
 
 
 
 
 

 
 

 
 
 

Diffusive properties of granitic rock as 
measured by in-situ electrical methods 

 
 

Martin Löfgren 
 

Doctoral Thesis 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Department of Chemical Engineering and Technology 

Royal Institute of Technology 

Stockholm, Sweden 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Diffusive properties of granitic rock as measured by in-situ electrical methods 
 
Martin Löfgren 
Doctoral Thesis 
 
Department of Chemical Engineering and Technology 
Divisions of Chemical Engineering  
Royal Institute of Technology 
Stockholm, Sweden 2004 
 
ISBN 91-7283-935-X 
 
TRITA - KET R206  
ISSN 1104 - 3466 
ISRN KTH/KET/R -- 206--SE 
 
 
© Martin Löfgren, 2004 

 ii



Abstract 

Diffusion into the rock matrix has been identified as one of the most important retention 

mechanisms for dissolved contaminants in fractured crystalline rock. In this thesis the 

diffusive properties of granitic rock, described by the formation factor, have been investigated 

by electrical methods. These methods are based on the Einstein relation between diffusivity 

and ionic mobility. Formation factors have been obtained both in the laboratory and in deep 

lying rock in-situ. 

At present, two locations in Sweden, Forsmark and Oskarshamn, are undergoing site 

investigations for the siting of a repository for spent nuclear fuel. As a part of these 

investigations, the formation factor of the rock surrounding five, 1000 m deep boreholes has 

been investigated. More than 250 rock samples, taken from the bore cores, have been 

investigated in the laboratory and around 50 000 formation factors have been obtained in-situ. 

The results have been treated statistically and it appears that the formation factor is log-

normally distributed. The mean and standard deviation of the obtained log-normal 

distributions vary from site to site, depending on the geology. For intact granitic rock, the 

obtained formation factors range between 2.2⋅10-7 and 2.5⋅10-2.  

The results suggest that diffusion into open, but hydraulically non-conductive fractures may 

have a significant influence on radionuclide retention by way of increasing it. Therefore, the 

fractured rock formation factor was introduced in addition to the traditional rock matrix 

formation factor.  

The retardation capacity of crystalline rock is strongly associated with the pore connectivity. 

In this thesis, it is shown that the micropore network of granitic rock is connected on, at least, 

a metre scale in-situ. 
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Extensive summary 

At present, two locations in Sweden, Forsmark and Oskarshamn, are undergoing site 

investigations for the siting of a KBS-3 type repository for spent nuclear fuel. The repository 

will be located at a depth of 500 m in granitic bedrock and its primary function is to isolate 

the radioactive waste from man and environment. If the isolating function should be 

compromised, the bedrock functions as a natural barrier in retarding radionuclides that are 

being transported from the repository towards the biosphere.  

Diffusion into the rock matrix has been identified as one of the most important retention 

mechanisms for dissolved contaminants in fractured crystalline rock. The diffusive properties 

of rock are described by the formation factor. In addition to the formation factor, the 

retardation capacity of crystalline rock strongly depends on the pore connectivity and on 

interactions between contaminants and mineral surfaces.  

In this thesis, the diffusive properties of granitic rock have been investigated by electrical 

methods. These methods are based on the Einstein relation between diffusivity and ionic 

mobility. The formation factor is obtained from the ratio of the pore water resistivity to the 

rock resistivity. It is shown there are no artefacts that would enable a current to be propagated 

through rock at higher quantities than what would be expected from traditional tracer tests. In 

showing this, a new method called the “through electromigration” method was developed. 

Here, ionic tracers are driven through a rock sample with an electrical potential gradient as the 

main driving force. As the tracer flux is considerably increased, measurements can be 

performed on larger rock samples.  

By using alternating current, the formation factors of more than 250 rock samples were 

obtained in the laboratory. The rock samples were taken from the bore cores of five, 1000 m 

deep boreholes within the Forsmark and Oskarshamn site investigation areas. By performing 

formation factor loggings in the boreholes, around 50 000 in-situ formation factors were 

obtained. In order to do this, the rock resistivity was measured using a focused rock resistivity 

tool that emits alternating current into the bedrock. The electrical conductivity of the pore 

water was estimated from in-situ measurements on groundwater withdrawn from fractures.   

The results were treated statistically and it appears that the formation factor is distributed 

according to the log-normal distribution. The mean and standard deviation of the log-normal 

distributions vary from site to site, depending on the geology. In Forsmark, the mean value 
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and standard deviation of the base 10 logarithm of the formation factor is about -4.7 and 0.2 

respectively for the intact rock in-situ. For Oskarshamn, a similar mean value of about -4.9 

was obtained, but the standard deviation was larger, of about 0.7. A possible explanation to 

this is the complex geology within the Oskarshamn site investigation area.  

The formation factors for intact granitic rock presented in this thesis range between 2.2⋅10-7 

and 2.5⋅10-2. This range is larger than what was expected from earlier laboratory 

measurements. However, it appears that the variations in the formation factor may even out 

along a borehole, and possibly also along a flow path. The arithmetic mean values of the rock 

matrix formation factor range only between 1.4⋅10-5 and 7.2⋅10-5 for the boreholes.   

The results shown in this thesis suggest that diffusion into open, but hydraulically non-

conductive fractures may have a significant influence on radionuclide retention by way of 

increasing it. Therefore, the fractured rock formation factor was introduced in addition to the 

traditional rock matrix formation factor. In Oskarshamn, where the rock is heavily fractured, 

the arithmetic mean value of the fractured rock formation factor was about eight times greater 

than that of the rock matrix formation factor.  

The retardation capacity of crystalline rock is strongly associated with the pore connectivity. 

In this thesis it is suggested that the micropore network of granitic rock is connected on, at 

least, a metre scale in-situ. This suggestion is primarily based on the observation that an 

alternating electrical current generally can penetrate many metres into the bedrock in-situ.  
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1 Introduction 

This thesis concerns transport of dissolved contaminants in fractured crystalline rock and is 

sponsored by the Swedish Nuclear Fuel and Waste Management Co., SKB.  

Around the world much research is devoted to the transport of radionuclides in rock, as many 

countries are investigating the possibility of storing spent nuclear fuel in deep geological 

repositories. This work aims primarily to develop new methods of measuring transport 

properties of crystalline rock and to increase the understanding of contaminant transport. Even 

though many of the results are presented in the context of radionuclide retention, they are 

equally important for contaminant transport of dissolved non-radioactive species through 

fractured crystalline rock. 

At present, two locations in Sweden, Forsmark and Oskarshamn, are undergoing site 

investigations for the siting of a KBS-3 type repository for spent nuclear fuel. The KBS-3 

type repository (Figure 1-1) is based on multiple engineered and natural barriers where the 

fuel is placed in isolating copper canisters with a high-strength cast iron insert. The canisters 

are surrounded by bentonite clay in individual deposition holes at a depth of 500 m in granitic 

bedrock (SKB SR 97, 1999). The canister and buffer are the engineered barriers while the 

rock is the natural barrier. 

 
Figure 1-1: Schematics of a KBS-3 type repository (provided by SKB).   
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The repository should function as long as the waste is hazardous. After about 100 000 years 

the radiotoxicity of the waste will have decreased to 0.05% of its initial level and is 

comparable to the radiotoxicity of the uranium ore originally mined to produce the fuel. 

Figure 1-2 shows how the radiotoxicity of the fuel decreases with time after reactor operation. 

  
Figure 1-2: Development of radiotoxicity of spent fuel (taken from SKB SR 97, 1999).  

The primary function of the repository is to isolate the radioactive waste from man and 

environment. For this reason the waste is placed in corrosion-resistant copper canisters 

surrounded by a bentonite buffer. The copper layer is 5 cm thick and the canisters are 

intended to retain their isolating function during the evolution of the repository system.  

If the isolating function of the repository should be compromised for some reason, or if any 

canister should have an initial defect, the repository has a secondary function in retarding 

radionuclides that are being transported towards the biosphere (SKB SR 97, 1999). As can be 

seen in Figure 1-2 the radiotoxicity of the waste decreases with time and therefore, if the 

radionuclides are retarded a few thousand years, the environmental hazard will be 

substantially decreased. Another important aspect of retardation, which also applies to 

contaminants that do not decay, is that the more effectively the species are retarded, the lower 

their release rates to the biosphere will be. If the same quantity of contaminants is released 

during the lifetime of a man as compared to, say 10 000 years, the hazard in the former case is 

likely to be greater.   

If the isolating function of the repository fails and if radionuclides escape from the canisters 

and the bentonite buffer, they will be transported through the crystalline rock in hydraulically 

conductive water-bearing fractures. The water residence time from the repository to the 
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biosphere is estimated to possibly be as short as a decade (Lindgren and Lindström, 1999). If 

no retardation processes take place along the pathways to the biosphere, the repository would 

fail in its retarding function. Fortunately there are retardation mechanisms in the bedrock, 

where the most important are sorption and matrix diffusion. The rock that surrounds the 

fractures consists of mineral crystals that, in general, have negatively charged surfaces. Most 

radionuclides are cations, such as cesium for example, and will therefore be attracted towards 

the mineral surfaces where they sorb. The surface of the mineral grains facing hydraulically 

conductive fractures, called the flow-wetted surface, may not in itself have sufficient sorption 

capacity to provide adequate retention properties to the natural barrier. However, even intact 

crystalline rock is slightly porous and there are water filled pores between the mineral grains. 

The pore adjacent mineral surface in the rock 10 cm distant from a hydraulically conductive 

fracture is at least four orders of magnitude larger than the geometric flow-wetted surface of 

the fracture. Eriksen and Locklund (1989) found surface areas between 80 and 280 m2/kg for 

intact granite.  

The pore apertures in granitic rock are on the order of 10-6 m or less, and the permeability is 

so low that the pore water is essentially stagnant. Therefore, the transport mechanism that 

carries radionuclides from the hydraulically conductive fractures into the micropore network 

is matrix diffusion. As long as the radionuclides are withdrawn from the advective flow, their 

transport towards the biosphere is insignificant. Radionuclides that sorb strongly to the 

mineral surfaces will only penetrate a few centimetres into the rock matrix during the 

evolution of a repository. However, some radionuclides, such as iodide, are anions and do not 

sorb on the negatively charged minerals. For non-sorbing or weakly sorbing species, the 

retention relies heavily on matrix diffusion many decimetres into the micropore network. 

As already mentioned, the importance of contaminant transport in fractured crystalline rock is 

not limited to radioactive waste management. Contaminants are frequently released from 

industries, municipal waste facilities, agricultural facilities etc. These contaminants may 

penetrate into shallow lying rock and threaten groundwater quality. The threatening or 

unwanted species do not have to come from anthropogenic sources. Drinking water can, for 

example, be threatened by intrusions of saline seawater or by heavy metals naturally 

occurring in the rock. Furthermore, there are underground facilities used for storage of other 

products and wastes than radioactive material. As an example, large quantities of petroleum 

products have been stored in underground facilities in Sweden since the mid 70’s. Even 

though most of these facilities have been decommissioned, they still release dissolved 
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contaminants that exert a negative impact on the groundwater quality (Elert et al., 1999). 

Another interesting example is the disposal of toxic, but non-radioactive heavy metals in 

underground facilities. In Sweden, for example, the disposal of mercury in deep underground 

repositories is currently being contemplated.  

The main focus of this thesis is on matrix diffusion and a parameter called the formation 

factor, which characterises the diffusive properties of rock. New methods have been 

developed to measure the formation factor of crystalline rock both in the laboratory and in-

situ. These methods are based on the Einstein relation between diffusion and electromigration 

and an electrical potential gradient is used in addition to, or instead of, a concentration 

gradient. The newly developed in-situ method has been implemented in the Swedish site 

investigation program and is used to obtain formation factors and formation factor 

distributions of the rock volume of interest for a KBS-3 type repository. Based on the new 

measurements, new knowledge on the retention capacity of the natural barrier has been 

obtained.   
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2 Theory 

 

2.1 Hydrogeochemical characterisation  
 

2.1.1 Crystalline rock 
This section aims to give a picture of how complex intrusive igneous and metamorphised 

intrusive igneous rock can be. This complexity must be kept in mind when characterising rock 

properties or modelling contaminant transport in rock. All too often elaborate experiments are 

carried out with great care on a small number of rock samples giving precise and accurate 

results. However, one can question how good a small number of samples, often having a 

combined volume of less than a cubic decimetre, actually represent the rock volume of one 

cubic kilometre that is of interest for a KBS-3 type repository.  

Rock is, in general, either crystalline or glassy. Crystalline rock is comprised of individual 

mineral grains while glassy rock is comprised of a seemingly homogenous mass. Glassy rock 

is formed near the Earth's surface and results from magma that cools so fast that mineral 

grains have no chance to form. Glassy rock has no relevance for this work. Figure 2-1 shows a 

photo of a granite sample taken from Laxemar in southern Sweden. Granite is a rock type that 

has a crystalline texture where individual mineral grains are clearly visible to the naked eye. 

The sample is about 5 cm in diameter and to the left in Figure 2-1 is a cm-ruler for 

comparison.    

 
Figure 2-1: Granite from Laxemar, Sweden.  
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Crystalline rock can either be igneous, sedimentary, or metamorphic. Igneous rock is formed 

from magma or lava either in the interior of earth (intrusive igneous rock) or at the surface 

(extrusive igneous rock). As the magma originates from deep within earth where the 

temperature, pressure, redox condition, etc. differ greatly from at the surface, the rock is likely 

to be at disequilibrium when uplifted. Therefore, various chemical and physical processes 

weather the rock. Rock fragments, mineral grains, and solutes that are products from such 

weathering are the major building blocks for sedimentary rock. Metamorphic rock is formed 

from recrystallisation of igneous, sedimentary, or other metamorphic rocks through an 

increase in pressure and temperature and through chemical alteration.  

The focus of this thesis is on rock of interest for a KBS-3 type repository for spent nuclear 

fuel. In the KBS-3 concept a number of criteria have been prescribed for the host rock. These 

criteria concern various parameters relating to items such as rock mechanics, advective and 

diffusive properties, thermal expansion and conduction properties, groundwater chemistry, 

etc. (Andersson et al., 2000). To meet these criteria the repository will be built in what is 

called “granitic rock” (SKB SR 97, 1999), which in this context is intrusive igneous rock or 

metamorphised intrusive igneous rock.  

 

Formation of intrusive igneous and metamorphised intrusive igneous rock 

Intrusive igneous rock crystallises at 600°C - 1800°C depending on the chemical composition 

of the magma. Magma that has a lower density than the overlying rock will slowly work its 

way upward along grain boundary pores. As the drops move upward, they may coalesce with 

other drops, gradually forming larger pools of magma. Large pools are called plutons and they 

can cover over 100 km2. Due to the upward movement, the overlying rock may be uplifted 

and fractured. The magma then intrudes and wedges between the fractures surfaces forming 

dikes, which are usually a few centimetres to a few metres thick, although the largest can 

extend for kilometres. Figure 2-2 shows an illustration of the processes involved in magma 

upwelling and rock crystallisation.  
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Figure 2-2: Magma upwelling and rock crystallisation.  

Within the magma pools, minerals crystallising at higher temperatures

magma. Furthermore, the walls of the country rock may melt and bloc

may break off and sink into the magma and then melt. These processe

variations in chemical composition of the magma melt, which give rise

when the magma eventually solidifies. The texture of the rock depend

the solidifying magma. At higher cooling rates finely grained rock

cooling rates coarsely grained rock is formed. An example of this can 

the rock is fine-grained. Here the rock has cooled quickly when a rela

magma intruded into the host rock.  

In the 1920s, Norman L. Bowen created a model explaining the origin

igneous rocks, called the Bowen reaction series (Figure 2-3). The ideal

serves as a general model of the evolution of magmas during the coo

has been revised on a number of issues. 

 

Sills formed 
between rock 
layers 

Magma wedging 
a fracture 
forming a dike 

Block of 
country rock 

Pluton 

Magma 
migrating 
through 
pores 

Solidified 
crystals falling 
through the 
magma 

Melting of 
country rock 

 

 7
Crystals 
withdrawn 
from the melt
 

 may settle through the 

ks of the invaded crust 

s can give rise to local 

 to different rock types 

s on the cooling rate of 

 is formed and at low 

be seen in dykes where 

tively small volume of 

 of the various types of 

ised reaction series still 

ling process, even if it 



 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-3: Schemati

At high temperatures 

One is the continuo

plagioclase feldspar m

calcium. This will pa

relatively richer in s

crystals formed will 

previously formed cry

and the mixing is g

chemical composition

high temperatures. A

ceases and pyroxene 

will convert to pyrox

and biotite forms at th

If the melt is cooled

muscovite. At about 6

that create locally va

shape of the magma 

chemical composition

of mixing. Due to po

abundant in rock.  

Calcium-rich plagioclase 

 

Plagioclase 

 

Sodium-rich plagioclase 

 
 
 

 F
el

si
c 

   
   

   
   

   
   

   
   

   
   

   
   

M
af

ic
 

Olivine 

Pyroxene 

Amphibole 

Biotite 
 

  6
00

°C
   

   
Te

m
pe

ra
tu

re
   

   
18

00
°C

 

 

Orthoclase

Muscovite 

Quartz 

cs of the Bowen reaction series. 

the formation of minerals begins with two different chemical sequences. 

us series where plagioclase feldspar crystallises. When cooling a 

elt under mixing, the first plagioclase that crystallises will be rich in 

rtially deplete the melt of calcium, so that the remaining melt becomes 

odium. As a result, when the melt continues to cool the subsequent 

be richer in sodium. In a parallel process, some of the calcium in the 

stals will be exchanged for sodium from the melt. If the cooling is slow 

ood, the earlier and later formed crystals therefore attain the same 

. In the second series, the discontinuous series, olivine starts to form at 

s the melt cools to a specific temperature, olivine production abruptly 

formation starts. If the cooling is slow, the previously formed olivine 

ene. Upon further cooling, amphibole forms at the expense of pyroxene 

e expense of amphibole in a similar manner.  

 further the series converge, first forming orthoclase feldspar and then 

00°C quartz is formed. In Figure 2-2 a number of processes are shown 

riable chemical compositions and cooling rates. Due to the irregular 

chamber the degree of mixing varies. In addition, magmas of different 

 and temperature have different viscosity that further lowers the degree 

or mixing and fast cooling, olivine and calcium-rich plagioclase may be 

8



 

Heat is an important agent in the metamorphic modification of rock. Rocks begin to change 

chemically at temperatures above 200°C, where recrystallisation occurs and new minerals are 

formed. The metamorphic processes stop when the temperature becomes high enough to 

cause melting of the rock. The rock temperature can be increased either as the rock is 

subducted, giving rise to regional metamorphism, or as underlying magma intrudes the rock, 

giving rise to contact metamorphism. Rock adjacent to fractures can be hydrothermally 

altered at depth if it is exposed to hot groundwater or gases. Metamorphism due to pressure is 

common. As an example, the extreme pressures associated with mountain building may cause 

structural alteration of the rock, so called dynamic metamorphism. This causes the rock to be 

foliated or otherwise anisotropic.  

 

Rock classification 

Rock is classified by chemical composition, structure, and physical properties. Igneous rock 

that is abundant in minerals with a high silica content, such as quartz and orthoclase feldspar, 

is called felsic. Igneous rock abundant in minerals with high magnesium and iron content, 

such as olivine, is called mafic. In Sweden intrusive felsic and intermediate rocks dominate. 

The mineral compositions of common intrusive igneous rocks are shown in Figure 2-4. 
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Figure 2-4: Classification of igneous rock (adapted from Press and Siever, 1998). 

Examples of metamorphic rock classifications include slate, schist, and gneiss. Slate is 

foliated fine-grained metamorphic rock, schist is foliated medium- to coarse-grained 

metamorphic rock, and gneiss is foliated coarse-grained metamorphised igneous rock. 

Metamorphic rock may also be non-foliated, as for example marble. As rock type 

classification is based on a number of criteria, rock can for example be labelled gneiss based 

on structural criteria but be granitic in composition. For an introduction to rock formation and 

general geology, Press and Siever (1998) and Pidwirny (2004) are recommended.  

 

2.1.2 The micropore network 
 

Porosity 

In Möri et al. (2003) the interconnected micropores in granitic rock are divided into four 

classes; grain boundary pores, microfractures, sheet silicate pores, and solution pores. 

Micropores originate from various geological processes where tectonic loading and thermal 

processes are particularly important (e.g., David et al., 1999; Menéndez et al., 2001; Seo et 

al., 2002). These processes are strongly associated with the uplifting of rock from deep within 
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the earth’s crust. As the temperature decreases, the minerals will, in general, contract. This 

contraction is to some extent counteracted, as most minerals expand when the pressure 

decreases.  

The origin of different pore types is under debate. The following reasoning is very simplistic 

and only aims to give a general picture of the origin of grain boundary pores. As discussed 

previously, rock crystallises from magma down to a temperature of about 600°C. In the 

present hypothetical case the temperature and pressure within the earth’s crust will be 

assumed to be 600°C and 0.5 GPa at a depth of 20 km. Furthermore it is assumed that the 

temperature and pressure varies linearly with depth and that, when moving towards the 

surface, the temperature decreases by 30°C/km (Press and Siever, 1998) and the pressure 

decreases by 26 MPa/km (based on a rock density of 2.6⋅103 kg/m3). Table 2-1 shows the 

thermal expansion coefficient α (K-1) and the bulk modulus Bm (Pa) for a few common 

minerals. 

Table 2-1: Thermal and mechanical properties of a few minerals.  
Mineral Thermal expansion coefficient 

α⋅10-5 (m/m⋅K) 
Bulk Modulus 
Bm

 (GPa) 
Reference 

Feldspar 1.45 38.2 Seo et al. (2002) 
Quartz 5.15 42.9 Seo et al. (2002) 
Olivine 3.71 128 Fang et al. (2004) 
Glossular garnet 4.48 167 Fang et al. (2004) 
 

If assuming that the thermal expansion coefficient and the bulk modulus are constant in the 

temperature and pressure range, the expansion or contraction of a mineral could be calculated 

according to: 

 
0 m

V PT
V B
∆

= α∆ −
∆                     2-1 

where ∆V/V0 (-) is the normalised change in volume, ∆T (K) is the change in temperature and 

∆P (Pa) is the change in pressure. Equation 2-1 is sufficient for rough scoping calculations. If 

more sophisticated equations are needed, where α and Bm are not constant, Fang et al. (2004) 

is recommended. By using Equation 2-1, the expansion or contraction of quartz and feldspar 

in the hypothetical case stated above can be calculated as the rock is uplifted from a depth of 

20 km to a depth of 1 km within the earth’s crust. Figure 2-5 shows the isothermal expansion 
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due to the pressure decrease and isobaric contraction due to the temperature decrease for 

quartz and feldspar.   
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Isothermal expansion due to pressure decrease: Feldspar

Isobaric contraction due to temperature decrease: Feldspar 

Isothermal expansion due to pressure decrease: Quartz 

Isobaric contraction due to temperature decrease: Quartz 

 
Figure 2-5: Expansion and contraction of quartz and feldspar. 

In Figure 2-5 an important aspect is shown. Different minerals respond differently to changes 

in temperature and pressure. While quartz contracts a few percent in the hypothetical uplift, 

feldspar neither contracts nor expands significantly. Minerals that contract the least will 

hinder the rock matrix as a whole from contracting to the same extent as, for example, quartz. 

As different minerals respond differently to changes in to temperature and pressure, grain 

boundary pores are formed between the mineral grains. The simplistic reasoning above 

cannot, in general, be used quantitatively in obtaining the rock porosity, as mineral grains are 

somewhat elastic at elevated temperatures and may recrystallise above 200° C.  

In a study at the Grimsel Test Site in Switzerland, Möri et al. (2003) characterised the 

microporosity of undisturbed granodiorite. The most abundant pore type was found to be 

grain boundary pores. To the left in Figure 2-6 an image of a mineral grain surrounded by 

grain boundary pores is shown. The images in Figure 2-6 were obtained using Scanning 

Electron Microscope imaging (Möri et al., 2003).  
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Figure 2-6: Grain boundary pores and a microfracture (taken from Möri et al., 2003). 

Microfractures are created from thermal or mechanical cracking. These processes are 

associated with temperature and pressure changes that create a local strain on the rock, 

causing it to crack. Microfractures can be intra-, inter-, or trans-granular cracks (David et al., 

1999). Sheet silicate pores are present in shear bands and to a lesser extent in mica bands 

while solution pores are associated with alteration and exsolution phenomena mainly in 

feldspars but also in epidote and micas (Möri et al., 2003). Often the porosity is increased 

adjacent to a hydraulically conductive fracture in a so-called alteration zone (e.g., Byegård et 

al., 2002), as the rock has been subjected to hydrothermal alteration, weathering or stress. The 

rock directly adjacent to fractures is of interest for retention of sorbing pollutants, as discussed 

in publication (IV). At present it is not quantified to what extent such an increased porosity 

occurs and therefore additional retention due to an alteration zone is hard to conservatively 

implement in a safety assessment. The porosity of undisturbed Swedish intrusive igneous rock 

is frequently reported to be a few tenths of a percent (e.g., Skagius, 1986; Ohlsson, 2000).           

 

Formation factor 

When diffusion takes place within a rock sample, the only pathways available are the 

micropores. The connected porosity can be divided into transport porosity εt (-), where both 

ends of the transport pores are connected to the micropore network, and storage porosity εd (-) 

that consists of dead end pores. This reduces the transport capacity of the rock considerably. 

Furthermore, the pores are tortuous and species diffusing from point α to point β cannot take 

the shortest route (Figure 2-7a).  
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                    a                                               b  

Figure 2-7: Illustration of the effect of a) tortuosity and b) constrictivity on matrix diffusion. 

The cross sectional area that is accessible for diffusive transport varies along a pore, as 

illustrated in Figure 2-7b. The most constricted parts of the pores limit the diffusive flux, 

resulting in that the entire pore volume cannot be effectively used for transport. The tortuosity 

τ2 (-) and constrictivity δ (-) of the porous system further reduce the transport capacity of the 

rock. If the diffusing species do not interact with the rock matrix and are small compared to 

the pore aperture, the formation factor Ff (-) is a geometrical factor that is only dependent on 

the geometry of the micropore network and is independent of the diffusing species: 

D
f t 2F δ

= ε
τ

                         2-2 

When the diffusing species interact weakly with the rock matrix, the formation factor can be 

used as an operational parameter that is defined as the ratio of the effective diffusivity De 

(m2/s) of the rock and the diffusivity in free solution Dw (m2/s).  

e
f

w

DF
D

=                      2-3 

The formation factor can be used in this way for species that sorb very weakly or are 

subjected to exclusion effects. If the species interact strongly with the rock matrix, the 

diffusive flux through the rock becomes mainly dependent on sorption processes and not on 

the restrictions due to the geometry of the porous system. The formation factors of intrusive 

igneous and metamorphised intrusive igneous rock from a number of sites in Sweden are 

reported to range from 10-7 to 10-3 (Skagius, 1986).  

 

Connectivity 

The connectivity of the micropore network is dealt with in publication (IV) of this thesis. This 

entity has been identified as potentially more important than the formation factor for the 

retention of dissolved contaminants in fractured crystalline rock (Möri et al., 2003). The 

 α                                  β 
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question whether the micropore network is connected over large distances or not has been 

debated during the last two decades. Neretnieks (1980) suggested that the porosity is 

interconnected over great lengths and that the whole rock mass is accessible for matrix 

diffusion. This concept was later implemented into the Swedish SR 97 safety assessment 

(Lindgren and Lindström, 1999). However, part of the scientific community considers it to be 

non-conservative to generally assume that the whole rock mass is diffusion accessible. As an 

example, the Swiss Nagra Project Gewär Performance Assessment 1985 assumed that only 

the first millimetre of rock adjacent to a water-bearing fracture is diffusion accessible (Möri et 

al., 2003). What speaks in favour of the more conservative approach is that the porous system 

is compressed in-situ (Skagius and Neretnieks, 1986) and that this may lead to a very high 

tortuosity (Haggerty, 2002). What speaks in favour of approach suggested by Neretnieks 

(1980) is that grain boundary pores are abundant and created throughout the rock mass, that 

the few in-situ migration experiments performed at present suggest a connected network 

outside the borehole disturbed zone (Birgersson and Neretnieks, 1990; Vilks et al., 2003; 

Möri et al., 2003), and that current can be driven through the micropore network in-situ (e.g., 

Ildefonse and Pezard, 2001; Ohlsson et al., 2001). In this thesis it is strongly suggested that 

the micropore network is connected over all distances relevant for radionuclide retention 

during the evolution of a repository for spent nuclear fuel.    

 

2.1.3 Electrostatic interactions with mineral surfaces 
 

Most minerals that are abundant in granitic rock have negatively charged surfaces in natural 

groundwater. In framework silicates, such as quartz and feldspar, Si4+ ions can be replaced by 

Al3+ ions and Al3+ ions can be replaced by Fe2+ ions in a process called isomorphous 

replacement. This process causes the crystal lattice to become negatively charged. In addition, 

the functional surface group of silicates is commonly the ≡S-OH group, where ≡ denotes the 

lattice. As shown by Equation 2-4 this group is amphoteric and its charge depends on the pH 

of the pore water: 

≡S-OH2
+       ≡S-OH        ≡S-O-                   2-4 

K1
⇔

K2
⇔

Figure 2-8 shows the surface charge of a few common minerals as a function of pH.  
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Figure 2-8: Surface charge as a function of pH (taken from Stumm and Morgan, 1996). 

When minerals are contacted with natural groundwater, the surface charge may also be 

influenced by reactions with, for example, multivalent cations such as Mg2+ and Ca2+:   

≡S-OH + Ca2+ ⇔ ≡S-OCa+ + H+                           2-5 

 

Electrical double layer 

In order to maintain electroneutrality, an excess of dissolved cations in the pore water balance 

the negatively charged mineral surfaces. These cations form a diffuse layer, called the 

electrical double layer, where the cation concentration decreases with increasing distance 

from the pore walls. According to the Gouy-Chapman theory, the surface charge density σp 

(C/m2) is related to the surface potential U0 (V) according to: 

' 0
p 0

U F8RT C sinh
2 RT
z⎛ ⎞

σ = ε ε ⋅ ⎜
⎝ ⎠

⎟                                                                                             2-6 

 where R (J/mol⋅K) and T (K) is the gas constant and temperature respectively, ε’ is the 

dielectric constant of the pore water, ε0 (C/V⋅m) is the dielectric constant of space, C (mol/m3) 

is the electrolyte concentration, z (-) is the charge number, and F (C/mol) is the Faraday 

constant. The electrical potential U (V) at an arbitrary distance x (m) from the surface could 

be obtained from the Poisson-Boltzmann equation: 

2

'
0

d U 8 FC UFsinh
dx RT

z z⎛ ⎞π
= ⎜ ⎟ε ε ⎝ ⎠

                   2-7 
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In obtaining Equations 2-6 and Equation 2-7, a number of assumptions are made. 1) The 

charge is uniformly spread over the surface. 2) The surface is flat and infinite in size. 3) The 

dissolved ions are treated as point charges. 4) The solvent is treated as a continuous medium 

that only influences the potential distribution through its dialectic constant. 5) There are only 

electrostatic interactions between mineral surfaces and ions (Sparks, 1986). These 

assumptions give rise to unreasonable results in some situations and therefore the electrical 

double layer theory has been modified and improved on a number of issues (e.g., Leroy and 

Revil, 2004). At present, equations dealing with the electrical double layer cannot account for 

the heterogeneity of the charge distribution of natural mineral surfaces or for the complex 

geometry of the mineral surfaces and the porous system. Therefore, there is at present not 

enough knowledge to make proper mechanistic models concerning charged mineral surfaces 

in natural systems (Westall, 1995). Although accurate modelling is not currently possible, 

Westall (1995) suggests that the “electrical double layer scale” is between 0.3 and 30 nm. The 

former value applies in high ionic strength pore water and the latter value applies in low ionic 

strength pore water.    

 

Surface diffusion 

As there is an excess of cations in the electrical double layer, concentration gradients along a 

pore may be larger at the pore wall than at the centre of the pore.  This may give rise to an 

increased total diffusive flux of cations through the porous system. The phenomenon has been 

called surface diffusion in a number of papers (e.g., Ohlsson and Neretnieks, 1998). The term 

surface diffusion is for a large part of the scientific community associated with activated 

jumps of species between sorption sites on a surface. This description does not fit the 

phenomenon described above, which may be better called “diffusion in the electrical double 

layer” or “surface related diffusion” (Marimon, 2002).  

 

Anion exclusion 

As mineral surfaces are negatively charged, there is a deficit of anions in the electrical double 

layer. This is called anion exclusion, as anions are excluded from some parts of the pores. 

Anion exclusion has the greatest impact on migration in the most constricted parts of the 

pores and therefore, it has been suggested that exclusion effects can be included in the 
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constrictivity term of the formation factor. According to Möri et al. (2003) the apertures of the 

grain boundary pores shown in Figure 2-6 range between 100 nm up to a few µm. If the 

constricted parts of the micropore network have apertures around 100 nm, anion exclusion 

should not be significant unless the ionic strength of the pore water is very low. One could 

speculate that the apertures of the constricted parts are significantly reduced in-situ, as the 

rock is compressed. This may increase the importance of anion exclusion. At present more 

research is needed on the relation between anion exclusion and compression of rock. In such 

an investigation, through diffusion experiments could be carried out on rock samples 

subjected to different pressures (Skagius and Neretnieks, 1986), allowing for example tritium 

and iodide to diffuse through the sample simultaneously.  

 

2.1.4 Groundwater and fractures  
Contaminant transport of species dissolved in groundwater over larger distances will occur by 

advective transport in hydraulically conductive fractures. This section aims to give a general 

characterisation of the groundwater and its flow through the bedrock.  

 

Groundwater chemistry 

In the Baltic Sea region, the groundwater chemistry in the upper 1 km of the bedrock depends 

largely on the evolution of the Baltic Sea after the latest glacial period. In the Weichsel glacial 

period, all present Scandinavia and the Baltic states were covered by a thick layer of ice 

(Figure 2-9a). When the ice began to retreat the melt water formed a non-saline lake, the 

Baltic Ice Lake (Figure 2-9b), and freshwater infiltrated the rock that had been subsided by 

the thick ice layer. As the ice retreated further, a channel opened and seawater from the 

Atlantic Ocean was allowed to mix with the former lake creating the Yoldia Sea, a bay of the 

Atlantic Ocean (Figure 2-9c). Now saline water, denser than freshwater, could infiltrate the 

rock. When the ice retreated further, the land rose above sea level. Once again a lake with 

freshwater, the Ancylus Lake, formed (Figure 2-9d). When most of the glaciers had melted, 

the sea level of the Atlantic Ocean rose faster than the land in southern Scandinavia. Saline 

water from the Atlantic Ocean was introduced through a narrow passage between present 

Sweden and Denmark, giving rise to the Litorina Sea (Figure 2-9e). In the northern parts of 

the region, the uplift was still substantial and as a result the surface area of the Litorina Sea 

decreased. At present the water in the Baltic Sea is brackish, with a salinity gradient from 

 18



south to north (Figure 2-9f). For further reading on the shoreline of Sweden during the 

Weichsel glacial period and on the historic evolution of the Baltic Sea, Morén and Påsse 

(2001) and Påsse (2001) are recommended.         

     
a) Weichsel ice age   b) Baltic Ice Lake, 10.600-8300 BC c) Yoldia Sea, 8300-7500 BC 
 

   / 
d) Ancylus Lake, 7500-6000 BC    e) Litorina Sea, 5 800-500 BC       f) Baltic Sea, present time 

Figure 2-9: Historical evolution of the Baltic Sea (data from Björk, 1995; Mörner, 
1995, figures taken from Taraxacum, 2000). 

For this work the single most important groundwater chemistry parameter is the electrical 

conductivity. From here on the abbreviation EC will be used for the electrical conductivity. 

By examining groundwater chemistry data existing in SKB’s database SICADA prior to the 

site investigations, a linear relation between the EC and the chloride concentration was 

obtained (Figure 2-10). The data was taken from Swedish locations Finnsjön, Fjällveden, 

Forsmark, Gideå, Kamlunge, Karlshamn, Klipperås, Kråkemåla, Landsjärv, Laxemar, 

Svartboberget, Taavinunnanen, Äspö, and Ävrö. 
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Figure 2-10: Electrical conductivity vs. chloride concentration in Sweden.   

As can be seen in Figure 2-10 there is a deviation from the linear relation in waters with an 

EC less than 0.1 S/m. This is due to the increasing importance of other anions, such as HCO3
- 

and SO4
2- in non-saline waters that, to a large extent, originate from precipitation. Figure 2-11 

shows the chloride concentration vs. depth at a few coastal sites around the Baltic Sea 

(Laaksoharju et al., 2004b).   

 
Figure 2-11: Chloride concentration vs. depth around the Baltic Sea (taken from 

Laaksoharju et al., 2004b).  
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As all these sites have been affected by the evolution of the Baltic Sea after the Weichsel 

glacial period, one could expect them to have similar groundwater profiles. The scattering in 

Figure 2-11 is caused by local topography and hydraulic conditions. In the hydrogeochemical 

evaluations of the Forsmark site (Laaksoharju et al., 2004a) and the Simpevarp area 

(Laaksoharju et al., 2004b) it is suggested that there is a transition from fresh-meteoric waters 

to brackish-marine waters in the upper 200 m of the bedrock. It is also suggested that there 

may be a transition towards ancient brine groundwater below 800 m. This is reflected in 

Figure 2-11. As will be discussed in later sections, assessing the formation factor with 

electrical methods is not applicable at present if the groundwater is of low ionic strength. 

Therefore the in-situ method presented in this thesis may not be applicable in the upper part of 

the bedrock where a transition from fresh-meteoric to brackish-marine waters occurs.  

 

Fractures 

There are a number of different fracture types in crystalline rock and there is the potential for 

confusion concerning the terminology. Figure 2-12 shows the terminology used in this work.  

Sealed fractures

Drill-induced fractures

Closed fractures

Non-conductive fractures Conductive fractures

Open fractures

Natural fractures

Fractures parting the bore core

All fractures

 
 
Figure 2-12: Different fractures in crystalline rock. 

The terminology in Figure 2-12 is based on that used in the bore core logging performed by 

SKB (e.g., Petterson and Wängnerud, 2003). In the bore core logging, both fractures that part 

the core and old fractures that are sealed by minerals are recorded. The fractures that part the 

core are divided into mechanically induced fractures and natural fractures. Mechanically 

induced fractures have been created in the drilling process or in the core handling.  If a 

fracture is natural, the borehole has intersected an existing fracture in the bedrock that either 

could be open or closed in-situ. At present there is no way of distinguishing open from closed 

natural fractures in the core logging. In this thesis a fracture is said to be closed if it does not 

significantly increase the total porosity or formation factor of the rock volume it runs through. 
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This rock volume includes the rock a few centimetres adjacent to the fracture. In general, the 

aperture of a closed fracture is less than 10 µm. Open water-bearing fractures may be 

hydraulically conductive or non-conductive, depending on how they are connected to the 

fracture network and on the hydraulic gradient. As a rule of thumb the aperture of 

hydraulically conductive fractures is on the order of 100 µm and higher.  

In the Swedish safety assessment SR 97, it is estimated that the fracture frequency of 

hydraulically conductive fractures is 0.25 m-1 (Lindgren and Lindström, 1999). Often around 

10% of the natural fractures are hydraulically conductive (Elert et al., 1999). Therefore, one 

could expect to find a few natural fractures per metre in the core logging. The fracture density 

of hydraulically conductive and natural fractures generally declines with depth. In fracture 

zones there is an elevated fracture frequency compared to the surrounding rock (SKB SR 97, 

1999).  

   

Groundwater flow 

The groundwater flow depends on the hydraulic gradient and on the hydraulic conductivity of 

the rock. Hydraulic gradients are generally caused by either differences in elevation at the site 

or by differences in density of the groundwater. Figure 2-13 shows the generalised 

topography and regional groundwater flow of a costal site at the Baltic Sea (Laaksoharju et 

al., 2004a).   

 

Figure 2-13: Groundwater flow at a costal site (taken from Laaksoharju et al., 2004a). 

 22



The hydraulic gradient for the costal region at a typical repository depth, given in SR 97, 

ranges from 0.05% to 0.3 %. The hydraulic conductivity ranges from 10-8.8 m/s to 10-6.6 m/s 

(SKB SR 97, 1999). It is estimated that the water-residence time from the repository to the 

biosphere could be as little as one decade (Lindgren and Lindström, 1999).  

 

2.2 Transport in a porous medium 
 

2.2.1 Matrix diffusion  
Garrels et al. (1949) discussed transport of ions dissolved in groundwater from a fissure into 

the rock matrix of limestone. They suggested that the transport was diffusive in nature and in 

accordance with Fick’s diffusion theory. They also suggested that species could be 

transported over great distances through the rock matrix in a million-year perspective. 

Neretnieks (1980) suggested that diffusion in the micropore network of rock, called matrix 

diffusion, is central in assessing the retention of dissolved contaminants in fractured 

crystalline rock.  

At present, diffusion modelling according to Fick’s diffusion theory dominates the field of 

contaminant transport and for this reason Fickian diffusion is also used in this thesis. An 

interesting diffusion theory that deserves mentioning is the Maxwell-Stefan model. This 

theory has, for example, implications for the evaluation of through diffusion experiments.      

 

Fick's second law of diffusion 

Fick's second law of diffusion applies for diffusive transport in an isotropic fluid: 

 
2 2 2

2 2 2

C C C CD
t x y z

⎛ ⎞∂ ∂ ∂ ∂
= + +⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠

                   2-8 

where C is the concentration, t (s) is the time, D (m2/s) is the diffusivity of the species in the 

fluid, and x, y, and z are co-ordinates. Equation 2-8 states that whenever there is a 

concentration gradient, there will be a diffusive flow from the high concentration region to the 

low concentration region. This is based on the assumption that species move in a random 

manner on a molecular level. Thus there are probabilistic reasons to assume that concentration 
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gradients eventually should even out. The magnitude of the diffusive flux will depend on the 

concentration gradient, the properties of the diffusing species, and the properties of the fluid. 

If dissolved species are diffusing in a saturated porous medium where only the pores are 

diffusion accessible and there are no interactions between the species and the pore walls, 

Fick’s second law is modified. In Equation 2-9 this modification is made for diffusion in one 

dimension:  

2
p p

f w 2

C C
F D

t x
∂ ∂

ε =
∂ ∂

                    2-9 

where Cp (mol/m3) is the concentration in the pore water, ε (-) is the total interconnected 

porosity, and Dw (m2/s) is the diffusivity in free solution. As accumulation and diffusive 

transport only can occur in the pores, the porosity and formation factor are included in the 

left-hand term and right-hand term respectively. As discussed in previous sections, species 

diffusing in the porous system of granitic rock often interact with the pore walls, as the 

mineral surfaces, in general, are negatively charged. In Ohlsson (2000) Fick’s second law was 

modified for diffusion in a porous system where the diffusive transport occurs at different 

rates at the pore wall and in the central parts of the pores: 

p ps
p s f w s s

C CC F D D
t t x x

∂ ∂⎛ ⎞∂ ∂
ε + ε = + ε⎜ ⎟∂ ∂ ∂ ∂ ∂⎝ ⎠

sC
x

∂                                2-10 

where εp (-) is the bulk porosity where species are unaffected by pore wall interactions, εs (-) 

is the fraction occupied by the electrical double layer, Ds (m2/s) is the diffusivity in the 

electrical double layer, and Cs (mol/m3) is the concentration in the electrical double layer. If a 

linear equilibrium can be assumed between the sorbed and non-sorbed species, a sorption 

partitioning coefficient Kd’ (m3/kg) can be defined by Equation 2-11.  

' s s
d

s p

CK
C

ε
=

ρ
                                                        2-11 

where ρs (kg/m3) is the dry rock density. Equation 2-10 can then be simplified: 

2
p p

a 2

C C
D

t x
∂ ∂

=
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                                       2-12 

where Da (m2/s) is the apparent diffusivity: 
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Linear equilibria are often assumed when the sorption is due to electrostatic interactions 

between species and the pore wall. A prerequisite is that the concentration of the species is 

low compared to the total cation concentration. It should be mentioned that there are other 

sorption mechanisms that give rise to non-linear sorption.   

   

Fick's first law of diffusion 

Fick’s first law of diffusion is a special case of the second law. Here, the magnitude of the 

diffusive flux is independent of time. Such conditions can, for example, be assumed after 

some time if the concentrations of the source and sink terms are kept constant by adding or 

removing species. Equation 2-14 shows Fick’s first law of diffusion in an unconfined fluid in 

one dimension: 

D
dCN D
dx

=                                                             2-14 

where ND (mol/m2⋅s) is the diffusive flux. In a saturated porous system the diffusive flux is:  

p
D e

dC
N D

dx
=                                        2-15 

where the effective diffusivity accounts for the mobility of species in the bulk pore water as 

well as in the electrical double layer: 

'
e w f s sD D F D K= + ρ d                                        2-16 

 

Maxwell-Stefan diffusion and multicomponent system  

Fick’s diffusion theory has been shown to be valid for binary systems and for diffusion of a 

single component of low concentration. In ionic systems, charged species interact with each 

other and the validity of Fick’s laws may be challenged. An alternative theory is the Maxwell-

Stefan model. The Maxwell-Stefan equation states that the driving force of a species i in a 

mixture equals the sum of the friction forces between i and the other species j:  
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where dψi/dx (N/mol) is the potential gradient or driving force on i, ζi,j (N⋅s/mol⋅m) is the 

friction coefficient between i and j, xj (-) is the mole fraction of j, and ui (m/s) and uj are the 

velocities of the species. An interesting aspect of the Maxwell-Stefan equation is that 

additional potential gradients can be added. In Equation 2-18 an electric potential gradient has 

been added (Wesselingh and Krishna, 2000): 

  i
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≠
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− = ζ −∑ ju )                  2-18 

The following example aims to show conceptual differences when evaluating diffusive 

transport through a porous medium according to Fick’s theory for binary systems and 

according to the Maxwell-Stefan theory for multicomponent mixtures. Imagine a simple 

through diffusion experiment where two electrolyte containers are separated by a porous filter 

(Figure 3-2). Container A holds a NaCl electrolyte and container B holds an equivalent 

electrolyte composition, except for the fact that some of the Cl- has been exchanged for 

HCO3
-. The experiment is, by some means, set up in such a way that no reactions occur, 

including commonly occurring reactions in the carbonate system. Furthermore, there are no 

interactions between the solutes and the experimental equipment, including the porous filter. 

The Fickian diffusivities of the species involved are according to Lide (2004): 2.0⋅10-9 m2/s 

for Cl-; 1.2⋅10-9 m2/s for HCO3
-; and 1.3⋅10-9 m2/s for Na+ at infinite dilution. Let us assume 

that these diffusivities are valid for our experiment. When evaluating the experiment 

according to the Fickian theory, it is commonly conceptualised that the ion-pair Na+HCO3
- 

diffuses from container A to container B.  

According to the Maxwell-Stefan theory the process is somewhat more difficult to describe. 

Cl- is a smaller ion than HCO3
- and is therefore likely to initially move faster through the 

porous filter. This leads to a deficit of anions in container A and an excess of anions in 

container B. As a consequence an electrical potential gradient is established over the porous 

filter, which counteracts diffusion of anions into container B and aids diffusion of anions into 

container A. Na+ ions will be affected by the electrical potential gradient and move towards 

container B. This means that a Na+ concentration gradient is created and that Na+ ions move 

against the concentration gradient, by electromigration. The electromigratory flux will quickly 
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become balanced by a diffusive flux down the concentration gradient. Therefore the total Na+ 

flux will come to a virtual halt. The electrical potential over the porous filter now adjusts so 

that the charge carried by Cl- in one direction is balanced by an equal flux of charge carried 

by HCO3
- in the other direction. One can therefore say that the migrating ion-pair is Cl-HCO3

-. 

If comparing the (Fickian) diffusivities of the ion pairs Na+HCO3
- and Cl-HCO3

-, the 

diffusivity of the latter is 20% higher than that of the former.  

This exercise shows some important aspects. Firstly, it shows that mass transfer in 

multicomponent mixtures is very complex. Secondly, it shows that there are significant errors 

introduced when handling multicomponent systems with equations that were originally 

developed for binary mixtures. This is true especially if there are other gradients involved 

than concentration gradients. If significant errors are introduced for species diffusing in a 

well-defined solution without any reactions or any interactions with the porous medium, one 

could doubt the accuracy of migration experiments performed on the rock-groundwater 

system. It is important to keep in mind that assessing diffusion properties of rock is not an 

absolutely clear-cut science. 

 

2.2.2 Electrical conduction 
If a solution containing ions is placed in an electric field, the cations will electromigrate 

towards the cathode and the anions will electromigrate towards the anode. The current I (A) 

running through the solution is then: 

2
2

i i i
i

AF dUI C
RT dx

z= − ∑ D                                2-19 

where A (m2) is the cross section area of the solution. The one dimensional electromigratory 

flux Nµ (mol/m2⋅s) is described by:  

dU F D dUN - C - C
dx RT dx

z
µ = µ =                  2-20 

where µ (m2/V⋅s) is the ionic mobility (Atkins, 1999). The relation between the ionic mobility 

and the diffusivity shown in Equation 2-20 is called the Einstein relation. If the 

electromigratory transport takes place in a saturated porous medium: 
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e p p

F DdU dUN - C - C
dx RT dx

z
µ = µ =                  2-21 

where µe (m2/V⋅s) is the effective ionic mobility. By using the same approach, the 

electroosmotic flux Neo (mol/m2⋅s) through a saturated porous medium is: 

eo e,eo p
dUN - C
dx

= µ                   2-22 

where µeo,e (m2/V⋅s) is the effective electroosmotic mobility. An electroosmotic flux will 

occur in a saturated rock sample subjected to an electric field, as the excess of cations in the 

electrical double layer will drag water with them towards the cathode. If the electric field is 

alternating, the electroosmotic flow is insignificant. In a homogenous medium Equation 2-19 

can be integrated and rearranged: 

( )22
i p,i w,i

i

x RTU
A F C Dz
∆

∆ =
∑

I                  2-23 

Equation 2-23 could be compared to Ohm’s law: 

 x xU I I
A A
∆ ∆

∆ = Ω = ρ =
κ
1 I                  2-24 

where Ω (ohm) is the resistance, ρ (ohm.m) is the resistivity, and κ (S/m) is the EC. From the 

equations above it follows that: 

w r
f

r w

F ρ κ
= =

ρ κ
                  2-25 

where ρr and κr are the resistivity and EC of the rock respectively, and ρw and κw are the 

resistivity and EC of the pore water respectively. A prerequisite for Equation 2-25 is that the 

surface conduction and the conduction through mineral grains are insignificant compared to 

the total conduction through the rock.  
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Surface conduction 

Surface conduction occurs as excess cations in the electrical double layer propagate current. 

The negative charge of the mineral surfaces is to some extent structural and there will be an 

excess of cations in the electrical double layer whether the rock is equilibrated with deionised 

water or with a solution of high ionic strength. The lower the ionic strength of the bulk pore 

water is, the larger is the fraction of the total current that is propagated by surface conduction. 

Ohlsson (2000) measured the EC of samples that were equilibrated with deionised water for 

more than half a year. A frequency sufficiently low to avoid capacitance effects was used in 

the measurements. In publication (VI) results from similar measurements are reported.  In 

these measurements undisturbed granitic rock samples from the Oskarshamn site investigation 

area were used. The results are shown in Figure 2-14.    
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Figure 2-14: Surface conductivity vs. formation factor.  

Figure 2-14 suggests that there is a fairly linear relation between the surface conductivity κs 

(S/m) and the formation factor: 

5
s f0.11F 1.3 10−κ = + ⋅                   2-26 

However, one could question to what extent the samples were equilibrated with the deionised 

water. In addition, if deionised water is introduced into the porous system, minerals would 

dissolve, adding ions to the pore water. Therefore, the surface conductivities obtained by 
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Equation 2-26 could very well be overestimated, especially in the lower formation factor 

range. In fact κr as low as 6⋅10-7 S/m have been obtained on rock samples from the borehole 

KSH01A in the Oskarshamn site investigation area (publication VIII). It is estimated that 

surface conduction may introduce significant but not overwhelmingly large errors when 

measuring the formation factor by electrical methods. Clearly more research and a better 

understanding on the subject are needed.  

 

2.2.3 Contaminant transport modelling  
Contaminant transport in fractured crystalline rock is often modelled by the advection 

dispersion equation. In publication (IV) of this thesis, some basic transport modelling is 

performed. Here the retention of contaminants dissolved in groundwater that is flowing in a 

hydraulically conductive water-bearing fracture is modelled. The concentration Cf (mol/m3) of 

the contaminant along the flow path in the hydraulically conductive fracture is described by: 

pf f
a

z b

CC Q C(2b 2K ) - 2D
t W x ze

=

∂∂ ∂
+ = +

∂ ∂ ∂
                                                      2-27 

where b (m) is half the fracture aperture, Ka (m) is the storage capacity of a hypothetical rock 

volume adjacent to or within the fracture where one can assume instantaneous equilibrium 

through sorption, Q (m3/s) is the groundwater flow, W (m) is the fracture width, and x and z 

are the coordinates parallel and normal to the fracture plane respectively. The left hand term 

of Equation 2-27 describes the storage capacity in the fracture. The first right hand term 

describes the advective transport along the fracture and the second right hand term describes 

the withdrawal of species from the fracture due to matrix diffusion. In Equation 2-27, 

dispersive and diffusive transport along the x-axis has been neglected. The matrix diffusion 

within the porous rock is described by:   

2
p p

d p e 2

C C
K D

t z
ρ

∂ ∂
=

∂ ∂
                                       2-28 

where Kdρp (-) is the total storage capacity of the rock. In publication (IV) the contaminants 

are introduced as Dirac pulses. It is assumed that no reaction occurs, that the concentration in 

the fracture water equals that of the pore water at the fracture-rock interface, and that the 

contaminants may penetrate to a certain distance B (m) within the rock matrix. It is further 
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assumed that the system initially contains no contaminants and that no contaminants will ever 

reach infinitely far from the source. Based on Sudicky and Frind (1982) the relative release 

rate N (s-1) at the outlet of the hydraulically conductive fracture is then: 

( ) ( )( )o o o
R l

0

1N exp cos - d T
∞

= ε ε ε ε >
π ∫ 0                  2-29 

where 
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where tw (s) is the water residence time in the fracture and L (m) is the length of the fracture. 

B is called the maximum penetration depth and can be set to half of the spacing between two 

hydraulically conductive fractures, if assuming that the whole rock mass is accessible to 

matrix diffusion. A lower value could be used if assuming limited connectivity of the 

micropore network. In publication (IV) radioactive decay was superimposed on the results.    
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3 Experiments and methods 

In this chapter, experiments and methods are described in order to complement the brief 

descriptions in publications (I-V).  

 

3.1 Experiments in the laboratory 
 

3.1.1 Porosity measurements, saturation and equilibration 
 

The porosities of a great number of rock samples were measured by the wet/dry method. In 

this method samples with a well-defined geometry are dried at 110°C for a few days. Directly 

after the drying the dry weight is measured. The samples are then saturated with deionised 

water by using the vacuum saturation method. To obtain good saturation, the samples are 

placed in a desiccator above a deionised water volume (Figure 3-1).  

 

 

 

 

Figure 3-1: Laboratory set-up for the vacuum saturation method. 

The air in the desiccator is evacuated and water vapour at low pressure is allowed to diffuse 

into and saturate the porous system of the rock. While the air is still evacuated, the samples 

are then shaken down into the deionised water. After a few hours the pressure is slowly 

increased to atmospheric pressure. The samples are left in the water at atmospheric pressure 

for a few days. Thereafter the wet weight of the samples is measured by the drying curve 

method (Ohlsson, 2000) and the porosity is obtained.  

A great number of samples were saturated by an electrolyte, typically a 1.0 M NaCl solution, 

using the vacuum saturation method. The most critical part of the saturation process was 

found to be the period when the pressure is raised after the samples have been shaken down 

into the solution. It is recommended to extend this period as much as possible, preferable to a 

Samples 
 
 
Water or 
electrolyte 
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workday or a 24-hour period. After the saturation, the samples were typically left to 

equilibrate with the electrolyte at atmospheric pressure for a few weeks or months. Not 

surprisingly it was found that if the saturation is done properly, less time is required for the 

equilibration.     

  

3.1.2 Through diffusion experiments 
 
Through diffusion (TD) experiments were performed on a number of rock samples using the 

anionic tracers iodide and uranin. The experimental set up of a TD cell is shown in Figure 3-2. 

One container holds an electrolyte with a high tracer concentration and the other container 

holds an electrolyte that is initially free of tracer. The two electrolytes are separated by a rock 

sample, which is saturated by the tracer free electrolyte.  
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solution of Equation 2-9 with the appropriate initial and boundary conditions (Crank, 1975), 

the effective diffusivity and porosity were obtained from the experimental results. 

      

3.1.3 Through electromigration experiments 
As diffusion is such a slow process, the lengths of the rock samples used in TD experiments 

are generally limited to only a few centimetres. By placing an electrical potential gradient 

over the rock sample, the tracer flux is considerably increased (Maes et al., 1999). A 

prerequisite for this is that the tracer is ionic. If the tracer is anionic, the anode is placed in the 

low concentration electrolyte and cathode is placed in the high concentration electrolyte. 

When connecting the electrodes to a direct current (DC) source, water is dissociated and the 

following electrode reactions occur: 

Anode:                    3-1 2 2H O 2H ½O (g)+⇒ +

Cathode:                        3-2  2 2H O OH ½H (g)−⇒ +

The water dissociation gives rise to pH changes in the electrolytes and there are a number of 

disadvantages associated with this:  

1) Some ionic tracers, for example uranin, may become protonated or deprotonated if the 

pH changes. This will change the overall charge of the species.  

2) If a rock sample is subjected to pH changes, the minerals may become altered and this 

may affect the transport properties of the rock.     

3) The efficiency of transferring current from the electrode surfaces to the electrolytes 

decreases if pH changes are allowed in the electrolytes.  

By intermixing the anode and the cathode electrolytes, the protons and hydroxyl ions that are 

formed at the electrode surfaces neutralise each other. To avoid short-circuiting in the mixing 

streams, drop-wise mixing is required. A consequence of such mixing is that the electrolytes 

holding the tracers must be separated. To meet these demands a new experimental cell was 

developed, the through electromigration (TEM) cell. The cell is shown in Figure 3-3. 
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Figure 3-3: Schematics of the through electromigration cell. 

In Figure 3-3 the intermixing is carried out in a separate mixing vessel. The anode electrolyte 

could also be pumped directly to the cathode container and vice versa. The advantage of the 

latter approach is that a smaller pH difference between the anode and the cathode electrolyte 

is achieved. The advantage of the former approach is that the risk of flooding the electrolyte 

containers is reduced. An ampere meter measures the current through the cell. Furthermore, a 

voltmeter that is connected to separate potential electrodes measures the potential drop over 

the rock sample. In the experiments described here, titanium plates were used for the current 

electrodes and titanium nets for the potential electrodes. The TEM cell also requires filters of 

low porosity and low permeability between the tracer electrolyte and the anode and cathode 

electrolyte compartments. In the performed experiments, granitic rock samples were used, as 

they met these requirements and were available in the laboratory (publication III). For further 

developments of the TEM cell, the investigation of other filters, without sorbing or reactive 

surfaces, is suggested. This is especially important if using sorbing tracers. In this case the 

whole experimental set up must be modified in order to minimise the interaction between the 

tracer and the equipment (publication II). If the filters have approximately the same formation 

factor and thickness as the rock sample, the overall electromigratory tracer flux into the low 

concentration electrolyte is: 

( )e H L
dUN C C
dxµ = µ −                   3-3 
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where CH and CL are the tracer concentrations in the high and low concentration electrolytes 

respectively. As CH >> CL, the tracer flux out of the low concentration electrolyte can be 

neglected. In Equation 3-3 diffusion and electroosmosis are neglected.   

To investigate the effect of the electroosmotic flux, the uncharged tracer quinoxaline was used 

in the TEM cell. Spectrometry was used when analysing the quinoxaline concentrations.  

Figure 3-4 shows the structure of quinoxaline. 

   
Figure 3-4: Structure of quinoxaline.  

It was found that the electroosmotic tracer flux was much smaller than the electromigratory 

tracer flux and therefore, the electroosmotic flux could be neglected (publication III). 

 

3.1.4 Electrical conductivity experiments 
 

Direct current 

In a TEM experiment most current is carried by the background ions, for example Na+ and 

Cl-. These ions pass through the same porous system as the tracers. Therefore, the background 

ions can be used instead of tracers for obtaining the formation factor. After having 

equilibrated the pore water of the rock sample with an electrolyte of known EC, the rock 

resistivity is measured using DC. The formation factor is then obtained by using Equation 

2-25. The experimental set-up shown in Figure 3-3 can be used in these measurements. 

However, no separate tracer electrolyte compartments are needed.    

 

Alternating current 

Instead of mixing the electrolytes, one can use alternating current (AC). If the current changes 

direction a number of times per seconds, the volume of the electrolytes can be reduced 

considerably. The frequencies used in the laboratory were 94 Hz or 375 Hz, which are both 

low enough not to cause significant capacitance effects (publication VI). If the EC of the pore 

 37



water is known, the formation factor is obtained by measuring the rock resistivity. In the 

measurements performed, two thin sponges soaked in electrolyte were placed between the 

electrodes and the rock sample (Figure 3-5). 
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It is known that surface conduction enhances the capability of the porous system to propagate 

a current, especially if the ionic strength of the pore water is low. To avoid this problem a 

pore water of high ionic strength is used in the laboratory. Furthermore, samples containing 

significant quantities of electrically conductive minerals are avoided. To investigate if there 

are any unknown artefacts that would enable a larger current to be propagated through rock 

than what would be expected from tracer tests, a comparison was made between the 

laboratory methods (publication III).   

 

3.1.6 Electrical conductivity of in-situ groundwater  
In an attempt to obtain the EC of the original pore water at depth, three bore core pieces from 

the borehole KSH02 in Simpevarp, Sweden were used. The core pieces were taken at the 

borehole lengths 785.52 m, 879.15 m, and 997.26 m. The lengths of the core pieces were 139 

mm, 136 mm and 194 mm respectively.  

Directly after the core drilling, the bore core pieces were packed into thick plastic bags to 

prevent the pore water from evaporating. The pieces were brought to the laboratory where 

they where unpacked and soaked for 30 minutes at atmospheric pressure in a 0.25 M NaCl 

electrolyte. The aim of this soaking was only to saturate the outer millimetre of the rock 

samples, where the pores may have dried out, to ensure good connection. The rock resistivity 

of the pieces was measured using AC with a frequency of 94 Hz.  

After the measurements, the core pieces were equilibrated with a 1.0 M NaCl electrolyte for a 

few months after which their rock resistivities were measured again. From the EC of the 1.0 

M NaCl electrolyte and the two rock resistivities for each piece, the EC of the original pore 

water could be estimated. In doing this surface conduction was neglected.  

 

3.1.7 Surface conductivity 
In order to estimate the error arising from surface conduction when obtaining formation 

factors by electrical methods, the surface conductivity was measured. This was done by 

saturating and equilibrating the rock samples with deionised water and by measuring the 

resistivity of the samples using AC. By assuming that all current was propagated in the 

electrical double layer the surface conductivity could be estimated.  
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3.2 Methods in-situ 
When evaluating the results from in-situ measurements at depth, it should be kept in mind that 

the measurements are not performed in undisturbed rock or under undisturbed conditions. The 

presence of the borehole will always influence the results to some degree.  

  

3.2.1 Bore core logging  
In the bore core logging, the bore core obtained when drilling a borehole is investigated. A 

number of parameters are logged including rock types, crush zones, natural fractures, sealed 

fractures, and core loss. The location, or borehole length, of each feature is carefully noted. 

By comparing the bore core log with geophysical in-situ logs, the borehole length of the bore 

core log is adjusted so that the features fit those in the borehole. (Peterson and Wängnerud, 

2003).   

 

3.2.2 Flow logging 
By packing off a section of the borehole, the groundwater flow in or out of specific fractures 

can be measured. Figure 3-6 shows the Posiva difference flow meter.  

 

 
 
Figure 3-6: Schematics of the Posiva difference flow meter (taken from Rouhiainen and 

Pöllänen, 2003). 

The tool can be winched up or down the borehole to specific fractures. The minimum packer 

distance used is 0.5 m. If there is no pumping in the borehole, one can determine whether 

there is a flow into or out of the borehole in the packed off section. If one uses a drawdown, 
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more hydraulically conductive water-bearing fractures can be detected. The quantitative 

measuring range of the flow sensor is 0.1 – 5000 ml/min. In detailed flow loggings, the tool is 

typically moved down the borehole in 0.1 m steps (Rouhiainen and Pöllänen, 2003). 

  

3.2.3 Rock resistivity logging 
 

By winching a rock resistivity tool down the borehole, a rock resistivity log could be 

obtained. Modern rock resistivity tools use a focused technique. Figure 3-7 shows a focused 

tool, the Schlumberger Dual-Laterolog.  

 
 
Figure 3-7: The Schlumberger Dual-Laterolog (taken from Desbrandes, 1985).  

This tool has two modes that can be alternated, the long mode and the short mode. In both 

modes AC is sent out from the current electrode A0. To make sure that no current from A0 is 

transported along the borehole axis, the potential gradient on each side of A0 is measured by 

the potential electrode pairs M1-M2 and M1’-M2’. If there is a potential gradient along the 

borehole, the current sent out from the guard electrodes A1 and A1’ is increased or decreased 

until the potential gradient is zeroed out. The consequence is that a focused current beam is 

sent out from A0 normal to the borehole axis and in a disc shape. In the long mode, the guard 

electrodes A2, A2’, A1, and A1’ all work together to maintain the disc shape of the current 
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beam many metres into the bedrock. In the short mode, the current beam is attracted by A2 

and A2’ and therefore it penetrates a shorter distance into the bedrock (Figure 3-7). 

In undisturbed bedrock the two methods should give about the same result. However, as the 

borehole disturbs the rock, the results may deviate somewhat. The chemical composition of 

the borehole fluid often deviates from that of the groundwater at a corresponding depth. For 

example non-saline water from the surface may penetrate deep into the borehole. Therefore 

the pore water of the rock adjacent to the borehole may have changed in composition. The 

more time that has passed between the drilling of the borehole and the measurements, the 

more the measured rock resistivity will deviate from the undisturbed rock resistivity.  

Normally the rock adjacent to the borehole becomes damaged in the drilling, which results in 

an increased porosity (Autio et al., 1999) and a decreased rock resistivity. The rock adjacent 

to the borehole may also become destressed (Birgersson and Neretnieks, 1990) which would 

further increase the porosity and decrease the rock resistivity. Recently Vilks et al. (2003) 

suggested that the formation factor might be decreased adjacent to the borehole due to rock 

stress. This suggestion goes somewhat against the common perception of the borehole 

disturbed zone, but may very well be valid at some locations. The disturbances mentioned 

above would influence the results obtained by the short mode more than those obtained by the 

long mode.  

The tool shown in Figure 3-7 has not been used in the field measurement campaigns described 

in this thesis. In the boreholes KLX02 in Laxemar, and KFM01A and KFM02A in Forsmark, 

the Antares Dual-Laterolog was used. The tool is described in publication (VI). In the 

boreholes KSH01A and KSH02 in Simpevarp, the Century 9072 tool was used (Nielsen and 

Ringgaard, 2003). The designs of these tools slightly differ from that shown in Figure 3-7, but 

they are built on the same principles. When logging the rock resistivity, the tool is typically 

winched up or down the borehole in 0.05 m or 0.1 m steps. The vertical resolution of the tools 

is one to a few decimetres and the upper quantitative measuring limit is typically 100 000 

ohm.m. The theory behind and design of a number of different in-situ rock resistivity tools are 

described in publications (VII). 
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Rock matrix and fractured rock resistivity 

In-situ rock resistivity measurements are considerably disturbed by free water in open 

fractures. The current sent out in front of an open fracture will be propagated both in the 

porous system of the rock matrix and in the open fracture. As the formation factor of the rock 

is so low, current may be preferentially propagated in fractures with apertures on the order of 

10-5 m or more.   

In this work the rock resistivity is used to obtain formation factors of the rock surrounding the 

borehole. The obtained formation factors may later be used in models for radionuclide 

transport in fractured crystalline rock. Different conceptual approaches may be used in the 

models. For this reason two types of rock resistivities are given in this thesis. The first is the 

rock matrix resistivity, which is the resistivity of the intact non-fractured rock matrix. To 

avoid that the obtained rock matrix resistivities are affected by free water in open fractures, all 

rock resistivity data obtained within 0.5 m of a natural fracture are sorted out. The second 

rock resistivity is the fractured rock resistivity. Here, open fractures that are hydraulically 

non-conductive are included in the porosity of the bedrock. When obtaining the fractured rock 

resistivity log, all data obtained within 0.5 m of a hydraulically conductive fracture are sorted 

out.   

 

3.2.4 Groundwater electrical conductivity logging 
 

Difference flow meter EC 

The Posiva difference flow meter shown in Figure 3-6 is equipped with an in-situ EC meter. 

When pumping at the surface, groundwater from specific fractures will flow through the tool 

and the groundwater EC is measured. Prior to a measurement the tool is filled with 

groundwater from earlier measurements or with borehole fluid. Therefore, it is halted in front 

of a specific fracture for the time it takes to fill up the tool volume three times. It is then 

assumed that the previous water has been flushed out and that the measured EC is 

representative for the fracture specific groundwater. The EC is measured during the flushing 

period and by interpreting these data, one can judge whether the measurement was successful 

or not. Such interpretations are described in publications (VII) and (VIII). Reasons for 

unsuccessful measurements can be leaking packers or gas formation in the borehole.  
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Before performing fracture specific EC measurements with the Posiva difference flow meter, 

groundwater is pumped out of the borehole for one or more weeks. This is done to minimise 

the influence of the borehole fluid on the results (publication VI).  

 

Hydrogeochemical program 

In the hydrogeochemical program, 5 m to 20 m sections of a borehole are packed off over a 

period of weeks or months. Groundwater coming out of fractures in these sections is pumped 

to the surface where its chemical composition is analysed. Among the parameters measured, 

the EC is included (Wacker et al., 2003).  

 

3.2.5 In-situ formation factor logging 
 

Based on the rock resistivity and groundwater EC logs, in-situ formation factor logs can be 

obtained by using Equation 2-25. The rock matrix resistivity is used to obtain the rock matrix 

formation factor and the fractured rock resistivity is used to obtain the fractured rock 

formation factor.  

 

Rock matrix and fracture rock formation factor 

In a common conceptual approach used in radionuclide transport modelling, the rock-

groundwater system is divided into two main units. The solid and non-fractured rock 

constitutes one main unit and open fractures, irrespective of their groundwater flow, constitute 

the other main unit. Radionuclide transport towards the biosphere will occur in open 

hydraulically conductive fractures, as the radionuclides are carried by the groundwater. 

Radionuclide retardation will occur due to diffusion into and interactions with the rock 

matrix. When modelling according to this conceptual approach, the rock matrix formation 

factor is needed.  

In an alternative conceptual approach used when modelling radionuclide transport, the rock-

groundwater system is divided into two main units based on main transport mechanisms. 

Open hydraulically conductive fractures, where advective flow is the main transport 

mechanism, constitute one main unit and the porous system of the bedrock, where diffusion is 
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the main transport mechanism, constitutes the other main unit. Here the porous system of the 

bedrock includes both open non-conductive fractures, closed fractures, partly sealed fractures, 

and the micropore network.  

A problem with this approach is to determine to what main unit open fractures having a very 

low groundwater flow should be assigned. At what water velocity is the advective transport 

dominant and at what velocity is the diffusive transport dominant? A practical solution to this 

problem is to base this assignment on the detection limit of the in-situ tool measuring the 

groundwater flow of specific fractures. If a groundwater flow can be detected, the fracture is 

hydraulically conductive and advective transport is dominant. If no groundwater flow can be 

detected the fracture is defined as hydraulically non-conductive and diffusive transport is 

assumed to dominate.  

The actual flow in fractures where diffusion is the dominating transport process is most likely 

lower than that which can be measured with current in-situ methods. However, in a 

performance assessment one can argue that one should only account for the flow-wetted 

surface of detected hydraulically conductive fractures. It could be considered as non-

conservative to include the flow-wetted surface of open fractures that have not been proved to 

be hydraulically conductive. If fractures where no groundwater flow has been measured are 

considered as non-conductive, retardation due to diffusion into these fractures can be 

accounted for. In modelling according to this conceptual approach the fractured rock 

formation factor is needed.  

 

3.2.6 Errors due to surface conduction 
It is well known that errors due to surface conduction are introduced when measuring the rock 

resistivity (e.g., Keller and Frischknecht, 1966). As discussed previously, a part of the total 

current propagated through the rock is conducted in the electrical double layer. The fraction of 

the total current that is conducted in the electrical double layer increases with decreasing EC 

of the pore water, and possibly also with decreasing formation factor. Based on the linear 

fitting to the data in Figure 2-14, the fraction of the total current that is transported in the 

electrical double layer is shown for different formation factors and pore water ECs in 

Figure 3-8.  
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Figure 3-8: Possible influence of the surface conductivity. 

Based on the reasoning in section 2.2.2, the curves shown in Figure 3-8 may very well 

overestimate the influence of the surface conduction. It has been judged that formation factor 

measurements by electrical methods give acceptable errors if the EC of the pore water is 0.5 

S/m or higher. Based on experience gained in this work, the arithmetic mean value of the rock 

matrix formation factors obtained in a borehole is around 4⋅10-5 (see Table 4-4). If this is the 

case, and if the EC of the pore water is 0.5 S/m or higher, less than half of the total conduction 

through the rock occurs by surface conduction. Therefore the arithmetic mean value should 

not be overestimated by more than a factor of about 2. The influence of surface conduction on 

the arithmetic mean value is likely to be higher for the rock matrix formation factor than for 

the fractured rock formation factor.  

 

3.3 Boreholes and samples 
Before presenting the result, some information concerning the investigated boreholes and 

samples is given. At present two locations in Sweden, Forsmark and Oskarshamn, are 

undergoing site investigations for the siting of a repository for spent nuclear fuel. The 

Oskarshamn site investigation area is divided into subareas including Laxemar and 

Simpevarp. In this work the formation factor of the rock surrounding five boreholes of 
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relevance for the site investigations have been investigated: KFM01A, KFM02A, KLX02, 

KSH01A, and KSH02.  

The two, 1000 m deep boreholes, KFM01A and KFM02A are located within the Forsmark 

site investigation area. In the bore core logs, about 75-80% of the rock surrounding these 

boreholes is categorised as medium-grained metamorphic granite to granodiorite. About 10-

15 % of the rock is categorised as fine- to medium-grained metamorphic granite, granodiorite 

and tonalite (Persson and Wängnerud, 2003; SICADA, 2004). A geological interpretation of 

KFM01A and KFM02A can be found in Carlsten et al. (2004a) and Carlsten et al. (2004b). 

Core samples were, in general, taken every twenty metres along the boreholes for formation 

factor measurements in the laboratory. 39 samples were taken from KFM01A and 40 samples 

from KFM02A. The sample length and diameter were, in general, 30 mm and 50 mm 

respectively.   

The 1700 m deep borehole KLX02 is located within the Laxemar subarea. In this borehole 

only the sections between 349 m - 400 m and 720 m - 800 m were investigated. The geology 

of the Laxemar area is generally complex, as dykes of mafic igneous rock to a large extent 

have intruded the granite. A majority of the samples from KLX02 were taken from the 

borehole section 349 m - 400 m. This section was chosen as it is sparsely intruded. In the bore 

core log, about 80% of the rock surrounding the investigated parts of the borehole was 

categorised as granite and about 20% was categorised as unspecified mafic igneous rock 

(SICADA, 2004). 100 samples were taken from the borehole sections 349 m - 400 m and 

720 m - 800 m. Out of these 100 samples, 79 were fairly evenly distributed over the section 

lengths. 21 of the samples were taken from only 40 cm of the bore core, where a dyke was 

investigated. This results in an overrepresentation of the dense dyke rock, categorised as 

mafic volcanite. 24 of the samples had sample lengths ranging from 35 mm to 65 mm. 76 of 

the samples had sample lengths ranging from 12 mm to 20 mm. The sample diameter was 47 

mm. The formation factor was measured on all samples, although the porosity was only 

measured on the 76 shorter samples. The surface conductivity was measured on 61 of the 

shorter samples.  

The 1000 m deep boreholes KSH01A and KSH02 are located within the Simpevarp subarea. 

The geology of the Simpevarp peninsula is described in Curtis et al. (2003) and Bergman et 

al. (2000). The rock types in this area are members of the so-called Småland-Värmland 

intrusion, which is dominated by granites and related metavolcanites. The Småland granite 
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has intruded the metavolcanite to such an extent that the metavolcanite has re-crystallised and 

developed a more granitic structure. Thus, for the most part the area specific metavolcanite is 

best described as a complex mixture of granite and metavolcanite. Red-greyish red, fine-

grained granite occurs throughout the peninsula, commonly as irregular dykes and veins in the 

older rock mass. Due to the complex mixture of rock types, the site has to be considered as 

lithologically inhomogeneous. In the core logging about 35% of the rock surrounding 

KSH01A was categorised as dioritoid, about 25% as generally porphyritic granite to quartz 

monzodiorite, about 20% as equigranular to weakly porphyritic quartz monzonite to 

monzodiorite, and about 15% as fine grained mafic rock. The rock surrounding KSH02 has a 

similarly complex geology with the exception that there is a larger fraction of dioritoide 

(SICADA, 2004). A geological interpretation of KSH01A and KSH02 can be found in 

Mattsson et al. (2004a) and Mattsson et al. (2004b). Core samples were, in general, taken 

every twenty metres along the boreholes for formation factor measurements in the laboratory. 

45 samples were taken from KSH01A and 38 samples from KSH02. The sample length and 

diameter were generally 30 mm and 50 mm respectively.     
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4 Results 

 

4.1 Laboratory results 
 

4.1.1 Porosity 
In publication (VI), results from porosity measurements on 76 rock samples from the borehole 

KLX02 in Laxemar, Sweden are presented. The samples include 56 granite samples, 7 mafic 

volcanite samples from a dyke and 13 metamorphised granitic samples taken adjacent to the 

dyke. The obtained porosities ranged from 0.08% to 1.05%, where the upper value was 

obtained on a sample with a crack running through it. The porosities of the fracture free 

granite samples ranged from 0.16 % to 0.48%. Figure 4-1 shows the porosity distribution 

obtained from all samples. 
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Figure 4-1: Distribution of porosities from KLX02. 

By using the normal-score method, as described in Johnson (1994), it was found that the set 

of porosities was fairly normally distributed with the median value of 0.28 % and standard 

deviation of 0.11%. As discussed in section 3.3 the dense mafic volcanite is over represented, 

which manifests in a peak below 0.2%. The porosities obtained correspond well with 

frequently reported porosities for granitic rock (e.g., Skagius, 1986).   
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4.1.2 Formation factor 
The formation factors of a great number of rock samples from five different boreholes were 

obtained. A great majority of the laboratory formation factors were obtained by the electrical 

conductivity method using AC. 79 formation factors obtained on samples from the boreholes 

KFM01A and KFM02A in Forsmark are presented in publication (IX). Formation factors 

from 100 samples taken from the borehole KLX02 in Laxemar are presented in publications 

(I) and (VI). Formation factors obtained on 83 samples from the boreholes KSH01A and 

KSH02 in Simpevarp are presented in publications (V) and (VIII). Geovista AB performed 

the laboratory measurements on the samples from Forsmark.  

 

Forsmark  

Figures 4-2 and 4-3 show the distributions of the formation factors obtained in the laboratory 

on samples from KFM01A and KFM02A in Forsmark. 
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Figure 4-2: Distribution of laboratory formation factors from KFM01A. 
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Figure 4-3: Distribution of laboratory formation factors from KFM02A. 

The set of formation factors are distributed according to the log-normal distribution and range 

over at least one order of magnitude. The obtained formation factors correspond well with 

formation factors frequently reported for granitic rock (Ohlsson, 2000; Skagius, 1986; 

Johansson et al., 1997). However, it is not commonly reported that the formation factor is 

distributed according to the log-normal distribution. As tracer methods are so expensive and 

time consuming, formation factors are, in general, obtained on a few samples only and the 

results are not treated statistically. 

  

Laxemar 

Figure 4-4 shows the laboratory formation factor distribution of the samples from KLX02 in 

Laxemar. 
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Figure 4-4: Distribution of laboratory formation factors from KLX02. 

As in Forsmark, the formation factor appears to be distributed according to the log-normal 

distribution. The exception is the minor peak in the lower formation range that reminds of the 

peak in the lower porosity range in Figure 4-1. As for the porosity distribution, the peak 

originates in the over represented dense dyke rock. Based on these results one may suggest 

that if the geology is “simple”, for example if the rock has crystallised in the middle of a 

pluton, the formation factor may be fairly well distributed according to the log-normal 

distribution. However, if other rock types have intruded the greater rock mass, the formation 

factor distribution may be a superposition of rock type specific distributions and therefore 

deviate from the log-normal distribution.   

 

Simpevarp 

Figures 4-5 and 4-6 show the laboratory formation factor distributions from KSH01A and 

KSH02 in Simpevarp.  
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Figure 4-5: Distribution of laboratory formation factors from KSH01A. 
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Figure 4-6: Distribution of laboratory formation factors from KSH02. 

As can be seen, these sets of formation factors are not as well described by the log-normal 

distribution. It could be that too few samples were used to represent such a geologically 

complex site. It could also be that the distribution is a superposition of rock type specific 

distributions and therefore deviate from the log-normal distribution.  

The mean (or median) values and standard deviations of the base 10 logarithm of the 

formation factors from different boreholes are shown in Table 4-1.  
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Table 4-1: Formation factors obtained in the laboratory 
Borehole Number of  

samples 
Mean value  
Log10 Ff 

Standard deviation  
Log10 Ff 

KFM01A 39 -3.52 0.35 
KFM02A 40 -3.62 0.27 
KLX02 100 -3.97 0.37 
KSH01A 45 -4.44 0.81 
KSH02 38 -4.62 0.96 
 

In Table 4-1 one can see that the formation factor distributions from different sites differ quite 

a lot. The formation factors obtained in Forsmark range over about one order of magnitude 

while the formation factors obtained in Oskarshamn range over four orders of magnitude.  

 

4.1.3 Archie’s law 
 

For sedimentary rock there is an empirical relation between the porosity and the formation 

factor commonly referred to as Archie’s law or, more correctly, Archie’s relation: 

m
fF a= ⋅ε  

where a (-) and m (-) are fitting parameters. It has been suggested that the empirical relation 

could also be used in granitic rock (e.g., Ohlsson, 2000). Pharkomenko (1967) suggested that 

the fitting parameters a and m should be 0.71 and 1.58 respectively for dense igneous rock. 

Fitting parameters for other rock types can be found in e.g., Harvey, 1996. In Figure 4-7 the 

formation factor is plotted versus the porosity of the samples from KLX02. As a reference, 

Archie's law with the Pharkomenko parameters is plotted.     
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Figure 4-7: Formation factor vs. porosity for samples from KLX02. 

For undisturbed granite the result are scattered to such an extent that the use of Archie's law 

makes little sense. The results from the mafic volcanite intrusions agree better with Archie’s 

law if using the Pharkomenko parameters. The term “Adjacent rock” in Figure 4-7 means 

metamorphised granitic rock adjacent to the intrusion.  

 

4.1.4 Pore connectivity 
As discussed in publications (III) and (IV), the connectivity of the micropore network is an 

important parameter for contaminant transport in fractured crystalline rock. It has been 

debated whether the pores are connected on a limited scale, say a few centimetres, or on a 

larger scale, say a few metres. It is frequently reported that AC can be propagated through 

rock samples on a decimetre or metre scale in the laboratory (e.g., Bradbury and Green, 1986; 

Ohlsson, 2000) and in-situ (e.g., Dakhnov, 1959; Keller and Frischknecht, 1966; Ildefonse 

and Pezard, 2001). However, as no ions are transported through the rock when using AC, this 

line of evidence has been questioned.  

Ohlsson (2000) investigated if there are any artefacts that would enable AC to be propagated 

through rock to a larger extent than ions could. The experiments were performed on granitic 

rock samples with the sample lengths of about 1 cm. It was reported that the AC method gave 

formation factors about two times larger than the TD method gave. The ionic strength of the 

pore water was high enough to avoid significant errors due to surface conduction in the AC 
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measurements. The tracer used in the TD experiments was uranin. A factor of about two is not 

a disturbingly large error as such, if it does not increase with sample length.  

In a maybe far-fetched but not unconceivable worst-case hypothesis, it was said that small 

amounts of electrically conducting minerals, such as pyrite, could have precipitated in the 

porous system and blocked some of the pores. Such blocking could more effectively limit a 

tracer flux through the rock than the propagation of an alternating current. As more dead end 

pores would be created, the limiting effect could very well increase with sample length. Due 

to this hypothesis, it was decided that the work by Ohlsson (2000) was not conclusive in the 

issues concerning the pore connectivity on a larger scale.  

If electrically conductive minerals block a significant fraction of the pores, this would limit a 

direct current running through the rock sample, unless a chain of electrochemical reactions 

occurs. In DC experiments on samples with lengths up to 59 mm, no signs of such pore 

blocking could be observed (publication VI).   

In order to indisputably show that tracers could diffuse through larger rock samples, it was 

decided that tracer experiments on decimetre long samples should be performed. To enable 

such experiments the TEM method was developed. In publication (III) a comparison of the 

TD, TEM, AC and DC methods on short and long samples is presented. Table 4-2 shows the 

formation factors obtained in the investigation. As can be seen, similar formation factors were 

obtained for all methods.  

Table 4-2: Obtained formation factors  
Borehole length (m) 372.84 378.13 746.65 755.49 358.87 739.90 765.53 746.59 358.94
Sample length (mm) 15 15 15 15 16 46 98 106 121 

Rock type G G G MV G G G G G 
TEM Ff⋅104 2.223 1.61,2 0.911,2 0.036 0.76 4.12 0.97 1.6 0.87 
TD Ff⋅104 - 2.4 1.2 - 0.53 - - - - 
AC Ff⋅104 3.81 2.9 2.7 0.14 2.2 5.1 1.3 2.5 2.1 
DC Ff⋅104 - 3.2 2.4 0.16 2.0 5.5 1.6 2.2 2.1 

AC/DC - 0.89 1.1 0.89 1.1 0.93 0.86 1.1 1.0 
TEM/TD - 0.68 0.74 - 1.4 - - - - 
AC/TD - 1.2 2.2 - 2.6 - - - - 

AC/TEM 1.7 1.8 3.0 4.0 2.9 1.2 1.4 1.6 2.5 
1Corrected for electroosmosis, 20.5 M NaHCO3 used as background instead of 1.0 M NaCl, 30.1 M KCl used as 
background instead of 1.0 M NaCl, G=granite, MV=mafic volcanite 

In accordance with the results in Ohlsson (2000), the current based methods (AC and DC) 

gave formation factors about a factor two higher than those given by the tracer based methods 
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(TEM and TD). There seems to be no relation between this factor and the sample length. 

There is a possible trend that the factor increases with decreasing formation factor. One could 

speculate that the difference in the results may be due to ion exclusion effects. In the current 

based experiments, the current is carried by both anions and cations. This transport would be 

less hindered by anion exclusion and more favoured by surface conduction than the transport 

of anionic tracers in the tracer based experiments.  

The important result from this investigation is that the tracer based and the current based 

methods give about the same results, irrespective of the sample length. No artefact was found 

that would prevent ions to migrate where an alternating current can be propagated. As AC can 

be propagated through rock on a metre scale both in the laboratory and in-situ, the 

connectivity of the micropore network must be on a metre scale both in the laboratory and in-

situ.  

 

4.1.5 Electrical conductivity of in-situ groundwater  
The attempt to obtain the EC of the pore water of rock at depth proved to be part failure and 

part success. Out of the three pieces taken from the bore core of KSH02, two had not been 

handled correctly as too much of the pore water had been allowed to evaporate before they 

were put into the plastic bags. This gave rise to a poor connection through the rock when the 

resistance was measured in the laboratory.  No conclusions could be drawn from these 

samples.  

The sample taken at the borehole length 879 m was handled more correctly and a resistance of 

95000 ohm was obtained in the laboratory. After the measurements the sample was 

equilibrated with a 1.0 M NaCl solution, having an EC of 7.5 S/m. In the second 

measurement, the rock resistance was measured to 16000 ohm. This gave a formation factor 

of 6.3⋅10-4 and an EC of the initial pore water of 1.3 S/m. This is somewhat lower than the 

value of about 4 S/m obtained in-situ on groundwater at a corresponding depth but still in the 

same range. An explanation to the discrepancy may be that too much of the pore water in 

some parts of the rock had evaporated in the drilling process or when handling the core piece. 

Another explanation may be that flushing water of low ionic strength had saturated part of the 

rock. The rock becomes de-stressed in the drilling process and an additional porosity is 

created (Möri et al., 2003). This porosity may be filled with flushing water present in the 

borehole during the drilling. A third explanation may be that the in-situ measurements were 
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slightly off or that the pore water of the rock sample was not fully equilibrated with the 

groundwater at the corresponding depth. The error introduced in the experiment due to 

surface conduction is estimated to be small. This experiment should be seen as a first 

promising attempt and a proper methodology still needs to be developed.  

  

4.2 In-situ results  
 

4.2.1 Rock resistivity 
As mentioned in previous sections, rock resistivity measurements are greatly disturbed by 

open water-filled fractures. Figure 4-8 shows the rock matrix and fractured rock resistivity 

logs obtained between 250 m and 300 m in KFM01A in Forsmark.  
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Figure 4-8: Rock resistivity logs from KFM01A in Forsmark.  

On the x-axis, the locations of hydraulically conductive fractures are marked with triangles. 

Furthermore, the locations of natural fractures detected in the core logging are marked with 

diamonds. As can be seen the resistivity is higher in sparsely fractured sections, such as 

between 255 m and 260 m, than in densely fractured sections. Only a few of the many open 

fractures have been recorded as hydraulically conductive in the in-situ difference flow 
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logging. The rock resistivity logs from the entire boreholes KSH01A, KSH02, KFM01A, and 

KFM02A can be found in publications (VIII) and (IX). A similar rock resistivity log can be 

found in publication (I) for a section of KLX02. However, in this borehole the fractured rock 

resistivity was not used.  

 

4.2.2 Groundwater electrical conductivity 
Figures 4-9 and 4-10 show the EC of groundwater withdrawn in-situ from specific fractures in 

Oskarshamn and in Forsmark.  
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Figure 4-9: Groundwater EC profiles in the Oskarshamn site investigation area. 
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Figure 4-10: Groundwater EC profiles in the Forsmark site investigation area. 

As can be seen, only a few EC measurements were performed per borehole. The main reasons 

are that the water flow at depth is low and that these measurements are quite time consuming. 

As so many parameters should be characterised per borehole, in the site investigation 

program, the borehole is only available for a limited amount of time for each activity. Due to 

the lack of data it is necessary to make inter- and extrapolations to obtain a groundwater EC 

profile in a borehole. In Forsmark it was necessary to use groundwater ECs from other 

boreholes when making the extrapolations. As the boreholes have different dips, this was 

corrected for and the borehole depth relative to the surface was used.  

Fortunately the scattering in the measured ECs is not that great and the profiles are somewhat 

predictable, as discussed in section 2.4.1. The rock and groundwater around the borehole 

KLX02 may have been greatly disturbed when the measurements were performed, as many 

years had passed since the borehole was drilled.   

The rock surrounding the boreholes KSH01A, KSH02, and KLX02 is so fractured that it is 

reasonable to assume that the groundwater is equilibrated with the pore water under 

undisturbed conditions. The same goes for some parts, especially in the upper few hundred 

metres, of KFM01A and KFM02A. In some borehole sections there are no hydraulically 

conductive fractures. In fact, in some sections, for example 960 m – 1000 m in KFM01A, 

there are no fractures at all. It is quite speculative to assume that the pore water of the rock 

matrix is equilibrated with flowing groundwater, if the nearest hydraulically conductive 
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fracture is 20 m away. On the other hand, rock far away from hydraulically conductive 

fractures is of no interest for radionuclide retention or for the safety assessment. Therefore, in 

future work one may consider not using formation factors obtained far away from 

hydraulically conductive fractures.    

 

4.2.3 Rock matrix and fracture rock formation factor 
 

Forsmark  

Figures 4-11 and 4-12 show the distributions of the rock matrix formation factors obtained in-

situ in KFM01A and KFM02A in Forsmark.  
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Figure 4-11: Distribution of rock matrix formation factors from KFM01A. 
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Figure 4-12: Distribution of rock matrix formation factors from KFM02A. 

The set of formation factors are distributed according to the log-normal distribution for both 

KFM01A and KFM02A. Note that the scales of the x-axes differ in the figures. The high 

formation factors in KFM02A are due to the very porous rock type between 240 m and 310 m 

characterised as Vuggy metagranite (Carlsten et al., 2004b). The great majority of the rock 

matrix formation factors range over one order of magnitude. The numbers of data points 

obtained in the in-situ measurements are shown in Table 3-4 for the boreholes in Forsmark 

and Simpevarp. Furthermore, the mean (or median) values and standard deviations of the 

obtained distributions are shown.     

Table 4-3: Formation factors obtained in-situ 
Rock matrix formation factors obtained in-situ 
Borehole Number of  

data points 
Mean value  
Log10 Ff 

Standard deviation  
Log10 Ff 

KFM01A 10840 -4.89 0.16 
KFM02A 7490 -4.58 0.20 
KSH01A 1290 -4.61 0.45 
KSH02 576 -5.24 1.04 
Fractured rock formation factors obtained in-situ 
Borehole Number of  

data points 
Mean value  
Log10 Ff 

Standard deviation  
Log10 Ff 

KFM01A 17046 -4.80 0.24 
KFM02A 15726 -4.37 0.37 
KSH01A 8271 -4.33 0.53 
KSH02 7602 -4.31 0.51 
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Figures 4-13 and 4-14 show the distributions of the fractured rock formation factors obtained 

in-situ in KFM01A and KFM02A in Forsmark. 
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Figure 4-13: Distribution of fractured rock formation factors from KFM01A. 
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Figure 4-14: Distribution of fractured rock formation factors from KFM02A. 

In Figures 4-13 and 4-14 the effect of open fractures on the formation factor is clearly visible 

in the high formation factor range, where the set of formation factors deviate from the log-

normal distribution. KFM02A is more densely fractured than KFM01A and therefore this 

effect is even more significant.  
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Simpevarp 

Figures 4-15 and 4-16 show the distributions of the rock matrix formation factors obtained in-

situ in KSH01A and KSH02 in Simpevarp. 
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Figure 4-14: Distribution of rock matrix formation factors from KSH01A. 
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Figure 4-15: Distribution of rock matrix formation factors from KSH02. 

These set of data deviate clearly from the log-normal distribution in the lower formation 

factor range. In publication (VIII) this deviation is explained by the fact that the rock 

resistivity tool in-situ has a limited measuring range. As seen in figure 4-9 the EC of the 

groundwater below 200 m is a few S/m in the Simpevarp subarea. According to the 

manufacturer of the rock resistivity tool, the upper quantitative measuring limit is 50 000 

 64



ohm.m. Above this limit the tool gives a non-linear response where an upper rock resistivity is 

delivered even if the “true” rock resistivity is higher. The limited measuring range in 

combination with the groundwater chemistry would enable formation factor measurements 

down to about 10-5. Therefore, the formation factor of the more dense rock would be 

overestimated with the in-situ method. This explanation would account for the fact that the 

lowest formation factor stack in Figures 4-14 and 4-15 is so high. This stack would then 

include all formation factors below 10-5.  

In publication (IX) the rock resistivity tool used in KSH01A and KSH02 was calibrated. From 

this calibration it was found that the measuring range of the tool is somewhat higher than 

what was expected. Therefore the limited measuring range may only partly explain the 

appearance of the histograms in Figures 4-14 and 4-15. Another explanation could be the 

degree of heterogeneity of the rock. As mentioned in previous sections, the rock surrounding 

KSH01A and KSH02 is a mixture of different rock types and the geology is very complex. As 

seen in the laboratory (Figures 4-5 and 4-6) the formation factors of these rock types range 

over many orders of magnitude. The rock is also very fractured in-situ. If the heterogeneity is 

on a centimetre or decimetre scale, very low formation factors could be obtained in the 

laboratory. However, in-situ the sample size is about 1 m3 and if this sample is a mixture of 

high and low formation factor rock types, the current is preferentially propagated through the 

high formation factor rock types. According to this explanation, low formation factors cannot 

be measured in-situ with current tools. To validate this explanation, further investigations on 

the heterogeneity of the rock are needed. 

The appearance of the histograms in Figure 4-14 and 4-15 could possibly be explained by 

surface conduction. However, if this was the case surface conduction should have affected the 

rock resistivity measurements in the laboratory in a similar manner.  

Figures 4-17 and 4-18 show the distributions of the fractured rock formation factor obtained 

in-situ in KSH01A and KSH02 in Simpevarp. 
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Figure 4-17: Distribution of fractured rock formation factors from KSH01A. 

0.0

0.3

0.6

0.9

1.0E-07 1.0E-06 1.0E-05 1.0E-04 1.0E-03 1.0E-02

Formation factor

N
or

m
al

is
ed

 fr
eq

ue
nc

y

Median value of log Ff: -4.31
Standard deviation of log Ff: 0.51

 
Figure 4-18: Distribution of fractured rock formation factors from KSH02. 

The rock surrounding KSH01A and KSH02 is more heavily fractured than in Forsmark. 

These fractures have a great effect on the distributions shown in Figures 4-17 and 4-18. As 

seen in Table 4-3, much more fractured rock formation factors were obtained than rock matrix 

formation factors in Simpevarp. It is interesting to note that the fractured rock formation 

factor distributions do not deviate from the log-normal distribution in the high formation 

factor range, as in Forsmark. Probably this is due to the facts that the whole rock mass around 

the boreholes is so heavily fractured and that the fractures are so evenly distributed along the 

borehole.  
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4.3 Comparison of in-situ and laboratory formation factors 
 
Figure 4-19 shows the formation factor logs obtained in KSH01A in Simpevarp. Formation 

factors obtained in the laboratory are marked with triangles. In-situ rock matrix and fractured 

rock formation factors are marked with squares and diamonds respectively.  
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Figure 4-19: Formation factor log from KSH01A in Simpevarp.  

Glancing at Figure 4-19 one is struck by the impression that the laboratory and in-situ logs do 

not correspond with each other, especially as the y-axis is in a logarithmic scale. The reason is 

that the in-situ method could not measure such low formation factors as the laboratory method 

could. If neglecting the deviation below 10-5 on the y-axis, things look better. Where there are 

high formation factors in-situ, there are high formation factors in the laboratory and where 

there are low formation factors in the laboratory, the in-situ formation factor takes the lowest 

value that could be measured. An exception is in the lower 200 m of the borehole. Here, the 

laboratory samples have higher formation factors than in the rest of the borehole. It may be so 

that the rock samples have fractured due to the release in rock stress when brought to the 

laboratory. It could also be so that the rock at this depth is of a more porous rock type, but that 

the micropore network is very compressed in-situ. 
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Figure 4-20 shows the formation factor histograms from the laboratory and in-situ 

measurements in KSH01A. The dashed ring marks the area where in-situ formation factors 

could not be obtained. Except for this deviation, the distributions are fairly similar.   
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Figure 4-20: Formation factors from KSH01A in Simpevarp. 

The arithmetic mean values of the different formation factors in the boreholes are shown in 

Table 4-4.  

Table 4-4: Arithmetic mean values of the formation factors.  
Borehole Mean value 

laboratory Ff 
Mean value 

rock matrix Ff
Mean value 

fractured rock Ff 
Mean value laboratory Ff / 
mean value rock matrix Ff 

KFM01A 4.03⋅10-4 1.40⋅10-5 2.02⋅10-5 28.8 
KFM02A 2.78⋅10-4 7.23⋅10-5 1.90⋅10-4 3.8 
KSH01A 1.39⋅10-4 4.30⋅10-5 1.05⋅10-4 3.2 
KSH02 1.14⋅10-4 4.02⋅10-5 9.85⋅10-5 2.8 
 

The laboratory formation factors should be compared to the in-situ rock matrix formation 

factors. As can be seen, the arithmetic mean values of the laboratory and rock matrix 

formation factors differ by a factor of about 3 for KSH01A, KSH02, and KFM02A. This is 

comparable with the compression factors suggested by Skagius and Neretnieks, 1986, for rock 

under stress. The deviation is larger for the borehole KFM01A. This may possibly be 

explained by a larger rock stress. Another explanation may be that the groundwater EC profile 

was obtained in a very speculative manner, due to the lack of in-situ data from most of the 

borehole. Further investigations on the large deviation in KSH01A are needed.   

 68



From this comparison the following conclusion can be drawn. Certainly the in-situ rock 

resistivity and groundwater EC measurements give rise to errors when obtaining the 

formation factor. Additional errors are introduced by surface conduction and by the 

assumption that the pore water is equilibrated with the freely flowing groundwater at a 

corresponding depth. However, all these errors seem, in general, to have a limited influence 

on the in-situ results, which are clearly comparable to the laboratory results.   

If comparing the arithmetic mean values of the formation factors obtained in different 

boreholes one can see that they do not deviate much from each other. This is in spite of the 

fact that the formation factor distributions differ greatly between the boreholes. It seems that 

the variations in the formation factor even out along a borehole. If this is the case, the 

variations may also even out along a flow path from the repository to the biosphere.  
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5 Conclusions and suggestions  

This work has been undertaken for almost six years. During such a long period, both major 

and minor conclusions tend to pile up. Therefore, only the major conclusions are included in 

this section. 

   

Conclusions on rock properties 

• The micropore network of granitic rock is connected on at least a metre scale in-situ.  

• Open, but hydraulically non-conductive fractures may, or may not be included in the rock 

porosity and formation factor, depending on the retention model used. For this reason the 

fractured rock formation factor was introduced in addition to the traditional rock matrix 

formation factor. Diffusion into open but hydraulically non-conductive fractures may have 

a significant influence on radionuclide retention by way of increasing it. 

• The formation factor ranges over many orders of magnitude. The formation factors 

obtained on intact rock in this work range from 2.2⋅10-7 to 2.5⋅10-2. For fractured rock, the 

highest formation factor obtained was 1.3⋅10-1.   

• The formation factor appears to be approximately log-normally distributed. In complex 

geologies, the formation factor distribution may be a superposition of several rock type 

specific distributions.  

• Even though the formation factor varies greatly along a borehole, the variations seem to 

even out.  The arithmetic mean values of the in-situ formation factors for the investigated 

boreholes range only over one order of magnitude. It is conceivable that hydraulically 

conductive fractures preferentially run through rock types with low formation factors. 

However, this is not generally observed. If hydraulically conductive fractures run through 

all kinds of rock types, having formation factors distributed over many orders of 

magnitude, the formation factors along a flow path may even out. Rock having low 

formation factors would then be relatively less important for radionuclide retention than 

rock having high formation factors. The rock with the lowest formation factors could, if 

necessary, be conservatively regarded as intact without significantly decreasing the 

arithmetic mean value of the formation factors along a borehole. This is important, as 
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there may be greater errors and uncertainties associated with measuring low formation 

factors.   

 

Conclusions on methodologies  

• This work shows that there are no major artefacts associated with obtaining formation 

factors by electrical methods. This conclusion seems to be valid on all scales.   

• This work shows that formation factors can be obtained by electrical methods in-situ.  

 There are a number of sophisticated in-situ rock resistivity tools on the market giving 

reliable results. These tools may not give accurate measurements on the most resistive 

rock. However, the most resistive rock may be of a relatively limited interest for 

radionuclide retention, unless hydraulically conductive fractures preferentially run 

through it.  

 It is possible to obtain the EC of groundwater at depth. It seems that the groundwater 

chemistry varies in a predictable pattern. Furthermore, the EC of the groundwater 

ranges over one order of magnitude only, with exception for the transition from fresh-

meteoric to brackish-marine waters in the upper 200 m of the bedrock. It is 

recommended to increase the number of groundwater EC measurements in a borehole, 

so that more reliable inter- and extrapolations can be made.  

• Surface conduction may significantly affect the results if the groundwater is non-saline. 

Therefore, it is questionable if formation factors can be obtained by electrical methods 

above the transition from fresh-meteoric to brackish-marine waters. Below this transition, 

where the water is brackish, surface conduction significantly affects the results obtained 

on rock having formation factors in the lower range. For rock having formation factors in 

the middle or higher range, most of the current is transported in the bulk pore water and 

the errors associated with surface conduction are minor. In general, surface conduction 

may not be a major problem, as the rock with the lowest formation factor is of the least 

interest for radionuclide retention. A prerequisite for this is that hydraulically conductive 

fractures do not preferentially run through the most resistive rock.  
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• When obtaining formation factors by electrical methods in-situ, it is assumed that the pore 

water is in equilibrium with freely flowing groundwater at the corresponding depth. This 

assumption is probably valid for rock in the vicinity of a hydraulically conductive 

fracture, but not necessarily for rock far away. Only rock in the vicinity of hydraulically 

conductive fractures or fracture zones is of importance for radionuclide retention. 

Therefore, one may in the future give more weight to formation factors obtained on this 

rock.  

• The through electromigration method is a fast method that works well. With this method 

tracer experiments can be performed on larger samples and therefore the connectivity can 

be further studied. As the migration rate may be increased by three orders of magnitude, 

experiments that would formerly take a lifetime could now be performed in the space of a 

few months. Possibly, the method also enables migration experiments in intact rock using 

sorbing species.  

• Formation factor measurements by electrical methods are sometimes described as “quick 

and dirty”. This work shows that the electrical methods have about the same accuracy (or, 

lack of accuracy) as traditional through diffusion experiments. It is likely that the 

experimental errors are small compared to those associated with bringing the rock sample 

to the laboratory. When investigating a borehole, a combination of laboratory and in-situ 

methods is preferable. If only one method can be chosen to obtain formation factors, it is 

suggested to choose the electrical in-situ method. Not only does it deliver as reliable 

results as the other methods, it also gives results that are obtained under in-situ conditions 

with the greatest spatial resolution and with the least effort. 

 

Suggestions in respect of the SR 97 safety assessment 

• In the SR 97 safety assessment, it is assumed in the reasonable case that the whole rock 

mass is diffusion accessible (Lindgren and Lindström, 1999). This work shows that the 

micropore network is connected on a large scale and it is suggested not to change the 

conceptualisation that the whole rock mass is diffusion accessible in future safety 

assessments.  
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• In the SR 97 safety assessment, a porosity of 0.5% is used for intact rock (Lindgren and 

Lindström, 1999). This porosity is probably non-conservative and could very well be 

lowered to about 0.1% if a generic value is demanded.  

• In the SR 97 safety assessment, the formation factor 4⋅10-5 is used for Aberg and 4⋅10-6 for 

Beberg and Ceberg. (Lindgren and Lindström, 1999). The formation factor for Aberg is in 

line with the arithmetic mean values of the rock matrix formation factors obtained in-situ 

in this work. If using a single formation factor value for the rock matrix, 4⋅10-5 seems 

reasonable as a generic value. It is recommended that investigations be carried out to 

ascertain how the fractured rock formation factor should be implemented in models, 

especially for sorbing species. If the fractured rock formation factor is to be used in future 

safety assessments, a single value about 1⋅10-4 could be used if a generic value is required. 

• For future safety assessments it seems reasonable to use formation factor distributions 

instead of single values. However, as the great variations in the formation factor may even 

out along a flow path, the usage of a single value could not be ruled out. It is 

recommended to thoroughly investigate how averaging along a flow path is to be done.  

 

 Concerns and future work 

• A current concern is to what extent anions are able to diffuse in the micropore network at 

depth. It has been shown that anions can diffuse in the micropore network in the 

laboratory (e.g., publication III) and also in-situ (e.g., Birgersson and Neretnieks, 1990). 

However, the laboratory measurements are performed on de-stressed rock and the in-situ 

experiments performed are too few to be conclusive. Skagius (1986) investigated how the 

effective diffusivity of iodide decreased with rock stress but this study did not specifically 

focus upon anion exclusion. Rock resistivity measurements in-situ cannot be used as 

evidence in this matter, as AC is used. The current can, in theory, be propagated by 

cations only. It is suggested that further investigations be carried out to determine how 

anion exclusion is affected by rock stress. 

• At present it is not clear how to handle fractures in some radionuclide retention models. A 

few questions, out of many, that need answering are: 
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 Which fractures are open and which are closed and upon what criterion is this 

classification based. 

 Which fractures are hydraulically conductive and how are they connected to the 

fracture network. 

 In which fractures does diffusion dominate and in which does advection dominate.  

It would be a matter of concern that fractures are not handled rigorously, as this relates 

directly to the flow-wetted surface and to the retention due to matrix diffusion. In is 

suggested that discussions be encouraged on how to conceptualise and model transport in 

fractured crystalline rock.    

• Finally it is recommended that further development of the through electromigration 

method be carried out. This may prove to be an important means of performing sorption 

experiments on intact rock. 
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Notation list 
A Area    m2 
a Fitting parameter for Archie’s law  - 
B Maximum penetration depth  m 
Bm Bulk modulus    Pa 
b  Half the fracture aperture   m 
C Concentration   mol/m3 

Cf  Concentration along a fracture  mol/m3 
CH High tracer concentration     mol/m3 
CL Low tracer concentration   mol/m3 
Cp Concentration in pore water  mol/m3 

Cs Concentration in electrical double layer  mol/m3 
D Diffusivity        m2/s 
Da Apparent diffusivity        m2/s 
De  Effective diffusivity    m2/s 
Ds Diffusivity in electrical double layer   m2/s 
Dw Diffusivity in free solution   m2/s 
F Faraday constant   C/mol 
Ff  Formation factor   - 
I Current    A 
i Index of species   - 
j Index of species   - 
Ka Surface sorption coefficient  m 
Kd’  Sorption partition coefficient   m3/kg 
Kdρp  Total storage capacity of rock  - 
L Length of fracture   m  
m Fitting parameter for Archie’s law  - 
N Relative release rate   s-1 
ND  Diffusive flux   mol/m2⋅s 
Nµ  Electromigratory flux   mol/m2⋅s 
Neo  Electroosmotic flux   mol/m2⋅s 
P Pressure    Pa 
R  Gas constant    J/mol⋅K 
T Temperature    K 
t Time    s 
tw  Water residence time   s 
U Electrical potential   V 
U0       Surface potential     V 
u Velocity    m/s 
∆V/V0  Normalised change in volume  - 
W Width of fracture   m 
Q Groundwater flow   m3/s 
x Coordinate, distance, length…  m 
x  Mole fraction   - 
y Coordinate, distance, length…  m 
z Coordinate, distance, length…  m 
z Charge number   - 
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α Thermal expansion coefficient  K-1 

δ Constrictivity     - 
ε  Total interconnected porosity   - 
εd  Storage porosity    - 
εp  Bulk porosity   - 
εs  Fraction of the electrical double layer  - 
εt  Transport porosity    - 
ε’  Dielectric constant of the pore water  - 
ε0  Dielectric constant of space  C/V⋅m 
ζ   Friction coefficient   N⋅s/mol⋅m 
κ Electrical conductivity   S/m 
κr Electrical conductivity of rock  S/m 
κr Surface conductivity   S/m 
κw Electrical conductivity of pore water  S/m 
µ Ionic mobility   m2/V⋅s 
µe Effective ionic mobility   m2/V⋅s 
µeo,e Effective electroosmotic mobility  m2/V⋅s 
ρs Dry rock density   kg/m3 
σp Surface charge density    C/m2 
τ2  Tortuosity      - 
ψ Potential of species   J/mol 
Ω  Resistance    ohm 
ρ Resistivity    ohm.m 
ρr Rock resistivity   ohm.m 
ρw Pore water resistivity   ohm.m 

 

Abbreviations  
AC Alternating current 
DC Direct current 
EC Electrical conductivity 
TD Through diffusion  
TEM Through electromigration 
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