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Abstract
Matrix diffusion is of great importance in delaying radionuclides escaping from a deep
geologic repository, on their way to the biosphere. There are, however, poorly understood
mechanisms related to transport in pores with charged pore surfaces. Ions are affected by this
charge and may be repelled or attracted by it. The rate of transport may be reduced, or even
enhanced, as a result of this.

Transport of ions is studied by traditional diffusion experiments, but mainly by a faster
electrical conductivity method. With this method the pore connectivity, the formation factor
variability and its relation to the porosity, as well as the surface conductivity are investigated.
The method is compared with traditional diffusion experiments, and an in-situ application is
suggested and qualitatively tested. Furthermore, surface diffusion is studied by evaluating
literature data and recently developed diffusion models.

The pore connectivity reached to a depth of at least 15 cm in the rocks studied. The formation
factor did not generally decrease with increasing sample length. It was also found that not
only cations in the free pore water add to the electrical conductivity, but also at least part of
those sorbed to the pore surfaces of the minerals. This surface conductivity influences the
determination of the formation factor in low ionic strength pore waters, and was also found to
be a function of the formation factor. It was furthermore dependent on the type of ion at the
surface, giving for example a higher conductivity for Na+ than for Cs+.

It is not fully understood which part of the sorbed ions that are mobile. A simple model was
developed assigning the mobile ions to the diffuse layer, and this model explained
experimental data for diffusion of Cs+ in clay well. This is contradicted by surface
conductivity measurements that have shown that most mobile ions are found behind the Stern
layer.

The in-situ formation factor determination method seems promising. The most critical
parameter is the pore water conductivity, which is difficult to determine in-situ. Furthermore,
in low salinity ground water the surface conductivity must be considered, since the formation
factor may otherwise be overestimated.

Keywords: Matrix diffusion, surface diffusion, surface conductivity, nuclear waste, rock, mineral,

electrical conductivity, pore diffusion, diffuse layer
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1 Introduction

1.1 Background
The understanding of the transport mechanisms occurring in rock is essential to achieve a

reliable safety assessment of deep geologic repositories for spent radioactive fuel. In the

Swedish concept copper canisters containing the radioactive waste will be placed in excavated

holes in tunnels in the bedrock, about 500 metres under the ground surface. The canisters will

be deposited in compacted bentonite clay and the tunnels will be back-filled with a mixture

of bentonite and sand.

Radionuclides escaping from such a repository would constitute a danger to the biosphere if

they reach it before the activity of the radionuclides have decayed to a non-hazardous level.

The nuclides escaping from the canister have to migrate through the dense bentonite before

they reach the bedrock. In water conducting fractures in the bedrock the nuclides can then be

transported towards the biosphere.

Some radionuclides sorb onto the rock surfaces or to surface coating materials and some do

not. The latter would therefore reach the surface faster. The rock is full of micropores that

make up a three-dimensional pore system. If the nuclides diffuse into these micropores they

would be withdrawn from the water flow that could carry them up to the biosphere, and they

would be delayed also by sorption onto much larger internal surfaces, and thereby be given

more time to decay. This retardation mechanism is known as matrix diffusion and has been

studied intensively in, for example, Sweden, Finland, Switzerland, the United Kingdom and

Canada for the last 20 years. Literature reviews on matrix diffusion in rock has been carried

out by Valkiainen (1992) and Ohlsson and Neretnieks (1995).

1.2 Aims and scope
The aim of this work has been to study diffusive transport properties of granite and to find

time efficient and reliable ways of measuring entities of value for the nuclear waste safety

assessment. This has included:

• Developing a simple electrical conductivity method for faster diffusion determinations

than traditional liquid diffusion experiments provide.

• Comparing the electrical conductivity method with liquid diffusion experiments.

1



Using the electrical conductivity measurements to study the connectivity of the rock pore

system, the relation between formation factor and porosity, variability in formation factor,

and studies of the influence of surface conductivity.

Applying the electrical conductivity measurements to in-situ measurements of the

formation factor.

Studying different ways of better describing the diffusion of cations in charged pores,

taking surface diffusion into account.



2 Theory

In liquid filled rock pores molecules are transported by liquid phase diffusion through the

rock pores. In this section the theory behind this transport will be described. The effect of the

pore surface charge on the transport is also discussed as well as the analogy between liquid

diffusion and electrical conductivity of ions and how electrical conductivity measurements

can be used for diffusion studies. To put the theory into its context some important

characteristics of the rock and the minerals they are made up of will first be described.

The porosity of the pore system of Swedish granite, gneiss and diorite varies between 0.06 %

and 1 % (Skagius (1986), Ohlsson and Neretnieks (1999), Johansson et al. (1996)) for the

rock matrix, the lower values apply to gneiss. Old fissures in the bedrock are often covered

with coating materials produced by contact with moving groundwater resulting in weathering

and alteration or zones of precipitation and crystallisation products from the ground water.

Porosities of fissure coating materials and altered zones are generally higher, up to 8 -10 % in

some cases (Skagius (1986)). Knowledge of transport in and sorption properties of the

coatings are also of importance, because the nuclides have to be transported through this

coating layer before they reach the underlying rock.

The pore surfaces of alumina or silica based rock are generally negatively charged under

natural ground water conditions. Surface charge arises from either chemical reactions on the

surface, or from permanent charge due to imperfections at the surface or isomorphic

substitution (Stumm & Morgan (1996)). The chemical reactions may be reactions with surface

ionisable functional groups, e.g. s S - OH. The charge is then dependent on the degree of de-

protonisation and therefore on the pH of the system. The electric charge of a hydrous oxide

can be explained by the acid-base behaviour of the surface hydroxyl group:

There may also be charge-determining reactions with other species such as Cu2+, PO42" or

Ca2+:

= S - O M e + + H +



As mentioned above, surface charge may also originate from imperfections at the surface or

isomorphic substitution. In the SiCh array, the Si4+ may be substituted for an Al3+ , which

leaves the array with a charge deficiency that will be diffusely distributed over the surface.

This kind of structural charge is pH independent, and cations sorb to these sites by ion

exchange (Carbol & Engkvist (1997):

The resulting surface charge after the surface reactions and including the structural charge

constitutes the net total charge, at:

CTt = CT0 + CTH + CTIS + CTOS

where <Jo is the structural charge, CJH the net proton charge, ais the inner-sphere complex

charge and o"os the outer-sphere complex charge. The inner sphere complexes react directly

with the surface sites, whereas the outer sphere complexes are hydrated and therefore

separated from the surfaces by one or more water molecules, i.e. the sorption is more of

electrostatic nature.

The total surface charge is balanced by a diffuse layer of counter ions, a. The contribution to

the diffuse layer can be divided into two parts, one pH and ionic strength dependent part that

is connected to the surface reactions and one part that is independent of pH due to the

structural charge. If the total charge after specific adsorption is known, the distribution of ions

in the diffuse layer can be calculated by a Guoy-Chapman model (Stumm & Morgan (1996))

An important factor in sorption on mineral surfaces is its ion exchange capacity, or for cations

the cation exchange capacity, CEC (eq/kg). In Stumm and Morgan (1996) the CEC is defined

as a surface sorption phenomenon involving charged species in outer-sphere complexes and in

the diffuse layer. It is, however, sometimes difficult to make a clear distinction between inner

and outer-sphere complexes. Yong et al. (1992) defines cation exchange as a stoichiometric

process that seeks to attain electroneutrality and that includes the diffuse layer ions. The CEC

is then generally equal to the amount of negative surface charge. It may be pH dependent if



variable charge surfaces constitute a significant portion of the material, and it may differ

depending on the ion used in measuring the CEC (Yong et al. (1992)).

2.1 Diffusion in a liquid

Fick's first law of diffusion states that a substance diffuses in the direction of decreasing

concentration:

J = - D — Eq.2.1
dx

J (mol/m2,s) is the rate of transfer per unit area, D (m2/s) is the difftisivity and C (mol/m3) the

concentration of the diffusing species.

When the transport is instationary and the solute accumulates or is depleted from the system,

Fick's second law describes the transport and accumulation:

— = D^5 Eq.2.2
at ax2

The solutions to problems described by Fick's second law may often be found in Crank (1975)

and Carslaw and Jaeger (1959).

2.2 Diffusion in liquid filled porous media

In porous media dissolved solutes move by diffusion in the pore water. The tortuosity of the

pores increases the diffusion path. The diffusion is also hindered by the constrictivity of the

pores. Therefore the pore diffusivity will be less than that in unconflned water:

Eq.2.3

8D is the constrictivity, x2 the tortuosity and Dp the pore diffusivity.



The porosity, e (m3/m3), of a porous medium is made up of a transport porosity, st, and a

storage porosity, s<j. The transport porosity consists of the pores that are utilised in

transporting the substance. Storage porosity refers to pores that have a dead end, and therefore

contribute little or nothing to the transport, but can affect the capacity to hold the dissolved

species.

s = s t + s d Eq. 2.4

Fick's first law for transport through porous media can then be described as follows:

J = - D p s t ^ Eq.2.5

where Cp is the solute concentration in the pore water. Dp8t=De, and is often called the

effective diffusivity. The porosity, constrictivity and tortuosity can be lumped into an entity,

Ff, known as the formation factor. The effective diffusivity can then be expressed as the

product of the formation factor and the diffusivity in the free bulk solution, Dw:

Eq.2.6

It should be noted that in the literature the formation factor is sometimes described as the

inverse of that described by Eq. 2.6. The definition used here is, however, widely used in the

nuclear waste management community.

2.3 Diffusion of charged species in geologic porous media
An increased flux of cations like Na+, Cs+ and Sr2* compared to what can be predicted by

traditional pore diffusion theory, has been observed in rock and in clay materials by several

authors, e.g. Eriksen and Jacobsson (1982, 1984), Skagius (1986), Yamaguchi et al. (1993),

Lehikoinen et al. (1996), Ohlsson & Neretnieks (1998), Xu & Woman (1999), and others. In



natural ground water with circum neutral pH most mineral surfaces show a net negative

charge. Cations are sorbed to the pore surfaces and a distribution coefficient, K<j (m3/kg), is

often used to describe the relation between the amount of ions sorbed to the surface to the

amount in the liquid phase. To account for the observed increase in diffusional flux for some

sorbing ions, assumptions are made that the ions are not totally immobile even though they

are sorbed onto the pore surface. A surface diffnsivity, Ds, is then assigned to the ions causing

this increased flux. Including surface diffusion, Fick's second law could be written as follows:

E q . 2 . 7

ss is the volumetric fraction of the sorbed layer, and Cs the concentration in the layer.

Assuming a linear sorption isotherm, Eq. 2.7 can be related to the distribution coefficient

(ssCs=pK<jCp). An effective diffusivity that includes the transport of all the sorbed ions can

then be identified:

D,=Dp8t+DlPKd Eq.2.8

where p is the dry rock density (kg/m3). Because we do not know what fraction of the sorbed

species is mobile and what is immobile, we use an average mobility and call this the surface

diffusion coefficient, Ds. If all the sorbed cations are as mobile as those not influenced by the

charged walls, then DS=DP.

A compilation of diffusion and sorption data in clay, where also surface diffusion is given

special attention, has been carried out by Yu and Neretnieks (1997).

2.3.1 Mobility of diffuse layer ions

The ions can .be sorbed by different mechanisms to the charged pore surfaces. Part of the

sorbed amount may have reacted chemically with the surface silanol and aluminol sites. These

ions are bound as surface complexes. In material with permanent charge, ions may also be

bound more tightly in the layer nearest the surface; the Stern layer. The excess negative

charge, not compensated by surface reactions or Stern layer ions, is balanced by an excess of



cations that are electrically attracted to the surface. These are less tightly bound than those

closer to the surface. We can assign these electrostatically sorbed ions to a diffuse layer. In the

following description of the transport of ions, it is assumed that only the diffuse layer ions are

mobile, and thereby add to the pore transport as described in Rasmuson and Neretnieks (1983)

and Lehikoinen (1999).

The average concentration of the species in charged pores will differ from that in the centre of

the pore due to accumulation of cations and depletion of anions near the pore surface . This is

shown in Figure 2.1 and Figure 2.2. Non-charged species, not influenced by the charged

surface, will have the same concentration, Cnc, across the pore width. For simplicity, the pores

are considered as parallel plates in the equations that follow.

0 0 0

A

Figure 2.1 Excess of cations in the
diffuse layer of a pore

0
Figure 2.2. Deficit of anions in the
surface regions

Assuming that all these species have the same diffusivity, Dp, in all regions of the pore, the

flux of the non charged species will be proportional to the concentration gradient in the pore,

as described above. The known concentration is generally that of the solution in contact with

the porous sample, which is Ci at one end of the sample just outside the pore openings is and

C2 at the other side. At steady state, the concentration gradient will be equal to C2-C1, Eq. 2.9:

dCn C, -C 2

Ax
Eq. 2.9

As described earlier for positively charged species the average concentration in a point in the

pore is higher than in the fluid outside the pore, whereas for an anion it is lower, as illustrated

in Figure 2.1 and Figure 2.2. The average concentration over the pore width, 2b, is obtained

by integration as shown in Eq. 2.10:



C p = ^ | C p ( z ) d z Eq.2.10

If it is assumed that the mobility of ions near the charged pore surface is the same as that far

from the surface, the diffusive flux of a cation is given by Eq. 2.11:

J+=-Dps t—
v- Eq.2.11

Literature diffusivity data has generally been evaluated using the concentration in the water

outside the pores that is in equilibrium with water just inside the pores. To use Eq. 2.11 for

diffusion experiments the actual average concentration over the cross section of the pore must

be known, Eq. 2.10. However, what is known, and used, is normally the concentration outside

the pores at the end of the sample. Using the driving force based on the concentration outside

the sample will give a higher diffusion coefficient, D*, than would be obtained for a non-

charged species because the mobile diffuse layer may have a much higher concentration than

the water. The same reasoning is valid for anions, for which the evaluated anionic diffusion

coefficient, D~, would be smaller than Dp if the real concentration gradient is not used.

The effect of the concentration profile in the pore on the ionic flux is referred to as surface

diffusion and anion exclusion, for cations and anions respectively. Another way of looking at

the ion exclusion phenomenon is that the transport porosity, st, is lower for anions, since they

do not have access to the whole pore volume. Both phenomena are strongly ionic strength

dependent since the ionic strength influences the thickness of the diffuse layer and thereby the

average concentration in the pore compared to the concentration in the region far from the

wall. Anion exclusion has been studied by e.g. Lehikoinen et al. (1992), Olin et al. (1997) and

Eriksen and Jansson (1999).

The expression for the flux of cations, is then given by Eq. 2.12



dC+ c —C
r = -Dpst -2- = D;E, \ ± Eq. 2.12

dx Ax

In, for example, through diffusion experiments the effective diffusivity, De, that is determined

is for anions equal to D~et, and for cations, D*st. The diffusion may be split into two parts.

One part applies to a neutral species, whereas the second part takes the charge interactions

into account. The expression thus obtained applies both to cations and anions:

7T _/-.centre p

D e =D.s ,+D D s t -
£ ^ = Dost 5 - Eq.2.13

De<Dps for anions and De>Dps for cations, c^1 is the concentration in the middle of the

pore and at either side of the sample. CpCTtre is equal to the concentration in the solution in

contact with that sample side, i.e. the diffuse layers are not overlapping. For a neutral species

Cp =0°™"° over the whole pore width. According to Eq. 2.13 the effective diffusivity of an

anion and a cation can be obtained from that for a non charged species and corrections for the

decrease or increase in average concentration due to the ion exclusion effect or accumulation

of cations in the diffuse layer respectively.

2.3.2 Fraction of sorbed ions in the diffuse layer

To relate the flux of cations to the sorption coefficient, we can write the effective diffusivity

as follows:

De=Dp(E + /pKd) Eq.2.14

where/is the mobile part of the sorbed amount of ions. We still assume that the diffusivity,

Dp, is the same in all regions of the pore for the ion studied. To be able to predict diffusion of

cations accurately, we need a method to calculate the mobile fraction, and thereby we need to

know its dependence on varying conditions such as, for example, the ionic strength of the

10



pore solution. To estimate the amount of mobile ions we assume that the electrostatically

sorbed ions in the diffuse layer, DL, are those that are mobile.

We assume that at a certain pH there is a known concentration of negative sites, C__,., on the

sorbent that are compensated by an equivalent amount of positive ions in the diffuse layer.

There is a constant ionic strength and thus a constant concentration of cations, C™, in the

water outside the diffuse layer. A known concentration of a sorbing species, C^ e , is also

present in the solution. It sorbs specifically on the negative sites and partly it enters the diffuse

layer. The total concentration of surface sites is CSOTOT and all are deprotonated at the actual

pH. This is done in order not to complicate the case and to highlight the principle. We further

assume that the sorption can be described by surface complexation so that the concentration

of sorbed metal, Me, is:

•̂ MeC'Me -̂'s0- = KMeCMe(CSOTOT -CSOMe) Eq. 2.15

In the diffuse layer the Me concentration is in this simplified case assumed to have the same

ratio to the other cations as in the bulk solution outside the layer:

Eq.2.16

The diffuse layer must have a surplus cation concentration that is equal to the concentration of

negative sites, C°L = C and the ionic strength is equal to the concentration of cations in the

bulk, i.e. I=C™ for this model system containing only monovalent ions.

The ratio of Me in the diffuse layer to the sum of that in diffuse layer and that specifically

sorbed is then:

f = i . Eq.2.17
l + KMeI

11



This simple expression describes that weakly sorbing ions have a larger mobile fraction than

strongly sorbing ions. It also shows that at higher ionic strengths the mobile fraction should

decrease.

In order to relate the mobile fraction to the distribution coefficient a relation between the K<j

and the surface complexation constant, KMe, is derived. The sorption coefficient can be

defined as follows:

V- _ ^SOMe+^Me F , , •> 1fi
Kd ^ Eq. 2.18

where a is the solid to liquid ratio (kg rock/m3 solution). The CEC (mol sites/kg rock, we

assume only monovalent ions in the system) can be described as the sum of the diffuse layer

ions (C s c r = C+L) and the ions sorbed to the surface sites:

In combining Eq. 2.16, 2.18 and 2.19 the following relation between the Kj and the KMe is

obtained:

Kd = ^ ^ Eq. 2.20
( K C + l )

Eq. 2.17 can then instead be expressed in terms of the Cation Exchange Capacity, CEC,

(mol/kg) and K :̂

12



Eq. 2.21 can also be obtained starting from Eq. 2.16 and by assigning the ions not found in the

diffuse layer to the surface as immobile sorbed ions. The surface reactions need not be

included and the expression does not depend on the sorption mechanism. The assumptions

and simplifications needed for deriving the expression is that there are only two, monovalent,

cations in the system. The selectivity for sorption of the cation studied is much greater than

for the background ion, i.e. all "sorbed" background ions are found in the diffuse layer. This

could be the case for sorption of Cs+ with Na+ as background ion.

If we assume that the CEC comprises both specifically sorbed and diffuse layer ions, and at

trace concentrations of the sorbing species, C^e « I Eq. 2.21 can be simplified:

C E C K d C ^ e 2

KIKdI

The mobile part of the sorbed amount, i.e.f, then depends on I, K<i, CEC and C^e .

Another approach to estimate the mobile fraction of the sorbed amount of ions is to use the

zeta potential, C, (V), for the calculation of the diffuse layer concentration. The equivalent

concentration in the diffuse layer can be estimated from the zeta potential and the specific

surface area of the mineral, a' (m2) using a Guoy-Chapman model (Stumm and Morgan

(1996)):

C f = pa'ad = pa'(8RTss0 • 103IJ2 sinh -^=- Eq. 2.23

Together with the earlier assumption that in the diffuse layer the Me concentration has the

same ratio to the other cations as in the bulk solution outside the layer (Eq. 2.16) and Kd the

following expression can be derived:

P,'(8RT«viQ3)s inhf^n E q .2 .2 4

KdVl \2RTJ

13



The expression derived for mobile part of the sorbed ions will be compared with experimental

data in the results and discussions section.

2.3.3 Influence of viscosity on pore diffusivity

In the previous sections we assumed that all mobile sorbed ions had the same pore diffusivity

as those ions unaffected by the surface charge. Since the average concentration in the pore is

higher than that in the free liquid, the viscosity of the pore solution will also be higher than

that of the free liquid. Lehikoinen (1999) discusses this effect on the pore diffusivity, and uses

an electroviscosity in the calculations. The viscosity depends not only on the concentration at

the surface but also on the surface potential due to the attraction to the surface. The

electroviscosity, T\'(£.) (Ns/m2), is described by Hunter and Leyendekker (1978). We relate it

to the viscosity in the centre of the pore, T|j, and present it in a dimensionless form,

Eq.2.25

f (m2/V2) is the visco-electric coefficient, \|/ (V) the potential and § the dimensionless distance

from the pore centre.

The mean viscosity in a narrow pore may be significantly larger than in the free solution. The

pore diffusivity, Dp, will then be dependent on the distance to the pore surface, £:

This means that if the transport is divided into a pore contribution and a surface contribution,

as in Eq. 2.14, the mean diffusion coefficient for each contribution will not be the same. Since

the larger part of the diffuse layer ions are transported through the more viscous pore solution

the mean diffusivity will be lower for these ions than for the "pore ions".

14



2.4 Diffusion and electrical conductivity
Both the diffusivity and the electrical conductivity are dependent on ionic mobility. Ionic

mobilities, determined by electrical conductivity measurements, can therefore be used to

calculate diffusivities. Diffusion can be compared with the ability of charged particles to

conduct electricity. Electricity is transferred or conducted by means of the charged particles,

and the electrical current is proportional to the potential gradient with the proportionality

constant K (electrical conductivity, S/m) in the same manner as the diffusion of a substance is

proportional to a concentration gradient with the diffusivity, D, as the proportionality constant

(Atkins (1994)). Through the Nernst-Einstein relation the electrical conductivity due to an

ion, i, with the charge Zj can be related to the diffusion coefficient for diluted solutions

(Atkins (1994)):

F2

— zfCA Eq. 2.27

2.4.1 The formation factor

In a non-conductive porous material electrical conduction will only occur in the fluid in the

pores. The tortuosity and constrictivity of the pores cause the electrical conductivity to be

smaller than in an unconfined liquid. A relation between these properties is then given by:

= F Eq .2.28

where KP and KW denote the electrical conductivity in the fluid in the pores and in an open

liquid-filled space respectively. In the same manner R (Q-m) denotes the resistivity.

Combining this expression with Eq. 2.6 gives:

Rp

15



To determine the formation factor the electrical conductivity of an electrolyte-saturated rock

sample is measured and related to the conductivity of the electrolyte the sample was saturated

with. If the electrical conductivity, or resistivity, could be measured directly in the bedrock

and if we knew the pore water conductivity, we could obtain diffusion data from the

undisturbed rock just as we can with laboratory samples.

2.4.2 Surface conductivity

Surface conductivity is observed in every rock material, pure quartz glass, ceramics etc. and it

increases with specific surface. Clay-mineral rich rocks show especially large surface

conductivities, Shopper (1982). In determining the formation factor by measuring the

conductivity of a rock sample saturated with an electrolyte and that of the unconfined

electrolyte, it is found that the formation factor is dependent on the ionic strength of the

electrolyte. This is probably mainly due to conduction of ions accumulated at the pore surface

compensating the excess of negative charge at the surface. The rock conductivity, KT, then

consists of a contribution from the pore ions not affected by the surface, KP, as well as a

contribution from the excess of cations near the surface, KS (Shopper (1982) Conkling &

Blanchar (1986), Jurinak et al. (1987)).

Kr = Kp + KS = Ff KW + KS Eq. 2.30

It is often assumed that the surface conductivity is independent of ionic strength.

Revil & Glover (1998) use the Hanai-Bruggeman equation (Bussian (1983)) to describe the

electrical conductivity of porous media with charged pore surfaces:

t is the ionic transport number and m is the cementation factor. For igneous, dense rock m has

been found to be about 1.58 (Parkhomenko (1967)). In comparing Eq. 2.30 and 2.31 using a

typical value of 5-10"5 for the formation factor, 0.25 ^.S/cm for the surface conductivity and
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m=1.58, it is seen that the two expressions give very similar results with a pore solution ionic

strength in the range 10"*-1M, as shown in Figure 2.3. The model pore solution was NaCl and

its electrical conductivity at various concentrations can be found in e.g. Weast & Astle (1980)

and the corresponding transport numbers in Lobo & Quaresma (1989).

1.0E-04

1.0E-05 -

g

I1
1.0E-06 -

1.0E-07

0.0001

o Hanai-Bruggeman
X K r=Ff*Kw + Ks

0.001 0.01 0.1

Figure 2.3. Rock conductivity described by the simple Eq. 2.30 and by the Hanai-
Bruggemann relation (Eq. 2.31)
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3 Experiments
The experiments in the study are carried out using rock material from the Aspo hard rock

laboratory in Oskarshamn, Sweden. The rock type is Aspo diorite and comprises reddish grey

to greyish red, finely medium grained to medium grained granitoids (granite, granodiorite and

quartz monzodiorites). Aspo diorite is the most common rock type in the Aspo tunnel area.

The rock material used in the study is described in more detail in paper III.

3.1 Saturation of the rock pores
To saturate the rock pores with a solution of choice the same procedure was used for all

samples in every experiment. The rock samples were dried at 105 °C for a few days and

cooled to room temperature in a desiccator. The pieces were kept under vacuum (25 mm Hg)

for 4-8 hours. They were then dropped (still under vacuum) into the chosen solution where

they stayed for 2-8 hours, and finally the pressure was raised to atmospheric levels, and the

pieces were left in the solution for a period of a few weeks up to several months, depending

on the size of the rock sample.

For comparison with the vacuum method, two sets of samples were saturated by only

contacting them with the solution, not using vacuum. The samples had been dried before

saturating them. Two of them had been leached in deionised water, and the pores of two of

them contained a 1 M NaCl solution.

The samples were then saturated with a high ionic strength solution (1 M NaCl), and the

saturation degree was measured by comparing the electrical formation factor with that

determined previously with a vacuum saturated sample. Figure 3.1 shows the saturation

degree versus contact time for the different methods for 1 cm thick rock samples. It is seen

that the vacuum saturation is the most efficient method to rapidly saturate the sample to over

95% saturation degree. For 100 % saturation, however, just contacting a leached sample with

the electrolyte was just as efficient as the vacuum method. The samples that had contained a

high concentration salt solution and were dried before contacting them with the solution

showed a much slower saturation tendency. This could be due to that salt crystals precipitated

during the drying had blocked the pores and that these had to be dissolved before the

electrolyte could be transported into the pores.
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-B-AD74 leached
-A-AD75 leached
-5K-AD19 vacuum
-O-AD29 vacuum
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Figure 3.1. Saturation of rock samples with a 1M NaCI solution. AD19, 29,74 & 75 had
been leached before the saturation test started. AD 73 & 76 contained 1 M NaCI before
they were dried and then contacted again with 1 M NaCI in the saturation test

3.2 Porosity
The porosity was determined by the wet-dry weighing method. After drying the sample, it

was kept in a desiccator until its weight was constant. The sample was then saturated with

water and was weighed as the outer surfaces dried to determine the weight of the sample with

liquid filled pores but with dry outer surfaces. The weight and time was noted during the

drying and a drying curve was obtained. The volume of the rock piece was determined by

immersing it into water measuring the weight difference due to the lifting force of the water

according to the Archimedes principle. The volume of the pores could then be calculated

(knowing the water density) and the porosity was determined as the relation between the pore

volume and rock sample volume. This drying curve was evaluated as shown in Figure 3.2 so

that the surface dry weight was obtained from the intersection between the two lines. Here,

the drying curve is presented directly as the calculated porosity from each weight

measurement versus time, and the intersection then gives the real sample porosity. The left

line represents the evaporation from the water film on the rock surface and the right line the

evaporation from the water in the pores.
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Figure 3.2. Drying curve for a rock sample for determination of the surface dry liquid
saturated weight of the sample.

This is a commonly used method for porosity determinations and it has been described and

compared to other porosity determination methods in e.g. Rasilainen et al. (1996).

3.3 Leaching of pore solution ions
When measuring the surface conductivity, there was a need to drain the rock pores of the

major part of the "free" ions they contained, leaving mainly ions in the diffuse layer needed

there to keep the electroneutrality in the system.

To leach the rock pores from "free" pore ions the method generally used was leaching/out-

diffusion in deionised water. The leaching was controlled by measuring the increase of

electrical conductivity in the free water, and the theoretical leaching time was also checked by

an analytical solution of Fick's second law for the diffusion from a sheet with uniform initial

concentration (Crank (1975)):

Mt ^
Moo

[-Dp(2n + l )Vtl
412

Eq. 3.1
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Mt and M» are the amounts of solute transported out from the slab at time t (s) and at infinite

time respectively and 1 (m) is half the sample length. In Table 3.1 approximate leaching times

for different sample lengths are shown.

Table 3.1. Calculated leaching time for rock samples of different lengths. DP=1E-11. The
leaching is considered complete when 95% of the ions have diffused out of the system.

Sample length (cm)

0.5

1

2

t (days)

8

33

130

To increase the out-transport rate, the sample could be dried and resaturated with deionised

water repeatedly. This was sometimes done for larger samples (>2cm). After each vacuum

saturation procedure, the rock conductivity was measured and the process was considered

complete when no further decrease could be accomplished. A 1 cm reference sample was kept

in fresh deionised water for three years after the leaching was considered complete. No further

decrease in rock conductivity could be detected during this time. All samples were, however,

leached for much longer times than that calculated for each sample length in Table 3.1.

3.4 Electrical conductivity measurements
The rock electrical conductivity, due to the liquid in the pores, was measured by attaching

copper electrodes to each side of the samples, with a thin porous filter between rock surface

and electrode, and applying an AC current. The filter was soaked in the same solution that the

rock had previously been saturated with, and assured liquid contact between rock and

electrodes. The samples had beforehand been vacuum saturated with an electrolyte and kept

in the solution for equilibration. The temperature was in most experiments kept at 25 °C. The

method is also described by e.g. Shopper (1982).

The samples were fixed in plastic frames, Figure 3.3, in order to make sure that there could be

no short circuit in liquid films on the mantle area of the sample, which can lead to substantial

errors if care is not taken. The outer surfaces of larger samples (larger than 2cm) were covered
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with a layer of silicon glue, Figure 3.3. The covering of the surfaces, both for the samples in

frames and those with only a layer of silicon, also prevented evaporation of pore liquid from

these surfaces during the measurements and furthermore made it possible to use the samples

both in electrical conductivity measurements and in through-diffusion experiments. To

examine if the silicon glue itself could lead current and thereby affect the measurements, one

of the plastic frames was filled only with silicon glue, and the conductivity through it was

measured. The conductivity was less than 0.01 ^S/cm. This low conductivity would not affect

any measurements, especially since no or very little silicon is in contact with the copper

electrodes.

To determine the influence of electrical conductivity through the dry solid rock matrix, an

attempt was made to measure the conductivity through 1 cm thick pieces of Aspo diorite. No

conductivity could be measured with the equipment used. This means that the conductivity is

less than 0.1 nS/cm, which is the lower measuring limit of the equipment.

Silicon layer

Figure 3.3 Rock sample a) glued into plastic frame b) covered with layer of silicon

3.4.1 Formation factor

When determining the formation factor the rock pieces were saturated with a high

concentration salt solution, e.g. 1 M NaCl, and the samples were then kept in the bulk solution

for equilibration. Thereafter the conductivity of the rock (due to the pore solution), as well as

that of the bulk solution, was measured and the formation factor determined (Eq. 2.28). The

high concentration is necessary to diminish the influence of the surface conductivity in

formation factor determinations.

22



The electrical conductivity is somewhat frequency dependent. Kumpulainen and Uusheimo

(1989) found that at low frequencies (50-1000 Hz) it is almost constant and the impedance is

mainly resistive for the granite rock sample. The rock conductivity for the determination of

the formation factor was measured at 375 and 2930 Hz. Some samples could also be

measured at 94 Hz, but only those with very low formation factor since the measurement

range of the instrument limited measurements at higher conductance at this frequency. As can

be seen in Table 3.2, the difference in formation factor is generally small between the

frequencies used.

Table 3.2. Formation factors determined at different measuring frequencies

AD24 AD25 AD26 AD31 AD33 AD36 AD46

94 Hz - - - 3.26E-5 - 1.41E-5 -

375 Hz 1.15E-4 1.43e-4 9.00E-5 3.29E-5 8.02E-5 1.43E-5 9.02E-5

2930Hz 1.17E-4 1.44E-4 9.11E-5 3.29E-5 8.06E-5 1.46E-5 9.19E-5

3.4.2 Surface conductivity

To determine the surface conductivity, which was done only for 0.5 and 1 cm thick samples,

the rock samples were saturated with a strong salt solution (1-2 M NaCl, SrCb or CsCl) and

kept in this solution for a couple of weeks up to several months. They were then leached in

water leaving mainly the sorbed cations in the pores. The residual conductivity, the surface

conductivity, measured after leaching is then mainly due to the fraction of the sorbed ions that

are mobile. In paper I the first experiment in which we ion exchanged the surface for a

specific ion was presented. This time the solution the sample was saturated and left in contact

with was 0.1M SrC^. The Sr2* concentration in contact with the solution was enough to

exchange the sites of the rock assuming a CEC of 12 meq/kg (Torstenfelt (1983)), but it was

unsure that the equilibration time was enough. After the experiment, the sample was again

saturated with SrC^, this time a 1M solution, and left in the solution for four months. It was

then leached again, and the same surface conductivity was obtained this time.

For a number of samples, the surface conductivity was measured also when the pore surfaces

contained their original composition from the ground water, i.e. the samples were leached and

the surface conductivity was measured before ion exchanging the samples.
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Also in the surface conductivity measurements, three different frequency levels were used. In

Table 3.3 it is shown how the surface conductivity varies with frequency.

Table 3.3. Surface conductivity (fiS/cm) determined at different measuring frequencies
at 25 °C.

AD11 AD12 AD13 AD41 AD42 AD23 AD28

94 Hz

375 Hz

2930 Hz

0.28

0.28

0.3*

0.17

0.17

0.2*

0.16

0.16

0.1*

0.10

0.10

0.1*

0.08

0.08

0.1*

0.16

0.16

0.16

0.15

0.15

0.1*

*At 2930 Hz only one digit could be read in most cases due to limitations in the measurement
range of the instrument.

To check if there was any variation in the rock conductivity measurements over time, drift

tests were carried out. The conductivity was measured during 25 minutes with readings every

30 seconds. In Figure 3.4 the results is shown for sample AD63, which on the occasion had

been ion-exchanged with cesium and afterwards leached.
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J2 0.174

& 0.172
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re 0.166
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Figure 3.4 Drift test for the surface conductivity measurements. Sample AD63,25 °C.
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A small decrease in surface conductivity with time could possibly be seen. This is, however,

expected since the filters dry somewhat with time, and thereby the contact between electrodes

and rock surface decreases.

3.5 Through diffusion

0.5-1 cm thick rock pieces fixed with silicon glue in a hole in a PVC-plate were positioned

between two containers. The containers were filled with a background solution and the

sample was saturated with that solution (Figure 3.5). In the diffusion experiments one side of

the cell contained the diffusing species, i.e. uranin, and a background solution (NaCl) whereas

the other side of the cell, the low concentration side, contained only the background solution.

The ionic strength in the low concentration side was adjusted to be equal to that in the high

concentration side. Samples were taken through a sampling hole and the concentration

increase was measured with time. Samples were analysed with a spectrophotometer. A more

detailed description of the diffusion experiments is given in paper III.

Sampling hole

Figure 3.5. Rock sample assembled into diffusion cell.

3.6 In-situ matrix diffusion measurements
Electrical resistivity measurements are often carried out in borehole logging procedures. If

these data could be used for formation factor determinations, it would be possible to obtain

matrix diffusion data from a large, undisturbed, rock mass. This would provide us with site

specific data and information on the variability of the formation factor in the area of interest.
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3.6.1 Methodology

To test our theory on the applicability of in-situ formation factor measurements we studied

data from borehole KAS02 at Aspo in Sweden. The idea was to compare the results from the

in-situ measurements with those carried out on small samples in laboratory. In the borehole

logging the bedrock resistivity was measured using a Normal resistivity array. Samples of

ground water were taken at different depths in the borehole, and their electrical conductivity

was measured. The rock conductivity of samples from the rock core was also measured for

different depths.

The formation factors were, as a first approximation, determined as the ratio between the

bedrock conductivity and the ground water conductivity at the corresponding depths. The

formation factors for the rock core were determined in the same manner.

The Normal resistivity tool comprises two current electrodes connected to a power supply,

and two potential electrodes connected to a potentiometer. Normally, the current electrodes

emit a pulsating (20 Hz) or an alternating (200 Hz) current. One current and one potential

electrode are wired down the borehole, while the other two electrodes are kept at the surface,

well away from each other. In order to obtain more reliable data, the borehole is then in an

ideal case filled with mud that has a resistivity as close as possible to that of the rock. Around

the current electrode, a spherical electric field would then form and the potential drop, AU

(V), from the current electrode to the potential electrode could be measured. The resistivity

could then, in principle, be calculated using Ohm's law.

If groundwater is used as the borehole fluid the electric field would no longer be spherical, as

the resistance to current transfer is much less in the groundwater than in the rock. The shape

of the electric field would then rather be somewhat cylindrical than spherical. Therefore,

corrections have to be made for the deviation in the surface area from spherical symmetry. If

there is a zone around the borehole where the pore structure has been altered by the drilling,

this will also affect the shape of the electric field and further corrections have to be

performed. The theory behind these corrections is described in Dakhnov (1959). hi Figure 3.6

a correction chart based on this theory is shown.
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Figure 3.6 Correction chart for 56 mm and 155 mm borehole diameter

The correction factor is obtained from the diagram for each value of apparent formation factor

to borehole fluid resistivity ratio. The true resistivity is then obtained as the ratio between the

apparent formation factor and the correction factor.

The normal resistivity tool used by SKB, (the Swedish Nuclear Fuel and Waste Management

Company) is combined with a conductivity meter that measures the conductivity of the

borehole fluid around the tool. Together with the rock resistivity data at the corresponding

depth, the formation factor can be calculated. By sealing off the area around the tool with

packers, interference of borehole fluid from other parts of the borehole can be avoided.
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4 Results and discussion

4.1 Rock formation properties and their variability
Crystalline rock is an inhomogeneous material resulting in a sometimes large variability in

properties of that are relevant for the performance assessment. These properties may be e.g.

porosity, formation factor and sorption capacity. The extent of matrix diffusion very much

relies on an interconnected pore system. Knowledge of the character of the pore system is

therefore of great importance. The pore system has been studied by measuring the porosity

and the formation factor of rock samples. In this section the inhomogeneity of the rock is

given special attention.

The rock inhomogeneity is reflected by a large variability in porosity over and between the

two borecores that were used in the study. This inhomogeneity can be seen in the two

diagrams in Figure 4.1. hi the first core the samples were cut in succession so that e.g. sample

AD7 and AD8 were neighbouring samples. The only exception is that there is a "gap"

between sample AD39 and AD40 where the missing part was used in other experiments. A

detailed description of the sample positions in the other core is found in paper III.

From the diagrams we can not see any relation between sample length and porosity. It has

been suggested that small samples may exhibit a larger porosity than larger ones due to that

voids that are closed in larger samples may be opened up and contribute to the porosity in

small samples. This was not seen here, though.
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Figure 4.1. Porosity of samples from two Aspo diorite borecores

The formation factor of a rock sample can be used as a measure of the pore connectivity.

Since diffusion experiments through samples larger than 4-5 cm would take unrealistically

long times to carry out, even with a non sorbing molecule, electrical conductivity
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measurements provide a convenient means for performing these investigations. In the

following discussion the variability in formation factor is studied using several approaches .

In Figure 4.2 the formation factor for all samples studied within this project is plotted versus

sample length.
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• borecore 1
o borecore 2
X Mylonite

1.0E-06
10

Sample length (cm)

15 20

Figure 4.2 Formation factor for samples of different lengths

With the same reasoning as for the porosity, the formation factor is expected to be higher for

the shorter samples in which dead-end pores or closed voids could be opened up for transport.

It can be seen, however, that even a 15 cm long sample shows a formation factor comparable

with that for samples of shorter lengths.

In the Aspo area a significant amount of Smaland granite that has undergone mylonitic

deformation has been found along water bearing features (Mazurek et al. (1996)). The

porosity of these rocks was lower than for undeformed rock, due to their small grain size and

re-crystallisation. To investigate the diffusive transport capacity of this dense material a

mylomte sample was studied, also in this case for different lengths. In Figure 4.2 the results of

these measurements are also shown. The formation factor seems to decrease with sample
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length and is in the lower range compared to the diorite samples. There is, though, even for

this dense material, a considerable capacity for diffusive transport.

In one experiment a sample was cut first lengthwise into two cores of the same dimensions.

Thereafter each of the cores was cut in smaller samples resulting in two equal sets of samples,

Figure 4.3. This experiment showed a decrease in formation factor with length, but also that

there may be larger differences between neighbouring samples of the same dimensions than

between samples of varying lengths.
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Figure 4.3 Formation factor variation with sample length for two series of neighbouring
samples of the same dimensions

From the two studies described, and also from other studies (e.g. Johansson (2000)), we could

have drawn the conclusion that the formation factor generally decreases with sample length.

However, a third experiment was carried out which contradicted these findings. A 15 cm long

sample of Aspo diorite was, after determination of its formation factor, cut in shorter and

shorter pieces as shown in Figure 4.4.
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Figure 4.4. Core ADC2 was in steps cut into smaller pieces for which the formation
factor was determined.

The result is shown in Table 4.1. It is seen that there is no relation between formation factor

and length in this case.

Table 4.1. Formation factors for the different samples in Figure 4.4

Sample

ADC2

ADC2.1

ADC2.2

ADC2.11

ADC2.12

ADC2.111

ADC2.112

Length (cm)

15.0

7.55

7.36

4.04

3.24

2.18

1.67

Formation factor *10'5

11.0

7.63

24.4

10.4

7.18

14.4

9.27

If the formation factor is calculated for each sample that has been cut in to smaller samples by

adding the resistances of the smaller samples it is found that this calculated formation factor is

generally larger than that measured on the larger sample. This is in accordance with what was

found in the two earlier experiments, but in just comparing the formation factors and the

lengths, there is no relation between the decrease in formation factor and sample length. The

larger calculated formation factor could possibly also be due to that the larger sample was not

fully saturated. However, this would only lead to the formation factor for the larger sample

being even larger. The experiments illuminate the inhomogeneity of the rock, and that the
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transport properties may vary substantially even for samples located next to each other in the

core.

In determining the formation factor, the sample is saturated with a highly saline solution. The

samples are then in most cases kept in this solution for a long time. A fine blackish powder

could be observed in the solution after some time, which indicated that the rock samples were

in some way eroded. After the determination of the formation factor, the sample was often

leached and then saturated with a highly saline solution again. When the formation factor was

determined for the second time, it was often found to have increased somewhat (5-10 %, but

in a few cases up to 25%). This could be due to some erosion of the material in repeatedly

saturating it with strong salt solutions. It could also possibly be due to that when the first

saturation was carried out, the sample had dried containing the original ground water in the

pores. This may be rather salty (around 0.2 M in the Aspo area), and precipitated salt in the

pores may have hindered the saturation. Before the second saturation, the sample had been

leached for a long time in deionised water and any salt crystals should have had time to

dissolve and diffuse out of the rock.

There have been many attempts to relate the formation factor to the porosity, and the most

common relation used is the so-called "Archie's law" (e.g. Parkhomenko (1967)):

F f=asm Eq.4.1

a and m are fitting parameters, and each rock formation has its own parameters. Approximate

parameters for different rock types are presented in e.g. Parkhomenko (1967), and for rocks

with a porosity of less than 4%, including dense igneous rock a=0.71 and m=1.58 is

suggested. In Figure 4.5 formation factors for Aspo diorite samples are plotted versus porosity

for the two cores examined in the study.
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Figure 4.5 Formation factor versus porosity for samples of Aspo diorite

Most of the data actually gather around the "Archie line" suggested in Pharkomenko (1967).

Some of the samples that gave markedly lower formation factors than the others were

somewhat different in the way that they contained very little feldspar. The type of porosity

associated with feldspars is grain-boundary porosity due to planar micropores along the grain

boundaries of the feldspar crystals. This porosity often constitutes an interconnected network

in the rock matrix, Mazurek et al. (1996). With low, or no, feldspar content there may be a

lack of interconnected pore space, resulting in a lower formation factor. The two remaining

samples that deviate from the swarm of data surrounding the Archie line contain feldspars and

there is no visible difference between these samples and the others that could explain the large

deviation.

4.2 Comparison between electrical conductivity and through

diffusion experiments
The determination of the formation factor using electrical conductivity measurements should

be analogous to that obtained from diffusion experiments, as described by Eq. 2.29. In this
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section the formation factors determined by the two methods using the same sample in both

types of experiments, are compared.

For diffusion through a porous medium with the boundary conditions of constant

concentration on the high concentration side, Ci, and C2«Ci throughout the experiment,

Fick's second law can be solved and the diffusion may be described by Eq. 4.2 (Crank

(1975)):

a=s+pKd and p is the dry density of the rock (m3/kg) and Kd the sorption coefficient (kg/m3).

t is the time (s) and 1 is the sample length (m). For large t-values the system is at steady state

and the equation reduces to:

^ = D * « Eq.4.3
CiAl I2 6

If the reduced concentration, Cr, is plotted versus time over squared sample length, then the

effective diffusivity can be read directly as the slope of the steady state part according to Eq.

4.3. A breakthrough curve is shown below (Figure 4.6) for uranin diffusion through a 0.67 cm

long sample, AD48.
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Figure 4.6 Breakthrough curve for diffusion of uranin through a 0.67 cm long Aspo
diorite sample with the porosity 0.33 %.

The same samples that were used in the through diffusion experiments were also used in

electrical conductivity measurements in order to compare the two methods. In the electrical

conductivity measurements the formation factor was determined using a pore solution of 1 M

NaCl. The results from both experiments are shown in Table 4.2. The electrical formation

factor is around twice that of the diffusion formation factor. One reason for this could be that

the uranin molecule, which is used in the diffusion experiments, is sterically hindered and

may not have access to the smallest pores. Also, in calculating the diffusion formation factor

an estimated value for the liquid diffusivity of uranin is used, which results in a further

uncertainty. Furthermore, literature values and equations for diffusivity determinations are

generally valid for infinitely diluted solutions, which is seldom the case. It is thus likely that

the deviation between the formation factor determined by the two methods stems from

uncertainties in the diffusion experiment and the evaluation of the formation factor from this

experimental method.
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Table 4.2 Formation factors determined by the two methods studied and with the ionic
strength 1M in the pore solutions.

Rock

20

24

26

34

38

48

69

70

71

72

Ff,el

14E-5

13E-5
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Diffusion in a porous medium as inhomogeneous as rock is a very complex process to

quantify, since results from one sample or site may deviate from other results by, in some

cases, orders of magnitudes. The complexity of the system requires an independent means of

comparing data, i.e. a measure of the diffusive transport unaffected by the different processes

that may occur in the pores. Electrical conductivity determinations of the formation factor

could provide us with this independent entity. If the electrical formation factor is known for a

rock sample, data from diffusion experiments under varying conditions could be related to

this factor, showing any deviation from unaffected pore diffusion. Otherwise, it is difficult to

judge weather a low diffusion coefficient stems from, for example, anion exclusion or if it is

just due to a natural variation in formation factor.

It was found in the experiments with uranin as a diffusing molecule, that the effect of anion

exclusion is pronounced even in pore solutions of ionic strengths as high as 0.2 M, and can

thus be expected to have some influence in most Swedish ground waters. In the through-

diffusion experiments used for formation factor determinations, the background solution was

1 M NaCl, and ion exclusion effects are not likely to exist. In Figure 4.7, it is seen how the

slope of the breakthrough curve increases by almost a factor of two as the background

concentration is increased in the diffusion cell.
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Figure 4.7 The ion-exclusion effect. The slope of the break-through curve increases as
the pore water ionic strength is increased.

4.3 Surface conductivity
In paper I it was shown that the rock conductivity could be described by Eq. 2.30 as can be

seen in Figure 4.8. In determining the formation factor for a rock sample, the rock

conductivity can thus be measured at different pore liquid conductivities and the formation

factor can be determined from the slope in a plot such as that shown in Figure 4.8. If the

surface conductivity is known, the formation factor can, in principle, be determined from the

measured rock conductivity at any pore water concentration. This could be valuable, for

example, for in-situ measurements as will be discussed later.
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Figure 4.8 Rock conductivity as a function of pore water conductivity

In studying data in a log-log plot it was, however, found that the surface conductivity in

leached samples may be somewhat lower than that predicted by a plot of rock conductivity

versus pore liquid conductivity, Figure 4.9. The surface conductivity was not used in the

fitting, but is in the diagram only for comparison with what is predicted by measurements at

various pore solution conductivities. This decrease in surface conductivity in very diluted

solutions has been reported in the literature (Shopper (1982)).
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Figure 4.9. Log-log plot of rock conductivity versus pore liquid conductivity (NaCl).
Linear fitting was used for the three points at higher pore water conductivities for each
sample. The values to the left represent the surface conductivity of leached samples.

For one of the cores used in the study, the samples were leached in deionised water and the

surface conductivity was measured before any other experiments were carried out. The

formation factor was also determined and a relation between surface conductivity and

formation factor was found and is shown in Figure 4.10.
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Figure 4.10 Relation between surface conductivity and formation factor

It is seen that the surface conductivity increases with increasing formation factor. The samples

resulting in the lowest surface conductivity were those containing very little feldspar.

In evaluating the effect of surface conductivity on the transport by plotting the ratio between

surface conductivity and formation factor versus formation factor, Figure 4.11, it is seen that

the surface conductivity is more important for samples with a smaller formation factor.
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Figure 4.11 Impact of surface conductivity on formation factor

This could be due to that the pores are smaller in the samples with a smaller formation factor

and thereby there is a relatively larger surface area to pore volume.

The saturation process could possibly affect the surface diffusivity. Any clay material within

the pores would contribute to the surface conductivity. If this material is washed out during

the saturation process, the surface conductivity could decrease.

In exchanging the surfaces with different cations, a change in the measured conductivity was

observed. In Table 4.3, this behaviour is shown.
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Table 4.3. Surface conductivity (uS/cm) for samples ion exchanged for a specific surface
ions. Surface conductivities were for a few samples also measured with the original
surface ions from the ground water. The temperature was 25° C in all measurements.

Sample

Original

Na+

Sr**

Cs+

Sr/Na

Cs/Na

12

0.22

0.30

-

0.17

-

0.57

23

0.16

0.21

-

0.16

-

0.76

28

0.23

0.25

-

0.16

-

0.64

55

-

0.34

-

0.16

-

0.47

60

-

0.50

-

0.21

-

0.42

62

-

0.37

-

0.16

-

0.43

63

-

0.43

-

0.17

-

0.40

65

-

0.30

0.20

-

0.67

-

66

-

0.35

0.23

-

0.66

-

67

-

0.30

0.23

-

0.77

-

68

-

0.30

0.20

-

0.67

-

As seen in the table, the surface conductivity for samples with surfaces covered with Na+ is

generally higher than when they are covered with Sr2"1" or Cs+. If the mobile ions are situated

in the diffuse layer and the same number of charges were concentrated there regardless of the

ion's sorption mechanism, then the result would be the same surface conductivity, only

normalised to the mobility, or diffusiviry, in a free solution (diffusivities of many ionic

speciec in water may be found in Li and Gregory (1974)). Obviously, this is not the case since

Cs + has a larger mobility than Na+, but a lower surface conductivity. Sorbed Na+ has been

found to be much more mobile than Cs+ (Berry and Bond (1992), Lehikoinen (1999)). To

estimate the mobile fraction of Cs+ we first assume that 100% of the sorbed Na+ ions are

mobile. Then about 30 % of the Cs+ ions would be mobile, judging from the surface

conductivity measurements and the mobilities in an unconiined liquid. With the same

reasoning about 60% of the Sr2+ would be mobile.

Compared to diffusion experiments with Na+ and Cs+ this mobile fraction of Cs+ seems rather

high, however. Only a maximum of a few per cent of the sorbed Cs+ has been found to be

mobile in these experiments. These data are, however, from diffusion experiments in

bentonite clay, but the results should apply also to rock material.

In principle the surface diffusivity could be estimated from the CEC and the surface

conductivity using the Nernst-Emstein relation. This is, however, a rough estimate since the

concentration in the diffuse layer may be highly concentrated, la paper I the Ds for Sr2* was

estimated using this relation. Unfortunately a "z+" was missing in the equation wherefore the

Ds was overestimated by a factor of two. The impact of surface diffusion on the transport
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would then also be lower than estimated in the paper. It is still considerable, though, and the

reasoning and conclusions in the paper still apply.

In plotting the logarithm of the surface conductivity as a function of reciprocal temperature in

an Arrhenius plot together with that of a free solution, the activation energy can be compared

to that of the bulk solution of ions (Figure 4.12). The activation energy is proportional to the

slope in the diagram and is for the surface conductivity around 40 % larger than that in free

NaCl solution. This suggests a hindrance of the transport of the Na+ ions due to the attraction

to the negatively charged pore surface.
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Figure 4.12. Temperature dependence of the surface conductivity for Na+ covered pore
surfaces and for three NaCl-soIutions of different concentrations (0.5,1 and 3M).

The mobility of sorbed ions will be discussed further in section 4.5.

4.4 In-situ formation factor determination
If the formation factor could be measured directly in the bedrock (i.e. in a borehole),

formation factors under natural conditions could be obtained. A "formation factor log" would

give us information on the actual formation factor and its variability in a quicker and more
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convenient way without the extensive analysis and experimental times needed in traditional

laboratory experiments.

In Figure 4.13 the formation factor determined from normal resistivity measurements in the

rock surrounding a borehole as well as that determined for the borecore from the same

borehole is plotted versus borehole depth. The procedure is explained in detail in paper II.
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Figure 4.13 Formation factor versus borehole depth for KAS02

Since the borehole fluid affects the normal resistivity measurements, the electric field is

distorted and has to be corrected for this effect. The correction procedure is described in paper

n.

The methods used for in-hole resistivity measurements in this case are quite old and have a

low resolution. Newer equipment available today has higher resolution and no corrections are

needed for the borehole liquid. If a reliable measurement or estimation of the pore water

resistivity could be made, and also if the influence of the surface conductivity could be

satisfactorily corrected for, then a formation factor log could be readily obtained in each new

borehole.
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The measurements in the borehole used in this study were not designed for our purposes, but

were suitable for our scoping calculations. The purpose was to find out if in-situ resistivity

measurements are comparable to those measured in the laboratory, and also if formation

factors evaluated from the borehole data are in the same range as those reported for rock

samples. The resistivities measured directly in the bedrock compared surprisingly well to

those measured on samples from the core at the same depths. The difficulty lies mainly in

determining the formation factor. We then need to know the resistivity of the pore water, but

the borehole ground water for which we have resistivity data, and which we as a first

approximation assume to represent the pore water, may originate from other parts of the rock.

There may also be mixing of water from different depths to a large extent, and it is uncertain,

and probably unlikely, that the data really is representative of the pore water at that level.

Using packers would at least avoid some of the mixing problems. Still, our purpose was to

find out if the results were reasonable compared to what has been found in laboratory and in

that sense we were successful.

4.4.1 Influence of surface conductivity

In Figure 4.10 the relation between the surface conductivity and the formation factor was

shown. This can be used to correct the measured bedrock resistivity in the in-situ

measurements to that only due to pore transport, since in low conductivity ground water the

surface conductivity may introduce a large error in the formation factor determination. In

saline groundwater, however, the effect of surface conductivity is generally low and could

probably be neglected. More knowledge of this effect is important to accurately determine the

formation factor in-situ.

It is of interest to know how large the influence of surface conductivity is, i.e. how large

would the error be if we do not take surface conductivity into account. This error can be

estimated using the relation between surface conductivity and formation factor from Figure

4.10, Ks=0.0016Ff + 8E-8 S/cm.

The calculated "apparent" formation factor from the measured, non-corrected, rock

conductivity would include this contribution from the surface conductivity:
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Eq.4.4

And the relation between the apparent formation factor and the true formation factor would

then be:

E q . 4 . 5

If the relation Ff;aPP/Ff in Eq. 4.5 is calculated for different formation factors and groundwater

conductivities we find how much the formation factor is overestimated by ignoring the

surface conductivity correction. In Table 4.4 results from this calculation are presented for

three levels of the formation factor (representing the range found for Aspo diorite), and for

three levels of groundwater conductivities (representing low, intermediate and high salinity

groundwater).

Table 4.4 Consequence of ignoring the influence of surface conductivity

Ks(S/cm) Kw(S/cm)

1.0E-05 9.6E-08

5.0E-05 1.6E-07

1.0E-04 2.4E-07

1.0E-03

1.0E-02

1.0E-01

1.0E-03

1.0E-02

1.0E-01

1.0E-03

1.0E-02

1.0E-01

10.6

2.0

1.1

4.2

1.3

1.0

3.4

1.2

1.0

It can be seen that the largest errors in formation factor are found in low ionic strength waters

and for samples with formation factors in the lower range, if the surface conductivity

contribution is ignored. With an ionic strength of around 0.2 M, as is common in the Aspo

area, which would give a water conductivity of around 20 mS/cm, the surface conductivity
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could probably be ignored without any large errors in the estimated formation factor. In water

of lower salinity, however, the surface conductivity needs to be accounted for.

As discussed in section 4.3 the surface conductivity may be lower in very diluted solutions

than in electrolytes of higher ionic strength. If this is generally the case, the surface

conductivity should preferably be determined from several conductivity measurements with

different pore water ionic strengths using Eq. 2.30, and the influence may then be larger than

presented in Table 4.4.

4.5 Diffusion modelling and comparison with experimental data
Since the mobile surface ions make the pure pore diffusion model unfit, other approaches

have been suggested that in different ways take the excess transport into account. In paper IV

different approaches for modelling diffusion of cations in charged pores are discussed and

evaluated. Simple methods for estimating the mobile fraction of the sorbed ions are derived

and applied to experimental data.

4.5.1 Matrix diffusion modelling. Evaluation of the surface diffusion contribution

The excess flux of cations has been shown to be successfully described as a function of the

sorption coefficient, Kd (Yamaguchi et al. (1993), Eriksen & Jansson (1996)):

De = Dps + const • Kd Eq. 4.6

Also, in measuring the electrical conductivity, a similar behaviour has been noticed and the

rock conductivity has been found to be a function of the cation exchange capacity, CEC

(Shopper (1982)). From these findings it is most likely that sorbed ions in some way add to

the ionic transport. Lehikoinen (1999) suggested that it is the diffuse layer ions that contribute

to the diffusion. In the following discussion attempts are made to test this assumption, by

studying experimental data and by applying derived expressions based on diffuse layer

mobility to the data.

If only the diffuse layer ions are mobile then only part,/, of the sorbed fraction of ions would

be mobile for most ions. If we assume that these excess ions have the same mobility, DS=DP,
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as the other pore ions of the same kind, how large would the mobile fraction then be? With

experimental data from diffusion of Cs+ in bentonite clay at different compaction degrees

(Sato et al. (1992) Sato et al. (1993)) and sorption data calculated by Ochs et al. (1998) for the

same system, we calculated an average mobile fraction of 1.3 ± 0.04% for the different

compaction degrees (the calculation procedure is described in more detail in paper IV). In

Figure 4.14 the experimental data are shown together with that calculated for only pore

diffusion and that including 1.3% mobile fraction. It is clear that the diffusion is described

well when surface diffusion is included, but poorly with only pure pore diffusion. Also worth

noting is that even though the mobile fraction of the sorbed ions is low, the apparent

diffusivity (or actually the ionic flux) is markedly affected by this extra transport.
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Figure 4.14. Apparent diffusion of Cs+ in clay described by pure pore diffusion, and by
accounting for surface diffusion

In this calculation the sorbed ions were assumed to have the same mobility as the pore ions.

The diffusivity is, however, affected by the viscosity in the pore and the mean diffusivity for

the ions in the diffuse layer is lower than for ions evenly distributed over the pore width. In

the pore more ions are concentrated near the surface than in the centre of the pore. The

surface diffusivity can thus be described by the following equation:
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Eq. 4.7

y is the surface excess. The effective diffiisivity is the expressed as:

De = Dp I £ + (TI)/1 \ /PKd j = Dp (£ + / w ( * 4 ) Eq. 4.8

What was earlier calculated was thus an apparent mobile fraction, but even the apparent

mobile fraction may be a convenient measure in calculations of ionic flux.

Still, this procedure relies on fitting to data and what would be more interesting would be to

be able to predict the mobile fraction for different cations in different chemical environments.

In section 2.3.2 expressions for estimating the mobile fraction,/, were derived. To compare

these expressions with experimental data the mobile fraction,/ was calculated as the relation

between Ds and Dp as follows from combining Eq. 2.8 and 2.14 using data from diffusion

experiments carried out by Eriksen & Jansson (1996). This mobile fraction was only about 0.1

% for Cs+, but still resulted in a significant extra diffusive flux in low ionic strength pore

water.

In Figure 4.15 the dependence on the mobile fraction is plotted versus ionic strength

according to Eq. 2.21 using IQ values as a function of ionic strength from Eriksen and

Jansson (1996) and a CEC for bentonite from Wanner et al. (1994). The calculated mobile

fraction has a strong dependence on the ionic strength. The mobile fractions calculated are,

however, very much larger than those found in the diffusion experiments the calculation was

compared with. Furthermore, we have not found this strong ionic strength dependence neither

in our own (electrical conductivity) measurements nor in literature data (Paper IV). There are,

however, little experimental data available in the literature suitable for evaluating this

dependence.
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Figure 4.15. Mobile fraction of Cs+ in bentonite as a function of ionic strength according
to Eq. 2.21. CEC=85 meq/lOOg, log Kd=1.54-0.581og I (IQ and I in the units cm3/g and
mol/dm3 respectively)

Another measure of the diffuse layer charge is the zeta potential. In a study by Sondi et.al.

(1996) the zeta potential for Na-montmorillonite was measured as a function of both pH and

ionic strength. The zeta-potential in their experiment decreased as the ionic strength increased

but it was almost constant in the pH range from 6 to 9 for all ionic strengths. The equivalent

concentration in the diffuse layer can be estimated from the zeta-potential using the Gouy-

Chapman theory (Stumm and Morgan (1996)) and the surface area of the mineral. With

Eq.2.24 and sorption data from Eriksen and Jansson (1996) and zeta-potential data from Sondi

etal. (1996) we now obtained the results shown in Figure 4.16, still for Cs+ in bentonite. The

estimated mobile part in these calculations is somewhat higher than those obtained by Eriksen

and Jansson, but that it is in the same range suggests that the zeta potential provides a good

measure of the mobile fraction of sorbed ions. There is still a dependence on the ionic

strength, but not at all as pronounced as that found using the previous models. There is,

unfortunately, little experimental data available, especially for rock material, that comprises

sufficient information on the material together with experimental results at different ionic

strengths.lt should be noted that the zeta potential measurements were not carried out on the
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same clay samples that were used in the diffusion experiments, which would be desirable to

obtain reliable results.
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Figure 4.16. Mobile part of the sorbed Cs+ as a function of ionic strength using input
data from Eriksen and Jansson (1996) and Sondi et.al. (1996). The equivalent
concentration in the diffuse layer increases as the ionic strength of the pore solution
increases.

In electrical conductivity measurements we found that the surface conductivity for Cs+ was

lower than that for Na+, but much higher than found in diffusion experiments. The

explanation for this discrepancy could be that in the conductivity measurements we had only

Cs+ and no other cations (except for protons) in the system. Therefore, all negative excess

charge had to be compensated by Cs+ ions and there may actually not be physical room for all

Cs+ ions behind the Stem layer. In the diffusion experiments the Cs+ concentration is

generally never high enough to fully saturate all negative charges. In a system with e.g. a

concentration of Na+ ions that is much higher than the Cs+ concentration, the much higher ion

exchange selectivity for Cs+ than for Na+ may make it more likely to find the Cs+ ions in the

Stern layer than in the diffuse layer.

The diffuse layer potential is sometimes equated with the zeta potential, as was described

above. Using this assumption, Revil & Glover (1998) evaluated electrical surface conductivity

measurements on silica capillaries with K+ covered surface sites. However, in calculating the

conductivity contribution using the zeta potential only a few percent of the total surface
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conductivity could be explained. Instead they concluded that major part of the mobile K+ ions

were situated behind the Stern layer. The mobilities of these ions were about 10 % of the

mobility in a free liquid phase.

The high mobile fraction for Cs+ found in our experiments is supported by the results of Revil

and Glover. Since the chemical environment is so different in the diffusion experiments the

mobility of Stern layer ions in the electrical measurements does not necessarily contradict that

only ions in the diffuse layer are mobile in the diffusion of the ion in trace concentrations in

charged pores.
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5 Conclusions

The electrical formation factor provides a good and fast measurement method for determining

the pore transport capacity, uninfluenced (if carried out properly) by phenomena caused by

for example the pore surface charge. The most time consuming part of the experiments is the

saturation of the sample with the electrolyte, which is also a time consuming part in

traditional liquid diffusion experiments.

Even though the conductivity experiments are faster, ordinary diffusion experiments are, of

course, still important for the understanding of the diffusion of specific molecules. These may

differ from ideal diffusion owing to effects from the pore surface charge i.e., from surface

diffusion and anion exclusion effects. Steric effects, leading to a lower diffusion coefficient

than that predicted from the electrical formation factor and the diffusivity in free liquid may

also hinder the diffusion. In these cases the "true" diffusion coefficient is obtained from the

diffusion experiments, whereas a calculated diffusion coefficient from the electrical formation

factor could include large errors. The formation factor should be a measure of the pore

structure only, and is thus better determined electrically. In relating diffusion data from

experiments with a rock sample to the electrical formation factor of that same sample, one

will find if the molecular transport is affected in any way compared to an unhindered pore

transport.

The electrically determined formation factor was approximately twice that of the diffusion

formation factor measured with uranin. This deviation is not dramatic in safety assessment

contexts, and we can consider the error moderate, especially in cases where we are interested

in studying for example variability or pore connectivity.

The pore connectivity studies showed a considerable formation factor even in samples with

lengths in the decimetre scale. We could not conclude that the formation factor generally

decreases with sample length, since one of the length experiments showed no decrease at least

to a length of 15 cm. The other core studied, however, showed the expected decrease with

sample length and also a mylonite core showed this tendency. Since several studies show a

decrease in connectivity with length, it would in a conservative case be wise to assume that it

may do so in most cases.
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The surface conductivity must be considered in electrical formation factor determinations;

otherwise the formation factor may be overestimated. A pore solution of an ionic strength

high enough for the surface conductivity to be negligible is needed for a direct measurement

of the formation factor. If the surface conductivity is known, however, the formation factor

could be determined with any ionic strength of the pore solution.

Ion specific surface conductivity was lower for Cs+ covered surfaces than for Na+ saturated

surfaces. Also in diffusion experiments (Berry and Bond (1992), Lehikoinen et al. (1999)), it

has been found that only a small part of the sorbed Cs+ ions are mobile, whereas almost all

sorbed Na+ ions are mobile. Even so, also a small mobile part of the sorbed amount of Cs+,

may have a large influence on the ionic flux of ions through the pores. The impact of surface

conductivity on the pore transport was larger in samples with low formation factor, even

though the surface conductivity actually increased with increasing formation factor.

The assumption that only diffuse layer ions contribute to the ionic flux of sorbed ions was

tested with simple models and these were compared with experimental data. The zeta

potential model gave results in fair agreement with experimental data and the diffuse layer

mobility was large enough to explain the excess transport of Cs+ found in the diffusion

experiment studied. In electrical conductivity measurements, however, Stern layer ions also

needed to be mobile to explain the surface conductivity. The disagreement between electrical

and diffusion experiments may be due to that in the diffusion experiments the ion studied is

present only in trace amounts, whereas in the electrical measurements there is only one ion in

the system compensating for all the negative charge. In the latter case larger part of the

"sorbed" Cs+ may then be concentrated outside the Stern layer than in the diffusion

experiments where major part of the Cs+ may without problem "find room" at the surface.

In the last five years, the surface related transport has been taken into account in many

diffusion and electrical conductivity models. It is becoming more and more clear that the

traditional pore diffusion models can not describe ionic diffusional transport in charged pores

without incorporating surface related transport.

Ion exclusion effects were found also to be of significance in fairly high ionic strength pore

water. Even with ionic strengths of 0.2 M the effect was seen. At this salinity the effect seems

to be limited to a factor of two.
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The application of the formation factor determination method in-situ gave very promising

results. The agreement between the measurements on the core and those made in the borehole

on the surrounding bedrock was good. However, the problem with the pore water conductivity

determination remains to be solved. Also, the surface conductivity influence needs to be more

deeply investigated for accurate formation factor determination, even if the influence in many

cases is rather low. With the more sophisticated in-hole equipment available today with better

resolution and no need for corrections for the borehole liquid, the method has the potential of

becoming an important tool in the investigation of a site in a performance assessment.
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