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Abstract
This work deals with transport of radionuclides in the geosphere. The subject is investigated through
characterisation of water conducting fractures, determining of rock transport properties and devel-
opment of new methods for characterising geological samples. Here, as is often the case, radionuclide
transport is investigated indirectly by characterising the structures, where the transport takes place,
and directly by measuring transport properties in the gas phase.

First water conducting fractures of three different types and the rock matrix surrounding them were
analysed through rock samples from Olkiluoto. The analysis was done using X-ray tomography, the
14C-PMMA autoradiography technique and petrographical methods. The rock properties around
the fractures were found to be highly heterogeneous, but some combining features were found. This
experiment also showed the strength of combining different analysis methods.

Second, a method for converting local porosities obtained through the 14C-PMMA autoradiography
technique to fracture apertures was developed by analysing the radiation emitted from the 14C-
PMMA filled fracture by Monte Carlo simulations and comparing them to fracture apertures. A
connection was found and the method was validated by manufacturing artificial glass plate samples
with fractures of known apertures, and analysing the autoradiographic images obtained from them.
The method needs further development before it can be used on real rock samples, but it was shown
to be extremely promising in the studies conducted.

Last, the transport properties of Olkiluoto rock samples were measured directly using argon pyc-
nometry and through diffusion, permeability and advection - matrix diffusion measurements in the
gas phase. The gas phase methods exclude sorption and other chemical and water-based processes
and thus only give information about diffusion. They are, however, over 10 000 times faster, making
them excellent for planning of water phase experiments and giving preliminary results. Gas phase
methods are also very powerful tools when investigating the long term transport behaviour, as it
would take far too long to run water phase experiments to the late part of the breakthrough curves.
Correlations between porosity, diffusion coefficient and permeability were investigated and found to
exist only between the latter two parameters. The mathematical model and measurement setup for
advection - matrix diffusion measurements were vastly improved during these studies and are now
effective tools for such a measurement.

Overall this work managed to produce usable parameters for the safety assessment of the upcoming
nuclear repository. The methods used were found to be suitable for the experiments, and they were
developed further during the experiments.
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1 Introduction

Nuclear power has been in use for a long enough time that dealing with the waste it produces is
becoming a current issue in many countries. In many countries the repositories are already being
built or at least actively planned [1–3]. While some countries have decided to deposit their high
level waste in clay [4], Finland and Sweden among others have chosen crystalline rock as the host
medium for the repository [5–8]. The used nuclear fuel will be vitrified and protected by several
protective layers, but as the timescales required for deposition are hundreds of thousands of years,
the possibility that the barriers break down has to be taken into account. Because the amount of
final deposition canisters will be in the thousands, the possibility of a manufacturing defect needs
to be taken into account too [9]. Both aforementioned cases may cause release of radionuclides from
the repository, and it is vital to estimate how fast and far they will migrate in the geosphere and
what kind of effects will they have in the biosphere. The long time scale means at least one glaciation
has to be taken into account [10], making the safety assessment even more complicated [11–13]. One
studied scenario includes glacial water flooding the repository and changing its chemical conditions
[9].

The most important migration pathways for radionuclides in the geosphere are water conducting
fractures which facilitate fast transport in the bedrock, and the surrounding rock matrix, which
retards this transport. To model the migration in the fracture network, lots of knowledge about
fractures and the surrounding rock is needed. One important, yet often overlooked characteristic
is the aperture distribution of the fractures. It can be used, in connection with several other pore
network properties (connectivity, tortuosity, constrictivity, etc.) to study rock permeability and other
transport properties [14–16] as well as rock alteration and soil formation [17].As fracture apertures
in rock commonly range from less than 100 nm to hundreds of µm [18], finding a suitable method
which has a good enough resolution and can be used on a wide range of scales is not easy. Confocal
laser microscopy can be used to investigate fracture networks, even in 3-d [19], but the field of view
is quite small (often a few hundreds of µm). Scanning electron microscopy is also a flexible tool,
but because of its limited field of view it is not suitable for larger samples [20]. Computed X-ray
tomography [21, 22] can be used to obtain 3-d maps of the pore network, even for large samples,
but the resolution of the method is not sufficient for smaller fractures, especially in large samples
[23, 24]. It is thus often necessary to use several methods to get knowledge in all required scales.

One possible solution to this problem is the 14C-PMMA autoradiography technique [25–28], which
can quickly and easily produce 2-d porosity maps of hand scale samples. Although the resolution of
the method is only about 20 µm [29], the method offers information from pores of even nanometer
scale [30] and a promising method has been developed to transform porosities obtained by the 14C-
PMMA autoradiography technique into fracture apertures, as shown in the articles of Appendices II
and IV. The method itself involves impregnation of sample pore space with a radioactive monomer
which is then polymerised, and the sample is then exposed to an autoradiographic film along with
standards of known activities. The resulting gray-scale image can thus be converted into a local
porosity map.

In a broader sense, from e.g. a modelling perspective, characterising the fractures near a repository
would be extremely useful. In the Olkiluoto area the fractures can be roughly divided into three
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categories: calcite filled fractures, clay filled fractures and slickensided fractures [31]. These fractures
are, or used to be, water conducting and characterising the rock matrix around the fractures can give
valuable information about the phenomena happening in them, such as rock alteration. As shown
in the article in Appendix I, the rock around water conducting fractures has been characterised
with several methods, such as computed X-ray tomography and the 14C-PMMA autoradiography
technique. When average parameters around each fracture type are determined, the models evaluating
the repository safety [32] can be improved. This has been done in the current safety assessment for
the repository [9], which uses parameters determined in this work when modelling the transport of
a radionuclide release in the fractures.

X-ray tomography [33], which was invented already in the 1930s [34] and computerised in the early
1970s [35] was first used for medical imaging [36, 37], but has since been widely used to study
geological materials [38–40]. Use of tomography for geological materials has led to applications in
several fields of science [39, 41–51]. The method involves taking several X-ray images of a sample from
different angles, which can then be reconstructed into a 3-d image of the sample using a modified form
of the inverse Radon transform [52]. Recently these reconstructions have become so accurate that they
have been used to determine material parameters, such as porosity, pore size distribution, grain size
distribution, specific surface area, connectivity and tortuosity [53–57]. These parameters characterise
the structure and transport properties of porous materials, but unfortunately the resolution of the
method is not good enough for a detailed analysis of submicrometer features of centimeter scale
geological samples. X-ray tomography can however be combined with complementary methods, such
as the 14C-PMMA autoradiography technique, to achieve unique information about properties of
geological samples [58, 59].

Naturally the most basic transport properties, porosity, diffusion coefficient and permeability, can
be measured directly with controlled laboratory measurements. This can be done in the gas phase
[60–64], where the measurements are fast but chemistry and water based interactions are ignored,
or in the water phase [65–68], where the measurements take much longer, but give results which
are more accurate considering the final repository. The water phase measurements can be conducted
faster if an electric field is used, which also gives information about formation factor [69]. Gas
phase measurements are not only faster, but also often easier to analyse accurately and can be
easily reproduced. They also give information about the long term transport behaviour which is
not feasible to obtain with water phase measurements. A correlation between the basic transport
properties would be useful, as it could remove the need for some time consuming measurements. The
correlation between porosity and diffusion coefficient [70–73] and between diffusion coefficient and
permeability [57, 63, 74, 75] has been studied and it has been found, but these correlations have been
strongly material and case dependent and a general correlation is yet to be found.

Results and parameters even more relevant to the safety case can be obtained through experiments
which simulate flow of radionuclides in a water conducting fracture, so called advection - matrix
diffusion experiments, where advective tracer flow in a flow channel is retarded by diffusion of the
tracer into the surrounding rock matrix. This differs from through diffusion experiments, where
the tracer diffuses through a sample and its breakthrough curve is measured. It would be most
advantageous to do these measurements in situ, especially as it has been shown that porosity, diffusion
coefficient and sorption coefficient can differ greatly in laboratory and in situ measurements [76–79].
Some in situ matrix diffusion experiments are indeed being conducted [80, 81] in the REPRO (rock
matrix Retention PROperties) project niche [82] in ONKALO, Olkiluoto, a research facility in the
tunnel leading to the future Finnish final repository. These measurements are however expensive
and time consuming, and therefore similar measurements have been done in laboratory in the gas
[61, 62, 64] as well as water [65, 83, 84] phase. Matrix diffusion measurements in natural fractures have
also been conducted [85, 86]. Matrix diffusion experiments require complex mathematical models to
interpret them [87–89], and can also be simulated with methods like finite difference [90], lattice
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Boltzmann [91] and Monte Carlo [92]. All of these experiments can be used to aid and complement
the important in situ measurements. This kind of experiments also serve to increase the knowledge
of radionuclide transport in fractures and the retarding effect of matrix diffusion, and thus help to
improve the safety analysis of the spent nuclear fuel repository.

The main objective of this Thesis was to better the understanding of radionuclide transport in the
geosphere, to develop new methods for characterisation of geological samples and to produce usable
results and parameters for the safety assessment of the final repository for nuclear waste. To this
end: 1. Rock samples from Olkiluoto containing water conducting fractures of three different types
were analysed via X-ray tomography, the 14C-PMMA autoradiography technique and polarised mi-
croscopy to find common characteristics for the fracture types. 2. A method to convert local porosities
obtained by the 14C-PMMA autoradiography technique into fracture apertures was developed and
verified via artificial samples with fractures of known apertures. 3. Porosity, through diffusion and
permeability measurements were conducted in the gas phase for several rock samples from Olkiluoto
to produce transport modelling parameters, and the results were combined with previously measured
transport property data to look for a correlation between the properties. 4. Advection - matrix dif-
fusion measurements were conducted in the gas phase for long rock samples from Olkiluoto to aid
the in situ measurements and to develop and verify the mathematical models currently being used
to interpret such measurements.
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2 Final disposal of spent nuclear fuel

Nuclear power produces a fairly low amount of waste in comparison with other large-scale forms
of energy production, and the produced waste is relatively easy to handle. It is however very long
lived and needs to be dealt with accordingly. When the nuclear fuel is no longer usable in a general
modern reactor, it still has lots of capacity left, so it can be either reprocessed and used to produce
further energy or deposited until it is harmless [93]. Geological deposition in a deep bedrock was
already brought up in the 1950s [94], and Finland has also decided to deposit the nuclear waste
from nuclear reactors of Fortum and TVO (Teollisuuden Voima Oy) deep in the crystalline bedrock
[8, 9]. Finland is a pioneer in this field and the repository will in all probability be the first in the
world when it starts operation. The repository will be located in the Olkiluoto area close to two
currently operating nuclear power plants, about 400 m underground. The repository will be based on
the Swedish KBS-3 (KärnBränsleSäkerhet, nuclear fuel safety) multi-barrier design [95] and has two
main functions. It should provide a stable environment for the waste canisters and limit radionuclide
release rate in case of a leaking waste canister. Performance of a final repository system suitable for
granitic crystalline rock has been studied already for a few decades [95–104]. Similar systems have
been studied in Sweden [95, 100, 102], Switzerland [103], France [99], Canada [101], Japan [104], USA
[105] and Germany [106].

The KBS-3 multi-barrier system, shown in fig. 2.1 is based on four separate barriers: the canister,
the bentonite buffer, the bentonite backfill and the surrounding bedrock. The repository is designed
to contain the nuclear waste in the waste canisters for hundreds of thousands of years and limit
radionuclide release rates in case of a leak [98].

The canisters are based on an inner cast iron insert, which will provide mechanical stability against
movement of the surrounding bedrock, and an outer copper layer, which will provide resistance
against corrosion. Under the expected evolution of conditions in the repository, the canister should
remain intact for at least 100 000 years [107–109]. There have been claims of much quicker corrosion
[110], but these results are considered controversial [111]. The canisters are likely to be deposited
in vertical holes in the repository tunnels and each canister will contain about 2 tons of high level
nuclear waste. In the present plans there will be about 4500 of these canisters in the Olkiluoto
repository. The fuel is vitrified inside the canister, meaning that even if the canister is filled with
water, only part of the radionuclide inventory is released instantly, and the rest is released through
degradation of the fuel matrix and metal parts [112, 113].

The canisters will be surrounded by a buffer made of bentonite, a clay that swells when it gets
in contact with water. The bentonite buffer protects the canister from minor rock movements and
prevents a groundwater flow in the immediate vicinity of the canister. The hydraulic conductivity
of bentonite has been shown to be very low (less than 10−13 m/s) [114–116], which ensures that ra-
dionuclide transport near the canister can only happen by diffusion. The buffer completely surrounds
the canister in the deposition hole, effectively isolating it from the bedrock.

The deposition tunnels will be filled with a backfill consisting of bentonite and crushed rock. This
is done to prevent a considerable groundwater flow in the tunnels and to ensure the bentonite buffer
stays in the deposition hole [117]. The hydraulic conductivity of the backfill depends on the bentonite
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Figure 2.1: The transport barriers of the KBS-3 disposal concept. The canister contains the waste
and provides a shelter for mechanical stress and corrosion. The buffer protects the canister and along
with the backfill prevents any leaked radionuclides from reaching the bedrock, which in turn retards
the radionuclides before they reach the biosphere. [32]

content, but the repository design is based on a hydraulic conductivity of 10−10 m/s under the
expected conditions [118]. The backfill also provides mechanical stability for the deposition tunnels.

The crystalline bedrock provides suitable and predictable conditions for the repository and acts as
the final barrier against radionuclide transport to the biosphere. The bedrock has a block structure,
which dissipates stress along the fracture zones and the rock between fracture zones is geologically
stable [119]. Even major hydraulic disturbances on the surface caused by the glacial cycle should
be strongly attenuated inside the rock mass surrounded by the major fracture zones [120]. The
groundwater from the repository depth has also been investigated and the geochemistry indicates
slow movement and exchange of solutes of the groundwater [119, 121]. The bedrock should thus be
able to limit both the inflow of harmful substances and the outflow of radionuclides from a possible
leak. The main retarding factors of the bedrock are matrix diffusion of radionuclides from a water
flowing fracture to the stagnant water in the rock matrix pores and sorption to the mineral surfaces.
Uranium has a very low solubility in the predicted chemical conditions of the repository, which also
acts as a retarding factor. The properties of the bedrock will be looked at more closely in the rest of
this Thesis.

Several performance assessments [9, 96–98] have been done of the Finnish repository, which
have to consider time scales of hundreds of thousands of years and several release scenarios and
paths. One key scenario in the assessments is a defective waste canister leaking radionuclides to the
groundwater. Canister may be initially defective because of a manufacturing error and corrosion
creates a small hole, through which the release of radionuclides can take place. This would not be a
problem in itself, as diffusion through the bentonite buffer and the crystalline bedrock is slow enough
that both can be considered almost impermeable [122–124], making the transport directly through
the bentonite buffer and the background rock extremely slow and negligible considering the safety
assessment. The conservative safety case thus presumes that there is a water flowing fracture that
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intersects the deposition hole at the location of the hole in the canister, providing a more effective
transfer route. In this scenario the peak release rate was calculated to be few tens of kBq annually [9].
Another important scenario is glacial water flooding the repository tunnels in the melting period of a
glaciation. This could change the chemical conditions in the repository and affect both the bentonite
buffer and the vitrified nuclear waste. This work will now concentrate on acquiring parameters for
safety analyses such as the ones described above.
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3 Rock structure characterisation
methods

Fractures and other rock features are often quite small, upwards from tens of nm, but the length scales
in the safety assessment of a spent nuclear fuel repository can be from meters to kilometers. This scale
difference means that several different techniques and methods need to be combined to get accurate
results. This chapter will review two important methods used in this work that can complement
each other, the 14C-PMMA autoradiography technique and computed X-ray tomography. The 14C-
PMMA autoradiography technique was used in the articles found in Appendices I, II, IV and V and
computed X-ray tomography was used in the article found in Appendix I.

3.1 The 14C-PMMA autoradiography technique

The 14C-PMMA autoradiography technique is used to acquire 2-d porosity distributions of connected
pores in centimeter-scale rock samples. The investigated sample is impregnated in vacuum with 14C
labeled methylmethacrylate (MMA), a low atomic weight, low viscosity monomer that can effectively
infiltrate the connected porosity of the sample. Heat or radiation is then used to polymerise the MMA
into polymethylmethacrylate (PMMA). Autoradiography, film or digital, can then be used to track
local activities, which can be converted to optical densities and further into local porosities through
various image-processing techniques.

To ensure proper MMA infiltration during impregnation, the samples are first dried, usually to a
constant weight, by a combination of a coarse vacuum and temperature ranging from 50 ◦C to
120 ◦C. This is done to remove water from the pores and can take from a few days to a few months
depending on the sample. For impregnation the sample needs to be in a vacuum chamber, often
the same in which it was dried. The chamber is first filled with gaseous 14C-MMA and then with
it in liquid form. The pores are infiltrated through capillary forces, first the largest and then the
smallest pores. Many factors, such as sample size, total porosity, pore connectivity, pore tortuosity
and constrictivity, affect the impregnation time required to fill most pores. The impregnation time
typically varies from a few days to a month. [25–28]

In order to polymerise the MMA (into PMMA) and thus render it solid and immobile within the pore
matrix, gamma radiation can be used. A dose of 50–80 kGy is typically enough for centimetre-scale
rock samples, but 100 kGy is needed for clays [29]. Polymerisation using heating and/or a chemical
initiator is also increasingly common, as it eliminates the need for a strong gamma source [125–127].
If the sample is transparent, polymerisation by UV-light is also possible [128].

When the pore space of the sample is full of 14C-PMMA, the β-particles emitted by 14C are detected
with autoradiography. Before imaging the sample is cut and the investigated surface is polished to
ensure a tight contact between the sample and the film. The polished surface is then placed on an
autoradiographic X-ray film when using the film autoradiography or a phosphor plate when using
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the digital autoradiography. In this work only the film autoradiography was used.

In the film autoradiography the sample is placed on a film which contains silver halogenide crystals.
When β-radiation hits such a crystal, it causes silver ions to reduce into metallic silver aggregates
on the film, which show as dark spots. The more 14C-PMMA a region of the sample contains, the
darker the corresponding area on the film appears. As the radiation comes only from the pore network
of the sample, the blackening of the film is proportional to local porosity. A typical resolution for
the film autoradiography is around 20 µm, caused by the range of β particles in the film [29]. The
autoradiographs are digitised using a table scanner or a CCD camera. The resolution used here
finally determines the resolution of the digital autoradiographic image, but can not be better than
the 20 µm mentioned.

In the digital autoradiography the sample is placed on a phosphor plate, which contains a photo-
stimulable phosphor layer with BaFBr:Eu2+ crystals between an (optional) protective layer and a
plastic support layer. β-radiation can then excite the ground state Eu2+ to a metastable Eu3+ state.
When the phosphor plate is scanned, it is exposed to red laser light, which converts the Eu3+ state
back to the Eu2+ ground state and releases a 390 nm blue light photon, which is then detected with a
photomultiplier tube [129]. The resolution used in this process determines the final resolution of the
digital autoradiograph, which at its best can be close to that of film autoradiography [16]. While the
resolution of digital autoradiography is often slightly worse than that of the film autoradiography,
it has many advantages such as reusability of the phosphor plates (Eu2+ excitation is reversible),
better linearity and better sensitivity, which allows for shorter exposure times [16].

Now the mathematical basis for converting the film blackening seen in the digital autoradiographs
into local activities and eventually porosities is explained [25, 29]. If the pore sizes are small relative
to the range of β-absorption, or at least well below the used pixel size, the dilution assumption is
valid, meaning that the tracer is virtually diluted by the rock matrix as most of the β-radiation has
been attenuated in the matrix on its way to the film. This makes the porosity determination more
reliable. Wide fractures which are near or over the used pixel size are usually excluded from the
quantitative porosity determination to decrease the error caused by the "dilution assumption" not
being valid.

If the gray-scale values in the digital autoradiograph are considered to be intensities I, they can be
converted to optical densities (OD) using the Beer-Lambert law [130]:

OD = −log
(
I

I0

)
, (3.1)

where I0 is the background intensity, which is taken as an average over several background points.
To convert optical densities into local activities, a calibration function is needed. To this end the
sample is always exposed with a calibration series of 14C-PMMA standards with known activities
(A). Using the intensities of these standards, one can obtain an exponential calibration function

OD = ODmax −OD0e
−kA, (3.2)

where ODmax, OD0 and k are fitting parameters. For the activity one can now find

A = −1

k
ln

(
ODmax −OD

OD0

)
, (3.3)

which can then be used for converting the gray-scale values (intensities) into local activities, pixel
by pixel.

These activities can not however be converted directly to porosities, because this does not take
into account the absorption of β-particles in the material they were traversing through. Since the



3.2 X-ray tomography 11

absorption rate is material dependent and different for the rock matrix and the PMMA itself, a
β-correction factor is needed. As a rough approximation, the absorption of radiation is linearly
dependent on density, and thus the β-correction factor can be considered as a ratio of the density of
the sample (ρs) and the density of PMMA (ρ0). If the sample is considered to be a two component
system, its density depending on its porosity ε, the density of rock ρr and the density of PMMA.
Thus a density corrected β-correction factor could be found such that

β =
ρs
ρ0

=
ερ0 + (1− ε) ρr

ρ0
. (3.4)

Now the local activities could be converted to local porosities. It could be assumed that 14C-PMMA
is diluted by porous rock and the majority of β-radiation is absorbed by it. The local porosity can be
acquired as the ratio of the β-corrected local activity (A) and the activity of the pure 14C-PMMA-
resin (A0), so that

ε = β
A

A0
=

ρr
ρ0

1 +
(
ρr
ρ0
− 1
)
· AA0

· A
A0

. (3.5)

Having acquired the local porosity of each pixel through Eqs (3.1) – (3.5), one can now determine
the total porosity of the investigated area as an average of the local porosities as given by

εtot =

N∑
n=0

Anεn

N∑
n=0

An

=

N∑
n=0

εn

N
, (3.6)

where N is the number of pixels, An the area of pixel n and εn the porosity of pixel n.

3.2 X-ray tomography

X-ray tomography is an imaging method that produces three dimensional images of the sample non-
intrusively. It is based on detecting the difference in X-ray attenuation between different parts inside
the sample. The sample is rotated with small, constant increments around its axis and a 2-d X-ray
projection image, or a ’shadowgram’, is taken at each step. The total rotation in a measurement is
usually 180 or 360 degrees, but can also be somewhere in between. These shadowgrams, of which a few
hundred to 2000 are usually taken, can then be computationally reconstructed into a 3-d attenuation
map. As the X-ray attenuation coefficient of a material is generally proportional to the elemental
composition and density of the material, the obtained image can be considered as a 3-d density
map of the sample. Most common minerals have so much variance in their chemical composition and
density that they cannot always be distinguished from each other, but several components, consisting
of one or more minerals, can usually be distinguished from each other in a rock sample, such as in
the article of Appendix I.

The X-ray tomographic images of this work were made with a SkyScan 1172 table top scanner and
an Xradia MicroXCT-400 device, shown in fig. 3.1. Both devices are based on a conventional X-ray
tube. X-rays coming through the sample are converted to visible light with a scintillator plate and
then captured with a 2-d CCD detector. Reconstruction into a 3-d image is then done using the
Feldkamp algorithm [131] which is common with conical-beam devices. In the SkyScan device the
voxel size can be varied from 0.9 to 30 µm with a maximum sample diameter of 68 mm. In the
Xradia device the voxel size can be varied from 0.3 to 7 µm with a maximum sample diameter of 20
to 100 mm, respectively.
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Figure 3.1: The X-ray tomography devices used in the work, SkyScan 1172 (left panel) and Xradia
MicroXCT-400 (right panel).

Noise is often an issue in tomographic images. Lots of noise reduction can be done in the device
during the scanning to reduce need for image processing. The device based noise reduction is done
in different ways with different devices. For example with the SkyScan 1172 device noise can be
reduced by taking several shadowgrams from each angle and using an average of these shadowgrams.
The more shadowgrams are used for averaging, the better the image quality will be. Using a smaller
rotation increment can also reduce noise. With the Xradia MicroXCT-400 the noise reduction is done
by using longer exposure times. In both cases noise reduction increases the measurement time, so a
compromise must be made between the amount of noise reduced and the amount of time spent.

Considerable noise reduction can also be made in the reconstructed images. The simplest method,
which sometimes works, is simple averaging. A small window of e.g. 2x2x2 voxels is moved over the
image and the average gray-scale value inside the window is assigned to all pixels inside the window.
This method is very fast, but it softens the boundaries between different materials and can even
destroy some smaller features from the image. This is why a variance-weighted mean filter (VaWe)
was used in the images shown in this work. The principle of VaWe is to use the local variance of
the gray-scale values of the pixels in the considered window to determine the level of filtering. If
the local variance (σ2

L) is equal to the normal variance of noise (σ2
η), filtering is the same as by

normal averaging. If there is an interface in the window (σ2
L > σ2

η) normal averaging would blur this
interface. Therefore instead of using the average value of pixels, VaWe filtering is defined such that

u(x, y, z) = u0(x, y, z)−
σ2
η

σ2
L

[
u0(x, y, z)−mL

]
, (3.7)

where u is the filtered gray-scale value, u0 is the original gray-scale value and mL is the average
gray-scale value in the window. In practice σ2

η is determined from a featureless area in the noisy
image and the filtered pixel is inside a nxnxn window, where n is a tunable parameter. This way if
the local variance is high, the gray-scale value of a pixel remains almost unchanged. More smoothing
can be obtained by running the algorithm several times. Comparison of averaging and VaWe is shown
in fig. 3.2.
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Figure 3.2: A cross-section of a tomographic image of a rock sample (top panel) filtered by normal
averaging (middle panel) and the variable weight (VaWe) filter (bottom panel). Image width is
1.5 mm.
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4 Rock structure characterization

Possible radionuclide transport in the geosphere can happen through advection in fractures or through
diffusion through the rock matrix. Of the two, advection in water-flowing fractures is the faster and
more prominent form of transport. It was thus useful to develop methods for characterising the
fractures and the rock surrounding them in laboratory conditions. A method was developed to
investigate fracture apertures for empty fractures all the way to micrometer scale. While this has
been possible before with various optical and electron microscopy techniques, this method would
allow automatic determination of several fractures at once from a centimeter scale sample, making
the process much faster and statistically more relevant. For fractures that had already been filled,
combining patterns in their properties were determined and the alteration and the porosity changes
in the rock around them were studied.

4.1 Determining fracture apertures using the 14C-PMMA tech-
nique

The 14C-PMMA technique can be used for other things than determining porosity maps as well.
Knowing the fracture aperture distribution for a certain rock type would be very useful for estimat-
ing transport properties of the rock [14, 15, 132]. Determining the aperture distribution is however
not trivial. One big challenge is the fact that the size of the apertures can vary through several orders
of magnitude [18]. A method was thus created that can convert activities in a 14C-PMMA autoradio-
graph into fracture apertures. A theoretical model was first created through analytical calculations
and Monte Carlo - simulations, which was then verified and corrected through experiments. The
model and its verification are described in more detail in the articles found from Appendices II and
IV.

Analytical model for a thin fracture

Let us begin with an analytical model for a thin (2-d) fracture, for which an expression for the
probability of activation P and activation density ρ of a single point source S, located in a solid at
a depth L, with a single beta particle emission length Tmax in the solid, as shown in fig. 4.1 is first
needed. The probability of activation P of the autoradiographic film is now

P =
Ω

4π
, (4.1)

where Ω is the solid angle defined by the surface of the spherical calotte above the film surface. P
can also be written as

P =
1

2
(1− cos (φ)) =

1

2

(
1− L

Tmax

)
, (4.2)
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Figure 4.1: Beta particles emitted from a single point source S, located in a solid at depth L directly
under point A with a single emission length Tmax. Ω is the solid angle determined by the solid surface
and φ the corresponding planar angle.

Figure 4.2: Schematic for differential handling of point source S at depth L. The angle dφ determines
a strip of thickness dX located at distance X from point A. The area of the strip is dS.

where φ is the half-aperture angle of the intercepted cone. To now obtain ρ(φ), a circular layer of
thickness dX on the film, defined by the angle dφ (see fig. 4.2) is examined. The density of emission
in the circle with radius X is given by

ρ(φ) = K
dP

dS
, (4.3)

where K is a constant. dP can be written as

dP =
∂P

∂φ
dφ =

1

2

∂ (1− cosφ)

∂φ
dφ =

1

2
sinφdφ. (4.4)

and as can be seen from fig. 4.2, dS can be written as

dS = 2π ·X · dX = 2π · (Ltanφ) ·
(

L

cos2φ
dφ

)
= 2πL2

(
sinφ

cos3φ

)
dφ. (4.5)
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By combining Eqs (4.4) and (4.5) one can now get

ρ(φ) =
Kcos3φ

4πL2
, (4.6)

which can also be written as a function of distance from the profile center A

ρ(X) =
K

4π2

L

(L2 +X2)
3
2

, (4.7)

which cuts off to 0 at X ≥
√
T 2
max − L2. If an infinite line of point sources parallel to the surface at

depth L is now considered, the case is equivalent to a point source in two dimensions. Now one can
write as a function of φ

ρ(φ) = K ′
cos2φ

πL
, (4.8)

where K ′ is a constant, or as a function of X

ρ(X) =
K ′

π

L

L2 +X2
(4.9)

with the same cutoff point as Eq. (4.7). If finally a plane of point sources perpendicular to the film
surface is considerd, it is analogous with a line perpendicular to the surface in 2-d, and the density
profile on the film surface is given by

ρ =

∫ √T 2
max−x2

0

L

L2 + x2
dL, (4.10)

which gives

ρ = Kln

(
Tmax
x

)
. (4.11)

So far only a constant beta emission length Tmax has been considered, but the energies and therefore
emission lengths of beta particles emitted by 14C are not constant, but are distributed according to a
probability density function (pdf) fE(e) with a maximum energy of 156.743 keV [133]. The energies
can be converted to ranges using the Kanaya-Okayama (KO) relations [134], which are in agreement
with experiments in the range 10–1000 keV:

ρT = 5.025 · 10−12 · AE
5
3
0

λsZ
8
9

, (4.12)

where ρ is the apparent density of the target, T is the maximum range of electrons in the target,
A and Z are the average molar mass and atomic number of the target, respectively, and E0 is the
initial energy of the electrons (eV). λs is a constant, which is known to be 0.182 for E0 in the range
10–1000 keV. Using this and separating the terms related to the target and the electron energy, one
can write

T = 2.761 · 10−11 · A

ρZ
8
9︸ ︷︷ ︸

solid

· E
5
3
0︸︷︷︸

electrons

. (4.13)

It needs to be noted that the KO-equations only give the maximum range of an electron, so the ranges
are still being slightly overestimated. For the Monte Carlo simulations the energy E of electrons that
have traversed a distance x in the solid is still needed, and is given by [134]

E =
(

1− x

T

) 3
5

E0. (4.14)
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Figure 4.3: Probability distribution function (pdf) for ranges of β− particles emitted by 14C. The
maximum range is normalised to 100 µm.

Eq. (4.12) can now be used to convert the energy-pdf fE(e) to a range-pdf fT (t) by using the E
5
3
0

dependency. The properties of the solid can be ignored if the Tmax of the pdf is normalised to an
arbitrary distance, like 100 µm (see fig. 4.3). One can then determine the maximum range for any
given material and rescale the pdf to that maximum. Using this range-pdf a more accurate probability
of activation P than given by a single Tmax in Eq. (4.2) can now be calculated. It is given by

P =
1

2

Tmax∑
t=0

fT (t) ·
(

1− L

t

)
, (4.15)

only for t ≥ L. The probability of activation obtained from Eq. (4.15) is shown in fig. 4.4. Now to
get a good analytical baseline for the simulations the range-pdf needs to be used for the emission
density of a planar source. The emission density of Eq. (4.11) now becomes

ρ(x) = K ·
Tmax∑
t=0

fT (t) · ln
(
t

x

)
, t ≥ x, (4.16)

where K is an integration constant. This emission density, shown in fig. 4.5 is much narrower than
the originally acquired emission density for a single length Tmax, since the pdf has a low probability
for high-energy particles.

Monte Carlo simulations

So far an ideal planar fracture in a homogeneous medium has been discussed, but in the nature that
is never the case. Even if you consider the host rock to be homogeneous, it has a different physical and
chemical composition than the PMMA the β− particle has to traverse through before reaching the
surrounding rock. A schematic of a simplified natural case is shown in fig. 4.6. Even this simple case
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Figure 4.4: Probability of activation for a point source at depth L in the solid for the unique range
model and ranges distributed by the 14C - pdf.

Figure 4.5: Emission density for a planar source perpendicular to the surface for a single emission
range and ranges according to the 14C range-pdf. Maximum range is set to 100µm for both cases.
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Figure 4.6: A simplified natural scenario where a β− particle is emitted from the fracture (1) and
traverses over the pmma/quartz interface (2) to reach the autoradiographic film (3) on the surface.

is very difficult to solve analytically, as the particle can take several different paths to the surface.
This is why Monte Carlo (MC) simulations were used instead.

The MC simulations were performed in 2-d for a fracture perpendicular to the film, filled with
PMMA and surrounded by a quartz matrix. The fracture area was divided into equally spaced point
sources and a desired number of β− particles was emitted from each source. For each electron an
angle between 0 and π up from the horizontal level and a path length according to fT (t) of 14C was
chosen at random. The path of the electron was approximated with a straight line to simplify the
simulation, as the focus was more on gaining information and understanding on the shapes of the
activity profiles seen on film rather than refining the simulation as close to reality as possible.

There were now three separate cases concerning the electron paths. In the first case the electron path
went only through PMMA, in which case it sufficed to check if the emission range was greater than
the distance to the film along the emission path. If so, the emission density at the intersecting point
was increased by one. Another simple case was that of an electron emitted from the PMMA/quartz
interface that only traversed in quartz. This case was treated just like the first one, except the
emission range was checked in quartz instead of PMMA. The slightly more complicated case was the
one depicted in fig. 4.6, where the electron traversed in both PMMA and quartz. In this case it was
first checked if the electron reaches the PMMA/quartz interface and if it does, how much energy does
it have left at the interface according to Eq. (4.14). This energy was then used to calculate a new
range in quartz, which was checked against the remaining distance to the film. The emission density
was again increased by one if the electron reached the surface. This means the interaction between
the film and the electrons was also ignored, which caused some uncertainty to the simulation. The
activities were finally normalised by the theoretical activity of the 14C-PMMA resin (A0). The code
was implemented on Visual Basic sheets under MS ExcelTM. It was statistically enough to use 2–3
million particles for calculating one fracture profile. One calculation of this size was completed in
less than 10 seconds.
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Activity profiles obtained by the MC simulations are shown in fig. 4.7. Three distinct profile shapes
could be seen here. First, the shapes of the activity profiles from thin fractures (aperture ≤ 4 µm)
were almost exactly the same as the analytical solution (fig. 4.7 b). For thin fractures the emission
density increased as the fracture aperture increased, which is equivalent to activity increasing within
an ideal planar source. Second, for intermediate fractures (4 µm ≤ aperture ≤ 200 µm) the profile
started to widen and the normalised activity ( AA0

, where A0 is the activity of the resin) increased
towards 1. Third, for thick fractures (aperture ≥ 300 µm) the profile started to resemble a box
function with a maximum normalised activity of 1 and widened as the fracture aperture increased.
It was now clear that the original goal of one analysis method that transforms activity profile into
fracture aperture would not be possible. Thin fractures would be processed using normalised activity
at the fracture center and thick fractures using the width of the profile. Some kind of combination
of the two methods would be used for the intermediate fractures.

The Full Width at Half Maximum (FWHM) of the profiles was measured to better quantify the
change in profile shape. FWHM is also a property that is measurable from a real autoradiograph.
The FWHM values are shown in fig. 4.8. This confirmed the visual assessment that the shape remains
the same for thin fractures. For thick fractures the FWHM was equal to the fracture aperture and
already for apertures larger than 20 µm the FWHM was very close to the real aperture.

When analysing thin fractures in real autoradiographs with this method, one needs to take into
account the fact that in a digitised autoradiograph the pixels are very rarely equidistant to the
fracture center, as shown by fig. 4.9. Thus the activity seen at fracture center is not constant even
if the fracture aperture is, but rather a function of distance to the real center. Thus one needs to
investigate moving averages of the profiles, with pixel size S as the kernel size and distance from the
fracture center varied from 0 to S

2 . The resulting curves are shown in fig. 4.10.

Now it could be seen that the average A
A0

for thin fractures formed a line on a log-log scale and could
be described with a power law function. All curves naturally saturated to A = A0, but this happened
later for bigger pixel sizes. This was to be expected, as the bigger the pixel, the wider the fracture
can be to be thin compared to pixel size. A power law fitted to the early part of the curve gave

A

A0
= a1.04 · e−0.616 ·S

1
3−2.469, (4.17)

where a is the fracture aperture and S is the pixel size. Since the exponent of a is roughly 1, the curve
was also linear in linear coordinates, which was also expected since thin cracks act like a plane crack
with a varying activity. Now that a method for converting activities of thin fractures into fracture
apertures had been proposed, a method for thick apertures was still needed. There segmentation by
boundary could be used, meaning that if, for a given pixel, the normalized activity A

A0
was below a

threshold value T , the pixel would be considered belonging to the fracture. It was shown in fig. 4.8 that
FWHM, e.g. T = 0.5, works well for fractures with apertures above 100 µm. It is, however, inaccurate
for apertures smaller than 100 µm. Therefore, to improve boundary segmentation for intermediate
fractures, several threshold values T ≤ 0.5 were evaluated from the simulated profiles. This is shown
in fig. 4.11, where aT is the aperture obtained by segmentation. It can be seen that at small apertures
the lower values of T overestimate the aperture and this effect diminishes as T approaches 0.5. Thus
choosing a low T is as inaccurate as choosing a too high T . A threhold value between 0.25–0.35 is
a good compromise, as it minimises the overestimation of aT , while simultaneously being able to
estimate apertures near 20 µm. T = 0.3 was found to be a suitable value. With that value, maximum
aT
a is reached at a=40 µm when aT

a = 1.125. For apertures from 20 µm to 100 µm the average aT
a is

1.095 and for apertures over 100 µm it is only 1.021. These slight overestimations are offset by the
spatial discretisations caused by using a discrete pixel size. For example using a 20 µm pixel size, all
apertures where 20 µm ≤ aT < 40 µm are detected as a single pixel, i.e. 20 µm.
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Figure 4.7: Activity profiles on autoradiographic film for fractures of various apertures obtained
by Monte Carlo simulations. Profiles for thin fractures (aperture ≤ 4 µm) are presented without (a)
and with (b) normalisation to the maximum. Analytical solution for a plane fracture is included in
(b). Profiles for intermediate (4 µm ≤ aperture ≤ 200 µm) (c) and thick (aperture ≥ 300 µm) (d)
fractures are not normalised.
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Figure 4.8: The Full Width Half Maximum (FWHM) of activity profiles as a function of corre-
sponding fracture aperture. The solid slope marks FWHM = aperture.

Figure 4.9: A network of square pixels superimposed on an activity profile of a fracture with the
center line marked in red. The center of pixels that define the digitised center line of the fracture,
marked with blue dots, are dispersed around the true center line.
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Figure 4.10: Moving averages of fracture activity profiles calculated with several pixel sizes for
several apertures.

Figure 4.11: The ratio of aperture obtained by segmentation (aT ) to the actual aperture (a) for
several threshold values (T ).
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Figure 4.12: Digitised autoradiograph of a glass plate sample with an artificial fracture with a
90 µm aperture.

Verification of simulation

The next natural step was validating the method just proposed by experiments. To this end artificial
fracture samples were manufactured using glass plates with mylar and Al-foil spacers for creating
different apertures. Commercial glass plates have a roughness below 10 nm, making them very
suitable for this kind of samples [135, 136]. Glass plates of 10 mm thickness were cut into rectangular
pieces of 15x50 mm and 15x100 mm. Then spacers consisting of small strips of Al foil of various
thicknesses (0.6, 2, 6, 12.5 and 90 µm) in various stacks and of Al-coated mylar foil of 1.5 µm
thickness were placed between the plates to set the aperture. One sample was also prepared with
no spacer for identification of possible artefacts. The plates were pressed together with clamps and
epoxy resin was applied around the margins. Small incisions for application of 14C-MMA and to pass
residual air were left open. Interference patterns seen in the samples during inspection under a lamp
showed that the apertures were in the range of the wavelength of light and that even the 10 mm thick
glass was slightly bent over the relatively short distance of 10–20 mm between the foil spacers due
to the applied pressure from the clamps. A mixture of hydroxyethylmethacrylate (HEMA) and 14C-
MMA (mixing ratio 75:25, specific activity 17.2 µCi/mm) was then added to the fractures along with
0.5 g/100 ml of benzoylperoxide (BPO) as a radical starter for the polymerisation and 0.25 g/100 ml
of yellow fluorescent dye for checking the films under UV light. The incisions were then covered
with epoxy resin and the samples were exposed to a 360 nm UV light (5 W) for about 24 h at a
temperature of 10–15 ◦C. The polymerisation caused various shrinking artifacts, such as circular
voids and fractal fissure networks, which needed to be accounted for in the analysis of the samples.
Finally the samples were cut in half and the examined surfaces were polished.

The glass plate samples were exposed on high performance 14C: Kodak BioMax MR autoradiographic
films for exposure times ranging from five hours to 21 days together with a 14C-PMMA calibration
series of eight specific activities between 0.0125 and 2.5 µCi/mL. A wide range of exposure times
was used because it was not known beforehand what would be optimal with regards to satura-
tion. The autoradiographs were scanned at 200 dpi, 400 dpi, 800 dpi and 2400 dpi resolutions. An
autoradiograph of a single sample is shown in fig. 4.12.

The actual apertures of the samples were determined using a scanning electron microscope (SEM)
for small aperture samples and a visual microscope for large aperture samples, since it was deemed
accurate enough for the largest apertures. The apertures for the small aperture samples were found to
be between 2–28 µm and the apertures of the large aperture samples between 50–270 µm. Microscopic
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Figure 4.13: Scanning electron microscope (SEM) back-scattered electron (BSE) image of a glass
plate sample with an aperture of 21 µm (left panel) and an optical microscope image of a glass plate
sample with an aperture of 90 µm (right panel).

images of two samples are shown in fig. 4.13. The digitised autoradiographs were converted to activity
maps using Eqs (3.1)-(3.3). Here special attention needs to be paid to the calibration curve resulting
from Eq. (3.3), an example of which is shown in fig. 4.14. The calibration curve has a linear section,
that reaches roughly to OD = 1.5 in the example. If the optical densities are not in the linear range,
film saturation decreases the accuracy of the optical density - activity conversion. This is a smaller
problem when determining bulk porosities, as then high activity pixels rarely play a major role, but
in this case the pixels with the highest activity are the most important.

Several activity profiles for single pixel lines were then calculated for each artificial fracture. In theory
a single profile could already be used to determine fracture aperture, but one must take into account
the dispersion of peak pixels shown in fig. 4.9. This causes variation in peak height for activity
profiles from a single fracture, so some averaging needs to be done. Fracture curvature or inaccurate
verticalisation of the fracture image can also cause the peak to drift a bit to the side, which can be
corrected by realigning all activity profiles in such a way that the maxima are in the same column.
Both effects are shown in fig. 4.15. After realignment all activity profiles obtained from a fracture
were averaged to get one activity profile for the fracture. The peak value of this profile would now
correspond to the moving average used in fig. 4.10.

The shapes of the profiles were investigated first. The model predicted a constant FWHM of 4 µm
for thin fractures with apertures up to 4 µm with the shape still remaining fairly stable until the
aperture is much bigger than the used pixel size. Several activity profiles for thin fractures normalised
to maximum are shown in fig. 4.16. The profile shapes acted like the model predicted, staying fairly
constant when the aperture was below the pixel size and gradually starting to widen when the
aperture was above the pixel size. The big difference to the model was the width, which was about
one order of magnitude more than predicted. This could be accounted for by the simplifications of
the model, mostly the lack of interaction with the autoradiographic film and the thickness of the
film.

Thick fracture profiles are shown in fig. 4.17. First it could be seen that T = 0.5 is not a good
threshold, as it underestimates the widest fractures and does not detect the 90 µm aperture samples
at all, as the whole profile is under the threshold value. However thresholding at T = 0.2 gave a decent
estimate for the wider apertures and only failed to detect the 70 µm aperture sample. Thresholds
lower than 0.2 caused too much overestimation for the wide fractures. When the FWHM was plotted
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Figure 4.14: An example of a calibration curve for converting optical densities from an autoradio-
graph into activities.

Figure 4.15: Ten one-line activity profiles for a glass plate sample all taken 1 mm apart from
each other, showing both varying peak height and peak position drift. Fracture aperture is 10 µm.
Resolution is 2400 dpi, i.e. pixel size is 10.6 µm.
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Figure 4.16: Activity profiles for thin fractures normalised to maximum. Used resolution is 2400 dpi,
i.e. pixel size is 10.6 µm.

against the real fracture apertures (fig. 4.18), it could be seen that it behaved just like the model
predicted (see fig. 4.8).

To try another method for determining fracture aperture for thick fractures, a one dimensional "pore
volume" was calculated for each fracture by first calculating local porosity in each pixel according to
Eq. (3.5) and multiplying it by the pixel size and then summing up these one-pixel one dimensional
pore volume elements. As can be seen from fig. 4.19, this method is usable if the exposure time is kept
short enough to avoid film saturation. It needs to be noted that with the three day exposure (fig. 4.19,
left panel) the thin fracture samples are not saturated and the method grossly overestimates their
aperture. It is thus not usable for thin fractures.

Now methods for converting activity profiles to fracture apertures were confirmed for thick fractures,
but the thin fractures still needed some work, so the normalised activities A

A0
were plotted as a

function of fracture aperture, as shown in fig. 4.20. Thick fractures had to be left out of the plot
as they were saturated and thus not compatible with the rest of the data. The behaviour of the
activities was as expected since they could be described with a line that passes through the origin.
It is more natural to write the linear relation the other way around:

w = z · A
A0

, (4.18)

where w is the aperture and z is a function of pixel size and also inverse of the slope of a fit
like the one shown in fig. 4.20. To get a more general relation between the activity profile and
aperture, the dependence of z on pixel size still needs to be investigated. As fig. 4.21 shows, a
coarse approximation can be done with a second order polynomial fit. The fit shown in the image,
z = 0.014 1

µmS
2 − 0.47S + 67 µm seems to give a good approximation for larger pixel size, while a

constant z=62 µm works for pixel sizes below 30 µm.
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Figure 4.17: Activity profiles for thick fractures without (left panel) and with (right panel) normal-
isation to maximum. Thresholding at T=0.2 and T=0.5 are shown on the left panel. Used resolution
is 2400 dpi, i.e. pixel size is 10.6 µm.

Figure 4.18: FWHM of activity profiles with two different exposure times as a function of real
fracture aperture shows similar behaviour as the model predicted (see fig. 4.8).
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Figure 4.19: Left panel: 1D pore volumes of artificial fractures as a function of fracture aperture
for a three day exposure, where the film is partly saturated. Right panel: Similar plot for a five hour
exposure, where the film is not saturated.

Figure 4.20: Peak activities of glass plate samples as a function of real fracture aperture. The linear
fits have the same color as the corresponding data set.
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Figure 4.21: z plotted as a function of pixel size.

We have therefore shown that the method described above can be used to convert activity profiles
into fracture apertures. The peak activity conversion works well for apertures below 30 µm and
segmentation by T = 0.2 works for apertures above 50 µm. For intermediate fractures with apertures
between 30 µm and 50 µm no single method could be proposed, but a combination of the two methods
should give a decent approximation. The problem at this point is of course practical implementation,
which still requires work. The method should also be improved to take fracture inclination into
account and using digital autoradiography would make the saturation issues less important. Fracture
filling and alteration around the fracture are also issues that could be resolved through further testing.

4.2 Rock alteration around fractures

Characterising fractures that have had water flowing in them and the alteration around those frac-
tures can give vital information on the processes in such a fracture and their effect on radionuclide
transport. In this section a closer look is taken at characterisation of water-flowing fractures in Olk-
iluoto. In the Olkiluoto bedrock the fractures are typically dominated by calcite, hydrothermal clays
or both. Many fractures are single faults with slickensided surfaces. The calcite is often in the core
of the fracture filling system and is generally a part of the latest filling phases. It is found even in
non-cohesive clays as a ’glue’ between clay particles. Calcite and sulfides usually occur together on
surfaces of hydrothermal clay minerals. For this study three fracture types typical to the Olkiluoto
area were selected: calcite dominated fractures, clay dominated fractures and slickensided fractures.
[31, 137] The mineralogical and porosity changes and other characteristic properties near fracture
surfaces of twelve drill-core samples were studied using X-ray tomography, the 14C-PMMA autora-
diography technique, and optical microscopy. All samples were sawn in half and one half was used
for tomography and the other half for autoradiography and microscopy. The technical details of the
performed measurements can be found in the article in Appendix I.
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Figure 4.22: Mineral component distributions as a function of distance from the fracture surface for
a calcite fracture (OL_KR13_227.40, left panel), a clay fracture (OL_KR25_56.78, middle panel)
and a slickensided fracture (OL_KR14_491.19, right panel). Components with a smaller number
are more dense than those with a larger number.

Figure 4.23: A digital autoradiograph and an example of division into rectangles parallel with the
fracture to obtain a porosity distribution relative to the distance to the fracture.

The 3-d tomographic images were first filtered for noise with the VaWe algorithm. A gray-scale based
mineral analysis of the resulting data was then done in 2-d by manual thresholding. The threshold
values were determined visually. The abundances of each mineral component were then determined
from the amount of voxels belonging to each gray-scale value range. To determine the distributions
of the mineral components as a function of distance to the fracture, the tomographic image of each
sample was divided into stacks of the shape of the fracture surface and the mineral composition
of each stack was analysed separately. An algorithm using a dynamic 3-d surface [138] was used to
detect the fracture surface and the image stacks were realigned accordingly to achieve surface-shaped
stacks. Examples of these distributions are shown in fig. 4.22, one from each fracture type.

Porosity distributions as a function of distance to the fracture surface were obtained by dividing the
autoradiographs into rectangles parallel with the fracture, as shown in fig. 4.23. Examples of these
distributions are shown in fig. 4.24.

For one clay fracture sample, OL_KR25_56.78, shown in fig. 4.25, it was possible to identify the
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Figure 4.24: Porosity distributions as a function of distance from the fracture surface for a calcite
fracture (OL_KR13_227.40, left panel), a clay fracture (OL_KR25_56.78, middle panel) and a
slickensided fracture (OL_KR14_491.19, right panel).

Figure 4.25: A tomographic cross-section (left panel) and the corresponding thin slice studied by
polarisation microscopy (right panel) for clay fracture sample OL_KR25_56.78. The minerals are
color coded in the thin slice. Quartz is blue, plagioclase is green, potassium feldspar is red, biotite
is brown and accessory minerals, such as muscovite, sericite, cordierite, opaques and graphite are
black.

mineral components from the tomography results (see fig. 4.22 middle panel) with polarised light
microscopy. The sample needs to have features that are large and distinctive enough to be found
from both images so that this method to be usable. Component 2 could not be identified, as it was
missing from the thin slice, but component 3 was identified as potassium feldspar and component 4
as quartz and plagioclase, which cannot be distinguished by X-ray tomography due to being so close
to each other in density.

The results for samples with a calcite fracture are shown in Table 4.1. Most samples with a calcite
fracture had a low bulk porosity and no observable change in porosity close to the fracture. The only
sample with a zone of altered porosity also had a high bulk porosity. There were porosity changes
extending deep into the rock matrix, but they were not very drastic.

The results for samples with a clay fracture are shown in Table 4.2. Three of the four samples were
very heavily altered and lacked a clear mineral orientation. All of the samples had a low bulk porosity
and three of them had a clear 9–15 mm zone of altered porosity with a 3.5–6% peak porosity.
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Table 4.1: Results for the samples with a calcite fracture.
Sample OL_KR11_421.52 OL_KR13_171.55

Rock type veined gneiss mica gneiss
Bulk porosity 2 % 0.10 %

Zone of altered porosity (ZAP) 10 mm 0 mm
Highest porosity in ZAP 17 % -

Zone of altered mineral densities (ZAMD) N/A Whole sample (10 mm)
Percentage of ZAMD altered by volume N/A 3.50 %

Sample OL_KR13_175.38 OL_KR13_227.40

Rock type tonalitic gneiss mica gneiss
Bulk porosity 0.50 % 0.30 %

Zone of altered porosity (ZAP) 0 mm 0 mm
Highest porosity in ZAP - -

Zone of altered mineral densities (ZAMD) 14 mm 6 mm
Percentage of ZAMD altered by volume 1.30 % 2.90 %

Table 4.2: Results for the samples with a clay fracture.
Sample OL_KR20_421.78 OL_KR25_56.78

Rock type veined gneiss veined gneiss
Bulk porosity 0.50 % 0.20 %

Zone of altered porosity (ZAP) 10 mm 9 mm
Highest porosity in ZAP 3.50 % 5 %

Zone of altered mineral densities (ZAMD) 10 mm Whole sample (15 mm)
Percentage of ZAMD altered by volume 1.50 % 40.40 %

Sample OL_KR25_96.79 OL_KR25_482.54

Rock type mica gneiss veined gneiss
Bulk porosity 0.50 % 0.30 %

Zone of altered porosity (ZAP) 15 mm 0 mm
Highest porosity in ZAP 6 % -

Zone of altered mineral densities (ZAMD) 9 mm Whole sample (11 mm)
Percentage of ZAMD altered by volume 22.40 % 21.60 %
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Table 4.3: Results for the samples with a slickensided fracture.
Sample OL_KR13_205.65 OL_KR14_446.89

Rock type veined gneiss mica gneiss
Bulk porosity 0.50 % 0.10 %

Zone of altered porosity (ZAP) 0 mm 3 mm
Highest porosity in ZAP - 0.35 %

Zone of altered mineral densities (ZAMD) Whole sample (15 mm) 7 mm
Percentage of ZAMD altered by volume 4.80 % 5.00 %

Sample OL_KR14_461.91 OL_KR14_491.19

Rock type mica gneiss mica gneiss
Bulk porosity 0.20 % 0.10 %

Zone of altered porosity (ZAP) 4 mm 8 mm
Highest porosity in ZAP 9 % 7 %

Zone of altered mineral densities (ZAMD) 12 mm Whole sample (16 mm)
Percentage of ZAMD altered by volume 13.50 % 8.00 %

The results for samples with a slickensided fracture are shown in Table 4.3. Two of the four samples
had a low bulk porosity and a 4–8 mm deep altered zone with a high peak porosity (7–9 %). All four
samples had relatively deep, highly altered zones.

For best results it would be advantageous to combine the three methods used, but this has proven
difficult. Especially combining tomography with microscopy would be very useful, but finding a
tomographic cross-section that corresponds with a microscopic thin slice is often impossible without
very careful design of sample preparation. The methods do however complement each other even when
used separately. Tomography can be used to obtain 3-d information on mineral distributions and
thus information on mineral alteration when the altered minerals have a different X-ray attenuation
coefficient than the original mineral. Microscopy can be used to examine what kind of alteration is
present in the sample and also to check if the sample is altered in a way not noticable by tomography.
The 2-d porosity maps obtained through the 14C-PMMA technique can help interpret both of these
results and also provide a new alteration metric in the form of a porosity distribution.

The properties of rock around a water-conducting fracture depend on many uncorrelated factors and
no clear pattern emerged for rock samples with a given type of fracture. The sample density had
increased just as often as it had decreased near the fracture and the depths of the alteration zones
varied quite much. As a general rule the samples with a calcite fracture were only slightly altered,
the samples with a clay fracture were heavily altered and the samples with a slickensided fracture
were somewhere in between.
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5 Transport properties of rock

As mentioned in the beginning of Chapter 4 the possible transport mechanisms for radionuclides are
advection in fractures and diffusion in the rock matrix. Advective transport in the fractures is the
fastest and most prominent transport mechanism, but the surrounding rock matrix works to retard
transport in the fractures. To model this accurately, determination of the transport properties of the
rock matrix is of major importance. To this end, porosities, diffusion coefficients and permeabilities
were measured for rock samples from the REPRO-niche in ONKALO, Olkiluoto. The measurements
were done in gas phase in a laboratory environment. This means the measured results do not take
into account any chemical effects or the effect of removing the rock from in situ environment, but
it also means the measurements could be done in a much more reasonable amount of time than
water phase in situ measurements and with better control over the measurement system. The gas
phase results also gave valuable info for planning of in situ experiments and interpretation of their
results, as the gas phase results can also be converted into the water phase by dividing them by a
conversion factor of about 11600 [64], an empirical constant arising from the differences in diffusion
coefficients in water and nitrogen. The correlation of different transport parameters on one another
was also investigated, as well as matrix diffusion from fracture flow. In the advection - matrix diffusion
experiments the measurement setup is closer to the real life scenario of fracture flow and can thus
give important results for safety analysis. These gas phase measurements were included in the articles
found in Appendices III and V.

Samples

The samples measured in this work were drill core samples from ONKALO, Olkiluoto, from a depth
of about 400 m [139]. All measured samples had a diameter of about 41.5 mm. The samples for
porosity-, through diffusion- and permeability-measurements had a length of 17 – 51 mm and the
samples for advection - matrix diffusion measurements had a length of 800 – 803 mm. The samples
were named after the drill core they originated from. After drilling the samples were cut with a
diamond saw and the smaller samples were dried to constant weight in a vacuum at 60 ◦C [140].
The large advection - matrix-diffusion samples were dried for three months in a vacuum at room
temperature as they were too big for an oven.

The samples consisted of veined gneiss (VGN) or pegmatitic granite (PGR). Olkiluoto VGN contains
migmatites with vein-like, elongated leucosomes. The rock is very heterogeneous and isotropic due
to the random nature of the leucosome veins and a big portion of alteration products. Olkiluoto
PGR is leucocratic, coarse-grained rock (grain size 4–10 mm). It is weakly altered. [140, 141]. The
samples along with their sizes, their rock types and the measurements performed on them are listed
in Table 5.1.
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Table 5.1: Dimensions, rock types and performend measurements of the samples from the REPRO-
niche in ONKALO, Olkiluoto, Finland. ε = porosity,Det = effective diffusion coefficient from through
diffusion experiments, k = permeability and Dem = effective diffusion coefficient from advection -
matrix diffusion experiments.

Sample Diameter / mm Length / mm Rock type ε,Det, k Dem

ONK-PP318 11.98-12.78 41.58 803 PGR X
ONK-PP318 13.92-13.95 41.56 29.6 PGR X
ONK-PP318 13.97-14.02 41.6 47.6 PGR X
ONK-PP318 15.76-15.81 41.67 49.78 PGR X
ONK-PP318 16.87-16.92 41.4 50.4 VGN X
ONK-PP319 9.21-9.26 41.54 49.21 VGN X
ONK-PP319 9.47-9.52 41.4 45.9 VGN X
ONK-PP319 12.54-12.59 41.50 47.67 VGN X
ONK-PP319 12.70-12.75 41.4 47.9 VGN X
ONK-PP321 10.26-10.31 42.0 47.7 VGN X
ONK-PP323 18.50-18.55 41.5 49.5 VGN X
ONK-PP323 18.86-18.91 41.51 49.97 VGN X
ONK-PP323 18.94-18.97 41.48 29.0 VGN X
ONK-PP323 19.10-19.15 41.45 47.20 VGN X
ONK-PP323 19.25-20.05 41.50 800 VGN X
ONK-PP323 20.89-20.91 41.58 20.2 VGN X
ONK-PP324 11.49-11.51 41.5 17.1 VGN X
ONK-PP326 11.42-11.44 41.4 18.4 VGN X
ONK-PP326 11.72-11.74 41.42 20.3 VGN X
ONK-PP327 12.05-12.07 41.1 17.3 VGN X
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Figure 5.1: [58] A schematic layout of the pycnometer. The sample is placed in the measurement
chamber and the selector valve is used to evacuate, pressurise and connect the chambers.

5.1 Porosity measurements by Ar-pycnometry

Porosity is naturally an important transport property, as transport through the geosphere can only
happen through the pore network. The bulk porosity of intact rock is not an important figure for
nuclide flow as that takes place mostly in fractures, but it determines the amount of stagnant pore
space around the fractures where the nuclides can diffuse to and thus provides vital information on
nuclide transport retardation.

The equipment used to measure porosities in this work consists of two chambers, a measurement
chamber and a reference chamber. A schematic of the equipment is presented in fig. 5.1. Argon is
used here because it is nonreactive, penetrates easily into small pores, is less prone to leaks than
helium and satisfies the equation of state of ideal gas quite well [142]. A sample is placed in the
measurement chamber and both chambers are evacuated until a gauge vacuum of -95 kPa is reached.
The reference chamber is then pressurised with argon gas to a gauge pressure of 100 kPa. Finally the
chambers are connected. The pressure and temperature of both chambers are measured in all steps
after stabilisation. An example measurement of pressure in the reference chamber is shown in fig. 5.2.
The grain volume and thus the porosity of the sample can be determined by using the equation of
state of ideal gas, which eventually gives

Vg = VM − VR
(PRTMTV − PMTV TR)

(PMTV TR − PV TMTR)
, (5.1)

where Vg is the grain volume of the sample, VM and VR are the volumes of the measurement and
reference chambers, respectively, PV and TV are the pressure and temperature, respectively, of the
reference chamber after evacuation, PR and TR are the same quantities of the reference chamber after
pressurisation and PM and TM are the same quantities of the measurement chamber after connecting
the chambers. The volumes of the chambers are determined by performing the measurement with
two calibration samples of known grain volumes and solving from Eq. (5.1). Porosity ε can then be
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Figure 5.2: Typical variation of pressure in the reference chamber during a pycnometer measure-
ment. First both chambers are evacuated, then the reference chamber is pressurised and finally the
chambers are connected.

obtained from
ε =

Vb − Vg
Vb

, (5.2)

where Vb is the bulk volume of the sample. In this work Vb was obtained by the water immersion
method, where a sample is weighed outside of water and immersed in water, and the bulk volume
is obtained by the Archimedes principle. To account for water penetrating the sample pores during
immersion the weight of the sample was monitored with a computer and extrapolated to the moment
of immersion. Ion-exchanged water was used to decrease bubble formation and the temperature of
the water was monitored for accurate density calculation. An example of the weight and temperature
measurements is shown in fig. 5.3. Previous studies have shown that measurements in the gas and
water phase yield equivalent results [143, 144] but the results between laboratory experiments and in
situ experiments can differ [76–79]. This is mainly due to stress release of the samples, but also due
to sampling procedures and sample preparation, which can increase the porosity of the laboratory
samples.

5.2 Through diffusion and permeability measurements

Through diffusion is not an important means of transport for radionuclides, although it can be used
to quickly obtain accurate diffusion coefficients that can be used to estimate retardation via matrix
diffusion. The same experimental setup can also be used to measure permeability, another useful
parameter for transport modelling and estimation of the bedrock transmissivity.

The equipment used for through diffusion and permeability measurements [60, 61, 63, 64] uses nitro-
gen as the carrier and helium as the tracer. The equipment consits of a sample holder, an injection
valve, a He-mass spectrometer, a gas-flow meter, two pressure gauges, and several valves that also
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Figure 5.3: A typical time dependence of sample weight as a function of time, expressed in the
units of mass, along with a linear fit. Fluctuations in the beginning arise from leaving air bubbles
and slight swinging of the sample in water.

connect the setup to nitrogen and helium outlets and a vacuum pump (see fig. 5.4). The injection
valve can be used with several injection loops of different volumes. The selection valve is used to
connect the injection chamber to the injection valve, the vacuum pump or directly to the helium
source, which is done in the permeability measurements. The He-mass spectrometer data is recorded
on a PC using a LabView-based software. The sample is attached to the sample holder using a
commercial butyl rubber sealant band in such a way that only the flat ends of a cylindrical sample
are left in contact with the measurement. Blank measurements showed that the leaks through the
sealant were smaller than the detection limit of the mass-spectrometer and could thus be neglected.

In the through diffusion measurements the injection chamber was first connected to the vacuum pump
and evacuated to -95 kPa gauge. A 5 ml loop connected to the injector was filled with helium. The
injector was then used to connect the loop to the nitrogen source and the injection chamber, causing
the helium to be sucked to the injection chamber and replaced by nitrogen. Integration of the nitrogen
flow data acquired from the flow meter (Sierra SmartTrak 100) gives a good estimate of the volume
of the injected helium. The helium then diffused through the sample into the flushing chamber which
was constantly flushed with nitrogen, which was measured with a He-mass spectrometer (Leybold
UL 200). A pressure gauge connected to the flushing chamber was used to ensure that the nitrogen
pressure was slightly (5–10 kPa) above the ambient pressure, but not so much as to create a disturbing
advection flux proportional to the induced pressure gradient across the sample. This slight over-
pressure guaranteed that no helium was leaked into the flushing chamber from the laboratory, whose
air contained helium at a ppm level. Possible out-diffusion of helium from the flushing chamber was of
no concern, as the detection efficiency of the spectrometer requires a correction factor to the helium
flux for data analysis and this correction factor includes the effects of possible out-diffusion. The
pressure gauge, flow-rate, and He-mass spectrometer data were all recorded on PC for later analysis.

In the permeability measurements the helium source was connected directly to the injection chamber
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Figure 5.4: A layout of the through diffusion equipment. It consists of a sample holder, an injection
valve, a He-mass spectrometer, a gas-flow meter, two pressure gauges (P), and several valves that
also connect the setup to nitrogen (N2) and helium (He) outlets and a vacuum pump.

with the selector valve, and the pressure in both chambers was controlled while flushing the flushing
chamber with nitrogen. Pressure of the injection chamber was increased by regular increments, and
all pressures and the helium flow were measured after all these values were stabilised. Pressure
difference across the sample varied from 20 kPa to 90 kPa.

Analysis

Modelling of the through diffusion measurements was based on the solution of the Fickian diffu-
sion equation with appropriate initial and boundary conditions. The sample geometry and reflective
boundary conditions in the transverse directions made it possible to use a one-dimensional approxi-
mation of this equation.

To find the helium flow as a function of time, its one-dimensional diffusion across the sample is
considered, and its density ρ(x, t) is defined such that x = 0 is the sample surface in the flushing
chamber and x = L is the sample surface in the injection chamber. The diffusion equation can be
expressed in the form

1

De

∂ρ

∂t
=
∂2ρ

∂x2
, (5.3)

where De is the effective diffusion coefficient of helium in the sample whose pores are filled with
nitrogen. Flushing effectively removes the helium from the flushing chamber, so that ρ(0, t) = 0.
Conservation of mass gives the other boundary condition, as all tracer molecules that leave the
injection chamber must enter the sample, so that

V · ∂ρ
∂t

(L, t) = −εA ·De
∂ρ

∂x
(L, t), (5.4)

where V is the volume of the injection chamber, ε is the porosity of the sample, and A is the area of
its cross-section. The initial condition is zero concentration inside the sample and ρ0 = m0

V at x = L,
where m0 is the mass of the injected helium. The solution of Eqs (5.3) and (5.4) with these initial
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and boundary conditions can be written in the form of a series expansion [145]

ρ(x, t) = ρ0

∞∑
n=1

sin(λnxL )

sinλn
· 2LH

λ2n + (LH)2 + LH
e
−Deλ

2
n

ρL2 t
, (5.5)

where H = εA
V and 0 < λ1 < λ2 < ... are the positive roots of the equation

λ tanλ = LH. (5.6)

Using conservation of mass, ṁ = dm
dt = De

∂ρ
∂x (0, t) · εA, the helium flux across the sample can be

expressed in the form

ṁ

m0
=

∞∑
n=1

λn
sinλn

· 2DeH
2

ρ ·
(
λ2n + (LH)

2
+ LH

)e−Deλ2nρL2 t
, (5.7)

where H = εA
V . This equation can be used to fit the measured breakthrough curve with the effec-

tive diffusion coefficient and optionally porosity as the fitting parameters. The effective diffusion
coefficient is mainly determined by the late-time behaviour of the breakthrough curve, which is
rather insensitive to small details of the system. Porosity is determined by the main pulse of the
breakthrough curve, but the measurement is more accurate if porosity is determined by a separate
measurement, e.g. like described in section 5.1. The porosity can then be fixed and effective diffusion
coefficient used as the only fitting parameter.

In the permeability measurement a controlled pressure difference is created across the sample, which
induces a flux of helium through the sample. To derive an equation for this flux, the differential form
of Darcy’s law [146] is first examined:

v̄ = −k
µ
∇ (P − ρḡ) , (5.8)

where v̄ = ∂Q
∂A is the velocity of the gas averaged over a given cross-section of area A, Q is its volume

flow, k is the permeability, µ the dynamic viscosity, and P the pressure of the tracer gas of density ρ,
and ḡ is the acceleration caused by gravity. Since gases are compressible, ρ is not constant, as is the
case in the liquid phase. However, in steady state at constant temperature, the product of velocity
and pressure is constant throughout the sample. Thus the velocity of the gas at the surface of the
flushing chamber v2 is given by

v2 =
k

µ

(
P 2
2 − P 2

1

)
2P2L

, (5.9)

where P1 is the pressure in the flushing chamber and P2 that in the injection chamber. Using now
v = dQ

dA and integrating over the cross-sectional area on both sides of the above equation, one finds
that

Q = Qdiff +
kA

µL

(
P 2
2 − P 2

1

)
2P2

, (5.10)

where Qdiff is the flux due to diffusion.

5.3 Advection - matrix diffusion measurements

Advection - matrix diffusion measurements were done in gas phase with the measurement setup
shown in fig. 5.4 with a different kind of sample holder and the selection valve connecting both gas
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Figure 5.5: Layout of the advection - matrix diffusion system. It consisted of a sample holder, an
injection valve, a He–mass spectrometer and several valves that also connected the setup to nitrogen
and helium outlets. The gas-flow meter is not shown in this figure.

supplies to the injection valve. The aim was to help water phase in situ measurements as well as
planned gas phase in situ measurements [80]. A schematic of the equipment in this measurement is
shown in fig. 5.5. The sample holder was self made and designed to keep the sample centered in a
metal tube, leaving a thin, uniform flow channel (0.2 – 0.3 mm) around it. In order to help the flow fill
properly the whole flow channel, a stainless-steel capillary tube (inner diameter 0.9 mm) and a special
input flange were used, from which the flow spread uniformly to the cylindrical channel. The output
flange was identical with the input flange. The ends of the sample were sealed with a commercial
butyl rubber sealant and aluminium caps to only allow diffusion from the flow channel. The used
He-mass spectrometer had a measuring range of 9 decades (0.1 – 5 · 10−11 mbar · l

s ), which enabled
measurement of the relatively-high He concentrations at the early stages of the measurement, as well
as the low concentrations at its later stages. Since the mass spectrometer required a rough vacuum,
a throttle was installed before the spectrometer, so as to keep the rest of the measurement setup as
close to the ambient pressure as possible. The gas-flow meter/controller was used to simultaneously
control and measure the nitrogen flow in the range 40–50 ml/min.

After placing a sample in the sample holder, a steady, uniform nitrogen flow was produced in the
flow channel around it. The pressure from the nitrogen source was set 5–10 kPa above the ambient
pressure, and the throttle was set as tight as possible to allow a sufficient flow rate, while maintaining
the void inside the spectrometer as well as possible. The gas-flow controller was finally used to set
the flow rate exactly to the desired value. When the nitrogen flow was stable, the injection loop was
filled with helium which was then injected into the flow. This injection caused a small negative peak
in the flow-rate data, which could be used to track the time step of the injection. The amount of
helium in the nitrogen was tracked during the whole measurement and saved for analysis.

Mathematical model

In this section the mathematical model that is used to interpret the measured breakthrough curves
is described. The geometry used in the mathematical model consisted of a thin (1D) flow channel
around a porous cylinder. The cylinder can be homogeneous, layered or divided into sectors of
different properties, as shown in fig. 5.7. The sectors can also be layered. The sectors are divided
evenly around the cylinder to ensure a well-mixed flow, but are presented undivided here for clarity.
The outer wall of the flow channel is impermeable. The solution is first obtained for a general case
(see fig. 5.6, then for a homogeneous cylinder and then for a heterogeneous cylinder).
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Figure 5.6: A schematic presentation of the measurement geometry for a general porous cylinder.
The flow channel is shown in blue.

For tracer transport in an advection-diffusion system, the tracer concentration in the flow channel
(Cf ) is described by an advection-diffusion equation and in the porous matrix (Cm) by a diffusion
equation:

∂Cf
∂t

+∇ · (Cf v)−D0 ∆Cf = 0,

∂Cm
∂t
−∇ · (Dp∇Cm) = 0,

(5.11)

where v is the velocity of the flow, Dp is the pore-diffusion coefficient of the tracer in the matrix,
and D0 is the diffusion coefficient of the tracer in the fluid. Transmission conditions between the flow
channel and the porous matrix are given by

Cf = Cm, and D0
∂Cf
∂n

= εDp
∂Cm
∂n

, (5.12)

where ε is the porosity of the matrix. The outer wall of the flow channel is impermeable, so the
normal derivative of Cf vanishes at the outer wall of the flow channel:

∂Cf
∂r

= 0, (5.13)

In the following some simplifying assumptions are made such that the system can be solved analyt-
ically with appropriate initial and boundary conditions.

Homogeneous matrix

The matrix is assumed to be homogeneous, i.e., Dp is constant. The system is also assumed to be
rotationally symmetric. Furthermore, as advection along the channel is much faster than transport
by diffusion in the matrix, we can assume that diffusion in the matrix is radial. By taking the
radial average over the flow channel and assuming that the fluid is ’well-mixed’, i.e., that the tracer
concentration in the channel is constant in the cross sections perpendicular to the direction of the
flow channel (x direction), it is found that

∂Cf
∂t

(x, t) + v
∂Cf
∂x

(x, t)−D0
∂2Cf
∂x2

(x, t) = − 2εDpa

2ab+ b2
∂Cm
∂r

(x, a, t)

∂Cm
∂t

(x, r, t)−Dp

(
∂2Cm
∂r2

(x, r, t) +
1

r

∂Cm
∂r

(x, r, t)

)
= 0.

(5.14)

Here a is the radius of the matrix and b is the aperture of the flow channel. These equations can also
be applied in the case of laminar flow with a parabolic velocity profile across the flow channel. In this
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case D0 must be replaced by an effective diffusion coefficient that includes Taylor dispersion [147],
and v is the cross sectional average of the flow velocity. The situation in which a short pulse (mass
M) of the tracer is injected into the beginning (x = 0) of the channel at time t = 0, is described by
the boundary and initial conditions

Cm(x, a, t) = Cf (x, t),
∂Cm
∂r

(x,R, t) = 0, Cm(x, r, 0) = 0

Cf (0, t) =
M

π(a2 − (a− b)2)v
δ(t), Cf (x, 0) = 0.

(5.15)

The boundary condition for Cf at the end of the channel (x = L) is not set, but the system is
considered in an unbounded domain, x > 0, with a ’physical boundary condition’ at infinity,

lim
x→∞

Cf (x, t) = 0. (5.16)

What is of interest is the breakthrough curve, i.e., Cf (L, t). With the substitution

τ =
t v

L
, ξ =

x

L
, ρ =

r

a

C(ξ, τ) =
π(2ab+ b2)L

M
Cf (x, t),

CM (ξ, ρ, τ) =
π(2ab+ b2)L

M
Cm(x, r, t)

(5.17)

equations (5.14), (5.15) and (5.16) can be expressed in a dimensionless form,

∂C

∂τ
(ξ, τ) +

∂C

∂ξ
(ξ, τ)− µ2 ∂

2C

∂ξ2
(ξ, τ) = −λ

κ

∂Cm
∂ρ

(ξ, 1, τ)

∂Cm
∂τ

(ξ, ρ, τ)− 1

κ2

(
∂2Cm
∂ρ2

(ξ, ρ, τ) +
1

ρ

∂Cm
∂ρ

(ξ, ρ, τ)

)
= 0

Cm(ξ, 1, τ) = C(ξ, τ), Cm(ξ, ρ, 0) = 0

C(0, τ) = δ(τ), C(ξ, 0) = 0, lim
ξ→∞

C(ξ, τ) = 0,

(5.18)

where the dimensionless parameters are

λ =
2εa

2ab+ b2

√
DpL

v
, κ = a

√
v

DpL
, µ =

√
D0

Lv
. (5.19)

For a fixed ξ, the diffusion equation can be solved for Cm by separating the variables. Substituting
that solution into the first equation in Eq. (5.18) results in a closed integro-differential equation -
the matrix diffusion equation - for C,

∂C

∂τ
(ξ, τ) +

∂C

∂ξ
(ξ, τ)− µ2 ∂

2C

∂ξ2
(ξ, τ) = −λ

τ∫
0

Λ(τ − σ)
∂C

∂σ
(ξ, σ) dσ, (5.20)

with
C(ξ, 0) = 0, C(0, τ) = δ(τ), lim

ξ→∞
C(ξ, τ) = 0, (5.21)

where

Λ(τ) =
2

κ

∞∑
n=1

γn · e−
α2
n
κ2

τ . (5.22)
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Here eigenvalues αi are the positive zeros of the Bessel function J0 and the coefficients γn = 1.
The matrix diffusion equation Eq. (5.20) can be solved using the Laplace transform, see [89]. The
breakthrough curve can be expressed in the form

C(τ) =
1

π

∞∫
0

e−G(x)−τx (cos(τx−H(x))− sin(τx−H(x))) dx, (5.23)

where

G(x) =

√√
(1+4µ2(f(x)−x))2+(4µ2(h(x)+x))2+1+4µ2(f(x)−x)−

√
2

2
√
2µ2

,

H(x) =

√√
(1+4µ2(f(x)−x))2+(4µ2(h(x)+x))2−1−4µ2(f(x)−x)

2
√
2µ2

,

(5.24)

and

f(x) =
2λ

κ

∞∑
n=1

γn ·
2x2 − xα2

n/κ
2

(α2
n/κ

2 − x)2 + x2

h(x) =
2λ

κ

∞∑
n=1

γn ·
xα2

n/κ
2

(α2
n/κ

2 − x)2 + x2
.

(5.25)

Matrix with two layers

Now another coaxial layer is added to the cylinder (interface at radius r = R) with different transport
properties (modelling a cylinder composed of two layers with porosities ε1 and ε2 and pore diffusion
coefficients Dp1 and Dp2), respectively, see fig. 5.7, left panel; such a system can be used, e.g., to
model an excavation disturbed zone).

Figure 5.7: Schematic representation of the measurement geometry for a layered cylinder (left panel)
and a sector cylinder (right panel). The sectors are divided evenly around the cylinder to ensure a
well mixed flow, but are presented undivided here for clarity. The flow channel is shown in blue and
different levels of grey describe layers with different transport properties.

In this case the model is the same, except that the diffusion equation for Cm in Eq. (5.14) is replaced
by the equation

∂Cm
∂t

(x, r, t)−Dp1

(
∂2Cm
∂r2

(x, r, t) +
1

r

∂Cm
∂r

(x, r, t)

)
= 0, R < r < a

∂Cm
∂t

(x, r, t)−Dp2

(
∂2Cm
∂r2

(x, r, t) +
1

r

∂Cm
∂r

(x, r, t)

)
= 0, 0 < r < R,

(5.26)
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with the transmission conditions

Cm(x,R+, t) = Cm(x,R−, t)ε1Dp1
∂Cm
∂r

(x,R+, t) = ε2Dp2
∂Cm
∂r

(x,R−, t). (5.27)

The breakthrough curve can be built in a similar manner as with the homogeneous model. Also in
this case a matrix diffusion equation of the same form Eq. (5.20) is obtained, but with

γn =
4

4 + π2 α2
n ρ

2
0 νn

, (5.28)

where
νn =

(
1

ε
− 1

)
(Y0(αn) J0(αnρ0)− J0(αn)Y0(αnρ0))

2

(
β2 ε− 1

)
(J0(αn)Y1(αnρ0)− Y0(αn) J1(αnρ0))

2
,

(5.29)

and eigenvalues αn are the positive roots of the equation

Y0(α) (J0(αρ0) J1(αβρ0)− ε β J0(αβρ0) J1(αρ0))

− J0(α) (Y0(αρ0) J1(αβρ0)− ε β J0(αβρ0)Y1(αρ0)) = 0.
(5.30)

Here the dimensionless parameters are

λ =
2ε1a

2ab+ b2

√
Dp1L

v
, κ = a

√
v

Dp1L
, µ =

√
D0

Lv
β =

√
Dp1

Dp2
, ε =

ε1
ε2
, ρ0 =

R

a
, (5.31)

Multi-component matrix

Lastly an analytically solvable ’toy model’ for a rock matrix is considered, which consists of several
minerals with different diffusion properties, see fig. 5.7, right panel. If the flow is well mixed, and if
transport in each mineral component can be described independently with radial diffusion, then the
system can be mathematically described such that the flux term on the right-hand side of the first
equation in Eq. (5.14) is replaced by a sum of fluxes from each component:

∂Cf
∂t

(x, t) + v
∂Cf
∂x

(x, t)−D0
∂2Cf
∂x2

(x, t) = −
n∑
j=1

2εjpjD
(j)
p a

2ab+ b2
∂C

(j)
m

∂r
(x, a, t), (5.32)

where pj is the portion of component j at the surface of the flow channel. Concentration of the
tracer C(j)

m in component j is described by radial diffusion (or two-layer diffusion) with the initial
and boundary conditions as in Eq. (5.15) and Eq. (5.16). These assumptions are valid if it is assumed
that each component is a sector in the cylinder (with one or two layers), and the fluxes between
different components are not taken into account, and different components of varying properties are
distributed ’uniformly’ at the wall of the flow channel (see fig. 5.7). Grains of different minerals are
assumed homogeneous, and each grain can correspond to a sector in the cylinder (or a layer in a two-
layer cylinder), and angular and axial diffusion between different grains is ignored. This model is good
at short times, when fluxes between different components of the rock are small in comparison with
the flux between the rock and the flow channel. In practice it seems to work quite well for modelling
the breakthrough curves of heterogeneous flow channels (rock matrices). The above matrix diffusion
equations can easily be generalised into this case.
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Figure 5.8: A typical through diffusion breakthrough curve and its fit by Eq. (5.7) together with
the confidence limits. Depicted sample is ONK-PP318 15.76-15.81 with De = (5.7± 0.5)m

2

s .

5.4 Porosity, through diffusion and permeability results

The porosity results are listed in Table 5.3. The obtained values were 0.44–0.63 % for PGR and 0.19–
2.9 % for VGN. The results are of the same magnitude as measured before for Olkiluoto samples,
such as in the article of Appendix I, except for the highest values for VGN.

The effective diffusion coefficients were obtained from the measured breakthrough curves by fitting
them by Eq. (5.7). Figure 5.8 shows a typical through diffusion breakthrough curve (sample ONK-
PP318 15.76-15.81) together with its fit. Evacuation of the injection chamber before the measurement
(i.e., t = 0) causes also evacuation of the pore space of the sample close to that chamber so that in fact
helium enters the sample more quickly than assumed in the solution of the diffusion equation, which
causes the measured breakthrough curve to rise above the fitted one. As De is mainly determined by
the late-time behaviour of this curve, however, is not affected by this feature. The effective diffusion
coefficients were 3.2 · 10−9 – 8.2 · 10−9 m2/s for PGR and 5.0 · 10−10 – 6.7 · 10−9 m2/s for VGN. Full
results are listed in Table 5.3. The results were of the same magnitude as measured before for
Olkiluoto samples [148].

It was also analysed if Knudsen diffusion [149–151] affects the results. To this end, the diffusion
coefficient of sample ONK-PP323 18.86-18.91 that was estimated to have a lot of pores with small
apertures due to its high contents of biotite [140], was measured at many different gas pressures. As
the mean free path of the tracer in a gas is linearly related to the pressure of the gas, increasing
ambient pressure decreases this mean free path, and should thus reduce the possible effect of Knudsen
diffusion. If Knudsen diffusion were significant in the measurement of diffusion coefficient, it should
change when the pressure is changed. The results of such a measurement, shown in Table 5.2, indicate
that only small changes appear in the diffusion coefficient when the pressure is changed. These
changes can be attributed to uncertainties in the measurements.
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Table 5.2: Diffusion coefficient of the tracer (He) for a varying pressure of the carrier gas (N2).

Gauge pressure (kPa) De

(
10−10 m2

s

)
6 7.6± 0.8
30 9.0± 0.9
60 8.0± 0.9
97 9.0± 0.9

Figure 5.9: Left panel: Gauge pressure of the injection chamber as a function of time (thin curve)
together with the corresponding breakthrough curve (thick curve). Right panel: Fit of volume flow
at the plateaus shown in left panel by Eq. (5.10). Gauge pressure in the flushing chamber was nearly
constant (about 10 kPa). Depicted sample is ONK-PP318 13.97-14.02. The linear fit had an R value
of 1.00.

Figure 5.9 shows a typical breakthrough curve for the permeability measurements (sample ONK-
PP318 13.97-14.02) along with the corresponding pressure of the injection chamber during the mea-
surement. Permeability was obtained from this curve by plotting the helium flux (at the plateaus)
against the pressure term in Eq. (5.10) and dividing the slope of the resulting straight line by A

µl (see
Eq. (5.10)). An example of this ’Darcy plot’ is also shown in fig. 5.9. The linear behaviour seen in the
Darcy plot shows that the Klinkenberg effect [149], which is an effect similar to Knudsen diffusion
that affects permeability, is not significant in these measurements, as it would make the permeability
pressure-dependent and remove the linearity. The permeabilities were 5.9 · 10−19 – 6.4 · 10−18 m2 for
PGR and 1.4 · 10−20 – 8.6 · 10−17 m2 for VGN. Full results are again listed in Table 5.3. The results
were of the same magnitude as those measured before for Olkiluoto samples [148], except for the
highest VGN results.

Correlation of transport parameters

The measured porosities, effective diffusion coefficients and permeabilities from sections 5.1 and 5.2
are listed in Table 5.3. To try to find out if any of the three properties are correlated, the measured
data was combined with several previous results [64, 148, 152–154] and the properties were plotted
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Table 5.3: Measured porosities ε, effective diffusion coefficients De, permeabilities k, and rock types
of the REPRO samples. Errors are 1 σ

Sample ε / % De / 10−9 m2

s k / 10−19m2 Rock type

ONK-PP318 13.92-13.95 0.6± 0.3 8.2± 0.8 860± 70 PGR
ONK-PP318 13.97-14.02 0.63± 0.05 3.2± 0.6 64± 1 PGR
ONK-PP318 15.76-15.81 0.44± 0.14 5.7± 0.5 5.9± 0.2 PGR
ONK-PP318 16.87-16.92 0.70± 0.05 6.7± 0.7 9± 1 VGN
ONK-PP319 9.21-9.26 0.34± 0.14 2.0± 0.2 1.3± 0.2 VGN
ONK-PP319 9.47-9.52 2.4± 0.2 1.4± 0.3 6± 1 VGN
ONK-PP319 12.54-12.59 0.77± 0.15 2.8± 0.2 1.1± 0.1 VGN
ONK-PP319 12.70-12.75 0.60± 0.14 3.8± 0.5 49± 5 VGN
ONK-PP321 10.26-10.31 0.55± 0.14 1.9± 0.7 39± 1 VGN
ONK-PP323 18.50-18.55 0.82± 0.13 3± 1 11.3± 0.1 VGN
ONK-PP323 18.86-18.91 1.24± 0.14 0.58± 0.05 0.2± 0.1 VGN
ONK-PP323 18.94-18.97 2.7± 0.3 5.4± 0.5 53± 5 VGN
ONK-PP323 19.10-19.15 0.7± 0.2 0.50± 0.05 0.14± 0.02 VGN
ONK-PP323 20.89-20.91 0.19± 0.08 0.8± 0.1 0.9± 0.1 VGN
ONK-PP324 11.49-11.51 1.02± 0.05 0.8± 0.1 3.6± 0.4 VGN
ONK-PP326 11.42-11.44 2.9± 0.1 1.4± 0.1 2.0± 0.2 VGN
ONK-PP326 11.72-11.74 0.68± 0.08 1.1± 0.1 9.5± 0.2 VGN
ONK-PP327 12.05-12.07 0.7± 0.1 1.2± 0.1 0.2± 0.1 VGN

as a function of each other, as shown in Figs 5.10 - 5.12.

It seems that the porosities and effective diffusion coefficients are slightly correlated. In general, the
effective diffusion coefficient of the sample increases as its porosity is increased. On the average data
points roughly follow a power law function,

y = a ·xb, (5.33)

where a and b are fitting parameters, suggesting a weak correlation with, however, a rather large
variation. Such a correlation was not observed for the REPRO samples alone. Archie’s law with
suitable Parkhomenko coefficients [70], De = 0.71 ·DHe · ε1.58 with DHe = 6.75 · 10−5 m2

s the effec-
tive diffusion coefficient of helium in nitrogen [155], also seemed to roughly agree with the data
of fig. 5.10. However the R-value for log(ε) vs log(De) was only 0.50, indicating weak correlation.
A clear difference between the results for samples from drill core ONK-PP318 and those for other
REPRO samples existed: Samples from ONK-PP318 had a systematically lower porosity and higher
effective diffusion coefficient than other REPRO samples. These differences can be explained by
structural and mineralogical differences of the samples. Samples from ONK-PP318 were typically
PGR, and they had grain boundaries and intragranular fissures with a locally high porosity forming
low-tortuosity migration paths, while the total porosities of these samples were still relatively low.
The other REPRO samples were VGN and included high quantities of biotite which has a tight,
foliated structure with nanometer-scale apertures between laminas and a relatively wide variation in
porosity [140, 156]. Such structural and mineralogical differences may also explain the overall large
variation of the data.

Permeability and porosity correlate similarly (i.e., weakly) as diffusion and porosity (see Fig 5.11).
In general, permeability of the sample increases when its porosity is increased. No fit was attempted,
as log(ε) vs. log(k) had an R-value of 0.44, indicating a very weak power-law correlation. A difference
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Figure 5.10: Effective diffusion coefficients plotted as a function of porosity reveals a weak correla-
tion between these quantities.

between the samples from drill core ONK-PP318 and the other REPRO samples existed also here.
Samples from ONK-PP318 had a systematically lower porosity and higher permeability than the
other REPRO samples. Here again, this and the high overall variation of the data can be explained
by structural and mineralogical differences between the samples.

The effective diffusion coefficients and permeabilities are, however, more correlated. As expected,
permeability increases when the effective diffusion coefficient is increased. Since both of these quan-
tities are strongly related to the pore structure of the material and the tortuosity and constrictivity
of the pore network, and since they represent their transport properties, it can be expected that some
correlation exists. It needs to be noted that to use this correlation in water phase, it needs to be
converted from gas phase using a ratio of diffusion coefficients in pure carriers. A power-law relation
k = 3.6 · 10−5 ·D1.67

e seems to describe the data points quite well (see fig. 5.12). For a linear plot the
R-value was 0.48 and for log(De) vs. log(k) it was 0.87. For the REPRO samples k = 12200 ·D2.52

e

was used to describe the data points with R = 0.77 for a linear plot and R = 0.76 for log(De) vs.
log(k). Note that linear fittings are not shown in fig. 5.12. These results suggest that linear corre-
lation of these quantities is not very strong, except for the REPRO samples, but they seem to be
related by a power law. Here the REPRO samples fall into two groups. The samples from drill core
ONK-PP318, which are mostly PGR, have high effective diffusion coefficients and high permeabil-
ities, and the other REPRO samples, which are mostly VGN, have lower diffusion coefficients and
lower permeabilities.

Only a weak correlation was found between porosity and the other two measured properties. This
was expected, since bulk porosity completely ignores the structure of the pore space. Quantities such
as tortuosity and constrictivity are needed to connect porosity with effective diffusion coefficient and
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Figure 5.11: Permeability as a function of porosity displays a very weak correlation between these
quantities.

Figure 5.12: Permeability as a function of effective diffusion coefficient displays quite strong corre-
lation between these quantities.
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Table 5.4: Results of advection - matrix diffusion measurements for the VGN sample ONK-PP323
19.25-20.05.

Flow rate / cm3

min ε / % De / 10−10 m2

s D0 / 10−4 m2

s

40 0.6 4.2 ± 0.9 3.2
45 0.6 4.2 ± 0.9 2.7
50 0.6 4.2 ± 0.9 2.7

permeability, but both these quantities have been very difficult to determine (measure). The effect
of rock structure was clearly demonstrated when comparing the results for samples from drill core
ONK-PP318 and those for the other REPRO samples: ONK-PP318 samples, which were mostly
PGR, had a lower porosity and higher effective diffusion coefficient and permeability than the other
REPRO samples, which were mostly VGN. This is counter-intuitive, but is explained by structural
and mineralogical differences of these samples. Diffusion and permeability are quite similarly affected
by tortuosity and constrictivity, at least in gas phase, and were found to be closely related. A power-
law relation between these two quantities seems to well describe the data. It can thus be used to
estimate one of them if the other one is known. However, the precise values of these quantities must
always be determined by direct measurement.

5.5 Advection - matrix diffusion results

The breakthrough curve of the VGN-sample (ONK-PP323 19.25-20.05) measurement was first fitted
with the homogeneous model of Eq. (5.23) by fixing ε=0.6 % from porosity measurements for VGN in
the same drill core and using D0 and Dp as fitting parameters (see fig. 5.13). The model followed the
experimental curve very well. The early part of the breakthrough curve was dominated by advective
transport, and the retarding effect of matrix diffusion was seen as strong tailing of the late part
of the curve. The results of VGN measurements with various flow rates, shown in Table 5.5, are
in accordance with those of the previous gas phase measurements for the same drill core, shown in
Table 5.3. The diffusion coefficients were changed to effective diffusion coefficients De = Dp · ε. The
results for D0 are slightly larger than the literature value for diffusion of helium in nitrogen, 6.5
· 10−5 m2

s [155]. This difference of less than an order of magnitude can be explained by dispersion and
a possible additional effect within the mass spectrometer.

It needs to be noted that a similar result was also obtained by fixing D0 at the literature value and
adding a second, more porous component with a higher diffusion coefficient in the matrix. Thus the
method cannot reliably measure D0, as its effect is indistinguishable from that of a high porosity
component in the sample.

The breakthrough curve for the PGR-sample (ONK-PP318 11.98-12.78) measurement had, however,
a very different shape and could not be modeled with the homogeneous model, as is evident from
fig. 5.14. If the model was fitted to the tail of the curve, it did not describe the measurement at
the end of the main pulse (left panel) and if it was fitted to the main pulse of the curve, it did not
describe the measurement at the tail (right panel).

This effect was concluded to arise from differences in rock structure, as the porosities of VGN from
ONK-PP323 and PGR from ONK-PP318 are close to each other and the difference between their
diffusion coefficients is about one order of magnitude. To study this, separate samples of both rock
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Figure 5.13: Result of an advection - matrix diffusion measurement on the VGN sample ONK-
PP323 19.25-20.05 together with a homogeneous fit by Eq. (5.23) with confidence limits. In this
measurement, ε = 0.6 % and De = (4.2± 0.9) · 10−10 m2

s . The flow rate used was 45 cm3

min .

Figure 5.14: The breakthrough curve of the PGR sample ONK-PP318 11.98-12.78 with an at-
tempt to fit it by a homogeneous model: fitting of the tail (left panel) and fitting of the main pulse
(right panel) of the curve. The "shoulder" effect created by a finite matrix depth is evident in the
breakthrough curve (right panel).



56 Transport properties of rock

Figure 5.15: 2-d porosity maps obtained with the 14C-PMMA-autoradiography technique for PGR
(left) and VGN (right). Porosities from 0% to 5% are shown, with porosities over 5% (up to 12% for
PGR and 7% for VGN) shown in red. Difference in the distributions of porosity is clearly visible.
PGR has a low background porosity with thin, connected, high-porosity features, whereas VGN has
a higher background porosity with larger high-porosity areas that are grain like and do not form a
connected network.

types, from the same drill cores as the advection - matrix diffusion samples, were studied using the
14C-PMMA-autoradiography technique (see Section 3.1). 2-d porosity maps of both rock types are
shown in fig. 5.15. It is evident that in VGN the porosity is divided into high-porosity (3–7 %) areas
that are a few mm in diameter, and into a moderately high and even background porosity (0.5–
1.0 %), which means the grain boundary pores are filled with PMMA. The high porosity areas in
VGN are granular, and should thus affect matrix diffusion more than through diffusion, but this was
not observed as the De obtained from the advection - matrix diffusion experiments was actually from
the lower end of VGN results. They are congruent with altered mineral grains, such as cordierite
and chlorite and of the same length scale as the high porosity component used in the two-component
fit above. In PGR the background porosity is smaller (0–0.3 %), but there are thin (tens of µm)
intergranular areas, where porosity is very high (up to 12 %). The high-porosity areas in PGR are
grain boundaries that form a continuous migration network across the sample. In PGR there are also
mineral grains (quartz) that are completely non-porous.

This difference in the porosity distributions is also evident in the porosity histograms shown in
fig. 5.16. VGN has larger areas of moderate porosity, whereas PGR is more divided into areas of
very-low and very-high porosity.

Based on the porosity structure information a multi-component model was used for the PGR sample
of the same form as Eq. (5.20). A crude division into three parts was done, loosely based on the
14C-PMMA data of fig. 5.15. One quarter of the sample was considered to be less porous with a
lower diffusion coefficient than the rest of the sample, as PGR has some very low-porosity quartz
grains. This quarter is now referred to as component 1. One quarter of the sample was considered to
be more porous with a higher diffusion coefficient than the rest of the sample to account for the high-
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Figure 5.16: Porosity histograms obtained with the 14C-PMMA-autoradiography technique for PGR
(blue line) and VGN (red line) samples. Total amount of pixels in the analysis was 570 000 / sample.
VGN has more zones of moderate porosity, whereas PGR has more areas of very low or very high
porosity.

Table 5.5: Results of advection - matrix diffusion measurements for the PGR sample ONK-PP318
11.98-12.78.

Flow rate / ε1 / De1 / ε2 / De2 / ε3 / De3 / Df /
cm3

min % 10−10 m2

s % 10−10 m2

s % 10−10 m2

s 10−4 m2

s

40 0.08 0.16± 0.04 0.45 32± 7 1.6 800± 400 1.9
45 0.08 0.16± 0.04 0.45 29± 6 1.6 800± 400 2.4
50 0.08 0.24± 0.05 0.45 32± 7 1.6 800± 400 3.0

porosity grain boundaries of the sample, and will now be referred to as component 3. The remaining
half was considered to be of average porosity and diffusion coefficient, and will now be referred to as
component 2. Components 2 and 3 also had a layer of component 1 placed underneath them to model
the tight inner matrix. A schematic form of the model is shown in fig. 5.17. The components are
divided evenly around the sample to ensure a well-mixed flow, but are presented undivided here for
clarity. The porosities of the components were taken by dividing the porosity distribution into four
quarters and using the average porosity of the first quarter for component 1, the average porosity of
the last quarter for component 3 and the average porosity of the two middle quarters for component
2. These porosities were fixed, and the diffusion coefficients Dp of all three components, along with
D0, were used as the fitting parameters. The breakthrough curve along with a three-component fit
with confidence limits are shown in fig. 5.18 and the results for various flow rates in Table 5.5 with
the diffusion coefficients again converted to effective diffusion coefficients De.

Comparing the three-component result with that of the through diffusion measurements that only
gave a single value for ε and De, is not straightforward, as none of the values given by the three-
component model directly correspond with a single value given by a single component model. If
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Figure 5.17: A schematic presentation of the geometry used for modelling the PGR sample (ONK-
PP318 11.98-12.78) with three components. Components are numbered from that of the lowest
porosity and diffusion coefficient to that of the highest ones. The components are spread evenly
around the sample to ensure a well-mixed flow, but are presented undivided here for clarity. The
surface areas of the components are 25 % for components 1 and 3 and 50 % for component 2.
The border between the components is at 0.7R between components 1 and 2 and at 0.5R between
components 1 and 3, where R is the radius of the sample.

Figure 5.18: Result of an advection - matrix diffusion measurement of the PGR sample together
with a three-component fit of the form Eq. (5.20) along with confidence limits, where all three
components were varied in the same direction. In this measurement ε1=0.08%, ε2=0.45%, ε3=1.6%,
De1 = (0.24± 0.05) · 10−10 m2

s , and De2 = (32± 7) · 10−10 m2

s and De3 = (800± 400) · 10−10 m2

s . The
flow rate used was 50 cm3

min .
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one considers the through diffusion behaviour to be dominated by component 2, the results are in
accordance with each other. The through diffusion results are shown in Table 5.3. For the longitudinal
diffusion coefficient in the channel, the result was again close enough to the literature value so it can
be explained, although now a clear dependence on the flow rate can be observed.

The used measurement setup and mathematical model have both been developed and used well before
this experiment, but both have also taken big steps forward during the project. This is the first time
the gas phase measurement is done with a column of this size. The measurement setup has been
improved by analysing measurements done with an impermeable dam, which were used to get rid of
artifacts caused by a bad flange design that showed as additional tracer retardation. It is now capable
of measuring matrix diffusion with good accuracy in a well-controlled system. The repeatability of
the measurements with various flow rates is a good indicator of that. The mathematical model has
developed into a powerful tool in the interpretation and analysis of this kind of advection - diffusion
experiments, as it can now be used for several types of samples with different heterogeneities. The
retarding effect of matrix diffusion was detected and quantified in both samples, and therefore it can
be concluded that these tools can be used to study matrix diffusion and to approximate the effect it
has on the radionuclide transport in the geosphere.

The homogeneous model agreed with the result of measurement for the VGN sample very well. The
obtained results for porosity and effective diffusion coefficient were in accordance with those we have
measured from the same drill core previously with the gas phase through diffusion measurements.
The diffusion coefficients obtained from the advection - matrix diffusion measurements were slightly
larger than those of the through diffusion measurements, which was to be expected as VGN contains
high-porosity areas that do not form a continuous transport network for through diffusion. The
homogeneous model seems to work very well if the local variations in pore structure in the sample
are not too drastic. The longitudinal diffusion coefficient in the flow channel was about four times
larger than the literature value for diffusion of helium in nitrogen. The difference is not big considering
the accuracy of the model, but it does indicate that dispersion in the measurement is perhaps more
complicated than Taylor dispersion, which was included in the model. The difference could also be
due to some artifacts caused by the ends of the sample and to some kind of delay effect inside
the mass spectrometer. It needs to be noted that the model is not capable of accurately measuring
longitudinal diffusion in the flow channel, as its effect is indistinguishable from that of a high-porosity
layer on top of the rock matrix, which could be attributed to something like a bore-disturbed zone
(BDZ) or the high-porosity areas in VGN.

The homogeneous model did not work for the PGR sample even though both samples had a similar
total porosity, and the difference in De obtained from through diffusion measurements was just
one order of magnitude. It was concluded that the reason for this was the high variation in the
local porosity and pore structure, as shown by the 14C-PMMA autoradiographs (fig. 5.15). This
assumption was confirmed by using the three-component model to account for the very low porosity
and very high porosity zones present in this sample. The result for one of the components in the three-
component fit had a similar porosity and effective diffusion coefficient as previously measured for the
same sample type from that area. Information of the retarding effects happening in different time
scales, which is relevant to real scenarios, was obtained, and cannot be obtained with more traditional
through diffusion measurements that only give information on the transmissive behaviour of the
rock. This shows that the heterogeneous structure of rock can have a much more significant effect
on the breakthrough curve than has previously been anticipated. The 14C-PMMA-autoradiography
technique was instrumental in this discovery. Without these auto-radiographs it may have been
impossible to interpret the breakthrough curve of the PGR sample. Based on this experiment, it
can be concluded that knowledge of the mineralogy and structure of the investigated rock is vital in
understanding the results of this type of an advection - matrix diffusion experiment.
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6 Conclusions and outlook

The objectives of this Thesis were to improve the understanding of radionuclide transport in the geo-
sphere by developing new methods for analysing geological structures, improving the existing meth-
ods, characterising water conducting fractures and producing usable data for the safety assessment
of the used nuclear fuel repository. To this end, fracture samples from Olkiluoto were characterised
using X-ray tomography, the 14C-PMMA autoradiography technique and microscopy with polarised
light to connect certain properties to certain fracture types. The porosity, diffusion coefficient and
permeability were also measured for rock samples from Olkiluoto with Ar-pycnometry, through dif-
fusion measurements, permeability measurements and advection - matrix diffusion measurements
in gas phase. A method to convert local porosities obtained by the 14C-PMMA autoradiography
technique into fracture apertures was also developed.

3-d distributions of minerals and porosities were determined for samples with water conducting
fractures. The minerals were identified using microscopy with polarised light, the porosity profiles
adjacent to the fractures in 2-d were determined using the 14C-PMMA autoradiography technique and
the mineral distributions were determined using X-ray tomography. X-ray tomography is most useful
when it is combined with other methods, and doing this requires very careful planning and sample
preparation. This was successfully done for one veined gneiss sample with a clay fracture by combining
the tomographic image with polarised light microscopy and thus identifying the mineral components
in the tomographic image. It was found that the properties of rock around water conducting fractures
depend on many uncorrelated factors and no clear pattern was found for the measured rock properties
even for rock samples with a given type of fracture. Some ranges for various parameters, such as the
depth of the alteration zone, were nevertheless acquired for various fracture types.

The methods used for the gas phase measurements of porosity, diffusion coefficient and permeability
were found to be fast, reliable and non-destructive. The results obtained for the transport properties
of the REPRO samples were of the same magnitude as those typical to the Olkiluoto area. They will
be later compared with ones resulting from on-going in situ experiments [80] to gain knowledge of
the possible influence of lithostatic pressure and its release and sample preparation. The obtained
results were also compared with those of previous experiments to look for possible correlations
between porosity, effective diffusion coefficient and permeability. Porosity was found to be only
weakly correlated with the other two properties as expected, since a bulk porosity measurement
completely ignores the structure of the pore space. The diffusion coefficients and permeabilities were
found to be related by a power-law function, which was expected, as the pore space structure affects
diffusion and permeability quite similarly. The relation is however not accurate enough to give more
than an estimate and the exact values still need to be determined by direct measurement.

The measurement setup and mathematical model used for the advection - matrix diffusion mea-
surements in gas phase were developed further during the measurements. The measurement setup
was improved by analysing measurements done with an impermeable dam. Finally it was capable of
measuring matrix diffusion with good accuracy in a well controlled system, as shown by the good
repeatability of the measurements with various flow rates. The mathematical model was developed
into a powerful tool in the interpretation and analysis of this kind of measurements and can now be
used for several types of samples with different heterogeneities. The retarding effect of matrix diffu-
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sion was detected and quantified from both measured samples. The diffusion coefficient obtained for
the veined gneiss sample in the measurements was slightly smaller than that obtained by through
diffusion measurements. The homogeneous model could not explain the results of the pegmatitic
granite measuremet as the high porosity areas in pegmatitic granite are at the grain boundaries and
thus very thin and porous. There are also non-porous grains (of mostly quartz) in the rock. These
measurements required a more complex model that ultimately gave information on the retarding
effects happening in different time-scales, which is unobtainable by through diffusion measurements.
This also showed that the heterogeneous structure of rock can have a much more significant effect
on the breakthrough curve than previously anticipated, meaning that the knowledge of the miner-
alogy and structure of the investigated rock is vital in understanding the results of this type of an
experiment. The tools used here were concluded to be effective in studying matrix diffusion and the
effect it has on radionuclide transport in the geosphere.

Finally a method for transforming local porosities obtained by the 14C-PMMA autoradiography
technique was developed. Simple Monte Carlo simulations were first performed to see the theoretical
activity profiles produced by linear fractures perpendicular to the autoradiographic film. A connec-
tion between these profiles and the corresponding fracture apertures was then found and validated
through measurements of artificial glass plate samples with perpendicular fractures. The fractures
were divided into thick and thin by aperture and both types were converted in a different way. Frac-
tures with thin apertures were converted by determining the activity at the peak of the profile and
converting it to an aperture, whereas the fractures with thick apertures were converted by thresh-
olding the activity profile at a determined value. Intermediate fractures needed to be dealt with by
a combination of the two ways. The experiments successfully validated the method and produced
improved parameters. While the method is not yet ready to be used on real geological samples, it
was concluded to be promising and it can most likely be developed into a fully automatic method
to obtain fracture aperture distributions from a local porosity map obtained by the 14C-PMMA
autoradiography technique.

In the future the results from articles in Appendices I, III and V will be used to aid and interpret
in situ measurements and compared to the results obtained from them to learn more on the water
phase processes taking place. The modelling tool developed for the advection - matrix diffusion
measurement will be used to interpret in situ measurements. Use of X-ray tomography on the field of
transport in geological samples will also be developed. A quite promising experiment where cesium
transport is investigated in rock samples with X-ray tomography has already been conducted and is
currently under analysis. Of the studies depicted in this work, the method developed in the article in
Appendix II and verified in the article in Appendix IV has the most future work ahead. The method
could be improved by using digital autoradiography or filmless autoradiography, made possible by the
new Beaver devices developed by ai4r. The method also needs work on non-perpendicular fractures,
boundary fractures (different density on either side of the fracture) and ultimately application to
real geological samples, of course. This will require some advanced image analysis in addition to
developing the method itself. One potential use will be the investigation of excavation disturbances,
where grain boundaries have opened and new fractures have developed. The fractures in such cases
should be ideal for this tool. I hope to be a part of this development.
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