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ABSTRACT

In the Postclosure Assessment of a Reference System for the Disposal of Canada's Nuclear Fuel Waste
(Goodwin et al. 1994) the disposal vault is assumed to be surrounded by a zone of intact rock, referred
to as the 'exclusion zone.' A sensitivity analysis of the relative effectiveness of the several engineered
and natural barriers that contribute to the safety of the reference disposal system has shown that this
zone of intact rock is the most effective of these barriers to the movement of radionuclides through the
reference system. Peer review of the geosphere model used in the case study for the EIS
(Environmental Impact Statement) of the Canadian Nuclear Fuel Waste Management Program has
identified the need to quantify the properties of the intact rock surrounding the disposal vault that
would control the transport of radionuclides by diffusion. The Postclosure Assessment also identified
the need for appropriate values of the free water diffusion coefficient (Do) for 129I and 14C, which are
two radionuclides that could contribute significantly to the radiological dose to man from the disposal
vault.

Direct measurement of the diffusive properties of the intact rock in the exclusion zone as a whole
would be impractical, since such a measurement would take several hundreds of thousands to several
millions of years. A literature survey has suggested that the measurement of the electrical resistivity
of the rock is a rapid and non-invasive test that could be appropriate to evaluation of the rock in the
exclusion zone. The measurement of rock resistivity allows the calculation of the Formation Factor
for a rock, and theoretical relationships exist between Formation Factor and other properties related to
diffusion in the rock.

This review describes and discusses the theoretical relationships that exist between Formation Factor,
diffusivity, permeability, and porosity, and how these properties might be measured or inferred for in-
situ rock under the conditions that apply to the intact rock surrounding a potential disposal vault.

Several workers have reported that the Formation Factor as measured by electrical methods is lower
(by a factor of between two and four) than the Formation Factor as inferred from diffusion
experiments. It is concluded that this is a genuine phenomenon, which should be investigated.

The importance of measuring the intrinsic diffusion coefficient (D;) of diffusing species under solution
salinities simulating those of groundwaters is emphasised, and a method of measurement is described
that is independent of the diffusing medium, and which would be appropriate for measurements made
in chemically complex media such as groundwaters.
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MESURES DES PROPRIÉTÉS DDFFUSIVES DE LA ROCHE INTACTE

K.B. Harvey

RÉSUMÉ

Dans l'Évaluation de post-fermeture d'un système de stockage permanent de référence des déchets de
combustible nucléaire du Canada (Goodwin et coll., 1994), on suppose que l'installation de stockage
permanent est entourée d'une zone de roche intacte, nommée zone d'exclusion. Une analyse de sensibilité
de l'efficacité relative des différentes barrières naturelles et artificielles qui contribuent à la sûreté du
système de stockage permanent de référence a montré que cette zone de roche intacte constitue la barrière la
plus efficace de toutes contre la migration des radionucléides dans le système de référence. Un examen
critique par des collègues du modèle de géosphère utilisé dans l'étude de cas réalisée pour l'EIE (Étude
d'impact sur l'environnement) du Programme canadien de gestion des déchets de combustible nucléaire a
déterminé qu'il était nécessaire de quantifier les propriétés de la roche intacte à la périphérie de l'installation
de stockage permanent qui régiraient le transport des radionucléides par diffusion. On a également
déterminé dans l'Évaluation de post-fermeture qu'il était nécessaire d'obtenir les valeurs appropriées du
coefficient de diffusion de l'eau gravitaire (Do) pour l'l29I et le 14C, deux radionucléides qui pourraient
contribuer dans une large mesure à la dose radiologique reçue par l'homme et attribuable à l'installation de
stockage permanent.

La mesure directe des propriétés diffusives de la roche intacte dans la zone d'exclusion dans son ensemble
ne serait pas pratique, étant donné que cette mesure prendrait plusieurs centaines de milliers à plusieurs
millions d'années. Une étude bibliographique indique que la mesure de la résistivite électrique de la roche
constitue un essai rapide et non invasif pour évaluer la roche dans la zone d'exclusion. La mesure de la
résistivité de la roche permet de calculer le facteur de formation d'une masse rocheuse, et il existe des
relations théoriques entre le facteur de formation et d'autres propriétés liées à la diffusion dans la roche.

Dans la présente étude, on décrit et on examine les relations théoriques qui existent entre le facteur de
formation, la diffusivité, la perméabilité et la porosité, et on analyse comment ces propriétés pourraient être
mesurées ou induites dans le cas de la roche en place dans les conditions qui s'appliquent à la roche intacte
entourant une installation de stockage permanent éventuelle.

Plusieurs chercheurs ont signalé que le facteur de formation mesuré par les méthodes électriques est
inférieur (d'un facteur situé entre deux et quatre) au facteur de formation induit des expériences de diffusion.
On conclut en disant qu'il s'agit d'un phénomène établi qui mérite d'être étudié.

On insiste sur l'importance de mesurer le coefficient de diffusion intrinsèque (Dj) des espèces diffusantes
pour des salinités de solutions simulant celles des eaux souterraines, et on décrit une méthode de mesure
indépendante du milieu de diffusion et qui serait adaptée aux mesures effectuées dans des milieux
chimiquement complexes tels que les eaux souterraines.
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1. INTRODUCTION

In the Canadian Nuclear Fuel Waste Management Program, deep underground burial in an
engineered vault in the hard rock of the Canadian Shield is being investigated as a possible
option for the permanent disposal of nuclear fuel wastes (Torgerson 1990). Shortly after
closure of the vault, it is assumed that the vault will become saturated with groundwater. A
potential route for the radionuclides to return to the biosphere would be by release from the
fuel wastes into the surrounding groundwater, and subsequent transport by the groundwater to
the surface.

In a hard rock environment such as the Canadian Shield, it is assumed that groundwater will
flow through fractures in an otherwise impermeable rock medium. For the purposes of the
Postclosure Assessment of a Reference System for Disposal of Canada's Nuclear Fuel Waste
(Goodwin et al. 1994), a generic disposal vault is assumed to be located at a depth of 500 m
in granitic rock in the Whiteshell Research Area (WRA), associated with the Lac du Bonnet
Batholith, for which the geological and hydrogeological characteristics are relatively well
known (Davison et al. 1994). In this assessment, one of the cases studied assumes the
presence of a major fracture passing within 50 m of the disposal vault (Figure 1). The rock
separating the disposal vault and the fracture is assumed to be only sparsely fractured, and has
been termed the 'exclusion zone'. In the Postclosure Assessment, the granite rock forming the
exclusion zone is modelled as being a homogeneous porous medium1.

Goodwin et al. (1994), in a sensitivity analysis of the relative effectiveness of the several
engineered and natural barriers that contribute to the safety of the reference disposal system,
and using 129I as the example of a non-sorbing isotope, have shown that the exclusion zone is
the most effective of the several barriers to the movement of radionuclides in the reference
disposal system (Figure 2). Following a review of the Geosphere Model for Postclosure
Assessment (Davison et al. 1994) by the Natural Resources Canada it was stated that: 'A
conclusion that arises clearly from the research is that if a [disposal] vault can be situated such
that it is surrounded by 50 metres of unfractured bedrock, the contaminant transport time to
the biosphere is increased from (a minimum of) 890 years to tens of millions of years, and
other issues considered in great detail become irrelevant.' (McGuire 1994).

In view of the perceived importance of the exclusion zone as a barrier to the movement of
radionuclides from the disposal vault into the geosphere, the question arises as to how the
integrity and the relevant properties of the intact rock in the exclusion zone might measured in
situ, inferred from laboratory data, or reliably estimated.

In the Postclosure Assessment of a Reference System for Disposal of Canada's Nuclear Fuel
Waste, Goodwin et al. (1994) have identified seven radionuclides (14C, 135Cs, 129I, 59Ni, 107Pd,
79Se, and "Tc) as significant contributors to the radiation dose at times up to 10s years, and
two radionuclides (14C and 129I) as significant contributors at times in excess of 105 years.
Goodwin et al. (1994) have identified the tortuosity (Section 5.1(b)) of the rock in the

1 The granite is assumed to have a porosity of 0.003, an isotropic permeability of 10"19 m2, and a median
value for tortuosity of 4.1. These properties are defined and discussed further in the text of this report.
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exclusion zone as an important parameter in the performance of the geosphere as a barrier to
I4C and 129I movement, and they have also identified the need for having good values for the
free-water diffusion coefficients (Section 7.2) of I4C and I29I.

A preliminary literature study (Harvey, unpublished work), suggested that the diffusive
properties of the intact rock in the exclusion zone could be derived from measurements of the
Formation Factor (Section 4) of the intact rock in the exclusion zone itself, combined with
subsidiary property measurements made in the intact rock immediately surrounding the
excavated disposal drift, and in the laboratory.

The purpose of this report is to discuss how the Formation Factor of the intact rock of the
exclusion zone might be measured; to examine the relationships that exist between formation
factor and other properties of intact rock; and to discuss what additional properties of intact
rock need to be measured, and how, either in-situ or in the laboratory, in order to arrive at a
reliable estimate of the diffusion parameters, including tortuosity. The concept of free-water
diffusion coefficient is also discussed, and a method of measuring it in saline groundwaters is
described. This provides a framework within which experimental results can be interpreted.

2. BACKGROUND TO THE CONTENTS OF THIS REPORT

The purpose of this section is to give a general description of the conditions that might exist in
a zone of intact rock associated with a disposal vault, together with some observations with
respect to the measurement of transport properties in-situ and in the laboratory. This allows a
discussion of the theoretical background and experimental arrangements that would be
appropriate to any experimental program to investigate the properties of intact in-situ rock.

2.1 DESCRIPTION OF INTACT RQCK

The Postclosure Assessment of a Reference System for Disposal of Canada's Nuclear Fuel
Waste (Goodwin et al. 1994) assumes a generic disposal vault to be located at a depth of 500
m in granitic rock, in a zone where the rock is saturated by groundwater. Granite is a coarse-
to medium-grained igneous rock consisting essentially of alkali feldspar, plagioclase feldspar,
and quartz, and commonly includes smaller quantities of biotite, hornblende, and muscovite
(LeMaitre 1989). Elert et al. (1992) have described an intact Swedish granite bedrock in a
similar location as having 'a continuous system of microfissures between the crystals of the
rock matrix. These micropores (sic) are filled with practically stagnant groundwater.'

For the purposes of this discussion, it will be assumed that the velocity of groundwater flow
through the intact rock of the exclusion zone is zero, and that the only mechanism for
transport is by the diffusion of species through the groundwater that fills the continuous system
of microfissures (micropores) in the rock matrix (Goodwin et al. 1994).
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2.2 ROCK STRESSES AND HYDROSTATIC PRESSURE IN THE WHITESHF.U,
RESEARCH AREA

In the Whiteshell Research Area, at 500 m depth, horizontal stresses in the rock are of the
order of 40 to 60 MPa (400 to 600 bars), and vertical stresses are of the order of 25 to 50
MPa (250 to 500 bars). After closure of a disposal vault, the hydrostatic pressure at 500 m in
the Whiteshell Research Area might be expected to rise to around 5 MPa, or approximately
10% of the horizontal rock stress (Martin 1990).

These rock stresses are of the same order as those used in property measurements by Skagius
and Neretnieks (1985), (0 to 350 bars), and as the stresses (230 to 280 bars) anticipated at
repository depths in the Swedish program (Skagius and Neretnieks 1984). In experiments at
the 360 m level in the Stripa mine, Birgersson and Neretnieks (1982, 1984) found hydrostatic
pressures in the range 0.7 to 1.4 MPa, or approximately 4% of the rock stresses.

2.3 THE EFFECT OF STRESS AND HYDROSTATIC PRESSURE ON
ROCK PROPERTIES

The transport of species through the continuous system of microfissures in the rock can be
described in terms of permeability, where transport takes place under the influence of a
pressure gradient, and diffusibility, where transport takes place under the influence of a
concentration gradient. Brace et al. (1968) have shown that some properties of granitic rocks,
such as permeability, are greatly affected by the mechanical stresses experienced by the rocks,
and are non-linear with respect to applied stresses at stresses lower than about 2 kb
(200 MPa). Brace (1977) has attributed this non-linearity to the opening and closing of the
microfissures.

Rock properties such as Formation Factor, porosity, permeability, and diffusibility will be
defined and discussed in later sections of this report, but for the present it is sufficient to note
that they are all dependent on the size and properties of the microfissures in the rock, and are
thus dependent on the effective rock stresses. The effect of increasing rock stress will, in
general, be to decrease porosity, permeability, and diffusibility, and to increase the Formation
Factor. The effect of increasing hydrostatic pressure (pore pressure) in the rock will be to
force open the microfissures, and thus to decrease the effective rock stresses by an amount
equal to the increase in hydrostatic pressure (Brace et al. 1968).

2.4 THE EFFECT OF REMOVING A SAMPLE OF ROCK FROM ITS IN-SITU
STRESS ENVIRONMENT

Removing a sample of rock from its in-situ stress environment, as would be done by coring
or sampling prior to study in the laboratory, will remove the stresses on it and, apart from
changing its properties as a result of any elastic expansion, Birgersson and Neretnieks (1988)
have suggested that the release of rock stresses may itself induce new microfissures. Most, if
not all, laboratory methods to repressurize rock samples apply an isostatic pressure, and thus
do not necessarily reproduce the original stress regime. Skagius and Neretnieks (1985),
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working in the laboratory with a sample of Finnsjon granite, showed that the Formation
Factor decreased as the (isostatic) confining pressure was increased from zero to 350 bars, but
then returned to only -80% of its original value when the pressure was removed (Figure 3).
During the second pressure cycle the changes in Formation Factor were reversible, suggesting
that an irreversible change had taken place in the microfissure structure during the first
application of the confining pressure. Zoback and Byerlee (1975) found that Westerly granite
subjected to cyclic confining pressures showed a permeability which was about 50% higher
than in the original intact samples, and they attributed this to crack porosity introduced during
the cycling. It is possible, although in both these cases unknowable, that an irreversible
structural change also took place as a result of the initial removal of stress when the sample
was first extracted from its in-situ location.

These observations suggest that, to the extent possible, rock property measurements should be
made in-situ, in an undisturbed stress regime.

2.5 THE WORK OF BIRGERSSON AND NERETNIEKS

From the foregoing discussion, it can be seen that it is desirable to disturb the in-situ stress
regime in the rock as little as possible prior to or during the process of making the
measurements of rock properties. Birgersson and Neretnieks (1982, 1984, 1988) conducted
pioneering tracer diffusion experiments in intact rock using one hole only, for the injection of
tracers, and minimized the effects due to drilling damage and stress release of that hole by
successively reducing its diameter as they approached the experimental zone. The process of
excavation causes damage and stress changes in the rock that are reckoned to extend
approximately 1.5 to 2 hole radii from the drift wall (Pusch 1989). Referring to Figure 4,
working from the floor of a drift 5.5 m in diameter, a 146 mm diameter hole was drilled
downwards for 11 m in the 1982 experiment and 18 m in the 1984 experiment. This hole
passed through the zone of excavation damage at the excavation wall and through the region
of changed permeability due to stress changes around the drift. From the bottom and at one
side of the 146 mm hole, a smaller hole 20 mm in diameter was drilled for approximately
3 m, of which the first 0.3 m was assumed to be affected by the presence of the larger hole.
In the interpretation of experimental data, it was assumed that the permeability of the rock
would be affected for 40 mm outwards from the 20 mm hole, and this assumption appears to
be supported in later work by Valkiainen et al. (1993).

Thus, experiments in intact, in-situ rock adjacent to the exclusion zone would require the
drilling of holes 14 to 21 m into the rock, and this may impose limitations on size and the
accuracy of placing of experimental holes.

Birgersson and Neretnieks' experiments had the disadvantages of not being isolated from the
local hydrostatic pressure gradients and groundwater flow, which had the potential to
introduce large asymmetries and errors into the experimental system. The rock was sampled
by overcoring, which had the consequential effect of destroying the site of the experiment,
and not allowing any subsequent experiments using the same volume of rock.
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3. POROSITY

The existence of permeability or diffusibility in a rock is contingent on there being a
continuous path for the movement of species through the rock, and is related to the presence
of a connected pore space filled with groundwater. However, 'connected porosity' is only one
of several types of porosity to be described in a rock, and any discussion of the permeability
or diffusibility of species in terms of rock properties depends on the ability to define these
several types of porosity, and to discuss the relationships between them. This section defines
porosity, and discusses approaches to its measurement.

3.1 DEFINITION OF POROSITY

The Glossary of Geology and Related Sciences (American Geological Institute, 1957) defines
porosity as the ratio of the aggregate volume of interstices in a rock or soil to its total
volume, and it is usually expressed as a ratio, or as a percentage. This 'total' porosity can be
designated <|>t.

Total porosity can be calculated from

Pb
<))t = Equation (3.1)

Pr

where pb is the dry rock bulk density of a representative sample determined by standard
immersion techniques, and pY is the grain density, determined on a finely ground sample with
a grain size less than the minimum pore diameter (Norton and Knapp 1977).

If a concentration, pressure, or potential difference exists across two parallel faces or planes
in a rock, pores will lie at all angles to the direction of the resulting gradient. In the case of
diffusion, diffusion in pores lying at small angles to this direction will be driven by the
concentration gradient. Solute diffusing along these pores will also tend to diffuse into pores
more nearly perpendicular to the overall concentration gradient, at least until these latter pores
have a uniform concentration throughout their length. Hemingway et al. (1983) divide the
pores into two groups, 'through-transport' and 'dead-end' pores. Figure 5 (Norton and Knapp
1977) gives a schematic representation of these pores, and Figure 6 gives an idealised model
in which the pores are resolved into three orthogonal sets of tubular pores. The dead-end
pores will not necessarily be physically closed at one end, as even those which open onto
through-transport pores at both ends will have a no-flux boundary at some point along their
length (Hemingway et al. 1983). Referring to Figures 5 and 6, Norton and Knapp (1977)
state that the total porosity, <|>t, of a rock may be described by
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<(>, = <(>f + <)>d + <|)r Equation (3.2)

where
(|>f is the through-transport porosity,
<|)d is the dead-end porosity, and
<{>r is the residual porosity and represents those pores not connected to <|)f or <)>d.

Norton and Knapp (1977) refer to <|)f and <))d respectively as the 'effective flow porosity' and
'diffusion porosity'; Skagius and Neretnieks (1985) refer to them as 'transport' and 'storage'
pores.

Norton and Knapp suggest that, in plutonic rocks, typical total porosities are in the range
2 x 10"' to 1 x 10"\ and both through-transport porosities and dead-end porosities are in the
range 1 x 10'3 to 1 x 10 5 . From this, they conclude that most of the total porosity in plutonic
rocks is due to residual pores not interconnected to either through-transport or dead-end
porosity. The estimated rock porosity of 0.003 in the exclusion zone (Goodwin et al. 1994) is
described as connected porosity, and thus lies at the upper limit of the ranges suggested by
Norton and Knapp.

3.2 THE MEASUREMENT OF POROSITY

3.2.1 The Measurement of Total Porosity

The measurement of total porosity, ([>,, can be accomplished by a standard method as was
summarized in Section 3.1, above. The measurement of total porosity is not relevant to the
transport of species in rocks.

3.2.2 The Measurement of <t>f + $„

As may be seen from Figure 5, although the dead-end porosity, <|>d, is not a part of the flow
path through a rock, it is physically connected to <|>f. It would be reasonable to call the sum
((|)f + <)>d) 'connected ' porosity, (j)c.

(a) Direct Measurement

The measurement of the connected porosity, <))f + <|>, can be made directly in the laboratory,
from the difference in weight between a dry specimen and the same specimen saturated with a
fluid of known density (Melnyk and Skeet 1986). An estimate of an in-situ value for
<|>f + <|)d in-situ can be made by removing a core, measuring the chloride content of the
groundwater in the porosity in the core, and comparing it with the chloride concentration of
the groundwater. This is discussed further in Section 3.2.2.

The measurement of <|>f and <|>d as separate quantities is not possible either in the laboratory or
in-situ, although they might be estimated indirectly from measurements of the Formation
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Factor, permeability, and diffusivity, together with information from subsidiary laboratory
experiments (Section 8.3).

(b) Estimation of <|)f + <(>d From Pore Fluid Composition

Jefferies (1987) measured the solute diffusion profiles of Cl\ Br\ F", and SO4 in a granite
block that had been immersed in salt water for thirty years. The measurements were made
using 40 mm cores, which had been removed using demineralized water as the lubricating
fluid.

Jefferies noted that, apart from the fluids contained in the connected porosities, the residual
porosity of granitic rocks can contain highly saline fluids which were trapped there at the time
of formation. It was therefore not possible to measure the connected porosity simply by
dissolving the rock and measuring the total halide concentrations. Also, 'because of the low
matrix porosity and permeability of the granite it is not possible to directly extract the pore
water from within the rock.... It is therefore necessary to allow solutes within the granite to
diffuse out into a reservoir of water and, after sufficient time has elapsed to allow out-
diffusion to proceed to equilibrium, to measure the concentration of solutes in the reservoir...'

Jefferies observed that, in order to reduce the time required for the out-diffusion of the anions,
the granite core should be crushed to a finer particle size. However, the crushed particles
should not be so small that the fluids in the residual porosity would be released. Jefferies
selected a particle size of ~ 1 cm - 'large enough to minimize fluid inclusion fracturing, but
small enough to allow out-diffusion equilibrium to be attained in 1 to 2 weeks.'

Olin and Valkiainen (1990) took a similar approach in the measurement of porosities in a
rapakivi granite from Hastholmen in Finland, excepting that the crushed granite was screened,
and the fraction larger than 1 mm was used (the upper size limit was not stated).

The above approaches make the assumption that the majority of fracturing will take place
along intergrain boundaries, with negligible exposure of the residual porosity within the grains.
It may be desirable to remove this uncertainty, by using a method which leaves the specimen
intact.

(c) Estimation of <|>f + <|>d From Observation of Out-Diffusion

The porosity of intact specimens can be estimated by observing the shape of the concentration-
time curve for ions in the pore fluids in a rock specimen as they diffuse out from the specimen
into a limited volume of water.

Crank (1975) gives two derivations, one for a parallel-sided slab, and one for a cylinder, that
allow the estimation of the connected porosity by observing the rate at which an ion diffuses
out of a rock specimen into a limited volume of water.
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(i) Parallel-Sided Slab

Figure 7 represents an infinite parallel-sided slab of thickness 21 immersed in water which is
bounded by two planes at +a and -a. If M, and MTC are the masses of a species that have
diffused out of the slab into the water at time t and at infinite time, respectively, then
(Crank 1975 Equation (4.43)):

M.

M
1 = (l+o).

\0.5

1-exxA — lerfiA — Equation (3.3)

where
a = a/1
T = D.t/12

D is the diffusion coefficient of the ion in water

For unit area of the slab, the volume of the porosity = 21.<(>
and the mass of ion present in unit area of the slab = 21.(f>.c0

If the volume of the pores of the slab is small compared to the volume of the surrounding
water, then the mass of ion in the slab will equal that which would diffuse out into the water
in infinite time. Thus:

M, = 21.<|>.co

The volume of water in which the slab is immersed is, 2(a-l) so that, if c, is the concentration
of ion in the water after time t, then

Mt = 2(a-l).ct

Thus

v.c. 1-e
Equation (3.4)

where
v = 2(a-l)
a = (v+21)/21

Given known experimental parameters and data, unknowns are <|> and D, or <)) alone, if D is
known from other sources.

The parallel-sided slab model would be suitable for application to a disc or plug sample,
provided it was mounted or protected to prevent diffusion from the periphery.
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(ii) Cylindrical Sample

In Figure 8, let the cylindrical sample have a radius a and be immersed in a bath of cross-
sectional area A (excluding the space occupied by the cylinder). For moderate values of a,
Crank (1975 Equation (5.36) gives:

M

M, fl+o_,
4'

l-expU(l Equation (3.5)

where
a = A/na2

For unit length of the cylindrical sample, the volume of the pores = 7ta2.(J>
and, similarly to the previous case, Mx = na2.$.c0.

For unit length of the cylindrical sample, A is numerically equal to the volume of solution, v,
and M, = v.ct.

The cylindrical model would be suitable for use with a core sample, provided that the ends
were treated to prevent diffusion from them.

The connected porosities measured or derived by the above methods will be those of the in-
situ rock, provided that precautions have been taken to prevent loss or contamination of the
pore fluids during core drilling and prior to measurement. These same techniques can be
used for the measurement or estimation of porosities in the laboratory, by saturating a rock
specimen with a non-sorbing but easily-measurable ion, such as iodide. These experiments
could be conveniently associated with experiments to measure other rock properties, such as
permeability and diffusibility. Laboratory measurements of (t>r + <|)d by water immersion
techniques, such as that described by Melnyk and Skeet (1986), also measure the porosity
existing after the in-situ stresses have been released.

By more indirect methods, it may be possible to estimate <}>f and <|>d independently of one
another. This is discussed further in Sections 5 and 6.

3.3 THE RELATIONSHIP BETWEEN <|)f-AND <bd

In general, there is no relationship between <|>f and <)>d. The sum <|>f + <|>d is equal to the
connected porosity (0C). If, however, the system is assumed to be isotropic, then a
relationship can exist. In Figure 9, consider a cube with sides 2a, and let the flow porosity in
the three perpendicular directions be concentrated into three rectangular channels with
constant cross-sections of (2b)2, connected together in a cruciform shape. Then, between any
pair of opposite faces:
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flow porosity, <|>f, = (2b)2.2a = 8ab2

while the total connected porosity, <(>c, is:

Sab2+4(2b)2.(a-b)

Then:

<t>/ _ a Equation (3.6)
^ ~ 3a-2b

for small porosities: b-Q ; —--— ;
<J)C 3

for large porosities: b-a ; —--»1 ; (JV

The ratio <t>,/<t)c is plotted as a function of <(>c in Figure 10.

Similar arguments regarding the relationship between flow porosity, diffusive porosity, and
total connected porosity have been made by Hemingway et al. (1983), who deduced that <t>/<|)c
(a7oc in their notation) for a particular granite lay between 0.1 and 0.4, by Snow (1968) with
regard to the fracture porosity2 of rock, and by Bear (1972) in a discussion of capillary tube
models. Wadden and Katsube (1982) idealized the connected porosity into three mutually
perpendicular sets of fractures, and discussed whether the porosity relevant to diffusion in one
direction should then be 2/3 of the total connected porosity. If applied to porosity, rather than
to fractures, the same argument would suggest that only 1/3 of the connected porosity would
be relevant to diffusion in one direction (Figures 11 (a) and ll(b)). Keller and Frischhknecht
(1966) noted specifically that, in a model in which the total porosity consisted of three sets of
straight tubular pores, each set of pores being at right angles to the directions of the other two
sets, a calculation of the Formation Factor involved only one-third of the total porosity.

3.4 VOLUMETRIC POROSITY AND A REAL POROSITY

If the total unit volume VT of a rock is divided into the volume of the solid portion Vs and the
volume of the voids Vv, the volumetric porosity, (|), of a solid is defined as the ratio V/VT. It
is usually reported as a decimal fraction or a percentage.

Fracture porosity differs from porosity as defined in Section 3.1. The American Geological Institute (1984)
defines fracture porosity as porosity resulting from the presence of openings produced by the breaking or shattering
of an otherwise less pervious rock.'
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The areal porosity, <|>A, can be defined for any areal cross-section through a unit volume as
<))A = A,/AT,, where Av is the area occupied by the voids and AT is the total area. Various
cross-sections within a given unit volume may exhibit differing areal porosities, and the
volumetric porosity, <|>, is an average of the various possible areal porosities (Freeze and
Cherry 1979).

It is generally not appropriate to use areal porosity in calculations that involve transport or
conduction through porous solids, particularly if the porosity is tortuous.

4. THE FORMATION FACTOR

The Formation Factor is an electrical property of a porous medium in which the pore space is
partially or wholly filled by a conducting fluid. Measurements of the Formation Factor are
used in the oil industry as an indicator for the presence of oil in unconsolidated strata. To
date, no references have been found to the measurement of Formation Factors in hard rock
other than on the laboratory scale.

4.1 THE DEFINITION OF FORMATION FACTOR

If the connected pore space of a rock is filled with a conducting fluid, such as a saline
groundwater, the rock will appear to be electrically conducting. The Formation Factor, F, is
defined as the ratio of the resistivity of a rock saturated with the conducting fluid to the
resistivity of the fluid itself (Wyllie and Spangler 1952). Thus:

-, _ 9S Equation (4.1)

where
ps = resistivity of the saturated rock sample
pp = resistivity of the fluid

4.2 THE MEASUREMENT OF FORMATION FACTOR

Measurement of the Formation Factor of a porous medium is essentially the measurement of
its resistivity. Several methods exist for the measurement of the resistivity of porous media;
those of Patten and Bennett (1963) and Wenner (1915) are described here.

4.2.1 The Method of Patten and Bennett

A general discussion of the theory and practice of resistivity logging as applied to
groundwater hydrology has been given by Patten and Bennett (1963), to whom due
acknowledgment is given for the following section:
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'A typical logging apparatus might be arranged according to the diagram of Figure 12. A
constant current is maintained between the two spherical terminals C and D, and a recording
galvanometer may be set to read the voltage between G and either C, S, or L. The distance
CS is approximately 16 inches, and CL is approximately 64 inches. The distances CD and
CG are large relative to CS and CL. If the galvanometer is set to read the potential
difference between C and G, the apparatus is termed a single-point device; if it js set to read
the potential between S and G, the apparatus is called a short-normal device; and if it is set
between L and G, the apparatus is a long-normal device.

If the earth and well bore are considered to be an infinite, homogeneous, and isotropic electric
medium, a simplified mathematical treatment is possible. To begin this treatment, an
expression will be derived for the resistance of a spherical shell in such a medium to a three-
dimensional radial current, as from a point source embedded in the medium. The shell is
considered to be divided into a series of thin concentric elements, as shown in Figure 13.
The resistance of each element to a radial current is given by the expression AR = pArAtar2,
where p is the resistivity of the medium, Ar the radial thickness of the element, and r the
mean radius of the element from the center of the current pattern. This will be recognized as
a special case of the more general formula for resistance,

in which L is the length of the current path and A the cross-sectional area of flow.

The spherical elements of Figure 13 obviously constitute resistances in series to the radial
current, and the total resistance of the shell is determined by summing these resistances
between the inner an outer bounding surfaces of the shell - that is,

r=2

R =
4rcr2

rr2dr
•K ~7 =

"r2dr = _p_

4n

-1 -1 _P_
4n

1 1 Equation (4.2)

The analysis leading to Equation (4.2) indicates that the greatest part of the resistance of the
shell occurs near the inner surface, where the cross-sectional area of flow is smallest. As r
increases, this flow area expands rapidly, causing the resistance of the successive elements to
decrease sharply. This result can be extended qualitatively to most nonhomogeneous
electrical systems, where p may vary with r and the other spherical coordinates. The
resistance of earth material to a radial current is controlled largely by the resistivity of the
material nearest the current source. This is the general condition of resistivity well logging.

If a single spherical conductor is embedded in an infinite, homogeneous, and isotropic
medium, and its potential is made positive with respect to that of the medium, a radial current
pattern is established. Equipotential surfaces are spherical and concentric with the current
source; the potential difference between any two such surfaces may be calculated by Ohm's
law, in which the expression from Equation (4.2) is used for the total resistance of the
spherical shell between the surfaces; that is,
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v -v -
1 2

_ /p f 1 _ 1) Equation (4.3)

rj

The potential difference between any two points in the medium is the difference between the
potential spheres through those points and is, thus, dependent only on the coordinate r. The
total current I is the same across any equipotential surface in the medium, although current
density decreases as the cross-sectional area of the flow increases.

The potential difference between a point at a distance r, from the center of the current source
and a remote point (effectively an infinite distance from the source) is given by

V -V lP-(ll) = ISJll) Equation (4.4)

A trial calculation with Equation (4.4) shows that nine-tenths of the voltage drop that might
be recorded between r, and infinity takes place between r, and 10r,. This follows directly
from the fact that the resistance is concentrated chiefly in a zone near the inner surface of the
shell.'

4.2.2 The Method of Wenner

[This description is adapted from Tagg (1964), to whom due acknowledgment is given.]

As shown in Figure 14, four holes are drilled in the earth, uniformly spaced in a straight line.
The diameter of the holes is not more than 10 per cent of the distance between them, and all
extend approximately to the same depth. An electrode is placed in each hole, making
electrical contact with the earth only at the bottom as shown in Figure 14. These make up a
four-terminal conductor the resistance of which depends upon the distance between the
electrodes and the resistivity, but does not depend appreciably upon the size of the electrodes
nor the kind of electrical connection they make with the earth.

If the depth of the holes, the distance between them and the resistance (using 1 and 4 as the
current and 2 and 3 as the potential terminals or 2 and 3 as current and 1 and 4 as potential
terminals) are measured, it is possible to calculate the effective resistivity of the earth.

If a = distance between the holes (1 to 2, 2 to 3, and 3 to 4)
b = depth of the holes
p = resistivity
R = measured resistance

If b is large compared with a, Figure 15 represents part of an infinite conductor of uniform
resistivity. Suppose a unit current enters at the point marked 1. This current will flow away
radially from the point of entry and at a distance r from the point 1 the current density will be
1/47W2. This follows from the fact that at a radius r, the current will be uniformly distributed
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over a sphere of radius r and hence of area 4KT2. Now the potential gradient is equal to the
current density multiplied by the resistivity. So

_6e _ p
fir 4 i t r 2

where e is the potential at a distance r from the point 1.

The difference in the potential (e, - e2) between two points distance r, and r2 from 1 is
obtained by integrating the potential gradient from r = r, to r = r2, that is:

2 _ P r*«r _ P 11 Equation (4.5)

If ex is the potential difference between the points 2 and 3 distant a and 2a from 1, caused by
unit current flowing radially outward from 1, then Equation (4.5) gives:

e =
*

Again if e is the difference in potential between 2 and 3 caused by unit current flowing
radially towards 4,

If unit current enters the conductor at 1 and leaves at 4, the current density at any point is the
vector sum of that due to unit current flowing from 1 and that due to unit current flowing
towards 4. Also, the potential difference between any two points is the sum of that which
results from the flow of unit current from 1 and that which results from the flow of unit
current towards 4.

So the potential difference between the points 2 and 3 due to unit current entering at 1 and
leaving at 4 is

Since the difference in potential for unit current using 1 and 4 as current terminals and 2 and
3 as potential terminals, is numerically equal to the resistance R,
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R is actually the resistance between equi-potential surfaces on which the potential electrodes
are placed.

If b is not large compared with a, then

P z~ r~ - —— Equation (4.6)
1+ ff? ^*

where n has a value between 1 and 2 depending on the ratio b/a. Where

b = a, n = 1.187
b = 2a, n = 1.038
b = 4a, n = 1.003

If b is very small compared with a
p = 2izaR

The derivation of Equation (4.6), which applies when it cannot be assumed that b is either
small or large compared with a, is lengthy, and can be found in Tagg (1964).

4 3 APPLICATION TO THE MEASUREMENT OF FORMATION FACTOR
IN THE EXCLUSION ZONE

4.3.1 Groundwater Conductivity and Surface Conductivity

Measurement of the Formation Factor assumes that the electrically-conducting path through
the rock is provided entirely by the groundwater. In some circumstances, in addition to the
conducting path provided through a porous rock by the conductivity of the pore water, a
second , parallel, route is possible by surface conduction at the pore-water interface.

Surface conduction is thought to be due to an excess of ions electrostatically attracted to the
vicinity of the solid-liquid interface (Madden and Marshall 1959), and can account for a
significant proportion of the conductivity through narrow pores containing dilute solutions.
Working with Westerly granite saturated with tap water with a resistivity of 45 ohm metres,
Brace et al. (1965) found that the apparent conductivity was 10 to 20 times greater than if
conduction were solely through the pore water, and attributed the effect to surface conduction.
The effect was not present when the rock was saturated with an NaCl solution with a
resistivity of 0.3 ohm metres.
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In the laboratory, the effect of surface conduction can be neglected if highly saline, highly
conducting solutions are used (Brace et al. 1965), and 1 M solutions are generally felt to be
adequate (Skagius and Neretnieks 1982, Kumpulainen et al. 1991). Unfortunately, this option
is not available in the exclusion zone.

At the 500 m level in the URL, the conductivity of flowing groundwater in active fractures is
of the order of 10 000 microSiemens per centimetre (Gascoyne 1994, personal
communication). This conductivity corresponds to a resistivity of 1 ohm metre, which falls
between the resistivities investigated by Brace et al. (1965). The conductivity of water in the
microfissures in the intact rock of the exclusion zone may be such that the resistivity is an
order of magnitude lower than this, at 0.1 ohm metres (Gascoyne 1994, personal
communication). Working in Jurassic sandstones, Keller (1959) has shown that a water
resistivity of 0.1 ohm metres is the upper level at which conductivity can be wholly attributed
to the solution (Figure 16). It may therefore be necessary to conduct laboratory-scale
experiments to determine if surface conduction makes any significant contribution to the
apparent conductivity of the rock in the exclusion zone.

Brace et al. (1965) have demonstrated that the microcracks in (Westerly) granite that
contribute to surface conductivity but not substantially to porosity can be closed off by use of
confining pressures in excess of 4 kb, and they show how this can be used as a means of
estimating the contribution due to surface conduction.

4.3.2 Typical Values for the Resistivity of Saturated Granite Rock

Keller (1987) reports that resistivity of granite rock saturated with groundwater is typically
104 to 105 ohm-metres. Brace (1971) states that at no depth should the resistivity of
solution-saturated crystal rocks be greater than 106 ohm-metres.

5. THEORETICAL AND EMPIRICAL RELATIONSHIPS BETWEEN FORMATION
FACTOR AND POROSITY

5.1 THEORETICAL RELATIONSHIPS

(a) The Relationship Between Formation Factor and Porosity - Simple Theory

In Figure 17, a rectangular block of rock has a cross-sectional area A and length 1. Let the
block contain a single straight pore, or an array of straight pores, running normal to the face
A, with cross-sectional area a and with length 1. The apparent resistance Rs of the rock will
be
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where ps is the apparent resistivity of the rock, and the resistance Rp of the fluid in the
pore(s) will be:

p p a

But the apparent resistance of the rock is due to the resistance of the fluid in the pore.

Therefore:

/ /
P.--T = P D -

and then
F = h. = Al

9P la

But, from Section 3, the through-transport porosity passing through the rock, §f, is equal to
la/AL.

Thus:

F i l

This result is intuitively satisfying, since it might be anticipated that the Formation Factor
would increase with decreasing porosity.

' Some workers (for instance, Katsube at al. 1985) report Formation Factor in terms of the connected porosity,

F

This originates from the work of Ward and Fraser (1967), and applies to rocks which contain 'little or no dead-
end pore volume (e.g., sandstones)' It is questionable whether this thinking should be applied to work in
granites, in which the majority of the connected porosity may be in the form of dead-end pores (for instance,
Hemingway et al. 1983). This present work follows Hemingway et al. and distinguishes between through-
transport porosity, dead-end porosity, and connected porosity.
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(b) The Relationship Between Formation Factor and Porosity - the Effect of Tortuosity

The model for Formation Factor given in (a) above is unrealistic in that it is unlikely that all
of the porosity would be arranged in straight, parallel tubes. The concept of tortuosity is a
recognition of the fact that a fluid may have to trace a tortuous path through a slab of porous
material in order to get from one side to the other, as is shown in Figure 18. If the geometric
thickness of the slab is 1, and the length of the tortuous path (greater than 1) is lp, then
tortuosity xis defined (Bates and Jackson 1984) as the ratio of the path length of the tortuous
pore, lp, to the length of the specimen, 1, that is:

/

Consider (Figure 19) a volume of rock of cross section A, length 1. As before, the apparent
resistance Rs of this volume of rock will be

** = *,{
where ps is the apparent resistivity of the rock.

Let all the connected porosity passing through the rock be imagined as being consolidated
into one large pore of path length lp and aperture a, (Figure 19). The resistance Rp of the
fluid in this large pore will be:

* - p>
y y n

But the apparent resistance of the rock is due to the resistance of the fluid in the pore.
Therefore:

then

F = -Ei = d.JC = 4 . T Equation (5.1)
I9P I a

But the relevant porosity of the rock is the ratio of the volume of the large pore to the
volume of the rock as a whole, that is:
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a.l a Equation (5.2)
<h = Z_ - — T

f Ad A
And Equations (5.1) and (5.2) can be combined to give

_, x2

t - —
x2 Equation (5.3)

This result is quoted by Madden and Marshall (1959), and is the most common form of the
expression, with or without the inclusion of a constrictivity factor (see below). However,
there are several different forms of Equation (5.3), which depend on how x and <|)f are
defined, and to what extent account is taken of the fact that the direction of flow in a pore is

not necessarily normal to A. Wyllie and Spangler (1952) define x = (Ut)2, which leads to

F = /rAty , while Nielson (1953) derives F = x/fy.

(c) Constrictivity

In (a) and (b) above, it is assumed that the pores through which flow is taking place are of a
constant cross-section. The concept of constrictivity takes account of the possibility that the
cross section of a pore may vary over its length, and this may affect the flow through it (van

Brakel and Heertjes 1974). Constrictivity is denoted by the symbol 6 , and takes a value
between 0 and 1. Constrictivity is very poorly defined, and the definition given by van
Brakel and Heertjes (1974), of

o =

is essentially a circular one.

Petersen (1958), and Currie (1960), derived expressions for the constrictivity of a pore whose
longitudinal sections were respectively a hyperboloid of revolution and a sinusoid. Michaels
(1959) calculated the constrictivity of a string of cylindrical capillaries of differing radii. This
work has been summarized by Melnyk (1983). van Brakel and Heertjes (1974) suggest that
constrictivity is more or less independent of the form of the pore segment, and appears to be
a loose function of the ratio of the maximum and minimum cross sections of the pore space
(Figure 20). Bell et al. (1981) were of the opinion that constrictivity could be measured
directly by means of a mercury penetration technique. Bear (1972), in his standard work on
the dynamics of fluids in porous media, does not mention constrictivity.

6 and x are difficult, if not impossible, to determine separately by experimental means, and a

term 6/x2is usually included as a fudge factor. Equation (5.3) would then be modified by the
inclusion of a constrictivity term to:
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_ x2 Equation (5.4)

Because of the difficulty in separating 8 and x, the term 'tortuosity' is often found in

experimental work to have been used to describe the quantity T'v . Melnyk and Skeet (1987)

refer to the quantity ' * as an 'effective tortuosity'.

5.2 EMPIRICAL RELATIONSHIPS

5.2.1 Archie's Law

Archie's Law is an empirical relationship connecting Formation Factor, porosity, and degree of
saturation. Archie (1942), working with sandstone cores from the Gulf Coast region and from
Louisiana, demonstrated experimental relationships between formation factor and

porosity for both saturated and unsaturated media. For clay-free sediments, his findings can be
summarized by the expression

F = $-msn

where
<|) is the porosity
s is the fraction of pore space filled with water

The exponent m usually varies between 1.3 for unconsolidated sediments to approaching 2.0
for a well-cemented sediment. The exponent n is usually about 2.0 if about one-third of the
pore space is filled with water. The method by which the porosity was measured, and
therefore the type of porosity measured, is not stated but, in context, it is likely to be the
connected porosity.

5.2.2 Applications of Archie's Law to the Properties of Granitic Rocks

Archie's Law has been applied widely in the discussion of rock properties, and Table 1 gives
Keller's (1967) summary of a number of typical Archie's law expressions for the Formation
Factors of several types of rock when the porosity is completely filled with water.

Valkiainen et al. (1993) report that electrical resistivity measurements on specimens of
Romuvaara tonalite are consistent with F = 1.4<t»1584, which is the relationship quoted by
Keller (1967) as typical for 'rocks with less than 4% porosity, including dense igneous rocks
and metamorphosed sedimentary rocks'.

In reporting these results, allowance has been made here for Formation Factor being defined in these papers
as F=pp/ps which is the reciprocal of the convention followed in this report.
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Working with rocks ranging from limestone to granite, Brace et al. (1965, 1968) found that the
measured Formation Factors varied as the -2.0 ± 0.1 power of the porosity. Taken together

with the result of Madden and Marshall (1959), that F = T2/4>. Brace et al. (1965) note that

this suggests that x « l/v^» which 'does not seem unreasonable, for we might expect
tortuosity to increase as porosity decreases.'

TABLE 1

ARCHIE'S LAW EXPRESSIONS FOR VARIOUS ROCK TYPES

(from Keller 1967)

1 Weakly cemented detrital rocks, such as sand, sandstone and some limestones, with a
porosity range from 25 to 45%, usually Tertiary in age.

p, /pw = 0.88 -1.37

2. Moderately well-cemented sedimentary rocks, including sandstones and limestones,
with a porosity range from 18 to 35%, usually Mesozoic in age.

p, /pw = 0.62 L-1.72

3. Well-cemented sedimentary rocks with a porosity range from 5 to 25%, usually
Paleozoic in age.

p, /pw = 0.62 K-1.95

4. Highly porous volcanic rocks, such as tuff, aa and pahoehoe, with porosity in the range
from 20 to 80%.

p, /pw = 3.5 L-1.44

5. Rocks with less than 4% porosity, including dense igneous rocks and metamorphosed
sedimentary rocks.

k-1.58

5.3 NOTE ON THE RELATIONSHIP BETWEEN FORMATION FACTOR MEASURED
ELECTRICALLY AND FORMATION FACTOR INFERRED FROM DIFFUSION

The ability to relate diffusive transport properties of the intact rock in the exclusion zone to
measurements of its Formation Factor depends on the certainty of the relationship between the
two. In experimental systems, differences have been found between values for the Formation
Factor, Fe, measured electrically and the Formation Factor Fd inferred from diffusion.

Katsube et al. (1986), working with a range of Canadian Shield granites, found that the
Formation Factor inferred from diffusion measurements was about a factor of two larger than
that measured electrically. In their work, the electrical Formation Factor was measured using
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an NaCl electrolyte on a rock specimen adjacent to that used for the diffusion measurements
(Katsube 1981), rather than on the same specimen. Diffusion measurements were made using
iodide as the indicator (Katsube et al. 1986).

Skagius and Neretnieks (1982), working with a range of Swedish granites, gneiss, and gabbro,
also found that the electrical Formation Factors were smaller4 than those determined from
diffusion experiments. Again, the electrical Formation Factor was measured using an NaCl
electrolyte on a rock specimen different to that used for the diffusion measurements, which
used iodide.

The experimental technique was considerably refined by Kumpulainen and Uusheimo (1989)
and Kumpulainen et al. (1991), who measured both Fe and Fd in a range of Finnish granites.
For both measurements they used 1M NaCl solutions and made the measurements on the two
halves of a section of core sawn longitudinally. They reported values for Fe which were on
average a factor of 3.8 smaller4 than the values for Fd. The same workers also measured the
intrinsic diffusion coefficient, Dj5 using 0.0044M and 1M NaCl solutions successively in the
same rock sample, finding average values of 2.68 x 10"15 m2/s and 57.3 x 10"15 m2/s
respectively. They speculated that the larger value may have been due to corrosion of the
rock sample by the 1M NaCl, but a subsequent experiment by Valkiainen et al. (1992) on the
same specimens, again using 0.0044 M solution found values comparable to, and in some
cases smaller than, the original values. Kumpulainen et al. also discuss the possibility of the
results being affected in the observed direction by anion exclusion when using dilute
solutions.

From the above work, it appears that a generally smaller value for Fe than for Fd is a genuine
observation. An explanation and preferably a quantification of this observation is necessary if
electrical Formation Factor measurements are to be related to diffusive transport properties,
and clarification of the situation should be an important part of any supporting program of
laboratory work. This is discussed further in Appendix A.

6. DIFFUSIVITY IN ROCK

As stated in the Introduction, the object of the proposed program of experimental work is to
measure, or be able to reliably estimate, the diffusive properties of ions in the exclusion zone.
Since diffusivity cannot be measured directly in the exclusion zone as a whole on any
practicable timescale, it is necessary to be able to relate the diffusive properties to a property
that can be measured, such as Formation Factor, in some smaller volume of rock. The
purpose of this section is to define and discuss diffusivity, and how it may be measured
experimentally in rock.

6.1 DEFINITION OF DIFFUSIVITY

Diffusivity is a measure of the ability of a species to move through a medium under the
influence of its concentration gradient. Diffusivity is quantified as a diffusion coefficient, D.
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Diffusivity can be measured under both steady-state or transient conditions, and each has its
advantages and area of applicability. The processes of diffusion are described by Fick's first
and second laws.

Fick's first law states that the mass of a diffusing substance passing through a given cross-
section per unit time is proportional to the concentration gradient. In one dimension:

J = -D.*L
etc

where
J is the mass flux, the mass of species per unit area per unit time [m/l2.t]

D is the diffusion coefficient [l2/t]
C is the species concentration [m/13]
3c/9x is the concentration gradient

Fick's second law is more general, and relates concentration with both space and time. In one
dimension:

d£ = D

dt ~ 'dx2

The majority of diffusion relationships are solutions to Fick's second law under given sets of
conditions. The first law is a particular solution of the second law for the 'steady state',
where species concentrations do not change with time, i.e., when Dc/9t = 0.

6.2 MODIFICATION OF FICK'S LAWS FOR DIFFUSION THROUGH
A POROUS MEDIUM

In discussing diffusion through porous media, Bradbury and Green (1985) note that 'care must
be exercised in properly defining the diffusion coefficient and specifying the physical
situation to which it applies, since there are a number of quantities that can be thought of as
diffusion coefficients.' The notation used here for the identification of the different diffusion
coefficients is that of Bradbury and Green.

Fick's first and second laws have been quoted in Section 6.1, but they refer only to
generalized situations such as the conduction of heat in a solid, or the diffusion of species in
an homogeneous medium, such as water. When dealing with diffusion through a fluid in a
heterogeneous system such as groundwater in a porous rock, it becomes necessary to modify
Fick's laws, to take account of the fact that the water only occupies a fraction of the total
volume occupied by the rock.
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6.2.1 Fick's First Law

When dealing with flow through porous media Fick's first law remains appropriate when it is
expressed as:

j - -n dC

' etc

where Dj is the 'intrinsic diffusion coefficient'5.

The intrinsic diffusion coefficient, D,, is the diffusion constant that would be measured if an
experiment were performed considering a piece of rock as a whole. For instance, let
Figure 21 show a longitudinal section through a block with unit cross-section. If the two
ends of the block are in contact with solutions containing concentrations c, and c2,
respectively of a species in solution, then from Fick's first law, and in the steady state:

where (c,-c2/l is the concentration gradient across the block.

6.2.2 Fick's Second Law

Fick's second law describes a species concentration that changes with distance and time.
When dealing with non-steady-state diffusion through a fluid in a heterogeneous system such
as groundwater in a porous rock, it becomes necessary to introduce a modification into Fick's
second law, to take account of the fact that the water only occupies a fraction of the total
volume occupied by the rock. This is accounted for by the introduction of a 'rock capacity
factor':

Consider, in Figure 22, a thin parallel-sided slab of rock with area A, thickness dx, and
porosity <(>. Let the concentration of species in the fluid in the pores be c. Since the diffusion
is assumed to be non-steady-state, neither the flux through the rock, J, nor the concentration
of species in the fluid, c, can be assumed to be constant.

From Fick's first law, during a time interval dt, the quantity, dQ, of species entering the slab
will be:

dQm = AJ.dt

and the quantity leaving the slab will be:

5 The intrinsic diffusion coefficient, D,, is also termed the 'effective diffusion coefficient', D_.
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where dS/dx is the rate of change of J with distance x. Thus, the change in the quantity of
species in the slab during the time interval dt will be:

The 'rock capacity factor', a, is defined as

a =

where p is the density of the rock, and kd is the sorption coefficient (per unit mass)6. The
quantity of species of interest that is contained in a unit volume of rock is the quantity present
in the fluids contained in the pores, plus any quantity sorbed on the internal surfaces of the
rock and is, therefore:

Qiper unit volume) = *

The quantity of species that is contained in a volume of rock A.dx is, therefore, ac.A.dx, and
any change in that quantity is reflected as a change in the concentration, dc. Thus:

adcA.dx = dQ{in)-dQ{m)

simplifying, and substituting J = -DJdcfdx):

6 The rock capacity factor, a, is defined as:

a = <bc+p.kd

If the diffusion of a non-sorbing tracer, such as iodine, is being studied, then, kj = 0 . and = <|>c. In both the
sorbing and the non-sorbing cases, the change in concentration of diffusing species in the water will take place in
the entire volume of the water that is accessible to the diffusing species, that is, in the connected porosity. Both
the flow porosity and the diffusion porosity are accessible to diffusing species, and thus the porosity relevant to
the rock capacity factor is
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•* • (Ih-Dh

dc
dt a'dx2

The term D/a is often called the 'apparent diffusion coefficient', Da. Bradbury and Green
(1985) note that Ds and a are best kept conceptually separate, in order to avoid possible errors
in calculation, for instance, when calculating fluxes (Section 7.1.2).

6.3 METHODS FOR MEASURING Dj AND a

This section discusses the mathematical descriptions and experimental methods available for
measuring D{ and a. in one dimension (laboratory) and two dimensions (laboratory and in-
situ). The discussion will restrict itself to detailed consideration of the simpler case of
diffusion in one dimension, and quote the results for the more complex cases of diffusion in
two or three dimensions.

6.3.1 Diffusion Through a Porous Parallel-Sided Slab

(a) Theory

Crank (1975) gives a solution (his Equation (4.22)) for the case of diffusion in one dimension
through a porous parallel-sided slab with the face at x = 0 maintained at a concentration c,,
the face at x = I maintained at a concentration c2, and an initial uniform concentration in the
slab of co. At any point x within the slab, the concentration c is:

c = c,
x 2 'A c2cosn7t -c, n7rr f -Dn2n2t

• (2*1+1)71* (-D.(2m+l)2n2t) Equation (6.1)

*\ J
This expression can be considerably simplified if conditions are chosen such that there is no
initial concentration of species in the slab, that is, c0 = o, and such that c2 is always
sufficiently small compared to c, that it can be approximated as zero. Equation (6.1) then
becomes:
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_£ = 1-:
n

Equation (6.2)

According to Fick's first law, the flux (mass flow per unit area per unit time) across any plane
is J - -Dj.de/dx, where dc/dxis the concentration gradient at that plane. Equation (6.2) can
be differentiated with respect to x to find the flux emerging from the slab at x=l:

J=-Ds\
dc' 1 0-44

and this result can be integrated with respect to time to obtain the total amount of diffusing
species, Qt, which has passed through a unit cross-section of the slab in time t:

t=t

Qt = [J.dt = - cos(/m) J -Dn2n2i
y

Jf=O

cos(nn)L _t

n2 ^

Equation (6.3)

As t tends to infinity, the exponential term in Equation (6.3) tends to zero, and Equation (6.3)
itself tends to:

Q, = Dfx
t 2a/ ^ cos(/m)

n

The summation can be evaluated, and is (Gradshteyn and Ryzhik 1980):

cos(n7i)
1 4 9

2

12

so that:
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t al
I 6A

Equation (6.4)

If the volume of the measurement cell in Figure 23 is v, and the measured concentration of
the diffusing species is ct, then

vct = AQt - t al

I 6Dt

or

c t "

and, differentiating with respect to time:

lv
t-

al2

6Df

dct ADjci

A, c,, 1 and v are known. Thus, D{ and a can be found from the slope of the concentration-
time graph at long times, and the intercept that this slope makes on the time axis.

(b) Experimental Method

Experimental configurations using a parallel-sided slab of rock have been widely used in the
laboratory for the measurement of diffusion properties. Bradbury and Green (1985) measured
diffusion through a cylindrical sample of rock up to 70 mm in diameter and up to 50 mm
thick at ambient temperature in a cell shown diagrammatically in Figure 23. Samples were
sealed into Perspex holders which were sandwiched vertically between the two Perspex
halves of the cell, the sealing being provided by two fully trapped O-rings. One half of the
cell provided a reservoir for the diffusing species, and the other a stirred measurement cell.
Figure 24 shows the result of an experiment by Bradbury and Green (1985) on the diffusion
of the iodide ion through an Ossian granite.

A similar configuration was used by Kumpulainen and Uusheimo (1989), and by Skagius and
Neretnieks (1985), who enclosed their cell in an autoclave which allowed property
measurements at pressures up to 350 bars.
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6.3.2 Diffusion Through a Porous Cylinder

(a) Theory

(i) Diffusion in the Steady State

In the steady state, the concentration of species at any point in the system does not change
with time, and Fick's first law can be applied.

In Figure 25, consider a unit length of a cylinder with internal and external radii of a and b,
respectively, and species concentrations of c, and c2 respectively inside and outside the
cylinder. At any arbitrary radius r, Fick's first law states that

J = -D *1 dr

and over the whole circumference at radius r, the total flow is

dc « Equation (6.5)

In the steady state, the flux across all of the circular shells within the cylinder must be the
same, that is, it must be independent of r. Referring to Equation (6.5), this can be true if

dc = K.
8r r

which can be integrated to give

c = £.ln(r) + A

where K and A are constants. Substituting c = c, at r = a, and c = c2 at r = b, then:

cvln(b/r) + c2.ln(r/a)
c = In(bja)

(ii) Diffusion in the Non-Steady State

In the non-steady state, the concentration of species at any point in the system does change
with time, and Fick's modified second law applies.

Crank (1975) gives a solution (his Equation (5.62)) for the case of diffusion through a porous
cylinder with the face at r = a maintained at a concentration c,, the face at r = b maintained
at a concentration c2, and an initial uniform concentration in the cylinder wall of co. Crank's
Equation (5.62) calculates the concentration c at any radius within the cylinder, but the result
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is a rather complex expression containing summations of Bessel functions. Crank notes that
normally a quantity of greater practical interest is the amount, Q, , escaping from unit length
of the outer surface at r = b. In the case when c0 = c2 = 0, and at long times:

2Tic.Df Equation (6.6)

where L is the intercept on the time axis formed by the slope of the concentration-time graph
at long times, and

L = a a2-b2+(a2+b2).]n(b/a) Equation (6.7)

(b) Experimental Method

The experimental measurement of D, is possible either in one or two dimensions, and the
relevant theory has been described. Previous discussion (Section 2) has suggested that an in-
situ diffusion cell in a drift adjacent to the exclusion zone would consist of a cylindrical
volume of rock defined by a central and a series of circumferential holes, since this would
produce the minimum amount of disruption to in-situ stress patterns and values. Recently,
Puukko et al. (1993) have described diffusion measurements in the laboratory using a cell with
cylindrical geometry.

The diffusion cell described by Puukko et al. (1993) is shown diagrammatically in Figure 26,
and consists of a rock cup placed in an outer glass vessel. In the configuration described by
Puukko et al. (1993) the rock cups were made from cylindrical drill core samples with an
outside diameter of 42 mm, with a hole of diameter 15 mm and length 90 mm drilled in the
centre. The wall thickness of the cup produced was 13.5 mm. Three groundwater types, each
spiked with HTO, 134Cs, and 235Np, were placed in the cavity of the cup, and the increase in
activity monitored in (initially inactive) groundwater circulated around the outside of the cup
and through an external sampling vessel. A total of 42 experiments were reported, distributed
among aerobic and anaerobic conditions, and three rock types; Romuvaara tonalite, Kilvetty
granite, and Olkiluoto mica gneiss. Breakthrough times were of the order of 1 to 10 days for
HTO, and 10 to 80 days for 235Np. Caesium was observed to diffuse only 1.5 to 3 mm into
the rock during the 400-day experimental period. No particular trends were distinguishable
from the data, excepting a possible reduction in D{ with increasing groundwater salinity,
(Section 7.2.2). Each granite cup was used for only one reported experimental run, so that an
additional, and unknown, variable in the results is any change in the diffusive properties of the
rock from cup to cup.

Again, as previously discussed in Section 2, for experiments associated with the exclusion
zone, there may be advantages in considering an experimental configuration in which diffusion
is from the outside to the inside of the rock cylinder. If the same change were made in the
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experimental configuration described by Puukko et al. (1993) examination of Equations (6.6)
and (6.7) shows that the time to breakthrough and the steady-state flux of species through the
rock would remain unchanged but the smaller liquid volume in the cup, compared to that
surrounding it, would lead to a more rapid rise in species concentration and thus to a greater
experimental sensitivity.

It is difficult to see how the experimental configuration described by Puukko et al. (1993)
could be conveniently pressurized, since the possibility of leakage across the top surface of the
rock cylinder would be quite high. However, a rock cylinder containing a circle of holes
surrounding one central hole, as indicated in Figure 27, would be a feasible configuration. It
is possible, therefore, to suggest a series of scoping experiments in the laboratory progressing
from unpressurized granite cylinder to unpressurized block with drilled holes, to pressurized
block with drilled holes, that would allow a progression of laboratory experiments to be
directly related to the proposed experimental configuration in-situ.

6.4 BREAKTHROUGH AND FLUX IN THE STEADY STATE

In the transport of dissolved species through the exclusion zone, two estimates of interest are:

1. The time taken for breakthrough; that is, time elapsed before a species first appears at
the surface of the rock remote from the source, and

2. The flux of species through the rock after breakthrough, once a steady state has been
established.

There is no formal definition of 'breakthrough', since the ability to detect the fact will be
dependent on the physical circumstances (ie., flowing or static sink, species concentrations, and
the sensitivity of the measurement method used). When the groundwater is moving with a
velocity u, Freeze and Cherry (1979) equate breakthrough with u/1, the time taken for a front
to move through a medium of thickness 1. In this case, Ogata and Banks (1961) have shown
that the 'S'-shaped concentration distribution associated with the diffusion is centered on the
front, that is, at the front, c = c,/2. Neretnieks (1980) also associates breakthrough with c =
c,/2.

In terms of the present discussion, referring to Figure 24, it is probably sufficient to equate
breakthrough time with the intercept on the time axis7 where it is intersected by the steady-
state asymptote to the release curve, that is, the intercept 1 for diffusion through a plane
parallel slab, and the intercept L for diffusion through a cylinder. This point will always be
slightly greater than the actual breakthrough time, but always less than the time at which
steady-state flow is established.

The intercept on the time axis has been called the 'lag time' by Barrer (1953).
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7. THE FREE-WATER DIFFUSION COEFFICIENT. Do. AND THE RELATIONSHIP
BETWEEN D:. D, AND F

7.1 THE RELATIONSHIP BETWEEN D,. Do AND F

There is a relationship between Dj, Do and F which can be written as:

Di = D
o -

i Op

The free-water diffusion coefficient, Do, is a parameter that can be calculated or measured
independently of any system and, given a knowledge of Do for any particular species, and F
for a particular system, then (within certain limitations) Dj for that particular species in that
particular system can be calculated. The relationship can be derived as follows:

As was discussed previously, the intrinsic diffusion coefficient, Dj, is the diffusion constant
that would be measured if an experiment were performed considering a piece of rock as a
whole, and, from Fick's first law, and in the steady state, the amount, Q, of species passing
through the block in unit time is given by:

(c, -c,)
Q = JA = -Dt.

 ! 2 A

But if, as in Figure 19, all the through-transport porosity, <|>f in the block is supposed to be
represented by one large pore, then Q must be equal to the amount of species diffusing
through the water in the pore:

where
Do is the free-water diffusion coefficient of the species
a is the cross-sectional area of the pore
1 is the length of the pore

so that

D, = Do.-.- Equation (7.1)

and since 1/1 = T, and al/Al = <|>f then Equation (7.1) can be rewritten:
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It was established previously (Section 5.1) that F = x2/<|)f. Therefore8:

ty 1 Equation (7.2)
Di= Do~i = Do-^

7.2 THE FREE-WATER DIFFUSION COEFFICIENT. Do

The free-water diffusion coefficient, Do, is the diffusion coefficient for individual ions of a
single species diffusing in water, and is a parameter that can be measured or calculated
independently of any particular system. The need for reliable values of Do, particularly for 14C
and 129I, has been identified in the Postclosure Assessment (Goodwin et al. 1994).

The free water diffusion coefficient of ions can be calculated from their conductivities at
infinite dilution, using the Nernst equation (Garrets et al. 1949), where

£> = *L A Equation (7.3)
° " F2'\z\

and R is the gas constant (J/g-mel K), F the Faraday constant (96 500C/g-equivalent), T the
absolute temperature, X he molar (equivalent) ionic conductivity at infinite dilution, and z the
valence of the ion. The constant RT/F2 at 25°C is 2.6629 x 107 meI/(S.s).

Q

It may be noted that some authors (for instance, Bradbury and Green 1985) state the relationship

D, = D o . y

where \\f is a parameter depending on the pore geometry, and is a property of the porous medium, defined as:

where e+ is the 'through-transport' porosity; 8 is the constrictivity; and x is the tortuosity, but since:

p = _!— Equation (5.4)

then the two relationships have the same meaning.
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Vanysek (1992) gives conductivity values for a number of inorganic cations and anions.
Table 2 lists these, together with the calculated values of Do, and also values for their
molecular weights and (where available) their (unhydrated) ionic radii.

7.2.1 The Effect of Temperature on Do

The effect of temperature on diffusion in liquids is discussed by Reid et al. (1977), but they
reach no firm conclusion. They do, however, suggest a temperature correction to conductivity
of T/334r|w, where rjw is the viscosity of water in centipoise at T. This correction would
relate directly to Do through Equation (7.3). Skagius and Neretnieks (1982) give the
following correction for temperature:

Bx = HO*
D2 T2'ni

where D, and D2 are diffusion coefficients, T, and T2 are temperatures, and T|, and T|2 are
viscosities of water at those temperatures. This correction is consistent with the above
discussion.

7.2.2 The Effect of Ion Concentration on Do

Gordon (1937) has proposed an empirical expression for the calculation of the effect of the
concentration of the particular ion under consideration on Do which has been applied to
systems at concentrations up to 2N:

where
Doono = diffusion coefficient at infinite dilution (cm2/s)
ps = molal density of solvent (g-mel/cm3)
Vs = partial molal volume of solvent (cm3/g-mel)
T|s = viscosity of solvent (cP)
T| = viscosity of solution (cP)
m = molality of solute (g-mel/1000 g solvent)
y = mean ionic activity coefficient of solute.

Reid et al. (1977) note that the product psVs and the ratio m / n are close to unity in many
cases. They also note that, if values for y are not available at some desired temperature, T,
then Do for a concentrated solution can be calculated for 25°C, and the result multiplied by a
factor TTI2 5 /298T|T .

Freeze and Cherry (1979) suggest that 'the effect of ionic strength is very small.'
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Mills (1955) has measured the self-diffusion coefficients of sodium ions in aqueous sodium
chloride solutions up to 4.4N, with the results summarized in Table 3. This result indicates
that the value of Do falls with increasing ionic concentration, at least of the same ions. The
possibility therefore exists that the value of Do for a particular ion or species might be
affected by the saline concentrations that could be encountered in rock microfissures.

7.2.3 The Effect of Other Ions on the Value of DG

Vinograd and McBain (1941) have derived equations to describe diffusion in binary systems:

and

DG =
F2z.

where
D+D. = diffusion coefficients of the cation and anion, respectively
G+G. = concentration gradients, dc/dx, for the respective ions

and the other symbols have their previous meanings

If linear gradients are assumed, and if the diffusion is into pure water, the numerical value of
the concentration, c, may be substituted for the gradient G.

This result is quoted by Skagius and Neretnieks (1982) as suitable for estimating the
diffusivities of ions in groundwaters. However, Reid et al. (1977) state that 'the relations
proposed by Vinograd and McBain are not adequate to represent a ternary system, where,
...four independent diffusion coefficients must be known to predict fluxes. The subject of ion
diffusion in multicomponent systems is covered in detail in the papers by Wendt (1965) and
Miller (1967) in which it is demonstrated how one can obtain multicomponent ion-diffusion
coefficients, although the data required are usually not available.'

7.3 THE MEASUREMENT OF Do IN SALINE GROUNDWATERS

Given the uncertainties and/or lack of relevant theoretical treatments or data alluded to in the
section above, it may be more satisfactory, or even necessary, to make measurements of Do or
Xo under conditions of temperature, ion concentration, and groundwater composition that are
directly relevant to the disposal concept.

Anderson and Saddington (1949) have described a method for the measurement of the self-
diffusion coefficient of radioactive isotopes that makes no assumptions as to the nature of the



- 3 6 -

solution in which diffusion is taking place. The following description is, in part, adapted
from Anderson and Saddington (1949), to whom due acknowledgment is given.

In the case of the measurement of Do in a saline groundwater, a quantity (-150 ml) of
groundwater is obtained, and a portion separated out and labelled with the desired
radioisotope. Referring to Figure 28, a diffusion cell, approximately 2 cm long and 0.8 mm
diameter is made from glass capillary tubing of uniform bore. The ends are ground flat and
parallel, the length measured by micrometer, and the diameter determined by using a mercury
thread. A ground-glass cover is then sealed to the lower end. Cells can be filled, emptied,
washed out, etc., by using capillary pipettes operated either by hand or by a microman-
ipulator. The cell is held in a Perspex carrier supported by a rubber stopper which also
carries a thermometer. The stopper fits into the neck of a 150-ml beaker which is kept at a
constant temperature in a thermostat for the duration of the experiment.

The beaker is charged with 100 ml of the inactive solution. The capillary cell is filled with
the labelled solution, placed on the carrier, and lowered into the solution so that the open end
of the cell is kept just above the liquid level in the beaker for about an hour, so that whole
system can reach the same temperature. The carrier is then lowered gently so as to immerse
the cell completely. After a known time the diffusion cell is removed from the solution and
the activity remaining in the cell either counted directly (y) or washed out into a tray,
evaporated to dryness, and counted (a or (3). The activity of a known volume of the labelled
solution is counted as a control, and this is used to calculate the fraction of the original
amount of the radioisotope left in the capillary cell at the end of the experiment.

Carslaw and Jeager (1959, p.313 Equation (6)) give a solution to a problem in the linear flow
of heat that can be adapted to calculate the concentration of species at any time t at any
distance x in a capillary tube of length 1, from which the species is diffusing through an open
end (the closed end is at x = o):

-.exa ______̂ _ .cos{ 4/2 ) 21

where
c0 was the initial uniform concentration of species in the tube.

This equation can be differentiated with respect to x to find the concentration gradient dc/dx
of the diffusing species at the mouth of the tube:

*i2
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This equation can be integrated with respect to time in order to find the quantity of species,
Qt, that has diffused out of the tube in time t. From Fick's first law:

r=r t=t

Qra(j.dt =
f=0 t=0

where a is the cross-sectional area of the tube. Thus:

<?, =

For all values of n :

-8<x/cf

(2n+l)2 4/2

= 1

Therefore:

-8o/c,

The second summation will approach a limiting value, and:

n=1000

(2n+l)2
- 1.233450

so that, with small error:

Qt = (2n+1)2 4/2

4/2 j ti (2«+l)2

+1

At t = o, the quantity of species in the capillary tube is alc0. At t = t the fraction of species
remaining in the tube is:

ale. 1 l)L*M n ?I
(2/j+l)2 [ 4/2

or, using Anderson and Saddington's notation:
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Y =
r 2

, -96 „ -256 Equation (7.4)
•e~"+-—+- +...

where y is the fraction of species remaining in the tube at time t, and

0 = 7C2Dot/412

Anderson and Saddington state that Equation (7.4) is rapidly convergent, and calculation
shows that for cells of length about 2 cm and diameter 0.8 mm, and for diffusion times of
about 3 days, the error introduced in the value of y by taking the first term only of the series
is less than 0.5%.

Anderson and Saddington's methodology is discussed by Mills and Godbole (1958), who
suggest that a precision of 1 to 3% is attainable. Mills and Godbole suggest modifications to
the methodology, stirring the solution so that there is no buildup of species around the mouth
of the capillary (Mills 1955), and enclosing the capillary tube in a scintillation counter, so that
the process of diffusion from the tube can be continuously monitored. Mills and Godbole
(1958) suggest that a precision of ±0.18% should be attainable with these modifications.

7.4 THE ESTIMATION OF VALUES FOR P.,

In the absence of published or measured values for Do, it is desirable to have a means of
estimating values. Anderson and Saddington (1949) have discussed the possible use of

Graham's law, which states that the diffusion coefficient is inversely proportional to the
square root of the molecular weight of the diffusing species, that is:

= constant

Anderson and Saddington point out that 'although this simple relation is valid for the limiting
cases of molecules diffusing in a gas, and the diffusion of colloidal particles in a solution, it
is certainly a crude approximation for the diffusion of ions in an electrolyte solution; the ionic
radius and ionic charge undoubtedly enter both directly.... and indirectly, by controlling the
solvation and the effective diffusing mass of the ion.'

Table 2 summarizes published data for Do, molecular weight, and ionic radius for a series of
elements and complexes. The values of Do were calculated from values of ionic conductivity
(Vanysek 1992), and the ionic radii9 are from Evans (1992). With the exception of H+, P+,
and OH", all values of Do lie in the range 0.5 to 3.0 x 10'9 m2/sec, with a mean value of

Q

These are ionic radii in crystals. If radii for one or more coordination numbers are given,
the average radius is quoted.
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1.71 x 10"9 m2/sec. Neretnieks (1980) suggested a range of 1 to 5 x 10'9 m2/sec for species
with molecular weights of less than 500, and assumed a value of 2 x 10"9 m2/sec for the
purpose of scoping calculations.

Using the information contained in Table 2, single-variable and multi-variable correlations
have been sought between Do and molecular weight, valency, and species type (anion/cation),
without success. For those ions for which an ionic radius is available, if Do is plotted as a
function of the surface charge density on the ion (z2/r), the ions form three distinct groupings,
based on valency. This is not helpful for species with valencies of 1 and 2, since the spread
of the diffusivities covers the range previously quoted for Do. For trivalent species, Do

appears to be restricted to the range 1.62 to 1.86 x 10~9 m2/sec, with an average of
1.77 x 10*9 m2/sec, and the simple trivalent cations for which ionic radii were not available
also fell within this range. The larger complexes, both anionic and cationic, showed higher
diffusivities, averaging 2.34 x 10'9 m2/sec.

7.5 POSSIBLE LIMITATIONS ON THE CALCULATION OF D^ FROM Do and F

Nielson (1953), in a discussion of tortuosity as related to permeability and resistivity, notes
that during the measurement of Formation Factor, the electrical current lines might be
expected to bulge out from (what in the current discussion is) (|>f, and curve into (|>d, as
indicated in Figure 29, and thus overestimate (|)f. ('While both electrical and fluid flow lines
curve into these "dead" recesses, these recesses are more dead in fluid flow than in electrical
flow.') Wyllie and Rose (1950) assert that hydraulic and electrical porosities are numerically
identical, stating that there is evidence from a number of cases to support this.

In the case of diffusion in the steady state, after the steady state for diffusion through the
porous solid has been established, the species concentrations at any point along the flow path,
in the porosity <))f, will remain constant, although there will be a flux of diffusing species
along it. This means that the species concentrations in the diffusion porosity, <|>d, connected to
the flow path, will also remain constant, and there will be no net diffusion of species in or
out of <))d. Thus, the porosity relevant to measurements of Ds in the steady-state is strictly (|)f,
and the porosity found from a measurement of the Formation Factor may be an overestimate.

Lehikoinen et al. (1992) have shown that the results obtained in the estimation of rock
porosity by chemical analysis of the pore waters can be affected both by the type of ion
considered, and by the ionic strength. They interpret this as being due to 'anion exclusion', in
which negative surface charges on the rock surface inhibit anions from moving through
narrow passageways. Neretnieks (1994) has also suggested that 'larger molecules [may] be
less mobile than small because of geometric constrictivity effects.' However, he based his
arguments on observations made on diffusion of the anions iodide, Cr-EDTA, and Uranine, so
that he may have been seeing the same effects as Lehikoinen et al. Skagius and Neretnieks
(1988) have reported the observation of diffusivities for the cations Cs+ and Sr2* that are
higher than would be anticipated from diffusion through the pore liquid alone, and conclude
that a more rapid diffusion along the liquid-rock interface is also contributing to the results.
The factors governing the measurement of Dj and F, and how these may ultimately limit the
ability to estimate Dj, are discussed further in Appendix A.
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A possible conclusion that can be drawn from these observations is that experimental data
from a particular system may be more reliable than theoretical estimates.

TABLE2

MOLAR (EQUIVALENTS IONIC CONDUCTIVITY AT INFINITE DILUTION. X. FREE WATER

DIFFUSION COEFFICIENT. DG, MOLECULAR WEIGHTS ANP UNHYDRATED IONIC RADII OF

A NUMBER OF INORGANIC CATIONS AND ANIONS

D,n2/s Mel Wt r(Angs)

Cations Ag+

Al3+

Ba2+

Be2+

Ca2+

Cd2+

Ce3+

Co2+

[Co(NH3)6]3+

[Co(en)3]3+

[Co2(trien)3]6+
Cr3*
Cs+

Cu2+

D+

Dy3+

Er3*
Eu3+

Fe2+

Fe3+

Gd3+

H+

Hg2
2+

Hg2+

Ho3+

K+

La3+

Li+

Mg2+

Mn2 +

NH4
+

N2H5
+

61.9
61

63.6
45
59.47
54
69.8
55
101.9
74.7
69
67
77.2
53.6
249.9
65.6
65.9
67.8
54
68
67.3
349.65
68.6
63.6
66.3
73.48
69.7
38.66
53
53.5
73.5
59

1.65 x
1.62 x
1.69 x
1.20 x
1.58 x
1.44 x
1.86 x
1.46 x
2.71 x
1.99 x
1.84 x
1.78 x
2.06 x
1.43 x
6.66 x
1.75 x
1.75 x
1.81 x
1.44 x
1.81 x
1.79 x
9.31 x
1.83 x
1.69 x
1.77 x
1.96 x
1.86 x
1.03 x
1.41 x
1.42 x
1.96 x
1.57 x

l O " 0 9

1 0 0 9

lO" 0 9

lO" 0 9

lO" 0 9

lO" 0 9

lO" 0 9

J Q - 0 9

lO" 0 9

lO" 0 9

10" 0 9

10" 0 9

IO- 0 9

10" 0 9

I O - 0 9

l O " 0 9

l O " 0 9

1009

1009

107.87
26.98
137.34
9.01
40.08
112.4
140.12
58.933
161.115
239.23
454.41
51.996
132.9
63.546

2
162.5
167.26
151.96
55.847
55.847
157.25
1.0079
401.18
200.59
164.93
39.102
138.91
6.939
24.312
54.938
18.038
33.053

1.075
0.465
1.515
0.36
1.06
0.943
1.14
0.65

0.62
1.81
0.65

1.03
1
1.07
0.61
0.52
1.05

1.19
0.855

1.575
1.16
0.675
0.72
0.67

continued...
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TABLE 2 (continued)

Dnn
2/s Mel Wt r(Angs)

Anions

Na+

Nd3+

Ni2+

[Ni2(trien)3]4+

Pb2+

Pr3*
Ra2+

Rb+

Sc3+

Sm3+

S i *
Tl+

Tm3+

UO2
2+

Y3+

Yb3+

Zn2+

Au(CN)2"
Au(CN)4"

B(C6H5)4

Br
Br3

BrO3

CN"
CNO
CO3

2

Cl"
C1O2

CIO/
C1O4

[Co(CN)6]3"
CrO4

2

F
[Fe(CN)6]4"
[Fe(CN)6]3"
H2AsO4

HCO3
HF2

50.08
69.4
50
52
71
69.5
66.8
77.8
64.7
68.5
59.4
74.7
65.4
32
62
65.6
52.8

50
36
21
78.1
43
55.7
78
64.6
69.3
76.31
52
64.6
67.3
98.9
85
55.4
110.4
100.9
34
44.5
75

1.33 x 10"09

1.85 x 10"09

1.33 x 10"09

1.38 x 1009

1.89 x 1009

1.85 x lO"09

1.78 x 1 0 ^
2.07 x 10"09

1.72 x 10"09

1.82 x 10"09

1.58 x 10"09

1.99 x 1009

1.74 x lO^9

8.52 x 10 10

1.65 x lO"09

1.75 x lO"09

1.41 x 10-09

1.33 x 1009

9.59 x 10 10

5.59 x 1010

2.08 x 10"09

1.15 x 10"09

1.48 x 10"09

2.08 x lO^9

1.72 x 10"09

1.85 x 10"09

2.03 x 10"09

1.38 x lO"09

1.72 x 10"09

1.79 x lO"09

2.63 x 10"09

2.26 x 1OW

1.48 x 10"09

2.94 x 10-09

2.69 x lO^9

9.05 x 1010

1.18 x 1009

2.00 x 1009

22.99
144.24
58.71
453.96
207.19
140.907
226
85.47
44.956
150.35
87.62
127.6
168.934
270
88.905
173.04
65.37

249.002
301.038
87.92
79.904
239.71
127.9
26.018
42.017
60.008
35.543
67.451
83.45
99.45
215.039
115.99
18.998
211.95
211.95
140.934
61.016
39.004

1.13

0.565

1.295
1.13
1.73
1.665
0.75

1.35
0.89
1.09

1.02
0.99
0.67

1.96

1.81

1.33

continued.
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TABLE 2 (concluded)

Mel Wt r(Angs)

HPO4
2

H2PO4

H2PO2

HS
HSO3

HSO4

H2Sb04

I
IO3

IO4

MnO4

MoO4

N(CN)2"
NO2

NO3

NH2SO3

N3"
OCN
OH
PF6

PO3F2

PO4
3

r2KJl
p n 3"
r3^9P3O10

5

P A 3 2

ReO4

SCN
SO3

2

SO4
2

c r\ 2-i 2 u 3

S2O6
2"

S2O8
2

Sb(OH)6

SeCN
SeO4

2

WO4
2

33
33
46
65
50
50
31
76.8
40.5
54.5
61.3
74.5
54.5
71.8
71.42
48.6
69
64.6
198
56.9
63.3
69
96
83.6
109
94
54.9
66
79.9
80
85
66.5
93
86
31.9
64.7
75.7
69

8.79 x 1010

8.79 x 10 10

1.22 x 10"09

1.73 x lO^9

1.33 x lO"09

1.33 x lO"09

8.25 x 1010

2.05 x 1009

1.08 x 100 9

1.45 x 10"09

1.63 x 1 0 ^
1.98 x 10"09

1.45 x 10"09

1.91 x lO"09

1.90 x 1 0 ^
1.29 x 100 9

1.84 x 10"09

1.72 x 10"09

5.27 x 10"09

1.52 x lO"09

1.69 x 1 0 ^
1.84 x 100 9

2.56 x 10"09

2.23 x 1 0 ^
2.90 x lO^9

2.50 x 10"09

1.46 x 10"09

1.76 x 10"09

2.13 x 10"09

2.13 x lO"09

2.26 x 10"09

1.77 x lO"09

2.48 x 10"09

2.29 x 10"09

8.49 x 10 10

1.72 x 10"09

2.02 x 10"09

1.84 x 100 9

95.978
96.986
64.986
33.072
81.072
97.071
187.83
126.9 2.2
174.897
190.896
118.934
159.936
66.042
46.005
62.004
96.084
42.02
42.017
17.0069
144.962
97.969
94.97
173.94
236.91
252.91
331.87
250.196
58.082
80.061
96.06
112.125
192.252
160.125
192.125
223.85
104.98
142.956
247.846
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TABLE 3

SELF-DIFFUSION COEFFICIENTS OF 22Na AT 25°C

Concentration
(Moles/1)

0
0.023
0.286
0.400
0.638
0.981
2.270
4.373

(from Mills 1955^

D x 105

(cm2/s)

1.334 (Vanysek 1992)
1.310
1.293
1.282
1.273
1.251
1.104
0.905

8. PERMEABILITY AND RELATIONSHIPS WHICH INCLUDE PERMEABILITY

Both permeability and diffusivity relate to the transport of species through porous media. A
formal relationship between the two would be useful in that it increases the methods by which
information about a system could be obtained, or obtained more conveniently than by
measurements of permeability or diffusivity alone. Brace et al. (1968) and Potter (1978) have
noted that laboratory-scale measurements of permeability can be made on the timescale of an
hour, whereas measurements of diffusivity are typically made on the timescales of days or
weeks.

Brace et al. (1965) and Zoback and Byerlee (1975), without explanation, both quote the
relationship:

k =

where
K is the intrinsic permeability of the medium
|i is the viscosity of the fluid
p is the compressibility of the fluid, and
D: is the intrinsic diffusion coefficient of the fluid
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8.1 DEFINITION OF PERMEARIUIX

Permeability is a measure of the ability of a rock, sediment, or soil to permit fluids to flow
through it (Allaby and Allaby 1990).

[The following section is adapted from Freeze and Cherry (1979), to whom due
acknowledgment is given].

In Figure 30, a circular cylinder of cross-section A is filled with sand, stoppered at each end,
and fitted with inflow and outflow tubes and a pair of manometers. Water is introduced into
the cylinder and allowed to flow through it until such time as all pores are filled with water
and the inflow rate Q is equal to the outflow rate. The ratio Q/A is properly termed the
specific discharge, but it is also equal to what has been previously termed the macroscopic
velocity, u, through the tube. The distance between the manometers is Al.

By experiment, Darcy (1803 - 1858) found that u is directly proportional to Ah and inversely
proportional to Al , so that

AA Equation (8.1)
u = - A . —

M

where K is a constant of proportionality, and is known as the hydraulic conductivity.
Alternative forms of Darcy's law are obtained by substituting for u in Equation (8.1) to give

Q = -K.^A or Q = -KiA
dl

where i is the hydraulic gradient.

Later experiments with porous media made from uniform glass beads with diameter d, and
with fluids of different densities and viscosities, indicated that:

u <* d2

Together with Darcy's original observation that u « -dhjdl , these three relationships can be
combined to give:
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Cd2pg dh Equation (8.2)

where C is a constant of proportionality.

Equation (8.2) can be rewritten to distinguish between the terms that are a function of the
porous medium, those that are a function of the fluid flowing through it, and those that are a
function of the experimental conditions:

\i dl

The terms pg.dh can be combined to give the pressure differential AP, and the expression can
be rewritten:

k AP Equation (8.3)

" = ~~i'~a
where k(=Cd2) is termed the intrinsic permeability, and is a property of the medium alone.

8.1.1 Measurement of Permeability

Permeability can be measured either under steady-state or transient conditions.

(a) Steady-State Conditions

(i) In One Dimension

In the steady state, and in an experimental configuration such as that shown in Figure 30:

O it AP Equation (8.4)
Ĉ - y z _ _ _ _ _

A y /

This is of the same form as Equation (8.3), excepting that 1 is the length of the specimen,

(ii) In Two Dimensions

In Figure 31, consider a unit length of a cylinder with internal and external radii of a and b,
respectively, saturated with fluid, and with fluid pressures Pj and P2 respectively inside and
outside the cylinder. From Equation (8.4), the volume of fluid, Q, crossing any circular shell
of radius r, in unit time is given by:



- 4 6 -

Q- - * *
\i or

In the steady state, the flux across any circular shell within the cylinder must be the same, so
that Q is a constant, and, rearranging:

dr 2nk -,„

which can be integrated to give

[lnrfa - -

or:

Q = *"» .(P-P)

(b) Transient Conditions

Methods for the measurement of permeability under transient conditions were developed by
Brace et al. (1968) on the grounds that pressure and time are more easily measured in a high
pressure experiment than flow rate or velocity, and as a means of avoiding certain limitations
imposed by their experimental apparatus. The technique was adopted by Potter (1978)
because of the short time required to perform an experiment.

[The following section is adapted from Brace et al. (1968), to whom due acknowledgment is
given].

The experimental arrangement used by Brace et al. (1968) is indicated in Figure 32(a), and its
equivalent schematic in Figure 32(b). The sample was a precisely ground right cylinder of
Westerly granite, contacted on one side by a hollow plug of hardened steel that served as a
water reservoir, and on the other side by a hollow piston that formed one closure of the
pressure vessel. A 0.5 mm thick layer of 200-mesh ZrC separated the sample from both the
plug and the piston, the carbide acting as a porous plug even under high pressure (up to
4.5 kb) and allowing the pore fluid access to the entire end surface of the sample. The
piston, plug, and sample were enclosed in a 3 mm thick polyurethane rubber jacket.

The schematic, Figure 32(b), shows the sample cylinder with a reservoir of fluid on either
side. Reservoir 1 consists of the centre hole of the piston, together with the volumes of the
tubing, valves, and pressure transducer outside the pressure vessel. Reservoir 2 consists of
the cavity in the steel plug. During an experiment, the sample, plug, and piston were
subjected to a confining pressure, Pz, and the pressures in the reservoirs were P, and P2

respectively, which were equal at the start of the experiment.
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At time t0 the pressure was increased by a small amount, AP. The pressures P, and P2

changed as shown in Figure 32(c), and after some time approached a constant common value,
Pf. A full theoretical development is given by Brace et al., who arrive at the conclusion that:

{PrP} = AP, .exp(-af)

and

where
A is the cross-sectional area
L is the length of the sample
V, and V2 are the volumes of reservoirs 1 and 2
Pf is the final pressure
AP is the step change in pressure at t0
P is the fluid compressibility at pressure Pf

r| is the fluid viscosity at pressure Pf

The permeability is found by plotting the logarithm of the pressure decay against time. For
the derivation to be valid, AP should be no more than a few percent of Pz, and less than 10%
of P,.

[The following section is adapted from Potter (1978), to whom due acknowledgment is
given].

Potter (1978) modified the apparatus of Brace et al. to allow direct control of the pressure on
the low-pressure side of the sample, and also adopted Teflon as the jacketing material, which
allowed measurements to be taken at temperatures up to 200°C. Schematics of Potter's
apparatus and experimental conditions are given in Figures 33(a,b,c). In an experiment, a
particular confining pressure, Pc, was introduced into the vessel, and a pore pressure,
P = P, = P2, was established for the fluid in and on both sides of the specimen. The average

effective confining pressure, P, experienced by the sample would then be P = Pc~Pp- After
the pore pressure, Pp, had reached an equilibrium value, the upper pore pressure P, was raised
by an amount 0.5 AP, while the lower pore pressure P2 was reduced by the same amount.
The pressures change with time and approach a constant value, close to Pp.

The permeability of the sample is calculated from the decay characteristics of the upper pore
pressure with time. The compressibility p of the pore fluid can be written as
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Vx dP

where V, is the volume of the upper system and dV/dP is the change in the upper system
fluid volume with pressure. The flow rate Q out of the upper system (through the rock
specimen) can be written as:

dt H l dt

Over a short time interval, the decay of the pressure in the upper system is nearly linear, and
dP/dt can be approximated by a linear slope. The permeability can then be calculated using
Darcy's law:

Qu Qk = =5fn.
A AF

where A is the cross-sectional area of the specimen, and L is its thickness. Potter (1978)
gives an example of the calculation as Appendix 1 of his report.

Potter's apparatus was capable of operation to 415 bars (6000 psi, 42 MPa), which lies at the
lower end of the horizontal stresses measured in the URL (40 to 60 MPa; Martin 1990).
Drew and Vandergraaf (1989) have built and operated an apparatus similar to that of Potter,
with a pressure vessel capable of a confining pressure of 50 MPa at 300°C, but limitations in
other components have limited use to date to maxima of 20 MPa and 100°C.

Sanyal et al. (1972) have described a novel liquid permeameter which uses the thermal
expansion of a liquid as the pressure source, and which they claim is capable of permeability
measurements in the submillidarcy range.

8.2 THE RELATIONSHIP BETWEEN PERMEABILITY AND DIFFUSIVITY

Permeability refers to the flow of a fluid through a porous solid under the influence of a
pressure differential. If pressure is exerted on a volume of fluid, the particles of the fluid will
move closer together and the volume is decreased. Therefore the concentration, as defined by
the number of particles in a constant volume of fluid, is increased. Thus the pressure
differential could be regarded as a concentration differential, whereupon the flow of fluid
would be described as being by diffusion. From Equation (8.4) above, in the steady state the
volume flow per unit time, V, can be written as:
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where (P, - P2) represents the pressure differential AP, and the subscripts 1 and 2 refer to the
inlet and outlet of the experiment, respectively. For clarity, assume that the volume flow and
the fluid density are being measured at the outlet of the experiment.

The corresponding mass flow per unit time, M, can then be written as V2p2, or:

M
A

k_

I
where p2 is the density of the fluid at the outlet of the experiment.

For diffusive flow in the steady state:

M _ n (Ci-c2)
A ' /

At the outlet of the experiment:

M
C2 = y = P2

Y2

At the inlet of the experiment the volume of fluid, V,, is:

Vx = V2(l - PAP)

where p is the compressibility of the fluid.

Thus, at the inlet of the experiment:

so that

c l

M
1 2 ^2

M
Vi

1
1-pAP

M
y2

l

i
1-PAJ

pAP
1-pAP

since BAP is small, (l-AP)-l, and

C1~C2 ~ ^.pAP = p,.pAP

Equation (8.5)

Equation (8.6)

Equation (8.7)

Substituting for (c, - c2) in Equation (8.6) from Equation (8.7) and then comparing Equations
(8.5) and (8.6):
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k &P _ nk

or:

k =

which is the result quoted by Brace et al. (1965) and Zoback and Byerlee (1975).

8.3 THE RELATIONSHIP BETWEEN PERMEABJLHX
FORMATION FACTOR AND POROSITY

Brace and co-workers have rationalized two sets of experimental data by deriving a
theoretical relationship between Formation Factor, porosity, and permeability:

1. Working with Westerly (Rhode Island) granite, Brace et al. (1968) found that, over a
range of confining pressures from 0.05 to 4 kb, rock permeability varied as the
-1.5 ± 0.1 power of the resistivity.

2. Working with an unspecified range of rocks, Brace et al. (1965) and Brace et al.
(1968) found that the Formation Factor varied as the -2.0 ± 0.1 power of the porosity.

[The following discussion is adapted from Brace et al. (1968) and Brace (1977), to whom due
acknowledgment is given].

Brace et al. (1968) referencing Wyllie and Rose (1950), assumed a porous solid as containing
a network of pipes and openings of various shapes, and with a random pore distribution,
'...that is, that any plane through the solid exposes a constant fractional void area proportional
to the porosity ([>. We assume that the pore space in the solid can be represented as a single
channel of constant cross-sectional area <|)A, where A is the cross-sectional area of the solid
normal to the macroscopic flow direction. According to this idealization the path the fluid
actually takes, lp, is longer than the external dimensions of the porous solid 1.'

This description embodies the concepts of areal porosity and tortuosity, described in Sections
3.4 and 5.1.

Wyllie and Spangler (1952) quote the Poiseuille equation for flow through a circular pipe:

d2AP Equation (8.8)

p
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where
up = the macroscopic velocity of flow
d = diameter of the pipe
AP = the pressure differential causing flow
r\ = fluid viscosity
lp = length of pipe

The negative sign appears because the direction of flow is in the direction of falling pressure.

Wyllie and Spangler then make two modifications to Equation (8.8). Firstly, they introduce
the concept of the hydraulic radius, m, to allow for the possibility that the cross-section of the
pipe is not circular. Hydraulic radius is the ratio of the cross-sectional area of the pipe to its
circumference, and for a circular pipe, m = d/4. Thus:

P 2.0V,

Secondly, they replaced the denominator of 2.0 with a term k0, which is called the shape
factor. For pipes with a circular or elliptical cross-section, k0 = 2.0. For pipes with other
cross-sections, k0 lies between 1.2 and 3.0, with the majority falling in the range 2.0 to 3.0
(Carman 1937). Thus:

Equation (8.9)

From Section 8.1.(a):

(&p\ Equation (8.10)
u = -k\~—

where
u is the macroscopic velocity of flow through the rock

and
k is the intrinsic permeability, which is a property of the rock alone

Now, the macroscopic flow through the rock actually takes place through the pores making up
the flow porosity. The velocity up of flow through the pore must be greater than the
macroscopic velocity of flow through the rock, by virtue of the decreased aperture for flow,
and the increased path length. Thus:
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A I Equation (8.11)
«„ = u. .-£

Equations (8.9), (8.10) and (8.11) can now be combined to give:

Equation (8.12)

Remembering that the apparent electrical resistance of the rock is equal to the electrical
resistance of the fluid in the pore:

and rearranging:

/ _ 1 Pw _ 1

Substituting in Equation (8.12):

1 1 Equation (8.13)

Brace et al. (1968) now introduce their experimental finding that F <* ty2 to eliminate <j) from
Equation (8.13) to arrive at their observed relationship Formation Factor and permeability:

Equation (8.14)
k = C.m2.F-u

where C is a constant.

In their discussion, Brace et al. (1968) note that this result implies that m (more properly, the
ratio m2/k0) remains constant with pressure, and use this to speculate that the flow porosity
approximates to the form of flat rectangular slits, which collapse under pressure to a more
equant shape. They note that this is consistent with the results of elastic studies on the
Westerly granite.

(a) Present Work

In deriving Equation (8.11), Brace et al. mixed areal porosity (in the derivation of the
relationships) and volumetric porosity (in the substitution F «= 1/(|)2). This discrepancy is taken
care of by combining all of the constant terms into C in Equation (8.14).
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An alternative approach is to rewrite Equation (8.11) as:

A lp Al (lp)
2 1 (lp)

2

SI ss If K = U I *L I = If I r I

' a I alp\l) * UJ
Substituting for u and u:

r\lhf\h

or:

remembering that:

then:

(ml) = j t ( j ) o .5 F u Equation (8.15)

Equation (8.15) is of little use by itself, since its use requires a knowledge of the behaviour of
the term m2/ko but, as in the case of Brace et al. with Westerly granite, it might be combined
with experimental findings, and give a method for estimating <)>f independently of (|>d.

9. SUMMARY AND DISCUSSION

For the purposes of the Postclosure Assessment of a Reference System for Disposal of
Canada's Nuclear Fuel Waste (Goodwin et al. 1994), a generic disposal vault is assumed to be
located at a depth of 500 to 1000 m in granitic rock. In this assessment, one of the cases
studied was that of a major fracture passing within 50 m of the disposal vault. The rock
separating the disposal vault and the fracture is assumed to be sparsely fractured, and has
been termed the 'exclusion zone'.
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Goodwin et al. (1994), in a sensitivity analysis of the relative effectiveness of the several
engineered and natural barriers that contribute to the safety of the reference disposal system,
have shown that the exclusion zone is the most effective of the several barriers to the
movement of radionuclides in the reference disposal system. In a review of the Geosphere
Model for Postclosure Assessment (Davison et al. 1994) by the Natural Resources Canada it
was stated that: 'A conclusion that arises clearly from the research is that if a [disposal] vault
can be situated such that it is surrounded by 50 metres of unfractured bedrock, the
contaminant transport time to the biosphere is increased from (a minimum of) 890 years to
tens of millions of years, and other issues considered in great detail become irrelevant.'
(McGuire 1994).

In view of the perceived importance of the exclusion zone as a barrier to the movement of
radionuclides from the disposal vault into the geosphere, the question arises as to how the
integrity and the relevant properties of the intact rock in the exclusion zone might measured
in situ, inferred from laboratory data, or reliably estimated. Among the properties of the
exclusion zone, Goodwin et al. (1994) have identified the tortuosity of the rock in the
exclusion zone as an important parameter in the performance of the geosphere as a barrier to
radionuclide movement, and have also identified the need for having good values for the free-
water diffusion coefficients of 14C and 129I, which are two radionuclides that contribute
significantly to radiological dose to man from the disposal vault.

In this report it is concluded that the integrity of the intact rock in the exclusion zone can be
determined by measurement of the Formation Factor. The theoretical and experimental
relationships between the Formation Factor, the permeability, k, the intrinsic diffusion
coefficient, D,, the porosity of the rock, and the free water diffusion coefficient, Do, and how
they might be measured or calculated are summarized in this report. The discrepancy
between the values of Formation Factor determined by electrical resistivity measurements and
those inferred from diffusivity measurements is an outstanding theoretical and experimental
problem still requiring resolution.

One finding of this survey is that the effects of groundwater composition, and of species
concentration, on the free water diffusion coefficient (Dj) may be relatively small. However,
the effects of groundwater composition on the intrinsic diffusion coefficient (/),) may be
large, and measurements should be made using waters of appropriate salinities.
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FIGURE 26: Scheme of the Diffusion Experiment (from Puukko et al. 1993)



- 82 -

Flexible Epoxy Coating

Outlet Chamber

12227

Rock Cylinder

Inlet Chamber
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FIGURE 28: Schematic of Apparatus Used to Measure Do (from Anderson and
Saddington 1949)
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FIGURE 29: Flow Lines Past a Recess in a Capillary (from Nielson 1953)
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12231

FIGURE 31: Outward Flow Through a Porous Cylinder in the Steady State
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FIGURE 32: Experimental Arrangements for the Measurement of Permeability
in Granite (from Brace et al. 1968)
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FIGURE 33(a): Core Holder Assembly (from Potter 1978)

continued.
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Pc

FIGURE 33(b): Schematic Representation of Experimental Apparatus, Where
V, = Volume of Tubing and Gauges of Upper Line
V2 = Volume of Tubing and Gauges of Lower Line
Pc = Confining Pressure
P, = Upper Line Pressure
P2 = Lower Line Pressure
P = Equilibrium Pore Pressure

continued.
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FIGURE 33(c): Schematic Diagram of the Permeability Apparatus (from Potter 1978)
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Some factors governing the measurement of D, and F, and possible limitations on the ability
to measure or estimate D,.

In Section 7.1 it was shown that a theoretical basis exists for a relationship between D,, Do,
and F, of the form:

D = D .— Equation (7.2)
1 O p

The free-water diffusion coefficient, Do, is a parameter that can be calculated or measured
independently of any particular system. Given a knowledge of Do for any particular species,
and F for a particular system, then D; for that species in that system can be calculated.
However, it is found experimentally that the value of Dj measured in a porous medium can
depend on the ionic strength of the solution used in its measurement so that, unless Do varies
in a similar manner, the relationship given in Equation (7.2) can only be an approximate one.
This Appendix summarizes published information on the factors affecting the values found for
Dj, Do and F.

Kumpulainen et al. (1991), working with gneiss and granite samples from the Romuvaara site,
and NaCl solutions traced with 36C1", found mean increases in the values found for Ds of a
factor of 12 in the gneiss and 25 in the granite when the strength of the salt solution used was
increased from 0.0044 M to 1 M (Table A-l). As noted in Section 7.2.2, Freeze and Cherry
(1979) have suggested that the effect of ionic concentration is 'very small', and Mills (1955)
found that Do for 22Na in an NaCl solution decreased by 6% when the concentration of the
solution increased from vanishingly small to IN. It is likely, therefore, that there is not a
linear relationship between D, in a porous medium and Do in solution, resulting from changes
in solution concentration.

Kumpulainen et al. (1991) attributed the observed increases in Dj to an increase in the
'effective porosity' available for the diffusion of anions through the porosity of the rock,
brought about by the decrease in the thickness of the electrical double layer on the
(negatively-charged) surfaces of the rock pores with increasing solution salinity
(Lehikoinen et al. 1992). Bear (1972) notes that: 'Various investigators report that in fine-
textured porous media (e.g., clays) there are indications of an immobile or highly viscous
water layer (e.g., < 0.5 \i) on the particle surfaces that makes the effective porosity (with
respect to flow through the porous medium) much smaller than the measured one. On the
basis of experimental evidence they also conclude that the viscosity of water increases as the
particle surface is approached (e.g., Low 1961). This phenomenon may lead to still another
definition of effective porosity.1 Low (1961) states that, in undisturbed conditions, a 'water
structure' may extend [out from a clay surface] with considerable regularity for distances of
the order of 0.75 to 1 x 10"2 \i , and an attenuated structure may persist as far out as
2 to 3 x 10"2 u. This physical description is consistent with the Stern sorption model, which
consists first of a compact layer of ions adsorbed at the surface (the Stern layer), followed by
a diffuse double layer (the Gouy-Chapman layer) of more loosely-bound ions (Stumm 1992).
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The density of the diffuse double layer decreases exponentially with distance from the
surface, (Ward and Fraser 1967), and the majority of the ions forming the layer are contained
within a layer of thickness d where

d =
KJcT Equation (A-1-1)

where Ke is the di-electric constant of the medium, k is the Boltzman constant, T is the
absolute temperature, n is the normal ion concentration of the electrolyte, e is the elementary
charge, and v is the valence of the normal ions. From Equation (A-l-1) it can be seen that
increasing either the salinity of the solution or the valence of the ionic species decreases the
thickness of the diffuse double layer.

Pirhonen et al. (1990) reported pore sizes in the range 20 x 10"2 to 1 x 10'2 u , with an
emphasis towards the lower values, in the gneiss and granite samples examined in the Finnish
program. Thus there is the potential for bound layers of water to be present throughout a
substantial part of the porosity.

The effect of solution concentration on apparent porosity has been observed most directly by
Valkiainen et al. (1992) who, by means of a diffusion experiment such as that described in
Section 6.3 and using Cl" as a non-sorbing ion, calculated the rock capacity factor, a. Since
Cl" is a non-sorbing ion, a is the total 'effective' porosity as seen by the ion. Valkiainen et al.
compared a with the total porosity, e, as determined by water saturation. Figure A-l shows
that the ratio a/e steadily approaches unity as the chloride ion concentration increases. The
clear implication is that at high chloride ion concentrations, the total porosity as calculated
from a diffusion experiment tends to the total porosity as measured by water saturation, as a
result of the thickness of the adsorbed double layer tending to zero. It is possible that the
total porosity as calculated from a diffusion experiment and the total porosity as measured by
water saturation would be equal only at infinite solution concentration.

Formation Factors have been measured as a function of solution concentration (Patnode and
Wyllie 1950, Winsauer and McCardell 1953), and of frequency (Kumpulainen and
Uusheimo 1989).

Patnode and Wyllie (1950) measured the Formation Factor of three different types of
sandstone, using solutions of 1.0, 0.1, 0.025, 0.01 and 0.005N NaCl, and also using distilled
water. They found what was essentially a linear relation between the conductivity of the
electrolyte and the conductivity of the core (Figure A-2), and defined a 'true Formation
Factor", Fo, in terms of this slope. A small residual conductivity remained in the cores at
when the conductivity of the electrolyte was zero, and Patnode and Wyllie attributed this to
the presence of conductive solids in the rock core. Winsaur and McCardell (1953) studied the
conductivity of shaley sandstones using NaCl solutions over the range 0.01 to 5.0 N., and
found that the 'excess conductivity' varied with the electrolyte concentration. A crucial
observation was that, if during measurement of the conductivity, the cores were flushed with
an ammonium nitrate solution, more sodium and chloride ions were displaced from the core
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than could be accounted for by the pore volume and concentrations of the solution in contact
with the core. Winsauer and McCardell concluded that these excess ions could only be
explained by an adsorption phenomenon, and consequently that the observed conductivity
behaviour was the result of an ionic double layer.

The measurement of the electrical Formation Factors is discussed in some detail by
Kumpulainen and Uusheimo (1989). Solution conductivities and rock conductivities were
measured as a function of frequency, using polished copper electrodes, and in the case of the
rock measurements contact between the electrodes and the rock was maintained by means of
fibre tissues soaked in saline solution (Figure A-3). Both solution conductivities and rock
conductivities were functions of measurement frequency, although the shapes of the response
were different (Figures A-4, A-5). Nevertheless, calculated values of Formation Factor
remained within a factor of two over the range 0.05 to 100 kHz. A frequency of 0.5 kHz was
chosen at which to quote values for Formation Factor, as a reasonable compromise between
maximizing the resistive component of the measurement, and minimizing the risk of
polarization effects at the electrodes; it was also the minimum in the Formation
Factor/frequency curve, (Figure A-6).

No published work has been found that discusses the effects (if any) of current density in the
rock sample on Formation Factor, as a situation analogous to the effects of solution
concentration on diffusivity.

Table A-l lists the values of diffusivities reported by Kumpulainen et al. (1991), calculated
from measurements of Formation Factor on samples which were immediately adjacent to the
samples (A1-A3, B1-B3) for which values of Ds had been obtained previously. It can be seen
that, with one exception, the diffusivities calculated from the electrical measurements are
between three and six times the values found from diffusion experiments using, in each case,
IN NaCl solutions. The similar results obtained by other workers (Skagius and Neretnieks
1982, Katsube et al.1986) are noted in Section 5.3.

If the hypothesis that the variation in observed diffusivity with solution concentration is due
to the presence of a layer of water adsorbed on the surfaces of the porous material is correct,
then the effect must be sensitive to the nature of the porous material, particularly its surface
energy. The observations that, in gneiss and granite, the diffusivity as calculated from
electrical Formation Factor is generally larger than that calculated from diffusion experiments
have been noted. On the other hand, Fatt (1959), using sintered Pyrex discs 'of medium
porosity1 (Mysels and Stigter 1952) and 0.05 M NaCl as the diffusing medium, found that
measured diffusivity and diffusivity calculated from Formation Factor measurements were the
same within experimental error. The same observation was made by Schofield and
Dakshinamurti (1948), working with mixtures of glass beads which had porosities in the range
23 to 37%.

Conclusions that can be drawn from this discussion are that the factors contributing to the
measurement of Formation Factor are complex, particularly in materials that have a
significant surface energy, and that there is not a good level of understanding of the factors
that affect diffusibility and Formation Factor in systems that are relevant to low-porosity
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media such as granite. If this understanding is not available, then all that may be possible is
the definition of an upper limit for diffusibility in any particular situation, this limit being
derived from an electrical measurement of Formation Factor. Diffusibility of a particular
species in groundwater is likely to be lowered by the effect of increasing salinity on Do

(Section 7.2.2), but simultaneously raised by increasing salinity through reduction of the
thickness of the diffuse double layer. This indicates the need for diffusibilities to be
measured using actual groundwater compositions, or complex saline solutions of similar
strength, rather than using dilute solutions of a single species. An approach to a better
understanding may be through an integrated experimental program of electrical and physical
property measurements using the same rock specimens. Such an integrated approach is being
pioneered in the Finnish program.

TABLE A-l

INTRINSIC DIFFUSIVITIES CALCULATED FROM DIFFUSION EXPERIMENTS USING
36C1. AND FROM MEASUREMENTS OF FORMATION FACTOR.

FOR GNEISS (A) AND GRANITE (B) SAMPLES

Solution Strength Sample # Dj(m2/s) Ds (m
2/s)

(36C1) (Formation Factor*)

0.0044M NaCl

l.OMNaCl

Al
A2
A3

Bl
B2
B3

Al
A2
A3

Bl
B2
B3

2.6 x 1015

0.7 x 1015

1.2 x 10 15

2.9 x 10 l s

8.1 x 1015

0.6 x 1015

20 x 1015

15 x 1015

19 x 1015

19 x 10 15

44 x 1015**
6 x 1015

72 x 1015

83 x 1015

59 x 1015

114 x 1015

142 x 10 15

24 x 1015

* D, was calculated using the relation Dj = Do/F (Equation (72)), with Do = 1.484 x 109

m2/s (Kumpulainen and Uusheimo 1989)
** This figure appeared as 265 x 1015 m2/s in the original data of Kumpulainen et al.

(1991). It was amended without comment to 44 x 10"15 m2/s by Valkiainen et al.
(1992). All other diffusivities remained the same.
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