained with trit-
ium, the following conclusions can be made:

• anion exclusion is in most single cases strongest in the case of Na2SO4,
a anion exclusion is in most single cases weakest in the case of KC1,
• in most cases anion exclusion is stronger in the case of S-35 (sulphate) than in

the case of Cl-36 (chloride).

The above-mentioned experiment was continued by adding Na-22 tracer into the tracer
reservoirs of the sample holders. The through-diffusion results will be available within
a year.



45

0.30

0.25

8 0.20
8
:= 0.15

£

1 0.10
i
•5
O 0.05©

Jj
w

Gneiss migmatite, altered (30), 0.03 M
D •

• •

•
b

• Na-22
© H-3 (10x)
^ CI-36 (10x)

50 100 150 200

Time (d)

250 300

Figure 7. Outleached relative concentration of altered gneiss/migmatite sample. Com-
pare Figures 7 and 8 to see the influence of ionic strength.
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Figure 8. Outleached relative concentration of altered gneiss/migmatite sample.
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Figure 9. Scaled ratio of concentrations of altered gneiss/migmatite. The liquid is
NaCI. The parameters obtained are given in Table 12.
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Figure 10. Scaled ratio of tritium concentrations of altered gneiss/migmatite. The liq-
uid is Na2SO4. The parameters obtained are given in Table 11 (sample code 150).
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Gneiss migmatite, altered (150),

CI-36
CI-36 fit:
D, = 4.9x10"15rn2/s
a = 0.00033
Time-lag = 13.2 d

10 20 30

Time/L2 (d cm"2)

40 50

Figure 11. Scaled ratio of CI-36 concentrations of altered gneiss/migmatite. The liquid
is Na2SO^. The parameters obtained are given in Table 12 (sample code 150).
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Time-lag = 13.2 d
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Figure 12. Scaled ratio of S-35 concentrations of altered gneiss/migmatite. The liquid
is Na2SO4. The parameters obtained are given in Table 12 (sample code 150).
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Table 10. Compilation of the parameters obtained by fitting diffusion models to the measured data. Values typed in italics are uncertain.

Rock-type

Granite

Mica gneiss

Mica gneiss/Migmat. alt

Tonalite

Weathered granite

Weathered mica gneiss

mol/L

0.001
0.03

0.5
0.001

0.03
0.5

0.001
0.03

0.5
0.001

0.03
0.5

0.001
0.03
0.5

0.001
0.03
0.5

50
32
26
73
49
19
36
30
78
21
75
33
35
29
77
64
76!
70

cc%

0.32
0.2

0.20
0.12
0.07
0.12

1.9
1.2
1.6

0.24
0.3

0.36
0.67
0.85
0.86

6.9
5.9
6.0

H-3
2

D e m/s
4.1-10"
2.7-10"
2.8-10"
1.7-1014

6.0-10"14

3.5-10"15

7.7-10"
8.7-10"
4.1-10"
7.8-10"14

5.1-10"14

9.1-10"14

2.2-10"
5.8-10"
4.7-10"
9.0-10"12

7.3-1012

7.5-10"12

Na-22
c t %

10
2.8

0.54
7.6
5.8
1.2
71
26
10
38
18

3.4
34
13

3.4
33
48
27

2

D e m/s
4.1-10"
4.6-10"
3.9-10"
2.4-10"
7.5-10"
1.6-10"

1.3-KT11

4.2-10-12

8.1-10"
3.2-10"12

5.6-10"
3.3-10"

1.1-1 a11

1.0-10"12

5.5-10"
2.1-10"11

1.9-10"11

1.7-10"11

a %

0.25
0.16
0.14

0.08
0.02
0.35
0.37
0.67

0.19
0.09
0.36
0.55
0.44

2.6
3.0

3

CI-36
2

D e m/s
4.1-10"
1.9-10"
2.0-10"13

1.3-10"15

4.0-10"16

2.9-10"
6.2-10"
1.8-10"

1.7-10"
8.8-10"14

5.9-10"
3.2-10"
3.2-10"
4.2-1012

1.9 1012

3.1-10"12

2
8

14
1
7

13
12
6

18
15
9
3

11
5

17
16
10
4

YJT

a %

0.25
0.27
0.22
0.06
0.05
0.07

1.8
1.8

1.50
0.25
0.29
0.29
0.56
0.49
0.53

6.8
7.0
8.0

95-20
H-3

2

D e m/s
2.0-10"
2.1-10"
3.0-10"
1.2-10"14

9.0-10"15

1.1-10"14

7.8-10"
5.2-10"
8.2-10"
5.2-10"14

7.3-1014

4.8-10"14

3.2-10"
2.3-10"
4.9-10"
8.7-10"12

7.1-10"12

7.3-10"12

YJT 95-20
CI-36

a %

0.16
0.13
0.17
0.06
0.01
0.01
0.34
0.33
0.54
0.02
0.04
0.05
0.46
0.23
0.35
2.64
3.55
5.40

2

D e m/s
2.3-10"
2.4-10"
3.3-10"
3.0-10"15

4.0-10"15

6.7-10"15

2.4-10"14

1.3-10"
3.5-10"
3.3-10"14

3.3-10"14

1.4-10"14

6.2-10"
1.8-10"
5.7-10"
3.5-10"12

3.6-10"12

4.5-10"12



49

Table 11. The fitted parameters of the through-diffusion measurement with three dif-
ferent solutions of ionic strength 0.03 M.

Type

Mica gneiss
Granite
Tonalite
Weath. gneiss
Weath. granite
Gneiss/migm.alt
Mica gneiss
Granite
Tonalite
Weath. gneiss
Weath. granite
Gneiss/migm.alt
Mica gneiss
Granite
Tonalite
Weath. gneiss
Weath. granite
Gneiss/migm.alt

Na2SO4

Na2SO4

Na2SO4

Na2SO4

Na2SO4

Na2SO4

KCI
KCI
KCI
KCI
KCI
KCI
NaCI
NaCI
NaCI
NaCI
NaCI
NaCI

157
80
81
52
47

150
91

146
45

118
131
54

145
152
57
46
41

108

H-3
De (m

2/s)
2.4-10-14

2.1-10"'3

4.7-10'"
3.1-10"12

8.3-10"1"
1.1-10"'3

3.6-10'"
1.3-10"'3

5.1-10-'"
9.8-10"13

2.2-10"'3

2.5-10"'3

4.6-10-'"
2.7-10"13

4.3-10'"
3.6-10'2

8.0-10'"
2.2-10'3

ot%

0.05
0.20
0.15

1.9
0.12
0.44
0.07
0.06
0.13
0.26
0.15
0.64
0.09
0.50
0.12

3.5
0.20
0.46

S-35
De(m

2/s) c
*

8.3-10'"
5.1-10"'6

4.9-10"13

1.1-10"'"
4.6-10'6

1.8-10"'5

3.9-10'"
7.3-10'6

4.5-10'3

7.2-10'"
1.2-10'5

5.2-10'5

2.6-10'3

2.2-10"15

5.4-10"13

1.5-10-'"
1.6-10-'"

*

0.05
4-10"3

0.92
*

0.01
0.01
0.02
0.01
0.08
0.06
0.02
0.03
0.47
0.01

1.9
0.01
0.07

CI-36
De(m

2/s) a
*

1.7-10"'3

2.2-10'5

1.2-10'2

3.0-10'"
4.9-10'5

6.4-10'5

9.7-10'4

2.7-10'5

9.1-10"'3

1.8-10'3

3.0-10-'"
1.1-10'"
2.7-10'3

2.1-1015

1.3-10"12

4.2-10'"
5.7-10'"

%
*

0.02
0.01
1.41
0.01
0.03
0.02
0.06
0.01
0.28
0.06
0.17
0.01
0.38
0.01

1.8
0.02
0.12

* Too few pulses for fitting.

4.3 Discussion of the experimental results

The aim of the experiment was to study the anion exclusion and surface diffusion
within six typical rock-types from Olkiluoto investigation site. The rock-types mutu-
ally differ in terms of porosity, pore structure, specific surface area, and apparently in
terms of the chemical properties of the pore walls.

The classification of the drill-core material to different rock-types was made visually
from the core-sections and after the slicing individual specimens were examined visu-
ally. The specific surface area was measured using two samples representing each
rock-type. The diffusion experiments were performed using one sample of each rock-
type for each specific condition. This procedure was necessary in order to keep the
number of samples and the parallel experiments to manageable number. Although
there are parallel measurements with tritium tracer, the interesting ion in each case is
measured only once. This situation makes the ground of the conclusions somewhat
narrow.

Table 12 contains a collection of porosity-related properties of the rock-types studied.
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Table 12. Porosity-related properties of the rock-types studied. This structural data is so far available for interpretation of the diffusion
behaviour of the ions.

Rock type

Mica gneiss

Granite

Tonalite

P, g/cm3

2.72

2.65

2.85

As, m2/g

0.007

0.025

0.041

3H eMean
(%)

0.06

0.25

0.27

Std.dev

0.01

0.03

0.02

Depth

438.48m

363.25m

370.25m

Mineral

Total
biotite

total
biotite

e%

<0.05

0.2
1.0-2.0

0.1
0.5

Special features

homogeneous, low intensities in
autoradiographs, totally impregnated
intergranular porosity dominant,
quartz and mica grains 0 5-10 mm,
in biotite grains MMA is infiltrated
between lamellas
intergranular porosity dominant,
grain-size0 0.5-2 mm

Weathered mica
gneiss

2.61 1.9 7.3 0.64 281.53m total
kaolinite

280.05m total
kaolinite

2.8 two-phase system, altered minerals
2.0-8.0 show high porosities, porous phases

isolated from low porous background
matrix

3.0 not totally saturated, two-phase
2.0- system, very high mineral-specific

Weathered granite

Micmatitic, altered
mica gneiss

2.74

2.65

0.14

0.364

0.53

1.70

0.04

0.17

+illite
428.98m total

272.72m total quartz
+feldspar
migmatitic
phases

14.0
0.5

1.0
0.5
0.5-4.0

porosities observed
intergranular porosity dominates,
open fissure in matrix aperture of 1-2
mm, quartz and feldspar grains have
dense network of intrafissures
heterogeneous spatial porosity dis-
tribution, visible fissures not ob-
served

* Bulk and mineral-specific porosities and special features studied with 14CPMMA method, as reported at YJT-95-20. The sample depth is mentioned
for identification purposes.
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4.4 Counter diffusion experiments

To model exclusion in our samples we assume now that the pore surfaces are covered
by quartz, SiO2. On the quartz surface there are 10 umoles sorption sites per square
metre. The log of binding constant, Kso for reaction (21), may be estimated to be -7.0.
If we, in addition, assume that the pH in free water is 6.0, we have enough data to
solve the equations given in Section 3.4. The most important variables are ionic
strength and the aperture of the pores, which affect the total anion concentration inside
the pores, as illustrated in Figure 13 and in Table 13.

The experimental systems for counter diffusion consist of three different rocks charac-
terized in Table 13; the systems are called mica, tonalite and migmatite. Our experi-
mental diffusion system consists of two free-water reservoirs, each V-^Al mL, be-
tween which there is 1=20 mm thick piece of rock, whose cross-sectional area is
14 cm2. The ionic strength is 30 mmol/L. The diffusion channel is filled with water and
therefore diffusion coefficients may be assumed to be equal with coefficients in free
water. The diffusion coefficients in water are shown in Table 14 for the ions of interest
in this work. The diffusion through porous media takes place via a complicated path in
the pore network. This makes the effective diffusion length longer than the dimensions
of the system. This effect is taken into account by multiplying the diffusion coefficient
by a geometric factor, G, which takes account of both the longer path and effects of
pore structure. Values used for G are given in Table 13. For anions and cations the val-
ues for porosity scaling factors in the samples are given in Table 3 and the corre-
sponding points for anions are also shown in Figure 13. The capacity factor, a, for
lithium is used as a fitting parameter and the fitted values are given in Table 13.

Experimental results for lithium diffusion experiments are shown in Figure 14. In all
samples the behaviour is similar, but the outgoing flux depends on the sample porosity:
bigger porosity gives higher flux. All three minerals were modelled, and the results are
shown in Figures 15-17. Results are satisfactory except at long times. Experimental
systems with anions showed no break-through and with potassium there was difficul-
ties with internal sources of potassium.

Table 13. Measured and modelled parameters of rocks used in cation-cation and anion
experiments.

Rock Density A, Sp/Vp

kg/m3 eH.3 m2/g m2/L vanion v ^ 25 1/G a

Mica 2 724 0.00059 0.0074 34 000 0.94 1.13 59 115 1.0
Tonalite 2 847 0.00270 0.0413 44 000 0.92 1.17 45 97 3.0
Migmatite 2 740 0.01700 0.3640 59 000 0.89 1.22 34 68 20.0
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Figure 13. The ratio of concentrations inside the pore and in free water, v, for anions
of valence I in silica pores at pH value 6. Clear anion exclusion is noticed even in high
ionic strength in very small pores or in large pores at very low ionic strength. Diffu-
sion systems used in counter ion experiments are denoted as circles and diamonds de-
note same systems, but with corrected porosities discussed in next section.

Table 14. Diffusion coefficients in water calculated with the Nernst-Einstein equation
using limiting ionic conductivity, XQ, data (Robinson & Stokes 1959).

Ion
H+

Li+

Na+

K+

OH-
P
ci-
NO3"

Xo, Q'1cm2mol1 Dw,
349.8

38.6
50.1
73.5

198.3
55.4

76.35
71.46

•10-9m2/s
9.31
1.03
1.33
1.96
5.28
1.47
2.03
1.90

Valence
1
1
1
1
1
1
1
1
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4.5 Leaching experiments

One main aim of this work was to study how the ionic strength of solution affects an-
ion exclusion. The experimental results (Table 10) show very clear anion exclusion,
but the observed exclusion is also high at high ionic strength. That cannot be explained
by surface complexation models (e.g. Figure 13) except by assuming very small pores
(below few nanometres), which is not true in our case according to krypton measure-
ments for specific surface area (Table 16). Therefore, we have assumed that the pores
are partly filled with some matter permeable to water, neutral species (molecules and
gases) and cations, but impermeable to anions. One example of such filling materials is
various types of clays. Katsube (1991) has suggested the existence of clays in pores.
Also the pore waters are supersaturated with clay minerals (Pirhonen 1997).

In order to estimate the ratio of totally anion-excluded porosity to tritium porosity we
first assume that the porosity measured by anions at high ionic strength (0.5 M) is the
real void porous volume. If the porosity does not vary remarkable with ionic strength,
we have calculated the mean value for the ratio of anion porosity to tritium porosity. If
the porosity varies with ionic strength, we have used directly the ratios of anion and
tritium porosities at high ionic strength as a correction factor. The results from earlier
work (Work 95 in Table 11) are more reliable and we have calculated the mean of pre-
sent and earlier correction factors using a higher weight on older results. The correc-
tion factors obtained by abovementioned methods are given in Table 15. In the mica
and tonalite samples the correction factor is rather low: only about one-sixth of the po-
rous volume is available also for anions. In granite, weathered granite and weathered
mica gneiss the correction factor is about two times higher, about two-thirds. In altered
migmatite the correction factor is between the two other types. The corrected porosities
are given in Table 16.

We have calculated the porosity scaling factor, for monovalent cation and anion (Table
13), and for monovalent anion (Table 16) - in the second Table we use corrected po-
rosity values. In addition we have used the diffusion data measured for the rock sam-
ples at different ionic strengths (Table 11). First the effective diffusion constant D'e for
ion / is assumed to be given by

Dl = eG'Dl, (117)

where the s is the above-mentioned corrected porosity, G* is the generalised geometric

factor including also the effects of surface diffusion or anion exclusion, and D'w is the

diffusivity of species i in free water. For tritium diffusion we have calculated the factor

a")

which measures the ratio effective length of the sample to physical length - for many
cases a theoretical value of about three is calculated for this quantity. Values higher
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than three means additional complexities in the pore structure and values below three
may mean some other diffusion mechanism (like surface diffusion). The reasons for
using T for tritium diffusion are the clear physical explanation for it and the assumption
that tritium should behave more or less like water: no exclusion, no surface diffusion.

For sodium and chloride we have calculated the ratio of the geometric factors to trit-
ium: if this value is higher than unity, either the diffusing species follow some
straighter route through the sample or the concentration of these species may be higher
than the tritium concentration (surface diffusion). Values below unity have reverse ex-
planations: longer routes and lower concentration (anion exclusion).

All the above-mentioned parameters are shown in Table 17 and the significance of the
results are discussed with figures in the following sections for each rock-type sepa-
rately.

Table 15. Measured tritium porosity, correction factor and corrected porosity for six
rock-types..

rock-type
Granite
Mica
Migmatite altered
Tonalite
Weathered granite
Weathered mica gneiss

correction factor
0.66
0.15
0.38
0.17
0.63
0.63

eH-3 %

0.250
0.059
1.7
0.27
0.53
7.3

Ecorr %

0.17
0.009
0.65
0.046
0.33
4.6

Table 16. Measured properties of some rocks from Olkiluoto, drill-core OL-KR5: den-
sity and specific surface area (Ag) From that data the surface area per pore volume
Sp/Vp and aperture of pores (28) is calculated. The correction factors for the porosity
and the aperture obtained from anion porosity are used to calculate corrected values
of the pore apertures The porosity scaling factors for monovalent anion in three ionic
strengths are calculated using corrected pore apertures.

Rock

Granite
Mica
Migmatite altered
Tonalite
Weathered granite
Weathered mica gneiss

Density
kg/m3

2 651
2 724
2 740
2 847
2 610
2 653

K
m2/g

0.0226
0.0074
0.3640
0.0413
0.1420
1.1900

SpA/p
m2/L

24 000
34 000
59 000
44 000
70 000
43 000

25H-3

nm
83
59
34
45
29
47

2Scorr

nm
55

9
13
8

18
30

Modelled v for corrected
pore apertures at different
ionic strengths (mmmol/L)

1
0.54
0.12
0.15
0.11
0.20
0.32

30
0.93
0.60
0.72
0.57
0.79
0.88

500
0.99
0.92
0.95
0.91
0.97
0.98
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Table 17. Modelled parameters for rocks studied. Compare with Table 11.

Rock-type

Granite

Mica

Mica gneiss /Migma alt

Tonalite

Weathered granite

Weathered mica gneiss

mol/L

0.001
0.03

0.5
0.001

0.03
0.5

0.001
0.03

0.5
0.001!
0.03

0.5
0.001
0.03

0.5
0.001

0.03
0.5

e %

Work 97

0.21
0.13
0.14

0.019
0.010
0.018

0.73
0.43
0.60

0.042
0.052
0.062

0.42
0.54
0.54
4.33
3.76
3.77

H-3

7H-3

3.2
3.2
3.1
4.7
1.9
10

4.4
3.2
5.4
3.3
4.5
3.7
6.2
4.3
4.8
3.1
3.2
3.2

e %

Work 95

0.17
0.18
0.15

0.009
0.008
0.011

0.68
0.68
0.56

0.043
0.050
0.050

0.35
0.31
0.33
4.30
4.42
5.05

7H-3

4.1
4.1
3.1
3.9
4.1
4.4
4.2
5.1
3.7
4.1
3.7
4.6
4.7
5.2
3.7
3.1
3.5
3.7

Na-22
Work 97

v <W<
48
21

4.0
409
561
64
98
61
17

915
335

54
80
25

6.3
7.7
13

7.0

1.5
2.6
2.2
22
19
70
26
7.5
3.0
64
17

5.6
78

2.9
1.8
3.7
4.1
3.4

Work 97

v GC1/<

1.2
1.2
1.0

1.2
0.49
0.86

1.1

1.4
0.85

1.0
0.82
0.61
0.80
0.79

CI-37

1.0
0.71
0.72

0.11
0.37
0.71
0.44

0.97
2.7

0.56
0.69
0.46
0.26
0.41

Work

V (

1.0
0.73

1.2
6.6
1.3

0.94
0.5
0.5
1.0

0.46
0.80

1.0
1.3
0.7
1.1

0.61
0.80

1.1

95

WGH3

1.2
1.1
1.1

0.25
0.44
0.61
0.03
0.25
0.43
0.63
0.45
0.29

1.9
0.78

1.2
0.40
0.51
0.62
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4.5.1 Granite

Granite samples behave rather ideally: the tritium tortuosity is near value three (Figure
20), anion porosity equals effective porosity (Figure 18) and sodium has clear sorption,
but sodium diffusivity is near tritium diffusivity (Figure 21).
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Figure 18. Ratios of chloride porosity and geometric factor to calculated porosity and to
tritium G, respectively, in granite samples as a function of ionic strength.
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4.5.2 Mica gneiss

Chloride has high (anion) sorption at low ionic strength and lower diffusion than tritium at
all ionic strengths (Figure 21). The explanation for these apparently contradictory phe-
nomena may be that sorption takes place only at certain places, while the overall anion
exclusion lowers the diffusivity. Sodium has very high sorption at all ionic strengths and
the geometric factor is also at least 20 times higher than the tritium factor - this may be
explained by surface diffusion (Figure 22). Tritium tortuosity is near value four, which
means slight deviations from ideal (Figure 23)
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Figure 21. Ratios of chloride porosity and geometric factor to calculated porosity and to
tritium G, respectively, in mica gneiss samples as a function of ionic strength.
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4.5.3 Mica gneiss/Migmatite altered

Chloride shows clear anion exclusion behaviour (Figure 24), and the diffusivity is always
lower compared to tritium. Sodium sorption and diffusion decrease with increasing ionic
strength, showing surface diffusion (Figure 25), and tritium tortuosity varies between
samples (Figure 26).

The observed anion exclusion 50 % at 0.001 M and 90 % at 0.03 M solutions gives 45 nm
and 40 nm pore apertures, respectively. The measured value is 34 nm.
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Figure 24. Ratios of chloride porosity and geometric factor to calculated porosity and to
tritium G, respectively, in mica gneiss/migmatite samples as a function of ionic strength.
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Figure 25. Ratios of sodium porosity and geometric factor to calculated porosity and to
tritium G, respectively, in mica gneiss/migmatite samples as a function of ionic strength.
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4.5.4 Tonalite

Chloride has clear anion exclusion in the older experimental set, while in the new one
clear sorption is observed (Figure 27). Sodium sorption is high and also sodium diffusivity
shows again surface diffusion (Figure 28). Tritium tortuosity is near value four (Figure
29), which is near ideal.

The measured porosity and specific surface area data gives 45 nm aperture for tonalite
pores, while the application of our model for anion exclusion, which is about 50 % at
0.001 M, gives 50 nm, and about 80 % at 0.03 M, which gives 18 nm.
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Figure 27. Ratios of chloride porosity and geometric factor to calculated porosity and to
tritium G, respectively, in tonalite samples as a function of ionic strength
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4.5.5 Weathered granite

Chloride shows low anion exclusion or sorption, but in no systematic way, so that the ex-
perimental scatter may cover the real phenomena (Figure 30). Sodium sorption on weath-
ered granite is not very high, but the surface diffusion is clear (Figure 31). Tortuosity for
tritium is always near value of four (Figure 32).
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4.5.6 Weathered mica gneiss

Chloride shows clear anion exclusion behaviour (Figure 33), and the diffusivity is always
lower compared to tritium. Sodium sorption and diffusion behaviour shows no ionic
strength dependence (Figure 34), and tritium diffusion is almost ideal (Figure 35).

The observed anion exclusion 60 % at 0.001 M and 80 % at 0.03 M solutions gives 60 nm
and 20 nm pore apertures, respectively.
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5 CONCLUSIONS

In this work we have measured both sorption and diffusion parameters in six types of
rocks and developed a model for anion exclusion and surface diffusion. The new experi-
mental results support the assumption of distinct anion exclusion and surface diffusion of
cations in crystalline rocks. In some cases we have observed also anion sorption together
with cation sorption, but this is explained by several coexisting mineral surfaces in the po-
rous rock.

In order to explain the observed results we developed a model for anion exclusion, which
is based on some simple assumptions and use of surface complexation modelling to cause
the negative charge of pore surfaces. When we compared the model calculation with ex-
perimental data, it became clear that the observed high anion exclusion (say 10 %) at high
ionic strength (0.5 M) couldn't be explained only by surface complexation. Then we made
an additional assumption that part of the pore volume is occupied by porous material im-
permeable to anions. We used the measured anion porosity at high ionic strength as the
indication of how much there is such total anion exclusion volume and scaled all tritium
porosities with factors obtained with this algorithm. Then applying standard porous media
diffusion models with these modified porosities, we calculated tritium tortuosities, ratios
of sodium and chloride geometric factors to tritium ones, and we also compared the meas-
ured capacity factors to modified porosities. With this data it was possible to show that in
some rocks anion exclusion obeys our model, in most rocks there is surface diffusion and
that in most samples the tritium diffusion is almost ideal (having tortuosity near 3 - 4).

The results obtained in this report may be used to gain a better understanding of other ma-
trix diffusion studies. Also, the models developed are straightforward to apply to other po-
rous systems. The results also show that only part of the pore volume participates in diffu-
sion in aqueous solutions, and that part may be approximated by measuring the porosity at
high ionic strength with anions. One very important conclusion is that different rocks be-
haved almost identically in our experiments; the differences between rocks are in the
sorption of cations and porosity. Surface diffusion is usually high in highly sorbing sam-
ples. In future the nature of the proposed pore filling should be studied more carefully, es-
pecially if porosities and diffusivities are planned to be measured with gas methods.
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