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1 INTRODUCTION 
 
At the Olkiluoto investigation site, fractures and their properties are characterised using 
outcrops, investigation trenches, drill cores, VLJ (repository for operating waste) and 
ONKALO (underground rock characterisation facility). Fracture distribution has three 
distinct orientation maxima: one that dips gently to moderately (0–40°) to the south or 
south-southeast following the orientation of foliation clearly dominates the fracture 
data, and two other maxima related to steeply-dipping north-south and east-west 
striking fracture clusters. Although these three orientation maxima only provide a gross 
view of the distribution of fracture orientations, they do reflect the bulk of fracture 
properties on the site scale. A more detailed discussion of fracture orientations and their 
spatial variations is given in the Site Description report (Posiva Oy 2012) and in the 
geological DFN (Discrete Fracture Network) model report (Fox et al. 2012). 

Approximately two thirds of the fractures are filled, the most common fillings being 
calcite, pyrite, kaolinite, chlorite, and illite. Pyrite and kaolinite are common mainly in 
the upper part of the bedrock, whereas illite is abundant in the deeper parts. Their 
distributions are however influenced by the major fault zones. More than half of the 
fractures are irregularly shaped and 40 % of them are semi-rough. The mapping of 
fracture morphology has revealed that nearly 60 % of the fractures are curved, wavy or 
undulating. A special type of fracture system in the Olkiluoto region consists of 
hydrothermal veins with central quartz-potassium feldspar fillings, commonly 
surrounded by metasomatic alteration rims (Aaltonen et al. 2010; Posiva Oy 2012). 

The processes by which the fractures and fracture minerals have been formed have 
varied significantly during tectonic events. Different geological processes have had 
identifiable effects on the characteristics of the host rock matrix, which in this study 
refers to the rock outside the fracture and its filling, and on the formation of fractures. It 
is assumed that an identification and classification of the fractures can be carried out 
based on fracture fillings and other fracture properties (Posiva Oy 2012). Several types 
of fractures and mineral assemblages in fracture fillings are present in Olkiluoto. The 
three dominating filling minerals in the Olkiluoto bedrock are clays, calcite and 
sulphides (Aaltonen et al. 2010; Posiva Oy 2012; Fox et al. 2012). 

In the Olkiluoto fractures, calcite is often in the core of the fracture filling system and is 
generally part of the latest filling phases. It is found even in non-cohesive clays as 
‘glue’ between clay particles. Calcite and sulphides usually occur together on the 
surfaces of hydrothermal clay minerals. In assemblages of illite and kaolinite, kaolinite 
seems to be the youngest component and is located in the core of the fracture infill. In 
fractures where illite is the dominating phase, it usually lines the fracture walls, whereas 
kaolinite typically forms an incohesive filling. The fractures in Olkiluoto can be divided 
into four classes: 

1. fractures dominated by calcite,  

2. fractures dominated by hydrothermal clays,  

3. slickensided fractures and  

4. other fractures. 
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The research concentrated on how the mineral structure and porosity of the rock around 
water conducting fractures had changed. In this report, the mineralogical and porosity 
profiles and other characteristic properties are studied near said fracture surfaces by the 
C-14-PMMA (C-14-labelled methylmethacrylate) method, X-ray tomography and 
microscopy for the first three fracture classes above. To this end twelve drill core 
samples were taken from drillholes OL-KR4, OL-KR11, OL-KR13, OL-KR14, OL-
KR20 and OL-KR25. 

Based on visual observations of the above samples and the results discussed in this 
report, there indeed appear in the vicinity of fractures rock properties, which are 
different from those in the host rock, and based on conceptual understanding of 
geological processes in Olkiluoto, these fracture-induced anomalies can be linked to 
fracture evolution and hydrothermal alteration of the rock matrix (Aaltonen et al. 2010; 
Posiva Oy 2012). 

Tomographic reconstructions of the samples provided three dimensional maps of the 
absorption coefficient of X-rays. As absorption is related to material density, these maps 
also describe distributions of mineral components of varying density reflected by the 
varying grayscale value of the voxels in the (discrete) reconstructions. Different mineral 
components and their distributions can thus be analysed by segmenting regions of a 
given range of grayscale values from the rest of the image. In the analysed samples, 
three or four different mineral components could typically be distinguished with 
automated segmentation methods. Each such component can contain more than one 
mineral component of rather similar density. Regions of slightly different average 
grayscale values can sometimes be visually observed in the reconstructions, even 
though automated segmentation methods are not able to make a distinction between 
them.  

The porosity, pore structure and micro-fracturing of the samples were measured by the 
C-14-PMMA autoradiography method, which makes it possible to study the spatial 
distribution of the pore space in rock, and the heterogeneity of rock matrix, on sub-
micrometre to centimetre scales. Autoradiography and the subsequent digital image 
analyses facilitate the analysis of features limited in size by the spatial variation in the 
level of C-14 beta radiation. The main focus here was to combine such a structural 
analysis with an analysis of the changes in porosity and mineralogy, carried out on rock 
adjacent to water bearing/conducting fractures. The mineralogy of the samples was 
investigated by polarisation microscopy from thin sections prepared from the PMMA 
impregnated samples. Mineral analyses were conducted at the Geological Survey of 
Finland.  
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2 METHODS AND SAMPLES 

2.1 X-Ray Tomography 

2.1.1 Introduction to X-Ray Tomography 
 
Computed tomography (Cnudde et al. 2006; Wellington & Vinegar 1987) is an imaging 
method where cross-sectional images of a sample can be reconstructed from the 
transmission ('shadowgrams') or diffracted (when electromagnetic) data collected by 
illuminating the sample from many different directions. The illumination of the sample 
can be implemented by electromagnetic radiation or ultrasound, or by magnetic 
resonance imaging. From the reconstructed cross-sections a three-dimensional image of 
the sample can be produced. 

Computed X-ray tomography (CT) with laboratory scale equipment is typically based 
on attenuation of X-rays. The three-dimensional (3D) reconstruction of the sample is 
thus a 3D map of the local absorption coefficient. At the same time it is also a 3D map 
of the internal mass distribution of the sample since attenuation of X-rays is 
proportional to mass density (or rather to atomic number). More precisely, absorption of 
X-rays depends on the material element such that heavy elements absorb X-rays much 
better than light elements. Heavy elements typically form a denser material than light 
elements. The internal structure of the sample can be disclosed due to varying mass 
density. Several hundred shadowgrams of the sample are typically required for a 
reliable 3D structure. The principle of data collection, i.e. collection of 2D projections, 
and the computation of the 3D image are shown in Figure 2.1. Only a 180-degree 
rotation of the sample is needed when the Feldkamp algorithm (Feldkamp et al. 1984) is 
used to reconstruct the 3D data set. 

 

Figure 2.1. The principle of X-ray tomography. 
 

The shadowgrams taken of a sample can be reconstructed as an 8-bit or 16-bit grayscale 
image, which means that there are 28=256 or 216=65536 separate grayscale values 
available. The 8-bit version is usually preferred since 256 grayscale values are typically 
enough, and it requires less disk space and processing time than the 16-bit version. If 
different minerals are so close to each other in grayscale values that they are difficult to 
distinguish from each other, it may be necessary to use the 16-bit reconstruction so as to 
improve segmentation. This was here done for one sample, OL_KR14_446.89, and the 
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results of both reconstructions for that sample are shown in the Results section. As such 
the grayscale values can only be compared to other grayscale values in the same image. 
It was also studied if it is possible to use phantoms of known minerals to calibrate the 
grayscale values and to thereby obtain information that can be used for the comparison 
of different samples. The results of this analysis are reported in Appendix F. 

In conventional absorptive contrast imaging, reconstruction algorithms assume pure 
absorption of X-rays, and non-monochromatic X-rays are produced with an X-ray tube. 
Absorptive contrast imaging is applicable also to relatively heavy materials such as 
minerals, with a typical best resolution of about 1 μm (microtomography). The samples 
were scanned with a SkyScan 1172 desktop scanner (SkyScan 2012) or an Xradia 
Micro-XCT-400 scanner (Xradia 2012), which are described in more detail in 
Appendix B. 
 

2.1.2 Analysis and visualisation 
 
The 3D tomographic data were first filtered for noise with an in-house algorithm 
(Turpeinen et al. 2012a). A grayscale-based mineral analysis of the resulting data was 
then performed using ImageJ (National Institutes of Health 2012), an open source image 
processing and analysis software for multiple platforms. The grayscale values of the 
images were divided into as many intervals as could be automatically accomplished by 
thresholding. The threshold values, which separated different mineral components were 
estimated visually by comparing the segmentation result with the original cross-section. 
An example of a segmented cross-section can be seen in Figure 2.2.  

 

Figure 2.2. A cross-section of sample OL_KR13_205.65 before (left) and after (right) 
segmentation. 
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The abundances of the mineral components were determined as the numbers of voxels 
that belonged to the segmented regions. Figure 2.3 shows how the visually separated (in 
this case) four mineral components appear in the distribution of the grayscale values of 
an image. 

 

Figure 2.3. Grayscale intervals of the four visually separated minerals in the 
distribution of grayscale values of the tomographic reconstruction of sample 
OL_KR13_205.65. The void space corresponds to grayscale values below those of 
interval 4. 
 

To acquire a distribution of the mineral components as a function of distance to the 
fracture, the tomographic reconstruction of each sample was divided into stacks parallel 
to the fracture as shown in Figure 2.4, and the mineral composition of each stack was 
analysed separately. The distributions determined were not quite accurate because every 
data point in the distribution was an average over tens of cross-sections (typical binning 
was 100 cross-sections in a slice). At first horizontal slicing was used, which also 
decreased somewhat the accuracy of the analysis. This was however deemed too 
inaccurate and the analysis was repeated by dividing the samples into stacks of the 
shape of the fracture surface, which yielded more accurate results. To achieve this, the 
surface of the sample was first determined with an algorithm (Turpeinen et al. 2012b) 
that forced a dynamic 3D interface to approach the surface until it reached force 
equilibrium with grayscale values of the image voxels providing an opposing force. An 
image stack was then formed such that the shape of the slices was the same as that of 
the acquired surface map. The mineral distributions were also used to determine how 
much of the sample volume contained altered minerals. When the altered volume was 
divided by the area of the fracture surface, an estimate of the alteration depth was 
acquired. 
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Figure 2.4. Division of a sample into parallel horizontal (left) and surface-shaped 
(right) stacks for an analysis of the distribution of mineral components as a function of 
distance to the fracture at the top of the image. 
 

The possible orientation of minerals inside the sample was examined visually from 
cross-sections and numerically with analysis tools available in the ImageJ and 
MATLAB software (MathWorks 2012). The analysed images were first filtered by a 
median filter with a large radius, which removed noise and small details but retained the 
possible orientation of minerals. A mineral with a medium density was then segmented 
by thresholding and the resulting image was binarised. The binary image was converted 
into a distance map with a Euclidian distance transform (Ragnemalm 1993) which 
assigns to every voxel a value that corresponds to the distance between that voxel and 
the surface of the segmented section the voxel belongs to. The distance map was 
imported to MATLAB, which was used to determine the structure tensor (Knutsson 
1993) for the image. A two-dimensional diagram of the directions of the eigenvectors of 
the structure tensor then displayed a possible mineral orientation in the sample. More 
precisely, the diagram showed the angles of the normals of orientation planes in the 
sample. The diagrams are colour-coded so that more occurrences of a certain angle 
result in a higher grayscale value. The angles used and an example of the diagrams are 
shown in Figure 2.5. The orientation diagrams for the samples are shown in 
Appendix E. 
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Figure 2.5. Angles used in the orientation analysis and a structure tensor diagram for 
sample OL_KR13_175.38 indicateing clear orientation of minerals perpendicular to the 
fracture surface. 
  

Three-dimensional visualisation of samples was carried out using VolSuite (OSC 2012), 
an open-source, cross-platform software. It allows the user to e.g. rotate the sample and 
cut it with clipping planes. A frame capture tool allows the creation of animations of a 
rotating sample. The colours and opacities of different grayscale values can be freely 
adjusted to fade out some of the mineral components and/or to make them stand out 
better by adding contrast between these components. Some samples were visualised 
using MeVisLab (MeVis Medical Solutions 2012), which has essentially all the same 
features as VolSuite, but a different user interface. 
 

2.2 PMMA impregnation 
 
The C-14-PMMA method involves impregnation of centimetre-scale samples of drill 
cores with C-14-labelled methylmethacrylate (C-14-MMA), followed by irradiation 
polymerisation, autoradiography and optical densitometry using digital image-
processing techniques (Hellmuth et al. 1993, 1994, 1999; Siitari-Kauppi et al. 1998). 
Impregnation with C-14-MMA, which is a radio-labelled low-molecular-weight and 
low-viscosity monomer that wets the silicate surfaces well, was performed in vacuum as 
this made its intrusion into the pore space of the sample much faster. MMA can be 
polymerised with gamma radiation, and it was here done with a Co-60 source. The 
resulting PMMA is solid and thus immobile in the rock matrix. Thin sections of the 
sample can then be made, and these can be imaged with autoradiography so as to 
indentify the distribution of the C-14 label. Information is thus obtained about the 
accessible pore space in the sample which cannot be obtained by other methods. Note 
that much smaller pores can be detected with this technique than with e.g. X-ray 
tomography, although the spatial resolution of such pores is not particularly high; a few 
μm at best with the imaging technique used. 
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Total porosity is determined from 2D autoradiograms of rock surfaces. The geometry of 
the porous regions is then visualised. The conditions for applying this method are: (i) 
known local bulk density; (ii) the presence of only two phases, i.e. mineral and PMMA; 
and (iii) homogeneous distribution of pores and minerals below the lateral resolution of 
autoradiography. This work focuses on measuring porosity changes within the altered 
zones next to the fracture surfaces. The results are thus presented as porosity profiles. 
The C-14-PMMA autoradiography method is described in detail in Posiva working 
report 2009-03 (Siitari-Kauppi et al. 2009).  

Sawn rock surfaces were used to expose Kodak BioMax MR films, a high-performance 
autoradiographic film for C-14 and other nuclides that emit low-energy -radiation. The 
nominal resolution of the  film is a few m. The final spatial resolution achieved 
depends on the roughness of the sawn surface, the space between rock and the 
autoradiographic film and the range of 155 keV beta particles from C-14 in the rock 
matrix. Autoradiographic films were exposed using at least two exposure times; one 
week and two weeks. Three samples, OL_KR11_421.52, OL_KR25_56.78 and 
OL_KR4_891.71, were highly altered and contained plenty of clay minerals. These 
samples were porous and the exposure times were shorter than for the other samples, 
only 4 - 9 days. A detailed description of the measurement parameters is given in 
Appendix C. The measurement of porosity as a function of distance from fracture 
surface was performed from a designated area perpendicular to the fracture zone, like 
the one shown in Figure 2.6.  

 

                 

Figure 2.6. The area for measuring the porosity of the sample as a function of distance 
from fracture surface is shown in yellow. 
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2.3 Petrography 
 
In addition to the PMMA measurements, optical microscopy with polarised light was 
used to analyse the minerals in porous regions next to the fracture zones. These analyses 
were conducted on all the 13 PMMA impregnated samples. Microscopy results shed 
light on porous minerals. Some of the photographs of the microscopy analyses are 
shown in the results section. The microscopic images were also used to identify the 
compositions of the mineral components in some of the tomographic images. This could 
not be done for every sample since it was often too difficult to find exactly the same (or 
close enough) slice in the tomographic image that corresponded to the one analysed by 
optical microscopy to make it possible to connect the segmented components of the 
tomographic image to the minerals identified by microscopy. 

 
2.4 Combining the methods 
 
The major difficulty in determining, in 2D and 3D, the spatial distribution of micropores 
in crystalline rock is the observation scale. The typical aperture of microcracks is less 
than one micrometre, whereas the average grain size of veined gneisses is commonly 
about one millimetre or greater. The spatial resolution of X-ray tomography is about 1 

m at best when scanning cm-scale samples with the present microtomography devices. 
Tomography yields 3D images, but their resolution is thus insufficient for direct 
observation of microcavities in crystalline rock. However, differences in densities could 
be detected with a resolution suitable for the grain sizes of the minerals, and by 
combining these data with those of the PMMA porosity, the porosities of the altered 
zones could be evaluated (Voutilainen et al. 2011). 2D images obtained by scanning 
electron microscopy (SEM) with a resolution approaching 0.1 m could be used to 
estimate total porosity, but such an analysis requires several different magnifications 
and is too time consuming for cm-scale rock surfaces. The C-14-PMMA method is 
based on the fact that the tracer molecule (methyl methacrylate) intrudes even 
nanometre scale pores, and that the related autoradiographs display porosity 
distributions on cm scale. The present work demonstrates how information obtained by 
the C-14-PMMA method can be combined with mineralogy through microscopic 
analyses of thin sections.  

 
2.5 Samples 
 
2.5.1 Preparation 
 
The twelve samples that were examined by both the C-14-PMMA method and X-ray 
tomography were cut in half as shown in Figure 2.7, and one half was then analysed by 
one method and the other by the other method. One additional sample was not cut in 
half and was only analysed by the C-14-PMMA method.  
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Figure 2.7. Cutting of samples from a drillcore. 
 

An example of the two halves of a drillcore sample is shown in Figure 2.8. The image 
on the right side of Figure 2.8 also shows with green lines how the samples were cut for 
tomographic imaging in Jyväskylä. The saw used for cutting is described in 
Appendix D.   

 

 

Figure 2.8. The two halves of sample OL_KR13_171.55. 
 

2.5.2 Sample-specific information 
 
Table 2.1 shows the dimensions of the subsamples cut for X-ray tomography along with 
the fracture and rock types of the samples. Appendix A provides a detailed presentation 
of how the samples were cut for both X-ray tomography and PMMA impregnation, and 
also how the thin sections were cut for petrography. The green lines in the photographs 
and partition diagrams indicate the cutting lines. 

When cutting the larger subsample of OL_KR25_482.54 for X-ray tomography, the 
surface of interest broke off almost completely. The subsample was therefore cut from 
the very end of the sample in this case. 
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Table 2.1. Subsamples and their dimensions for tomographic imaging. 

Size of large Size of small Fracture Rock
Sample subsample (mm ) subsample (mm ) type type

OL_KR11_421.52 25.5 x 17.5 x 27.0 6.0 x 4.0 x 5.5 Calcite veined gneiss
OL_KR13_171.55 18.0 x 12.8 x 17.4 3.0 x 2.9 x 4.8 Calcite mica gneiss
OL_KR13_175.38 23.5 x 20.5 x 22.0 5.5 x 4.0 x 5.5 Calcite tonalitic gneiss
OL_KR13_227.40 18.3 x 16.4 x 15.7 3.6 x 2.6 x 3.6 Calcite mica gneiss
OL_KR20_421.78 31.0 x 21.5 x 13.0 4.0 x 4.0 x 5.5 Clay veined gneiss
OL_KR25_56.78 22.5 x 18.0 x 19.6 3.1 x 3.0 x 3.5 Clay veined gneiss
OL_KR25_96.79 23.0 x 20.5 x 26.5 4.5 x 4.5 x 6.0 Clay mica gneiss
OL_KR25_482.54 20.7 x 16.3 x 14.7 3.0 x 3.2 x 5.5 Clay veined gneiss
OL_KR13_205.65 17.6 x 16.4 x 20.7 2.8 x 3.0 x 4.7 Slickensided veined gneiss
OL_KR14_446.89 15.1 x 15.1 x 14.7 3.3 x 4.0 x 3.4 Slickensided mica gneiss
OL_KR14_461.91 24.0 x 17.5 x 30.0 5.0 x 4.5 x 5.5 Slickensided mica gneiss
OL_KR14_491.19 21.5 x 19.0 x 24.0 5.0 x 4.5 x 6.0 Slickensided mica gneiss  

  

3                                                        3 
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3 RESULTS 
 
This section reports the results of mineralogy based on polarisation microscopy, three-
dimensional (3D) distributions and abundances of minerals obtained by X-ray 
tomography and porosity measurements performed by the C-14-PMMA method. The 
results are given separately for each type of fracture, three in total, and there are four 
samples of each fracture type. The results for one strongly altered sample are then also 
given, analysed only by the C-14-PMMA method. 
 

3.1 Calcite fracture 

3.1.1 Sample OL_KR11_421.52 
 
The rock of this sample is medium grained, fresh veined gneiss, and contains plenty of 
fractures, filled and open, which result in a highly porous matrix. The sample was 
therefore fragile and for this reason it was mounted by epoxy resin before impregnation. 
Microscopic images of the sample are shown in Figure 3.1. This sample is fine grained 
(0.1 – 0.7 mm, except for some plagioclase grains that had a size of up to 1.5 mm) and 
not foliated, but densely fractured. Plagioclase is platy and altered to sericite, 
abundantly so near the fracture. The polysynthetic twinning is well developed and 
visible almost in every grain. Biotite flakes are often bended and strongly altered, 
usually to muscovite, except near the fracture where they are mostly altered to chlorite. 
Opaque infiltration is common in contact with biotite. Quartz is fine grained and clear 
but strongly undulating. Quartz is only recrystallised close to the fracture. Carbonate is 
a fine grained fracture filling mineral, and is possibly dolomite. It fills the intergranular 
space also elsewhere in the sample. The carbonate filling is not visibly porous, but quite 
bright in the autoradiograph. Some fractures and a few chlorite flakes show a slightly 
higher activity than other parts in the analysed thin section, which means they, as well 
as the carbonate filling, contain a lot of pores with small openings.  

    

Figure 3.1. Polarisation microscopy images of sample OL_KR11_421.52 
 

3D visualisations of the two subsamples of sample OL_KR11_421.52, reconstructed by 
X-ray tomography, are shown in Figure 3.2. The orientation analysis of the large 
subsample of OL_KR11_421.52 indicates that the fracture is oriented in a 30-degree 
angle respective to the vertical plane, i.e. parallel to the orientation of the minerals. 



16 
 

 

Figure 3.2. Three-dimensional visualisations of the large and the small subsample of 
sample OL_KR11_421.52 with the minerals colour-coded. The colours in order from 
the least to the most dense are blue, cyan, green and red. Samples are 27.0 mm (left) 
and 5.5 mm (right) high. 
 

 

 

Figure 3.3. A cross-section of a tomographic reconstruction of the large subsample of 
sample OL_KR11_421.52, together with labelling of the segmented minerals. The 
density of the mineral decreases with increasing value of the label number, and FF 
stands for fracture filling. 
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The large subsample of this sample was scanned with a voxel resolution of 8.6 μm by 
the SkyScan device. Part of a cross-section of a tomographic reconstruction of the large 
subsample is shown in Figure 3.3, and the abundances of the segmented minerals are 
shown in Table 3.1. 
 
 
Table 3.1. Abundances of the main mineral components in the large subsample of 
sample OL_KR11_421.52. 

 
Mineral component Abundance

1 1.0 %
2 (& FF) 17 %
FF (& 2) 33 %

3 49 %  
 

 

Figure 3.4. A cross-section of a tomographic reconstruction of the small subsample of 
sample OL_KR11_421.52, together with labelling of the segmented minerals. The 
density of the mineral decreases with increasing value of the label number. 

 
 

The small subsample of this sample was scanned with a voxel resolution of 1.9 μm by 
the SkyScan device. Part of a cross-section of a tomographic reconstruction of the small 
subsample is shown in Figure 3.4, and the abundances of the segmented minerals are 
shown in Table 3.2. The difference in the number of components arises from the more 
accurate segmentation when scanning with better resolution, and the differences in the 
mineral abundances of the subsamples arise from the heterogeneity of the rock. 
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Table 3.2. Abundances of the main mineral components in the small subsample of 
sample OL_KR11_421.52. 

Mineral component Abundance
1 0.1 %
2 0.6 %
3 17 %
4 44 %

5 & 6 39 %  
 

 

 
Figure 3.5. A photograph of Sample OL_KR11_421.52 (left) and the corresponding 
autoradiograph (right, exposure time 5 days). The length of the sample is 4 cm. This is 
an altered sample. The red arrow points to fracture filling with a lower porosity. The 
green rectangle shows the area where the porosity profile was determined (from right to 
left). 
 

A photograph of rock surface O4A and the corresponding autoradiograph are shown in 
Figure 3.5. The porosity profile determined from the autoradiograph is shown in Figure 
3.6. The corresponding profile for mineral components could not be determined since 
the fracture was inside the sample in a way that made it impossible to apply our 
methods. 
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Figure 3.6. Porosity profile near the calcite fracture in sample OL_KR11_421.52. The 
peaks at 1.8 cm and 2.3 cm are due to other fractures in the sample. 
 

Irradiation polymerisation was performed by immersing the sample in C-14-PMMA to 
avoid leaching out of the tracer during polymerisation. At 3-4 %, the porosity of the 
sample was one of the highest among the 18 drill core samples studied. Next to the 
calcite filled fracture, porosities of up to 20 % were detected in clay minerals. Some of 
the fracture fillings showed fairly low porosity values (about 0.5 %, see the arrow in 
Figure 3.5) compared with the total porosity of the rock. The porosity pattern was very 
heterogeneous.  
 

3.1.2 Sample OL_KR13_171.55 
 
This sample consists of foliated, small grained (0.5 – 2.0 mm) mica gneiss. The 
carbonate filled fracture is about 1 - 1.5 mm wide and rich in fine to small grained 
quartz. Microscopic images of the sample are shown in Figure 3.7. Alteration of 
minerals is strong in the sample. Cordierite is thoroughly altered to sericite and 
plagioclase is strongly altered. Biotite is completely altered to chlorite. Quartz is 
fractured and strongly undulating. Accessory minerals include potassium feldspar, 
rutile, zircon, epidote, apatite, muscovite, carbonate and opaques. The autoradiograph of 
the thin section was quite non-specific. Some porous, fissure-like shapes are caused by 
chlorite and an opaque mineral in contact with chlorite, and some porous areas are 
caused by opaque minerals. The carbonate-filled fracture is not porous, and neither is 
the totally altered cordierite. 3D visualisations of the two subsamples of this sample, 
reconstructed by X-ray tomography, are shown in Figure 3.8. The orientation analysis 
of the large subsample of OL_KR13_171.55 indicates that the fracture is oriented 
perpendicular to the orientation of the minerals. 
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Figure 3.7. Polarisation microscopy images of sample OL_KR13_171.55. 
 

 
Figure 3.8. Three-dimensional visualisations of the large and the small subsample of 
sample OL_KR13_171.55 with the minerals colour coded in the large subsample. The 
colours in order from the least to the most dense are blue, cyan, green and red. Samples 
are 17.4 mm (left) and 4.8 mm (right) high. 

 
 

The large subsample of this sample was scanned with a voxel resolution of 5.8 μm by 
the SkyScan device. Part of a cross-section of a tomographic reconstruction of the large 
subsample is shown in Figure 3.9, and the abundances of the segmented minerals are 
shown in Table 3.3. 
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Figure 3.9. A cross-section of a tomographic reconstruction of the large subsample of 
sample OL_KR13_171.55, showing the segmented minerals. The density of the mineral 
decreases with increasing value of the label number. 
 

Table 3.3. Abundances of the main mineral components in the large subsample of 
sample OL_KR13_171.55. 

Mineral component Abundance
1 0.2 %
2 21 %
3 14 %
4 64 %  

 

The small subsample of this sample was scanned with a voxel resolution of 3.15 μm by 
the Xradia device. Part of a cross-section of a tomographic reconstruction of the small 
subsample is shown in Figure 3.10, and the abundances of the segmented minerals are 
shown in Table 3.4. The difference in the number of components arises from the more 
accurate segmentation when scanning with better resolution, and the differences in the 
mineral abundances of the subsamples arise from the heterogeneity of the rock. 
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Figure 3.10. A cross-section of a tomographic reconstruction of the small subsample of 
sample OL_KR13_171.55, showing the segmented minerals. The density of the mineral 
decreases with increasing value of the label number. 
 

Table 3.4. Abundances of the main mineral components in the small subsample of 
sample OL_KR13_171.55. 

Mineral component Abundance
1 0.8 %
2 20 %
3 26 %
4 23 %
5 30 %  

A photograph of rock surface O7A and the corresponding autoradiograph are shown in 
Figure 3.11. The porosity profile determined from the autoradiograph is shown in 
Figure 3.12. The porosity of the rock is 0.2 %. Some micro-fractures exist parallel to the 
fracture surface along the foliation.  Due to these micro-fractures, a zone of increased 
porosity (about 9 mm wide) was detected close to the fracture surface. Its porosity 
varied spatially, with an upper limit of 0.7 %. There are two filled fractures; one with 
carbonate and the other with totally altered cordierite (marked by the red arrows in 
Figure 3.11), perpendicular to the calcite fracture surface, which appear to be non-
porous by the C-14-PMMA method. 
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Figure 3.11. A photograph of sample OL_KR13_171.55 (top) and the corresponding 
autoradiograph (bottom, exposure time 2 weeks). The length of the sample is 11 cm. 
There is a calcite fracture at both ends of the sample. The red arrows point to the two 
filled fractures. The green rectangle denotes the area where the porosity profile was 
determined. 

 

Figure 3.12. Porosity profile near a calcite fracture in sample OL_KR13_171.55. The 
fracture in question shows up as a small peak at 0.6 cm. The greater changes in 
porosity deeper down the profile arise from the other calcite fracture in the sample. 
 

A distribution similar to the one determined for porosity by the C-14-PMMA method 
was also determined for the mineral components by X-ray tomography. The latter 
distribution (for the large subsample) is shown in Figure 3.13. Approximately 3.5 % of 
the sample volume contained altered rock, which resulted in an estimated alteration 
depth of 0.61 mm. 

Calcite 
fracture 
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Figure 3.13. Distribution of the abundances of mineral components as a function of 
distance from the fracture surface for the large subsample of sample OL_KR13_171.55. 
 

3.1.3 Sample OL_KR13_175.38 
 
This sample consists of slightly foliated / lineated tonalitic gneiss. A calcite and quartz-
filled tension fracture crosses the main fracture. Microscopic images of the sample are 
shown in Figure 3.14. This medium grained (1 – 3 mm) sample contains strongly 
altered (sericite) plagioclase. Its polysynthetic twinning is often visible. Potassium 
feldspar is remarkably bright and only slightly altered. Quartz grains are broken and 
show weak to moderate undulation. Biotite flakes are thoroughly altered to chlorite and 
granular opaque minerals. The accessory minerals include sericite, carbonate, epidote, 
apatite and zircon. Small carbonate grains (0.1 mm) fill the intergranular space here and 
there. According to the autoradiograph, the most porous regions are the calcite-filled 
fractures and those foliation bands, which contain chlorite and sericite with opaque 
mineral flakes (graphite). 

   

Figure 3.14. Polarisation microscopy images of sample OL_KR13_175.38. 
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3D visualisations of the two subsamples of this sample, reconstructed by X-ray 
tomography are shown in Figure 3.15. The orientation analysis of the large subsample 
of OL_KR13_175.38 indicates that the fracture is oriented perpendicular to the 
orientation of the minerals. 

 

Figure 3.15. Three-dimensional visualisations of the large and the small subsample of 
sample OL_KR13_175.38 with the minerals colour coded. The colours in order from 
the least to the most dense are blue, cyan, green and red. Samples are 22.0 mm (left) 
and 5.5 mm (right) high. 

 
The large subsample of this sample was scanned with a voxel resolution of 8.5 μm 
using the SkyScan device. Part of a cross-section of a tomographic reconstruction of the 
large subsample is shown in Figure 3.16, and the abundances of the segmented minerals 
are shown in Table 3.5. 

 

 

Figure 3.16. A cross-section of a tomographic reconstruction of the large subsample of 
sample OL_KR13_175.38, together with labelling of the segmented minerals. The 
density of the mineral decreases with increasing value of the label number. 
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Table 3.5. Abundances of the main mineral components in the large subsample of 
sample OL_KR13_175.38. 

Mineral component Abundance
1 0.4 %
2 7 %

3+4 84 %
FF 9 %  

 
 

The small subsample of this sample was scanned with a voxel resolution of 2.0 μm by 
the SkyScan device. Part of a cross-section of a tomographic reconstruction of the small 
subsample is shown in Figure 3.17 and the abundances of the segmented minerals are 
shown in Table 3.6. The difference in the number of components arises from the more 
accurate segmentation when scanning with better resolution and the differences in the 
mineral abundances of the subsamples arise from the heterogeneity of the rock. 

 
 

 

Figure 3.17. A cross-section of a tomographic reconstruction of the small subsample of 
sample OL_KR13_175.38 together with labelling of the segmented minerals. The 
density of the mineral decreases with increasing value of the label number. 
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Table 3.6. Abundances of the main mineral components in the small subsample of 
sample OL_KR13_175.38. 

Mineral component Abundance
1 0.4 %
2 4 %
3 20 %
4 18 %
5 57 %  

 
 

A photograph of rock surface O1A and the corresponding autoradiograph are shown in 
Figure 3.18. The porosity profile determined from the autoradiograph is shown in 
Figure 3.19. The total porosity of the rock was 0.4 %, but calcite filling showed 
porosities of up to a few percent. The filled fractures were clearly visible in the 
autoradiograph, which means that they are quite porous. There was no significant zone 
of increased porosity near the fracture surface. On the other hand, some porous veins 
were found perpendicular to the fracture surface. 

 

 

 

Figure 3.18. A photograph of sample OL_KR13_175.38 (top) and the corresponding 
autoradiograph (bottom, exposure time 2 weeks). The green rectangle shows the area 
where the porosity profile was determined (from top to bottom). The length of the 
sample is 19 cm. 
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Figure 3.19. Porosity profile near the calcite fracture in sample OL_KR13_175.38. The 
peaks in the profile are caused by additional fractures inside the sample. 
 

A distribution similar to the one determined by the C-14-PMMA method for porosity 
was also determined for the mineral components by X-ray tomography. The latter 
distribution (for the large subsample) is shown in Figure 3.20. Approximately 1.1 % of 
the sample volume and 1.3 % of the alteration zone volume contained altered minerals 
which resulted in an estimated alteration depth of 0.24 mm. 

 

 

Figure 3.20. Distribution of the abundances of mineral components as a function of 
distance from the fracture surface for the large subsample of sample OL_KR13_175.38. 
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3.1.4 Sample OL_KR13_227.40 
 
This sample is fine grained mica gneiss and contains two calcite-filled fractures. 
Polarisation microscopy images of the sample are shown in Figure 3.21.  

    

Figure 3.21. Polarisation microscopy images of sample OL_KR13_227.40. 
 
The sample is weakly foliated and small grained (0.4 – 1.5 mm). Quartz, which is the 
most abundant mineral, is round and fractured. Plagioclase is moderately altered to 
sericite and its twinning lamellae are poorly developed. Biotite is inhomogeneously 
altered to chlorite: in some places almost 90 % of the biotite is altered. Muscovite is 
common and seems to also be an alteration product of biotite.  Cordierite grains are 
round and small, completely altered to sericite.  Accessory minerals include rutile, 
epidote, zircon and opaques. Two barely visible (in microscope) fissures can be clearly 
observed in the autoradiograph. The other porous spots cannot be explained with the 
mineral identified in this fine grained sample. 3D visualisations of the two subsamples 
of this sample, reconstructed by X-ray tomography, are shown in Figure 3.22. The 
orientation analysis of the large subsample of OL_KR13_227.40 indicates that the 
fracture is oriented parallel to the orientation of the minerals, which is rather weak. 

 
Figure 3.22. Three-dimensional visualisations of the large and the small subsample of 
sample OL_KR13_227.40 with the minerals colour coded in the large subsample. The 
colours in order from the least to the most dense are blue, cyan, green and red. Samples 
are 15.7 mm (left) and 3.6 mm (right) high. 
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Unlike any other sample used in tomographic imaging, this sample had been 
impregnated with PMMA. The large subsample of this sample was scanned with a 
voxel resolution of 6.3 μm by the SkyScan device. Part of a cross-section of a 
tomographic reconstruction of the large subsample is shown in Figure 3.23, and the 
abundances of the segmented minerals are shown in Table 3.7. 

 

Figure 3.23. A cross-section of a tomographic reconstruction of the large subsample of 
sample OL_KR13_227.40 together with labelling of the segmented minerals. The 
density of the mineral decreases with increasing value of the label number. 
 

Table 3.7. Abundances of the main mineral components in the large subsample of 
sample OL_KR13_227.40. 

Mineral component Abundance
1 0.1 %
2 14 %

3 & 4 86 %  
 

The small subsample of this sample was scanned with a voxel resolution of 3.04 μm by 
the Xradia device. Part of a cross-section of a tomographic reconstruction of the small 
subsample is shown in Figure. 3.24, and the abundances of the segmented minerals are 
shown in Table 3.8. There is one mineral component less in the small subsample 
because the component was not included in the subsample. The differences in the 
mineral abundances of the subsamples arise from the heterogeneity of the rock. 
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Figure 3.24. A cross-section of a tomographic reconstruction of the small subsample of 
sample OL_KR13_227.40 together with labelling of the segmented minerals. The 
density of the mineral decreases with increasing value of the label number. 
 

Table 3.8. Abundances of the main mineral components in the small subsample of 
sample OL_KR13_227.40. 

Mineral component Abundance
1 0.4 %
2 36 %
3 63 %  

 

A photograph of rock surface O10A and the corresponding autoradiograph are shown in 
Figure 3.25. The porosity profile determined from the autoradiograph is shown in 
Figure 3.26. The total porosity of the rock is about 0.4 %. A lot of the altered minerals 
that appear sparsely around the sample are found to be porous. The fracture filling as 
well as the zone next to the fracture are also porous. Their porosity was found to be 
about ten times that of the surrounding rock. The width of the increased porosity zone 
varied from a few mm to 1 cm, and porosity values of up to 7-8 % were found within it. 
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Figure 3.25. A photograph of sample OL_KR13_227.40 (top) and the corresponding 
autoradiograph (bottom, exposure time 2 weeks). The length of the sample is 13 cm. A 
slickensided fracture with some calcite patches and two calcite fractures are visible. 
The green rectangle shows the area where the porosity profile was determined (from 
left to right). 

 
Figure 3.26. Porosity profile near a calcite fracture in sample OL_KR13_227.40. The 
peak in the profile is caused by another fracture inside the sample. 

The distribution of the abundances of mineral components was determined by X-ray 
tomography for the large subsample. It is shown in Figure 3.27. Approximately 1.0 % 
of the sample volume and 2.9 % of the alteration zone volume contained altered 
minerals, which resulted in an estimated alteration depth of 0.16 mm. 
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Figure 3.27. Distribution of the abundances of mineral components as a function of 
distance from the fracture surface for the large subsample of sample OL_KR13_227.40. 
 

3.1.5 Compilation of results for calcite fractures 
 
Table 3.9 shows the results for the four samples with a calcite fracture. Three of these 
four samples had low bulk porosity and no observable change in porosity near the 
fracture. Only one sample had a zone of altered porosity, and it also had high bulk 
porosity. Changes in the mineral distributions extended deep into the rock, but were not 
very drastic. 

Table 3.9. Results for the samples with a calcite fracture. 

Sample OL_KR11_421.52 OL_KR13_171.55 OL_KR13_175.38 OL_KR13_227.40
Orientation of rock 
relative to fracture 

Parallel Perpendicular Perpendicular Parallel 

Bulk porosity 2 % 0.1 % 0.5 % 0.3 % 
Zone of altered porosity 

(ZAP) 
10 mm 0 mm 0 mm 0 mm 

Highest porosity in ZAP 17 % - - - 
Zone of altered mineral 

densities (ZAMD) 
N/A Whole sample  

(10 mm) 
14 mm 6 mm 

Relative volume in ZAMD 
of changed mineral 

density 

 
N/A 

 
3.5 % 

 
1.3 % 

 
2.9 % 

Alteration depth N/A 0.61 mm 0.24 mm 0.16 mm 
Depleted component near 

the fracture 
N/A low density medium density medium density 

Increased component near 
the fracture 

 
N/A 

 
medium density 

 
low density 

 
low density 
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3.2 Clay fracture 
 
3.2.1 Sample OL_KR20_421.78 
 
This sample is medium grained, veined gneiss with two kaolinite fractures located 
parallel to the main fracture surface cutting the foliation, which in turn is located 
perpendicular to the fracture surface. The sample shows two different types of textures. 
One end of the sample is highly heterogeneous while the other end is strongly foliated. 
A microscopic image of the sample is shown in Figure 3.28. The sample chosen for 
microscopy analysis is strongly foliated, small to medium grained (0.5 – 2 mm, 
cordierite porphyroblasts 3.5 mm) gneiss. Biotite is unaltered and its pleochroism is 
normal: from dark brown to light brown. Between cleavage plains there are frequently 
and abundantly opaque minerals and zircon inclusions with dark rims. Quartz is 
roundish and moderately undulating. Cordierite is yellowish, but usually only weakly 
altered to pinite. Plagioclase is also slightly altered: some sericite is visible. Accessory 
minerals include sericite, pinite, zircon, epidote, rutile and opaques. All the highly 
porous spots in the autoradiograph can be connected to cordierite grains. 3D 
visualisations of the two subsamples of this sample, reconstructed by X-ray 
tomography, are shown in Figure 3.29. 

 

Figure 3.28.  A polarisation microscopy image of sample OL_KR20_421.78. 



35 
 

 

Figure 3.29. Three-dimensional visualisations of the large and the small subsample of 
sample OL_KR20_421.78 with the minerals colour coded. The colours in order from 
the least to the most dense are blue, green and red. Samples are 13.0 mm (left) and 5.5 
mm (right) high. 

 

Figure 3.30. A cross-section of a tomographic reconstruction of the large subsample of 
sample OL_KR20_421.78 together with labelling of the segmented minerals. The 
density of the mineral decreases with increasing value of the label number. 
 

The orientation analysis of the large subsample of OL_KR20_421.78 indicates that the 
fracture is oriented 30 degrees off from being perpendicular to the orientation of the 
minerals. The large subsample of this sample was scanned with a voxel resolution of 7.2 
μm by the SkyScan device. Part of a cross-section of a tomographic reconstruction of 
the large subsample is shown in Figure 3.30, and the abundances of the segmented 
minerals are shown in Table 3.10. 
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Table 3.10. Abundances of the mineral components in the large subsample of sample 
OL_KR20_421.78. 

Mineral component Abundance
1 0.2 %
2 22 %
3 77 %  

 

 

Figure 3.31. A cross-section of a tomographic reconstruction of the small subsample of 
sample OL_KR20_421.78 together with labelling of the segmented minerals. The 
density of the mineral decreases with increasing value of the label number. 
 

The small subsample of this sample was scanned with a voxel resolution of 1.8 μm by 
the SkyScan device. Part of a cross-section of a tomographic reconstruction of the small 
subsample is shown in Figure 3.31, and the abundances of the segmented minerals are 
shown in Table 3.11. The difference in the number of components arises from the more 
accurate segmentation when scanning with better resolution, and the differences in the 
mineral abundances of the subsamples arise from the heterogeneity of the rock. 

Table 3.11. Abundances of the mineral components in the small subsample of sample 
OL_KR20_421.78. 

Mineral component Abundance
1 0.2 %
2 17 %
3 5 %
4 23 %
5 55 %  
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A photograph of rock surface O3A and the corresponding autoradiograph are shown in 
Figure 3.32. The porosity profiles are presented in Figure 3.33. The sample is quite 
porous: porosity varies from 1 to 2 %. The highest porosities are congruent with the 
mineral phases of kaolinite, having up to 7 % local porosities. The porosity profiles 
were determined from the foliated end of the sample, where the average porosity was 
about 1 %. A clear increase in porosity was detected to a depth of about 1 cm. Porous, 
altered minerals were, however, found throughout the sample. The sample is very 
heterogeneous, so the porosity profile is heavily affected by changes in the measuring 
area. 

 

Figure 3.32. A photograph of sample OL_KR20_421.78 (top) and the corresponding 
autoradiograph (bottom, exposure time 2 weeks). The length of the sample is 10 cm. The 
green rectangle marks the area where the porosity profile was determined. 
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Figure 3.33. Porosity profile near a clay fracture in sample OL_KR20_421.78.  
 

Since the fractures were positioned vertically in the large subsample, the method 
applied could not be used to determine the distribution of the abundances of mineral 
components. However, in the small subsample the fracture was located such that the 
distribution could be determined and it is shown in Figure 3.34. Approximately 0.5 % of 
the sample volume and 1.5 % of the alteration zone volume contained altered minerals, 
which resulted in an estimated alteration depth of 0.12 mm. 

 

 

Figure 3.34. Distribution of the abundances of mineral components as a function of 
distance from the fracture surface in the large subsample of sample OL_KR20_421.78. 
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3.2.2 Sample OL_KR25_56.78 
 
This sample is medium grained, non-foliated, veined gneiss (neosome granite). The 
sample contains kaolinitised, pinite grains and a kaolinite-filled fracture (see the arrow 
in Figure 3.39) that transsects the drill core. Microscopic images of the sample are 
shown in Figure 3.35. The sample consists of veined gneiss. which on the scale of the 
thin section is unfoliated. The grain size varies mostly from 2 to 6 mm, but the largest 
plagioclase grain exceeds 12 mm in diameter. Plagioclase is strongly altered to sericite. 
Potassium feldspar is significantly less altered. Cordierite is totally altered to pinite and 
sericite and biotite to muscovite. The quartz grains are filled with hair-like fissures. The 
extinction of quartz grains is weakly or moderately undulating. The analysed thin 
section contains a few fractures, which are filled with clay and partly with opaque 
minerals. Accessory minerals include muscovite/sericite, chlorite and opaque ore 
minerals. The coarse, altered plagioclase grains seem to be the most porous spots in this 
sample. The fractures that are open or partly filled with sericite are also clearly 
distinguishable in the autoradiograph, meaning they are very porous. Cordierite grains 
are totally altered, but they are not as porous as plagioclase.  

 

  

Figure 3.35. Polarisation microscopy images of sample OL_KR25_56.78. 
 

 

Figure 3.36. Three-dimensional visualisations of the large and the small subsample of 
sample OL_KR25_56.78 with the minerals colour coded in the large subsample. The 
colours in order from the least to the most dense are blue, cyan, green and red. Samples 
are 19.6 mm (left) and 3.5 mm (right) high. 
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3D visualisations of the two subsamples of this sample, reconstructed by X-ray 
tomography, are shown in Figure 3.36. The orientation analysis of the large subsample 
of sample OL_KR25_56.78 indicates that there is no clear orientation in the mineral 
content. The large subsample of this sample was scanned with a voxel resolution of 7.5 
μm by the SkyScan device. Part of a cross-section of a tomographic reconstruction of 
the large subsample is shown in Figure 3.37, and the abundances of segmented minerals 
are shown in Table 3.12. The analysis shown in Appendix G revealed that mineral 1 
contains muscovite, sericite, chlorite and opaque minerals, mineral 3 is mostly 
potassium feldspar and mineral 4 is quartz and plagioclase. Mineral 2 could not be 
identified. 

 

Figure 3.37. A cross-section of a tomographic reconstruction of the large subsample of 
sample OL_KR25_56.78 together with labelling of the segmented minerals. The density 
of the mineral decreases with increasing value number of its label number. 
 

Table 3.12. Abundances of the mineral components in the large subsample of sample 
OL_KR25_56.78. 

Mineral component Abundance
1 0.1 %
2 17 %
3 21 %
4 61 %  

 

The small subsample of this sample was scanned with a voxel resolution of 3.15 μm by 
the Xradia device. Part of a cross-section of a tomographic reconstruction of the small 
subsample is shown in Figure 3.38, and the abundances of segmented minerals are 
shown in Table 3.13. There is one mineral component less in the small subsample since 
the component was not included in the subsample. The differences in the mineral 
abundances of the subsamples arise from the heterogeneity of the rock. 
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Figure 3.38. A cross-section of a tomographic reconstruction of the small subsample of 
sample OL_KR25_56.78 together with labelling of the segmented minerals. The density 
of the mineral decreases with increasing value of its label number. 
 

Table 3.13. Abundances of the mineral components in the small subsample of sample 
OL_KR25_56.78. 

Mineral component Abundance
1 0.7 %
2 81 %
3 19 %  

 
 
A photograph of rock surface O9A and the corresponding autoradiograph are shown in 
Figure 3.39. The porosity profile determined from the autoradiograph is shown in 
Figure 3.40. The total porosity of the rock was 0.6 %. The texture and porosity of this 
sample are strongly heterogeneous. Some of the most porous minerals showed 
porosities of up to 10-15 %, which were the highest porosity values found in this work. 
There was no clear porosity profile adjacent to the clay fracture. The porosity profile 
detected over the clay-filled fracture inside the drill core revealed that the porosity 
changed from 0.5 % to 15 %. 
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Figure 3.39. A photograph of sample OL_KR25_56.78 (top) and the corresponding 
autoradiograph (bottom, exposure time 2 weeks). The length of the sample is 10 cm. The 
red arrow shows a fracture filled with kaolinite. The green rectangle shows the area 
where the porosity profile was determined. 
 

 
Figure 3.40. Porosity profile near a clay fracture in sample OL_KR25_56.78. Peaks in 
the profile beyond 1-cm depth arise from additional fractures and regions of porous 
minerals in the sample. 

Clay fracture 
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The distribution of the abundances of mineral components was determined by X-ray 
tomography for the large subsample. It is shown in Figure 3.41. Approximately 40.4 % 
of the sample volume contained altered minerals, which resulted in an estimated 
alteration depth of 7.9 mm. 

 

 

Figure 3.41. Distribution of the abundances of mineral components as a function of 
distance from the fracture surface for the large subsample of sample OL_KR25_56.78. 
 

3.2.3 Sample OL_KR25_96.79 
 
This sample consists of mica gneiss and medium grained migmatite with diffuse 
segregation banding. It contains a fracture with clay and pyrite filling. Fractures appear 
parallel to foliation at both ends of the sample. This sample is fine to medium grained 
cordierite mica gneiss, which is slightly altered and clearly foliated. Cordierite appears 
as grains of sizes of 1 to 4 mm and contains quartz inclusions. Pinite is formed along the 
fractures of cordierite, otherwise they are clear. Plagioclase grains are platy, from 0.5 to 
2 mm in diameter. They are only slightly altered to sericite. Quartz grains are roundish, 
0.2 – 0.5 mm in diameter, and have an undulating extinction. Biotite flakes are up to 3 
mm long and partly altered to chlorite. Pleochroism is normal and extends from dark 
brown to light brown. Several hair-like fissures (ca. 0.02 mm thick), parallel to foliation 
in the analysed thin section, are filled with opaque minerals. Accessory minerals include 
muscovite, epidote and apatite. In the autoradiograph, most of the porosity appears in 
cordierite grains. A few very thin fractures, which are parallel to foliation, show 
porosities that exceed the average porosity. Polarisation microscopy images of the 
sample are shown in Figure 3.42.  
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Figure 3.42. Polarisation microscopy images of sample OL_KR25_96.79. 
 

 

Figure 3.43. Three-dimensional visualisations of the large and the small subsample of 
sample OL_KR25_96.79 with the minerals colour coded. The colours in order from the 
least to the most dense are blue, cyan, green and red. Samples are 26.5 mm (left) and 
6.0 mm (right) high. 
 

3D visualisations of the two subsamples of this sample, reconstructed by X-ray 
tomography, are shown in Figure 3.43. The orientation analysis of the large subsample 
of OL_KR25_96.79 shows some orientation in the minerals parallel to the fracture, but 
visually orientation can be observed to only exist in the lower half of the sample. The 
large subsample of this sample was scanned with a voxel resolution of 8.6 μm by the 
SkyScan device. Part of a cross-section of a tomographic reconstruction of the large 
subsample is shown in Figure 3.44, and the abundances of the segmented minerals are 
shown in Table 3.14. 
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Figure 3.44. A cross-section of a tomographic reconstruction of the large subsample of 
sample OL_KR25_96.79 together with labelling of the segmented minerals. The density 
of the mineral decreases with increasing value of the label number. 
 

Table 3.14. Abundances of the mineral components in the large subsample of sample 
OL_KR25_96.79. 

Mineral component Abundance
1  0.03 %
2 0.9 %
3 39 %
4 60 %  

 

The small subsample of this sample was scanned with a voxel resolution of 1.7 μm by 
the SkyScan device. Part of a cross-section of a tomographic reconstruction of the small 
subsample is shown in Figure 3.45, and the abundances of the segmented minerals are 
shown in Table 3.15. The difference in the number of components arises from the more 
accurate segmentation when scanning with better resolution, and the differences in the 
mineral abundances of the subsamples arise from the heterogeneity of the rock. 
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Figure 3.45. A cross-section of a tomographic reconstruction of the small subsample of 
sample OL_KR25_96.79 together with labelling of the segmented minerals. The density 
of the mineral decreases with increasing value of the label number. 
 

Table 3.15. Abundances of the mineral components in the small subsample of sample 
OL_KR25_96.79. 

Mineral component Abundance
1 0.1 %
2 5 %
3 44 %
4 10 %
5 41 %  

 
A photograph of rock surface O6A and the corresponding autoradiograph are shown in 
Figure 3.46. The porosity profile determined from the autoradiograph is shown in 
Figure 3.47. The total porosity of the sample was 0.4 %. Some porous altered minerals 
appeared throughout the sample. Plenty of porous minerals were found adjacent to the 
fracture surfaces at both ends of the sample, and there was a significant porous zone at 
the left end of the sample (see Figure 3.46). There were also several centimetre long 
micro-fractures parallel to the fracture surface. The width of the significant porous 
zones varied from 2 to 6 mm. Because of the altered minerals within these zones, local 
porosity was up to 6 % high there. Altered porous minerals were found throughout the 
sample. 
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Figure 3.46. A photograph of sample OL_KR25_96.79 (top) and the corresponding 
autoradiograph (bottom, exposure time 2 weeks). The length of the sample is 8 cm. The 
green rectangle shows the area where the porosity profile was determined. 
 

 
Figure 3.47. Porosity profile near a clay fracture in sample OL_KR25_96.79. 
 

The distribution of the abundances of mineral components was determined by X-ray 
tomography for the large subsample. It is shown in Figure 3.48. Approximately 7.5 % 
of the sample volume and 22.4 % of the alteration zone volume contained altered 
minerals which resulted in an estimated alteration depth of 2.0 mm. 
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Figure 3.48. Distribution of the abundances of mineral components as a function of 
distance from the fracture surface for the large subsample of sample OL_KR25_96.79. 
 

3.2.4 Sample OL_KR25_482.54 
 
This sample is medium grained veined, slightly altered migmatic gneiss. The filling in 
the fracture surface contains also calcite.  
 

   

Figure 3.49. Polarisation microscopy images of sample OL_KR25_482.54. 
 

Microscopic images of the sample are shown in Figure 3.49. The analysed thin section 
contains two different parts: one end of the section is mostly composed of chlorite and 
the other end of coarse grained plagioclase with quartz. Chlorite appears as flakes mixed 
with muscovite. Chlorite is pale green and muscovite is clear. Opaque infiltration 
appears only in chlorite. Plagioclase grains are from 2 to 12 mm in diameter. 
Polysynthetic twinning is common and sericitisation is low. Round quartz grains (1-3 
mm) are deformed (fractured) and strongly undulating. Some opaque pigments are 
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found in quartz grains. All the fractures, also the ones inside the large quartz grains, are 
clearly visible in the autoradiograph which means that they are porous. Some opaque 
minerals form highly porous spots on the film.  

 
Figure 3.50. Three-dimensional visualisations of the large and the small subsample of 
sample OL_KR25_482.54 with the minerals colour coded in the large subsample. The 
colours in order from the least to the most dense are blue, cyan, green and red. Samples 
are 14.7 mm (left) and 5.5 mm (right) high. 

 
3D visualisations of the two subsamples of this sample, reconstructed by X-ray 
tomography, are shown in Figure 3.50. The orientation analysis of the large subsample 
of sample OL_KR25_482.54 shows that there is no clear orientation in the minerals. 
The large subsample of this sample was scanned with a voxel resolution of 7.4 μm by 
the SkyScan device. Part of a cross-section of a tomographic reconstruction of the large 
subsample is shown in Figure 3.51, and the abundances of the segmented minerals are 
shown in Table 3.16. 

 
Figure 3.51. A cross-section of a tomographic reconstruction of the large subsample of 
sample OL_KR25_482.54 together with labelling of the segmented minerals. The 
density of the mineral decreases with increasing value of the label number. 
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Table 3.16. Abundances of the mineral components in the large subsample of sample 
OL_KR25_482.54. 

Mineral component Abundance
1 0.3 %
2 32 %
3 31 %
4 38 %  

 
 

The small subsample of this sample was scanned with a voxel resolution of 2.98 μm by 
the Xradia device. Part of a cross-section of a tomographic reconstruction of the small 
subsample is shown in Figure. 3.52 and the abundances of the segmented minerals are 
shown in Table 3.17. The differences in the mineral abundances of the subsamples arise 
from the heterogeneity of the rock. 

 
 

 

Figure 3.52. A cross-section of a tomographic reconstruction of the small subsample of 
sample OL_KR25_482.54 together with labelling of the segmented minerals. The 
density of the mineral decreases with increasing value of the label number. 

 

Table 3.17. Abundances of the mineral components in the small subsample of sample 
OL_KR25_482.54. 

Mineral component Abundance
1 2 %
2 40 %
3 26 %
4 32 %  
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A photograph of rock surface O12A and the corresponding autoradiograph are shown in 
Figure 3.53. The porosity profile determined from the autoradiograph is shown in 
Figure 3.54. The total porosity of the sample was about 0.2 % and it is composed of 
grain boundary pores. No intra-granular porosity was found. The sample is strongly 
fractured and very fragile. There is no increased porosity zone adjacent to the fracture 
filled with clay and calcite (see the arrow in Figure 3.53.). 

 

 
Figure 3.53. A photograph of sample OL_KR25_482.54 (top) and the corresponding 
autoradiograph (bottom, exposure time 2 weeks). The length of the sample is 13 cm. The 
red arrow marks the fracture with calcite and clay. The green rectangle shows the area 
where the porosity profile was determined (from down to up). 

 
Figure 3.54. Porosity profile near a clay fracture in sample OL_KR25_482.54. All the 
peaks in the profile arise from additional fractures and regions of more porous minerals 
inside the sample. 



52 
 

The distribution of the abundances of mineral components was determined by X-ray 
tomography for the large subsample. It is shown in Figure 3.55. Approximately 21.6 % 
of the sample volume contained altered minerals which resulted in an estimated 
alteration depth of 3.2 mm. 

 

Figure 3.55. Distribution of the abundances of mineral components as a function of 
distance from the fracture surface for the large subsample of sample OL_KR25_482.54. 
 

3.2.5 Compilation of results for the clay fractures 
 
Table 3.18 shows the results for the four samples with a clay fracture. Three samples, 
OL_KR25_56.78, OL_KR25_96.79 and OL_KR25_482.54, include very heavily 
altered zones. The same three samples also lack clear mineral orientation. All of the 
samples have low bulk porosity and three of them, OL_KR20_421.78, OL_KR25_56.78 
and OL_KR25_96.79, have a clear 9-15 mm deep alteration zone with a maximal 
porosity of 3.5 - 6 %.  
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Table 3.18. Results for the samples with a clay fracture. 

Sample OL_KR20_421.78 OL_KR25_56.78 OL_KR25_96.79 OL_KR25_482.54
Orientation of rock 
relative to fracture 

30 degrees off from 
perpendicular 

No No No 

Bulk porosity 0.5 % 0.2 % 0.5 % 0.3 % 
Zone of altered 
porosity (ZAP) 

10 mm 9 mm 15 mm 0 mm 

Highest porosity in 
ZAP 

3.5 % 5 % 6 % - 

Zone of altered 
mineral densities 

(ZAMD) 

10 mm Whole sample  
(15 mm) 

9 mm Whole sample  
(11 mm) 

Relative volume in 
ZAMD of changed 

mineral density 

 
1.5 % 

 
40.4 % 

 
22.4 % 

 
21.6 % 

Alteration depth 0.12 mm 7.9 mm 2.0 mm 3.2 mm 
Depleted component 

near the fracture 
 

medium density 
 

medium density 
 

low density 
 

low density 
Increased component 

near the fracture 
 

low density 
 

low density 
 

medium density 
 

medium density 
 

3.3 Slickensided fracture 

3.3.1 Sample OL_KR13_205.65 
 
This sample is composed of medium grained veined gneiss with a chlorite coated 
slickensided fracture (see the arrow in Figure 3.60.). Kaolinite and montmorillonite are 
also found to some extent on the fracture surface.  

   

Figure 3.56. Polarisation microscopy images of sample OL_KR13_205.65. 
 

Polarisation microscopy images of the sample are shown in Figure 3.56. It is a foliated, 
gneissose sample, small grained (0.2 – 2.0 mm) and strongly altered. Potassium feldspar 
contains brownish pigments, but is otherwise unaltered. Its roundish grains are from 0.5 
to 4 mm in diameter. Quartz shows moderate deformation: it is fractured and clearly 
undulating. Small grains fill the spaces between other minerals. Plagioclase is platy, 
even subhedral, and its polysynthetic twinning is well developed. Plagioclase is only 
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weakly to moderately altered to sericite. Biotite is foliated and mostly altered to 
chlorite. Some opaque infiltration exists between the biotite/chlorite flakes. Cordierite 
grains are quite coarse (1 – 6 mm) and richly altered to sericite and pinite. Inclusions of 
other minerals are common in cordierite. Muscovite is clear in this thin section and 
possibly an alteration product of cordierite. Carbonate (possibly both calcite and 
dolomite) fills fractures that are about 0.25 mm wide. The autoradiograph contains 
highly porous spots and lines, but they cannot be connected to any mineralogical feature 
in the analysed thin section. 3D visualisations of the two subsamples of this sample, 
reconstructed by X-ray tomography, are shown in Figure 3.57. The orientation analysis 
of the large subsample of sample OL_KR13_205.65 indicates that the orientation of the 
fracture is 30 degrees off from being parallel to that of the minerals. 

 

Figure 3.57. Three-dimensional visualisations of the large and the small subsample of 
sample OL_KR13_205.65 with the minerals colour coded in the large subsample. The 
colours in order from the least to the most dense are blue, cyan, green and red. Samples 
are 20.7 mm (left) and 4.7 mm (right) high. 

 

The large subsample of this sample was scanned with a voxel size of 6.3 μm by the 
SkyScan device. Part of a cross-section of a tomographic reconstruction of the large 
subsample is shown in Figure 3.58, and the abundances of the segmented minerals are 
shown in Table 3.19. 
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Figure 3.58. A cross-section of a tomographic reconstruction of the large subsample of 
sample OL_KR13_205.65 together with labelling of the segmented minerals. The 
density of the mineral decreases with increasing value of the label number. 
 

Table 3.19. Abundances of the mineral components in the large subsample of sample 
OL_KR13_205.65. 

Mineral component Abundance
1 0.2 %
2 27 %
3 36 %
4 37 %  

 

The small subsample of this sample was scanned with a voxel resolution of 3.04 μm by 
the Xradia device. Part of a cross-section of a tomographic reconstruction of the small 
subsample is shown in Figure 3.59, and the abundances of the segmented minerals are 
shown in Table 3.20. The differences in the mineral abundances of the subsamples arise 
from the heterogeneity of the rock. 
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Figure 3.59. A cross-section of a tomographic reconstruction of the small subsample of 
sample OL_KR13_205.65 together with labelling of the segmented minerals. The 
density of the mineral decreases with increasing value of the label number. 

 

Table 3.20. Abundances of the mineral components in the small subsample of sample 
OL_KR13_205.65. 

Mineral component Abundance
1 1.1 %
2 33 %
3 30 %
4 37 %  

 
 

A photograph of rock surface O11A and the corresponding autoradiograph are shown in 
Figure 3.60. The porosity profile determined from the autoradiograph is shown in 
Figure 3.61. The total porosity of the sample was 0.5 %. There are plenty of fractures 
perpendicular to the slickensided main fracture, which follows the foliation of the 
texture. There is no zone of clearly increased porosity around the main fracture. 
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Figure 3.60. A photograph of sample OL_KR13_205.65 (top) and the corresponding 
autoradiograph (bottom, exposure time 2 weeks). The length of the sample is 12 cm. 
Chlorite slickensided fracture with some kaolinite and montmorillonite is visible on the 
right side. The red arrow marks a chlorite-coated slickensided fracture. The green 
rectangle shows the area where the porosity profile was determined. 

 

 

Figure 3.61. Porosity profile near a slickensided fracture in sample OL_KR13_205.65.  

The distribution of the abundances of mineral components was determined by X-ray 
tomography for the large subsample. It is shown in Figure 3.62. Approximately 4.8 % 
of the sample volume contained altered minerals which resulted in an estimated 
alteration depth of 1.0 mm. 
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Figure 3.62. Distribution of the abundances of mineral components as a function of 
distance from the fracture surface for the large subsample of sample OL_KR13_205.65. 
 

3.3.2 Sample OL_KR14_446.89 
 
This sample is medium grained mica gneiss with pinite flakes. It contains a slickensided 
fracture that has a few calcite patches. There are two additional calcite fractures at the 
end of the sample. The sample is small grained (0.5 – 1.5 mm) with cordierite 
porphyroblasts (1 – 6 mm) and a foliated structure. Deformed quartz grains are strongly 
undulating, round and typically 0.5 mm in diameter. Potassium feldspar and plagioclase 
appear in platy grains of 0.5 to 2.5 mm wide. Both are almost unaltered. Twinning 
lamellae of plagioclase are scarcely visible. Cordierite grains are thoroughly altered, 
mostly to fine grained sericite but also coarser flakes of muscovite can be found. Quartz 
and feldspar inclusions are common in cordierite relics. Chlorite is gray and foliated. It 
is evidently an alteration product of biotite. Chlorite contains very fine opaque minerals. 
There are a few tiny, highly porous spots in the autoradiograph, which cannot be 
connected to any minerals in the analysed thin section. Polarisation microscopy images 
of the sample are shown in Figure 3.63. 

 

 



59 
 

 

Figure 3.63. Polarisation microscopy images of sample OL_KR14_446.89. 
 

 

Figure 3.64. Three-dimensional visualisations of the large and the small subsample of 
sample OL_KR14_446.89 with the minerals colour coded in the large subsample. The 
colours in order from the least to the most dense are blue, cyan, green and red. Samples 
are 14.7 mm (left) and 3.4 mm (right) high. 

 
3D visualisations of the two subsamples of this sample, reconstructed by X-ray 
tomography, are shown in Figure 3.64. The orientation analysis of the large subsample 
of sample OL_KR14_446.89 indicates that the orientation of the fracture is 30 degrees 
off from being perpendicular to that of the minerals. The large subsample of this sample 
was scanned with a voxel size of 5.8 μm by the SkyScan device. Part of a cross-section 
of a tomographic reconstruction of the large subsample is shown in Figure 3.65, and the 
abundances of the segmented minerals are shown in Table 3.21. This sample was 
reconstructed in both 8-bit and 16-bit formats. The corresponding 16-bit cross-section is 
visually very similar to the 8-bit one in Figure 3.65 so it is not shown here. The 
abundances of the identified minerals of this sample were also nearly independent of the 
reconstruction format, as is evident from Table 3.19. 
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Figure 3.65. A cross-section of a tomographic reconstruction of the large subsample of 
sample OL_KR14_446.89 together with labelling of the segmented minerals. The 
density of the mineral decreases with increasing value of the label number. 

 

Table 3.21. Abundances of the mineral components in the large subsample of sample 
OL_KR14_446.89 for both 8-bit and 16-bit reconstructions. 

Mineral component Abundance (8 bit) Abundance (16 bit)
1 0.2 % 0.1 %
2 16 % 16 %
3 41 % 40 %
4 43 % 44 %  
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Figure 3.66. A cross-section of a tomographic reconstruction of the small subsample of 
sample OL_KR14_446.89 together with labelling of the segmented minerals. The 
density of the mineral decreases with increasing value of the label number. 

 
The small subsample of this sample was scanned with a voxel resolution of 3.15 μm by 
the Xradia device. Part of a cross section of a tomographic reconstruction of the small 
subsample is shown in Figure 3.66, and the abundances of the segmented minerals are 
shown in Table 3.22. The differences in the mineral abundances of the subsamples arise 
from the heterogeneity of the rock. 

 

Table 3.22. Abundances of the mineral components in the small subsample of sample 
OL_KR14_446.89. 

Mineral component Abundance
1 1.0 %
2 37 %
3 19 %
4 44 %  
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Figure 3.67. A photograph of sample OL_KR14_446.89 (top) and the corresponding 
autoradiograph (bottom, exposure time 2 weeks). The length of the sample is 10 cm. The 
green rectangle shows the area where the porosity profile was determined. 
 

A photograph of rock surface O8A and the corresponding autoradiograph are shown in 
Figure 3.67. The porosity profile determined from the autoradiograph is shown in 
Figure 3.68. The total porosity of the sample was 0.1 %, and the detection limit of the 
PMMA method was reached, when analysing some details of the texture. No clear 
porosity profile was found in the sample. Altered mineral phases adjacent to the 
slickensided fracture showed increased porosities, up to 0.4- 0.5 %. 

 

 
Figure 3.68. Porosity profile around a slickensided fracture in sample 
OL_KR14_446.89. The peaks in the profile arise from regions of porous minerals inside 
the sample. 

slickensided 
fracture 

calcite  fracture 
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Figure 3.69. Distribution of the abundances of mineral components as a function of 
distance from the fracture surface for the 8-bit reconstruction of the large subsample of 
sample OL_KR14_446.89. 
 

The distribution of the abundances of mineral components was determined by X-ray 
tomography for the large subsample using both 8-bit and 16-bit reconstructions. The 
distribution determined from the 8-bit reconstruction is shown in Figure 3.69 and the 
distribution determined from the 16-bit reconstruction in Figure. 3.70. The distributions 
are very similar, and their differences indicate the degree of the inaccuracy of the 
methods applied. Approximately 2.9 % of the sample volume and 5.0 % of the 
alteration zone volume contained altered minerals which resulted in an estimated 
alteration depth of 0.43 mm. 

 

Figure 3.70. Distribution of the abundances of mineral components as a function of 
distance from the fracture surface as determined from the 16-bit reconstruction of the 
large subsample of sample OL_KR14_446.89. 
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3.3.3 Sample OL_KR14_461.91 
 
This sample is fine grained mica gneiss with a chlorite slickensided fracture and a 
fracture with clay coating and kaolinite filling.  
 
 

   

Figure 3.71. Polarisation microscopy images of sample OL_KR14_461.91. 
 

Polarisation microscopy images of the sample are shown in Figure 3.71. The foliated, 
fine grained (0.2 – 0.7 mm) sample contains a quartz aggregate of 14 mm. Cordierite 
porphyroblasts also often achieve a diameter of 1 – 2 mm. Biotite is unaltered and clear, 
except in the vicinity of cordierite, where biotite is altered to muscovite, and to a lesser 
extent, to chlorite. Cordierite is only slightly altered to pinite, starting in the mineral 
fractures. Plagioclase contains some patches of sericite, but is mostly unaltered. Its 
lamellas are bended here and there. Quartz grains are strongly undulating. Accessory 
minerals include muscovite/sericite, sillimanite, zircon, apatite, chlorite and opaque. 
Only cordierite grains show porosity higher than the average porosity of the sample. 
Mineral boundaries form a very pale grey network in the autoradiograph. 3D 
visualisations of the two subsamples of this sample, reconstructed by X-ray 
tomography, are shown in Figure 3.72. The orientation analysis of the large subsample 
of sample OL_KR14_461.91 indicates that the fracture is oriented perpendicular to the 
orientation of the minerals but visual observation shows that actually it is rather parallel 
to the orientation of the minerals. The difference is probably caused by the large mineral 
deposit in the middle of the sample. 
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Figure 3.72. Three-dimensional visualisations of the large and the small subsample of 
sample OL_KR14_461.91 with the minerals colour coded. The colours in order from 
the least to the most dense are blue, cyan, green and red. Samples are 30.0 mm (left) 
and 5.5 mm (right) high. 

 
The large subsample of this sample was scanned with a voxel size of 8.6 μm by the 
SkyScan device.  Part of a cross-section of a tomographic reconstruction of the large 
subsample is shown in Figure 3.73, and the abundances of the segmented minerals are 
shown in Table 3.23. 

 

 

Figure 3.73. A cross-section of a tomographic reconstruction of the large subsample of 
sample OL_KR14_461.91 together with labelling of the segmented minerals. The 
density of the mineral decreases with increasing value of the label number. 
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Table 3.23. Abundances of the mineral components in the large subsample of sample 
OL_KR14_461.91. 

Mineral component Abundance
1 0.2 %
2 0.7 %
3 20 %

4 & 5 80 %  
 

 
The small subsample of this sample was scanned with a voxel resolution of 1.8 μm by 
the SkyScan device. Part of a cross-section of a tomographic reconstruction of the small 
subsample is shown in Figure 3.74, and the abundances of the segmented minerals are 
shown in Table 3.24. There is one component less in the small subsample, because one 
of the components only appears near the large mineral deposit in the middle of the 
sample. The differences in the mineral abundances of the subsamples arise from the 
heterogeneity of the rock. 

 
 

 

Figure 3.74. A cross-section of a tomographic reconstruction of the small subsample of 
sample OL_KR14_461.91 together with labelling of the segmented minerals. The 
density of the mineral decreases with increasing value of the label number. 
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Table 3.24. Abundances of the mineral components in the small subsample of sample 
OL_KR14_461.91. 

Mineral component Abundance
1 0.1 %
2 20 %
3 17 %
4 64 %  

 
A photograph of rock surface O5A and the corresponding autoradiograph are shown in 
Figure 3.75. The porosity profile is presented in Figure 3.76. The total porosity of the 
sample was 0.15 % and again close to the detection limit of the C-14-PMMA method. 
The fine grained main body of the sample was however completely filled with MMA. 
Porous minerals appear near the fracture surfaces at both ends of the sample. These 
minerals form structures that are oriented parallel to the fracture surfaces as well as 
perpendicular to them. According to the porosity profiles, porous minerals extend to 3-7 
mm away from the fracture surfaces. 

 

 

Figure 3.75. A photograph of sample OL_KR14_461.91 (top) and the corresponding 
autoradiograph (bottom, exposure time 2 weeks). The length of the sample is 13 cm. The 
green rectangle shows the area where the porosity profile was determined. 
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Figure 3.76. Porosity profile of sample OL_KR14_461.91. Peaks in the profile beyond 
1 cm depth arise from porous minerals inside the sample. 
 

The distribution of the abundances of mineral components was determined by X-ray 
tomography for the large subsample. It is shown in Figure 3.77. Approximately 6.0 % 
of the sample volume and 13.5 % of the alteration zone volume contained altered 
minerals which resulted in an estimated alteration depth of 1.8 mm. 

 

Figure 3.77. Distribution of the abundances of mineral components as a function of 
distance from the fracture surface for the large subsample of sample OL_KR14_461.91. 
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3.3.4 Sample OL_KR14_491.19 
 
This sample is composed of fine grained mica gneiss. There is a slickensided fracture at 
both ends of the sample. One of the fractures (see Figure. 3.82; left side) is in a band 
rich in mica.  

   

Figure 3.78. Polarisation microscopy images of sample OL_KR14_491.19. 
 

Polarisation microscopy images of the sample are shown in Figure 3.78. The sample is 
foliated and fine grained (0.1 – 0.3 mm), and the main minerals include biotite, quartz 
and plagioclase. The grain size of biotite varies from 0.1 to 0.5 mm. The less fine 
grained part is altered to some extent to muscovite. There is quite a lot of dust-like 
opaque infiltrate between the biotite flakes. Plagioclase is only moderately altered. 
Quartz grains are clear and slightly undulating. Accessory minerals in the analysed thin 
section include muscovite (sericite), zircon, apatite and opaques. At one border of the 
section, biotite is not so fine grained and is mainly altered to muscovite, but also to 
chlorite. This zone is visible in the autoradiograph as a porous zone. 3D visualisations 
of the two subsamples of this sample, reconstructed by X-ray tomography, are shown in 
Figure 3.79. The orientation analysis of the large subsample of sample 
OL_KR14_491.19 indicates that the fracture is oriented perpendicular to the orientation 
of the minerals, but visually no orientation of the minerals can be observed due to the 
small grain size. The results of the orientation analysis may therefore have been affected 
by artefacts. 
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Figure 3.79. Three-dimensional visualisations of the large and the small subsample of 
sample OL_KR14_491.19 with the minerals colour coded. The colours in order from 
the least to the most dense are blue, green and red. Samples are 24.0 mm (left) and 6.0 
mm (right) high. 

 
The large subsample of this sample was scanned with a voxel resolution of 8.6 μm by 
the SkyScan device. Part of a cross-section of a tomographic reconstruction of the large 
subsample is shown in Figure 3.80, and the abundances of the segmented minerals are 
shown in Table 3.25. 

 

Figure 3.80. A cross-section of a tomographic reconstruction of the large subsample of 
sample OL_KR14_491.19 together with labelling of the segmented minerals. The 
density of the mineral decreases with increasing value of the label number. 
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Table 3.25. Abundances of the main mineral components in the large subsample of 
sample OL_KR14_491.19. 

Mineral component Abundance
1 0.4 %
2 37 %
3 62 %  

 

The small subsample of this sample was scanned with a voxel resolution of 1.9 μm by 
the SkyScan device. Part of a cross-section of a tomographic reconstruction of the small 
subsample is shown in Figure 3.81, and the abundances of the segmented minerals are 
shown in Table 3.26. The difference in the number of components arises from the more 
accurate segmentation when scanning with better resolution, and the differences in the 
mineral abundances of the subsamples arise from the heterogeneity of the rock. 

 

Figure 3.81. A cross-section of a tomographic reconstruction of the small subsample of 
sample OL_KR14_491.19 together with labelling of the segmented minerals. The 
density of the mineral decreases with increasing value of the label number. 
 

Table 3.26. Abundances of the mineral components in the small subsample of sample 
OL_KR14_491.19. 

Mineral component Abundance
1 0.1 %
2 0.1 %
3 44 %
4 56 %  
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A photograph of rock surface O2A and the corresponding autoradiograph are shown in 
Figure 3.82. The porosity profile determined from the autoradiograph is shown in 
Figure 3.83. The total porosity of this sample was 0.1 %, which is close to the detection 
limit of the C-14-PMMA method. The sample was however completely filled with 
MMA which can be seen on the autoradiograph. There is a 5 mm wide porous zone 
behind the 2 mm thick fracture filling. Local porosity increased up to about 4 % in this 
zone. 

 

 

Figure 3.82. A photograph of sample OL_KR14_491.19 (top) and the corresponding 
autoradiograph (bottom, exposure time 2 weeks). The length of the sample is 10 cm. The 
green rectangle shows the area where the porosity profile was determined. 
 

 

Figure 3.83. Porosity profile near a slickensided fracture in sample OL_KR14_491.19. 
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The distribution of the abundances of mineral components was determined by X-ray 
tomography for the large subsample. It is shown in Figure 3.84. Approximately 8.0 % 
of the sample volume contained altered minerals which resulted in an estimated 
alteration depth of 1.9 mm. 

 

Figure 3.84. Distribution of the abundances of mineral components as a function of 
distance from the fracture surface for the large subsample of sample OL_KR14_491.19. 
 

3.3.5 Compilation of results for the slickensided fractures 
 
Table 3.27 shows the results for the four samples with a slickensided fracture. The 
porosity profiles of OL_KR14_461.91 and OL_KR14_491.19 had quite similar shapes 
and characteristics. Both had low bulk porosity and a 4-8 mm deep altered zone with 
high peak porosity (7-9 %). All the samples with a slickensided fracture included quite 
heavily altered zones that were relatively deep. 
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Table 3.27. Results for samples with a slickensided fracture  

Sample OL_KR13_205.65 OL_KR14_446.89 OL_KR14_461.91 OL_KR14_491.19
Orientation of 
rock relative to 

fracture 

30 degrees off 
from parallel 

30 degrees off 
from perpendicular

Parallel (weak) Perpendicular 
(weak) 

Bulk porosity 0.5 % 0.1 % 0.2 % 0.1 % 
Zone of altered 
porosity (ZAP) 

0 mm 3 mm 4 mm 8 mm 

Highest porosity 
in ZAP 

- 0.35 % 9 % 7 % 

Zone of altered 
mineral densities 

(ZAMD) 

Whole sample 
(15 mm) 

7 mm 12 mm Whole sample  
(16 mm) 

Relative volume 
in ZAMD of 

changed mineral 
density 

 
4.8 % 

 
5.0 % 

 
13.5 % 

 
8.0 % 

Alteration depth 1.0 mm 0.43 mm 1.8 mm 1.9 mm 
Depleted 

component near 
the fracture 

 
medium density 

 

 
medium density 

 
low density 

 
low density 

Increased 
component near 

the fracture 

 
low density 

 
low density 

 
medium density 

 
medium density 

 

3.4 Strongly altered sample 

3.4.1 Sample OL_KR4_891.71 
 
This sample was taken from the strongly altered zone OL-KR4 at a depth of 891 m. It is 
composed of medium grained gneiss, having extremely strong kaolinitisation and 
illitisation in the matrix. The whole sample was included in a zone of increased porosity 
next to and within a fracture. The texture of the sample is strongly heterogeneous.  

 

 

Figure 3.85. Polarisation microscopy images of sample OL_KR4_891.71. 
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Polarisation microscopy images of the sample are shown in Figure 3.85. The sample is 
very strongly altered, even to the extent that sericite forms the main phase in the 
analysed thin section. Sericite is mixed with carbonate (grain size 1 – 2 mm). 
Plagioclase (1 – 8 mm) has polysynthetic twinning and is only moderately altered to 
sericite. Clear muscovite appears as flakes of 0.5 - 3 mm in length. Quartz is fractured 
and laminated, and its grain size extends up to 5 - 7 mm. Some recrystallised grains, 
however, are no more than 1 mm in diameter. No foliation is visible in the section. The 
most porous areas in the autoradiograph are caused by mineral grains that are totally 
altered to a sericite-carbonate-opaque mixture. The altered plagioclase grains are also 
quite porous, but fractured quartz grains are clear in the autoradiograph. No 
tomographic analysis was performed on this sample. 

 

Figure 3.86. A photograph of sample OL_KR4_891.71 (top) and the corresponding 
autoradiograph (bottom, exposure time 2 weeks). The length of the sample is 9 cm. The 
green rectangle shows the area where the porosity profile was determined. 
 

A photograph of rock surface O13A and the corresponding autoradiograph are shown in 
Figure 3.86. The porosity profile determined from the autoradiograph is shown in 
Figure 3.87. The total porosity of the sample was about 8 %. 
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Figure 3.87. Porosity profile for sample OL_KR4_891.71. 
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4 CONCLUSIONS  

4.1 Calcite fracture  
 
Three of the four samples with a calcite fracture had low to fairly low bulk porosity, 
0.1–0.5 %, and showed no observable change in porosity near the fracture surface. One 
sample (OL_KR11_421.52) had high porosity all over the sample. It was densely 
fractured, feldspars were altered to sericite and biotite was chloritised. Porosity varied 
between 2 % and 10 %, and the zone of altered porosity was 10 mm deep. This sample 
represents pervasively altered rock, where most of the porosity is caused by micro 
fractures. 

For calcite fractures, the thicknesses of altered zones as determined from changes in 
mineral distributions varied in the range of 6–14 mm, but these changes were not very 
drastic.  Altered mineral densities were only observed in 1.3–3.5 % of the alteration-
zone volume. All the main minerals were usually at least moderately altered near calcite 
fractures. This means that plagioclase contains a lot of sericite, cordierite is completely 
altered to clayish pinite and chlorite is formed from biotite flakes. Quartz grains are not 
altered but fractured. Some carbonate-filled micro fractures in the rock matrix of the 
samples are not porous. In the PMMA autoradiographs, the most porous minerals 
adjacent to the fractures were chlorite and sericite. Calcite filling was found to be 
porous, whereas carbonate fillings and totally altered cordierite were not porous at all. 
Adjacent to the calcite fracture, porosities of up to 8 % were found. 

All the samples with a calcite fracture had quite clear mineral orientation. In two 
samples, fracture orientation was parallel to that of the minerals and in the other two 
samples it was perpendicular. Although the relative orientation of rock and fracture did 
not strongly correlate with the other characteristics of the samples, alteration extended 
somewhat deeper in the samples where fracture orientation was perpendicular to that of 
the minerals. 

In the altered zones of two samples, the abundance of a mineral with a low density had 
decreased, and the abundance of a mineral with a medium density had increased which 
may indicate the alteration (dissolution of elements in the mineral lattice) of some 
minerals in the vicinity of the fracture. However, in the other two samples, the 
abundance of a mineral with a medium density had decreased and the abundance of a 
mineral with a low density had increased which may be due to the formation of new 
denser minerals by alteration. 
 

4.2  Clay fracture  
 
Almost all of the samples with a clay fracture were clearly altered. In fact, sample 
OL_KR20_421.78 was the only one in which the volume of minerals with altered 
densities in the alteration zone was less than 20 %, i.e. only 1.5 %. It was also the only 
sample with clear mineral orientation, and was evidently much less altered than the 
other samples. Sample OL_KR25_96.79 contained hair-like fissures, but the main 
minerals were quite unaltered, except for biotite, which was partly chloritised. The other 
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two samples were heavily or totally altered and showed marks of deformation, such as 
fractured quartz grains and micro fractures. 

Porosity profiles were somewhat difficult to interpret in the clay-fracture samples, as 
most of these samples consisted of rock that was altered throughout the sample at least 
to some degree. Sample OL_KR20_421.78 was moderately porous (1-2 %), but not 
strongly altered. Cordierite was found to be the most porous mineral in this sample. One 
of the samples showing big changes in mineral densities had no observable change in 
porosity, and bulk porosity was also low, 0.3 %. The other two samples had fairly low 
bulk porosities (0.5 % or less) and zones of altered porosity that extended to 9–15 mm 
inside the sample with porosities of up to 3–6 %.  

In the two heavily altered samples, the abundance of a mineral with a low density had 
decreased in the altered zone and the abundance of a medium-dense mineral had 
increased. One of these samples was sample OL_KR25_56.78, which was the only 
sample where the tomographic mineral components could be properly identified. The 
abundance of potassium feldspar had decreased in this sample and the abundance of 
quartz and plagioclase had increased in the vicinity of the fracture. In the other samples, 
the abundances of one or more medium-dense minerals had decreased in the altered 
zone, and the abundance of a mineral with a low density had increased. The two most 
heavily altered samples had alteration zones that extended throughout the sample. In the 
third clearly altered sample and in the less altered sample, the alteration zones extended 
9–10 mm inside the sample.  
 

4.3 Slickensided fracture  
 
When considering altered zones around slickensided fractures, one has to take into 
account the origin of such fractures. Since they are the results of the mechanical motion 
of the fracture surfaces relative to each other, part of the alteration is caused by that 
motion and part by chemical reactions. Two porosity profiles, those of samples 
OL_KR14_461.91 and OL_KR14_491.19, had a quite similar shape. In the rock matrix, 
both displayed a sharp peak of increased porosity next to the fracture surface, and the 
porosity quickly decayed thereafter to very low bulk porosity. In sample 
OL_KR14_461.91, porosity was 20 times the bulk porosity at the fracture surface, and 
about 80 times the bulk porosity ca. 1.5 mm away from the fracture, with an altered 
zone 4–5 mm deep. In sample OL_KR14_491.19, the porosity was 4 times the bulk 
porosity at the fracture surface, and was about 35 times the bulk porosity ca. 2 mm 
away from the fracture, with a 7-8 mm deep altered zone. A less porous layer of chlorite 
or some other coating related to the slickensided fracture could be seen in the beginning 
of both porosity profiles. The porosity profile of sample OL_KR14_446.89 seemed to 
have a 3 mm deep altered zone, but the increase in porosity was only three times the 
very low bulk porosity of 0.1 %. In sample OL_KR13_205.65, there was no observable 
change in porosity and the bulk porosity was fairly low, 0.5 %. 

In the mineral distributions of the two samples with a clear change in porosity, the 
abundance of a mineral with a low density had decreased and that of a medium-dense 
mineral had increased which might be an indication of biotite having altered to chlorite. 
In one of the other two samples, the abundance of a medium-dense mineral had 
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decreased in the alteration zone whereas the abundance of a mineral with a low density 
had increased. The two samples with a clear porosity change were also more heavily 
altered: 8–13.5 % of the alteration-zone volume contained minerals with altered 
densities, while in the other two samples the relative content of minerals with altered 
densities was 4.8–5 %. One of the samples that appeared more heavily altered with 
tomography appeared less altered with microscopy. It contained slightly altered 
cordierite grains, but the other main minerals in the sample were unaltered. The other 
sample that seemed heavily altered with tomography was also fine grained and 
unaltered when examined with a microscope, except for a small coarser zone near the 
fracture surface. In this zone only biotite was altered to muscovite and chlorite. One of 
the samples that appeared less altered with tomography showed the most intense 
alteration in this group when the thin sections were examined with a microscope. In the 
other sample that appeared less altered with tomography, microscopic examination 
showed that cordierite and biotite were thoroughly altered, but plagioclase and 
potassium feldspar fairly unaltered. Chlorite is the most porous mineral in the vicinity 
of the slickensided fractures. 

The samples with a slickensided fracture were somewhat more similar to each other 
than the samples with a clay fracture, but still no clear alteration pattern emerged. 
  

4.4 General conclusions  
 
Three-dimensional distributions of minerals and porosities were determined for samples 
that included water conducting fractures. Two dimensional distributions of porosities 
were determined and compared with three-dimensional mineral data. The analysis of 
these samples was performed using microscopic methods of mineral analysis 
(conventional petrography methods), electron microscopy to identify the minerals and 
to obtain information on mineral texture and state of alteration, C-14-PMMA porosity 
analysis to reveal the porous zones in 2D and X-ray tomography to determine the 
thickness of the altered zones in 3D based on the density differences of various mineral 
components. The porosities of altered minerals together with pore connectivity on cm 
scale were determined using the C-14-PMMA method combined with a mineral 
analysis. An analysis related to the calibration of grayscale values in tomographic 
images using mineral phantoms, described in Appendix F, yielded promising results, 
and it seems indeed possible to use this technique in the future to gain more specific 
information about the samples. 

While X-ray tomography proved to be a very useful method for determining the inner 
structure of the samples, combining tomography results with results obtained by other 
methods turned out to be difficult. Experiments with ‘pure’ mineral phantoms showed 
that even with such phantoms it was very hard to properly identify the mineral 
components seen in tomographic images, because of their largely overlapping density 
ranges. Also, very careful design of sample preparation is needed to successfully 
combine a mineralogical analysis of thin sections with a tomographic analysis of 
mineral distributions. The exact location of the thin section taken from the sample that 
has been imaged with X-ray tomography must be known. Otherwise it will be 
practically impossible to find the same section from the tomographic data.   
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The methods used had different strengths when examining the alteration of minerals in 
the sample. Tomography can only detect density changes in the sample, so alterations 
detected by tomography are mostly cases where minerals have been replaced by other 
minerals. When a mineral has transformed into another, tomography cannot usually 
detect it, but these changes can be detected with a microscopic analysis. Then again, a 
microscopic analysis does not yield any quantitative results and cannot detect trends in 
the sample, like tomography can. In conclusion, we demonstrated that a combination of 
different analysis methods can be used to infer novel structural information about 
alteration zones adjacent to fracture surfaces. 

It seems that the properties of rock around a water conducting fracture depend on so 
many uncorrelated factors that no clear pattern emerges even for rock samples with a 
given type of a fracture. The abundance of a denser mineral had decreased and that of 
the least dense mineral had increased near the fracture surface just as often as the other 
way round, and both cases were found for each type of fracture. The thickness of the 
altered zones also varied quite a lot. In many samples, mineral distribution was so 
heterogeneous that no trends could be detected on the length scales used which indicates 
that alteration can extend at least several centimetres into the rock matrix. On the other 
hand, many samples had no observable change in porosity near the fracture and only 
very slight changes in their mineral distributions.  
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APPENDIX A 

Sample specific information 

OL_KR11_421.52 

 

Figure A.1. Both halves of sample OL_KR11_421.52. 

 

 

Figure A.2. Partition diagram for OL_KR11_421.52. 
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OL_KR13_171.55 

 

Figure A.3. Both halves of sample OL_KR13_171.55. 

 

Figure A.4. Partition diagram for OL_KR13_171.55 
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OL_KR13_175.38 

 

Figure A.5. Both halves of sample OL_KR13_175.38. 

 

 

Figure A.6. Partition diagram for OL_KR13_175.38. 
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OL_KR13_227.40 

 

Figure A.7. Sample OL_KR13_227.40. 

 

 

Figure A.8. Partition diagram for OL_KR13_227.40. 
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OL_KR20_421.78 

 

Figure A.9. Both halves of sample OL_KR20_421.78. 

 

 

Figure A.10. Partition diagram for OL_KR20_421.78. 
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OL_KR25_56.78 

 

Figure A.11. Both halves of sample OL_KR25_56.78. 

 

 

Figure A.12. Partition diagram for OL_KR25_56.78. 
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OL_KR25_96.79 

 

Figure A.13. Both halves of sample OL_KR25_97.79. 

 

 

Figure A.14. Partition diagram for OL_KR25_96.79. 
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OL_KR25_482.54 

 

Figure A.15. Both halves of sample OL_KR25_482.54. 

 

 

 

Figure A.16. Partition diagram for OL_KR25_482.54. 
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OL_KR13_205.65 

 

Figure A.17. Both halves of sample OL_KR13_205.65. 

 

 

Figure A.18. Partition diagram for OL_KR13_205.65. 
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OL_KR14_446.89 

 

Figure A.19. Both halves of sample OL_KR14_446.89. 

 

 

Figure A.20. Partition diagram of OL_KR14_446.89. 
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OL_KR14_461.91 

 

Figure A.21. Both halves of sample OL_KR14_461.91. 

 

 

Figure A.22. Partition diagram of OL_KR14_461.91. 
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OL_KR14_491.19 

 

Figure A.23. Both halves of sample OL_KR14_491.19. 

 

 

Figure A.24. Partition diagram of OL_KR14_491.19. 
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OL_KR4_891.71 

 

Figure A.25. Sample OL_KR4_891.71. 

 

 

Figure A.26. Partition diagram of OL_KR4_891.71. 
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APPENDIX B 

Description of tomography equipment 

SkyScan 1172 desktop system 

The large subsamples and six of the small subsamples were scanned with a SkyScan 
1172 desktop scanner shown in Figure B.1. This system is a high-resolution desktop 
device based on absorptive contrast imaging of X-rays. The device consists of a sealed 
micro-focus X-ray tube (20-100 kV, 0-250 μA) with a spot size smaller than 5 μm, a 
precision object manipulator, a 10 Megapixel (4000x2300) 12-bit digital CCD camera, 
and an external computer to control both the X-ray tube and the CCD camera. An 
automatic filter changer is included for beam-hardening compensation and multi-energy 
scanning. For the reconstruction, 2D transmission X-ray images (shadowgrams) are 
acquired from up to 720 rotation views over 180 degrees of rotation. The maximum 
object size that can be scanned is 68 mm in diameter (resolution 20 μm). The pixel size 
with maximal magnification is 0.9 μm, and the linear sample size is in this case at most 
2 mm. 

 
Figure B.1.  SkyScan 1172 desktop scanner [23]. 

 

A special software package has been developed by SkyScan for system control and 
tomographic reconstruction. The tomographic reconstruction algorithm is based on the 
filtered back-projection procedure for fan-beam geometry or the Feldkamp cone-beam 
reconstruction for circular and spiral acquisition with specific noise-reduction 
corrections. The software and hardware are speed-optimised for multiprocessing. The 
reconstruction for one cross section of 1024x1024 float-point pixels from 200 
projections takes less than 5 s.  
 
With the SkyScan device samples were scanned using exposure times of 5301-10013 
ms with a beam energy of 10 W (100 kV, 100 μA). The rotation step was 0.3 degrees 
and every shadowgram was an average over 10 frames. 
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Xradia Micro-XCT-400 system. 

Six of the small subsamples were scanned with an Xradia Micro-XCT-400 scanner, 
shown in Figure B.2. This system can also be used for phase contrast imaging, but in 
this experiment only absorption contrast was used. The device consists of a closed X-
ray tube (40-90 kV, 0-200 μA), a movable sample holder, a 4 megapixel (2048x2048) 
CCD camera and an objective revolver that can be used to choose the desired 
magnification. Unlike in SkyScan 1172, magnification is in the Xradia device done 
optically. Filters can be used to compensate for beam hardening, but they have to be 
applied manually. The attached computer can be used to control the sample holder, the 
objective revolver, the X-ray source and the detector. A video camera is also included to 
observe the movement of the X-ray source, the detector and the sample holder inside the 
device. At the best magnification the device can reach a spatial resolution of less than 1 
μm and a pixel size of 0.4 μm, allowing for a maximum linear sample size of 0.6 mm. 
 

 
Figure B.2.  Xradia Micro-XCT-400 scanner. 
 

 
The data scanned with the Xradia device are reconstructed with Xradia's own software, 
which uses a video card (graphics processing unit) for the reconstruction and is thus 
much faster than PC based realisations. A similar algorithm is used as with the SkyScan 
device. The reconstruction of 1024 cross sections from 181 projections takes less than 
three minutes. 
 
With the Xradia device samples were scanned using exposure times of 21-30 s with a 
beam energy of 7.92 W (90 kv, 88 μA). The rotation step was 0.3 or 0.33 degrees 
depending on the sample, the distance between the source and the sample was 50-70 
mm and the distance between the detector and the sample was 5.0 - 8.5 mm. 
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APPENDIX C

Specific information on C-14-PMMA measurements

Table C.1 shows the procedures of sample impregnation: drying, impregnation and 
irradiation times, and the doses used. 
 

Table C.1

Sample Drying dates / Impregnation Tracer activity Irradiation polymerization 
temperature dates kBq/ml dates / dose kGy

OL_KR11_421.52 8.10.-28.10.08 / 59.7 28.10.-2.12.08 128.8 2.12.-17.12.08 / 66.7
OL_KR13_171.55 12.11.-25.11.08 / 98.1 25.11.-18.12.08 503.2 18.12.08-5.1.09 / 80
OL_KR13_175.38 9.12.-18.12.08 / 102.6 18.12.08-5.1.09 412.0 5.1.-26.1.09 / 95.9
OL_KR13_227.40 12.11.-25.11.08 / 98.1 25.11.-18.12.08 503.2 18.12.08-5.1.09 / 80.2
OL_KR20_421.78 12.11.-25.11.08 / 98.1 25.11.-18.12.08 503.2 18.12.08-5.1.09 / 80
OL_KR25_56.78 9.12.-18.12.08 / 54.5 18.12.08-5.1.09 421.8 5.1.-26.1.09 / 95.9
OL_KR25_96.79 13.1.-23.1.09 / 101.8 23.1.-18.2.09 329.3 18.2.-11.3.09 / 80.2
OL_KR25_482.54 13.1.-23.1.09 / 101.8 23.1.-18.2.09 329.3 18.2.-11.3.09 / 80.2
OL_KR13_205.65 13.1.-23.1.09 / 101.8 23.1.-18.2.09 329.3 18.2.-11.3.09 / 80.2
OL_KR14_446.89 13.1.-23.1.09 / 101.8 23.1.-18.2.09 329.3 18.2.-11.3.09 / 80.2
OL_KR14_461.91 8.10.-28.10.08 / 100.6 28.10.-2.12.08 629.0 2.12.-17.12.08 / 66.7
OL_KR14_491.19 8.10.-28.10.08 / 100.6 28.10.-2.12.08 629.0 2.12.-17.12.08 / 66.7
OL_KR4_891.71 13.1.-23.1.09 / 53.7 23.1.-18.2.09 314.5 18.2.-11.3.09 / 80.2
OL_KR15_148.23 19.2.-12.3.09 / 103.6 12.3.-30.3.09 329.3 30.3.-27.4.09 / 92.8
OL_KR15_147.49 19.2.-12.3.09 / 103.6 12.3.-30.3.09 329.3 30.3.-27.4.09 / 92.8
OL_KR15_146.56 19.2.-25.3.09 / 102.2 25.3.-27.4.09 333.6 27.4.-19.5.09 / 63
OL_KR15_141.51 19.2.-12.3.09 / 103.6 12.3.-30.3.09 329.3 30.3.-27.4.09 / 92.8
OL_KR15_117.22 19.2.-25.3.09 / 102.2 25.3.-27.4.09 333.6 27.4.-19.5.09 / 63
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APPENDIX D 

Description of the saw 

The cutting was carried out using an MTI EC400 Precision CNC dicing saw shown in 
Figure D.1. The EC400 has a brushless magneto DC motor with variable speed up to 
3000 rpm. The sample stage is computer controlled and can be moved in three 
dimensions with 0.01 mm accuracy. The effective cutting range is 8” in the direction of 
the x-axis, along which the blade is oriented, and 4” in the other two directions. The 
blade is water-cooled. The saw was used with a diamond infused blade. 

 
 
Figure D.1. MTI EC400 Precision CNC Dicing Saw. 
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APPENDIX E 

Orientation diagrams 

Notes on interpreting the diagrams 

The angles used in the diagrams are shown in Figure E.1. Keeping in mind that the 
motivation for orientation analysis was to determine whether orientation is parallel or 
perpendicular to the fracture surface,  is the important angle. If  is /2, orientation is 
perpendicular to the fracture and if  is 0 or , orientation is parallel to the fracture.  

 

Figure E.1. Angles used in orientation analysis. 

It should also be noted that the cleaner the diagram looks, the stronger the orientation, 
as it means there are fewer surface voxels with a differing orientation.  

Calcite fracture 

 

Figure E.2. Orientation diagrams for samples OL_KR11_421.52 (left) and 
OL_KR13_171.55 (right) indicating an orientation 30 degrees from the vertical plane 
e.g. parallel to the fractures for OL_KR11_421.52 and an orientation perpendicular to 
the fractures for OL_KR13_171.55. 



104 

 

Figure E.3. Orientation diagrams for samples OL_KR13_175.38 (left) and 
OL_KR13_227.40 (right) indicating an orientation perpendicular to the fracture for 
OL_KR13_175.38 and a slight orientation parallel to the fracture for 
OL_KR13_227.40. 

Clay fracture 

 

Figure E.4. Orientation diagrams for samples OL_KR20_421.78 (left) and 
OL_KR25_56.68 (right) indicating an orientation 30 degrees off from being 
perpendicular to the fracture for OL_KR20_421.78 and no clear orientation for 
OL_KR25_56.68. 



105 

 

Figure E.5. Orientation diagrams for samples OL_KR25_96.79 (left) and 
OL_KR25_482.54 (right) indicating a slight orientation parallel to the fracture for 
OL_KR25_96.79 and no clear orientation for OL_KR25_482.54. 

 

Slickensided fracture 

 

Figure E.6. Orientation diagrams for samples OL_KR13_205.65 (left) and 
OL_KR14_446.89 (right) indicating an orientation 30 degrees off from being parallel to 
the fracture for OL_KR13_205.65 and an orientation 30 degrees off from being 
perpendicular to the fracture for OL_KR14_446.89. 
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Figure E.7. Orientation diagrams for samples OL_KR14_461.91 (left) and 
OL_KR14_491.19 (right) indicating an orientation perpendicular to the fracture for 
both samples. 
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APPENDIX F 

On the calibration of grayscale values in X-ray tomographic images 

To test the possibility of calibrating grayscale values in X-ray tomographic images so as 
to identify different minerals from them, five samples of pure minerals were imaged. 
For the analysis of the results, an effective atomic number was calculated for each 
mineral such that [24] 

  , (F.1) 

where  is the ratio of the number of electrons in all atoms of element  in the mineral 
compound to the total number of electrons in the compound, and  is the atomic 
number of element . The linear attenuation coefficient of X-rays is, within a 
dimensioned constant, given by [25] 

 , (F.2) 

where  is the density of the material,  is the Planck constant,  is the speed of light,  
is the energy of X-rays (60 keV was used),  is a number between 3 and 4 (3.5 was 
used) and  is a number that is approximately 3 (3.0 was used). Equation (F.2) gives 
only an approximate value for the attenuation coefficient, which cannot be used as such 
in equations that contain , and it should also be noted that it does not have a dimension 
of inverse length, but it can be used to compare the attenuation coefficients of different 
minerals. In the following we refer to the attenuation coefficient of Eq. (F.2) as the 
attenuation number. In Table F.1 we show relevant minerals together with their 
chemical formulae, densities, mass numbers, effective atomic numbers, attenuation 
numbers and grayscale values. The quoted values for plagioclase and hornblende were 
determined by calculating the values for each of their possible chemical formulae and 
then taking an average of these results. This means that e.g. their average values are not 
middle points in the range of variation. The grayscale values given are from a single 
calibration measurement of samples cut to a thickness of about 1 mm. 

 
Table F.1. Minerals used in the calibration experiment and their relevant information. 

Mineral Quartz Calcite Potassium 
feldspar 

Plagioclase Hornblende 

Formula SiO2 CaCO3 KAlSi3O8 (Na,Ca)(Si,Al)4O8 (Ca,Na)2-3(Mg,Fe,Al)5 
(Al,Si)8O22(OH,F)2

Density / kg/dm3 / 
min-max(avg) 

2.65-2.70 
(2.68) 

2.70-2.82 
(2.76) 

2.55-2.63 
(2.59) 

2.61-2.77 (2.69) 2.90-3.40 (3.15) 

Mass number 60 100 278 259-280 (269.5) 768-1014 (865.1) 
Effective atomic 

number 
 

11.6 
 

15.1 
 

13.0 
 

10.8-13.5 (12.2) 
 

10.7-18.5 (14.1) 
Attenuation 

number (*10-28) 
1.23-1.25 

(1.24) 
3.18-3.32 

(3.25) 
1.79-1.85 

(1.82) 
0.96-2.21 (1.52) 1.03-8.22 (2.90) 

Gray-scale value / 
avg ± stdev 

 
43 ± 5 

 
151 ± 7 

 
70 ± 5 

 
73 ± 6 

 
217 ± 8 
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In order to find if the observed grayscale values of minerals correlate with their material 
properties shown in Table F.1, they are plotted in Figure F.1 against material density 
and attenuation number. 

 
Figure F.1: Grayscale values of the mineral samples plotted against their density (top) 
and linear attenuation coefficient (bottom). Error bars show the observed ranges of 
variation in the respective quantities. 

Figure F.1 clearly shows that the densities of the minerals do not correlate with the 
observed grayscale values. On the other hand, grayscale values seem to correlate with 
the attenuation numbers. The grayscale values of the three samples with a well known 
chemical formula, and thus an accurate effective atomic number, fall on a straight line, 
and while the average attenuation numbers of the two other minerals do not appear to 
follow the same trend, their error bars are so large that they may do so, however. One 
must also remember that the average values have been determined by assuming the 
same probability for each possible chemical formula which might not be the case. Two 
main conclusions can be drawn from these results. 

Firstly, if the mineral phantoms are well chosen, i.e. they have well known and exact 
chemical formulae, mineral phantoms could be used to determine the effective atomic 
number and the linear attenuation coefficient based on the grayscale values observed in 
tomographic images. 

Secondly, since some minerals have a considerable uncertainty in their chemical 
formula and thereby in their effective atomic number, an unambiguous identification of 
such minerals from tomographic images is not possible through calibration of grayscale 
values. However, if combined with a petrography analysis, an effective atomic number, 
even when it is uncertain, can help the identification of the mineral.  
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APPENDIX G 
 
Mineral analyses based on polarisation microscopy 
 
1. OL_KR25_56.68 
 
Mineral analysis is based on the microscopic image shown in Figure G.1, which has a 
thin slice from sample OL_KR25_56.68 with the minerals labeled. For an easier 
comparison between the microscopic image and the tomographic images, the mineral 
components were colored. The image with colored minerals is also shown in Figure G.1. 

 

 
 
Figure G.1. A thin slice of sample OL_KR25_56.68 with the minerals labeled (top) and 
colored (bottom). The colors in the bottom picture are blue for quartz, green for 
plagioclase, red for potassium feldspar, brown for biotite and black for accessory 
minerals containing muscovite, sericite, cordierite, opaques and graphite. 
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Figure G.2 shows a part of the tomographic image stack of sample OL_KR25_56.68 
that is as close as possible to the thin slice shown in Figure G.1 

 

 
 

Figure G.2. A tomographic image of sample OL_KR25_56.68. matching the thin slice 
of Figure G.1. 

 
 
Mineral 1 encompasses all the accessory minerals, which have earlier been established 
to contain muscovite (MU)/sericite (SER), chlorite (CHL) and opaques (OPQ). Mineral 
2, which is shown in Figure G.3, is hard to recognise from the thin slice, since most of 
the mineral – located in the top left corner of Figure G.3 – is missing from the thin slice. 
The small areas of mineral 2 in the lower right hand corner of Figure G.3 cannot be 
connected to any particular minerals in the thin slice.  
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Figure G.3. Sample OL_KR25_56.68 with mineral 2 highlighted (top) and the thin slice 
with minerals colored (bottom). 
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Mineral 3 is shown in Fig. G.4. It appears to consist almost completely of potassium 
feldspar (PFS).  
 

 

 
 

Figure G.4. Sample OL_KR25_56.68 with mineral 3 highlighted (top) and the thin slice 
with the minerals colored (bottom). 
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Mineral 4, which is shown in Figure G.5, is mainly quartz (Q), but contains also a lot of 
plagioclase (PL). 
 

 

 
 

Figure G.5. Sample OL_KR25_56.68 with mineral 4 highlighted (top) and the thin slice 
with the minerals colored (bottom).  
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