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Abstract 

The spatial porosity and mineral distribution of geological materials strongly affects transport processes in them. 

X-ray micro computed tomography (X-μCT) has proven to be a powerful tool for characterizing the spatial 

mineral distribution of geological samples in 3-D. However, limitations in resolution prevent an accurate 

characterization of pore space especially for tight crystalline rock samples and 2-D methods such as C-14-

polymethylmethacrylate (C-14-PMMA) autoradiography and scanning electron microscopy (SEM) are needed. 

The spatial porosity and mineral distributions of tight crystalline rock samples from Äspö, Sweden, and 

Olkiluoto, Finland, were studied here. The X-μCT were used to characterize the spatial distribution of the main 

minerals in 3-D. Total porosities, fracture porosities, fracture densities and porosity distributions of the samples 

were determined using the C-14-PMMA autoradiography and characterization of mineral-specific porosities 

were assisted using chemical staining of rock surfaces. SEM and energy dispersive X-ray spectroscopy (EDS) 

were used to determine pore apertures and identify the minerals. It was shown that combination of the different 

imaging techniques creates a powerful tool for the structural characterization of crystalline rock samples. The 

combination of the results from different methods allowed the construction of spatial porosity, mineral and 

mineral grain distributions of the samples in 3-D. These spatial distributions enable reactive transport modeling 

using a more realistic representation of the heterogeneous structure of samples. Furthermore, the realism of the 
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spatial distributions were increased by determinig the densities and porosities of fractures and by the virtual 

construction heterogeneous mineral distributions of minerals that cannot be separated by X-μCT. 

Keywords 

crystalline rocks; heterogeneity; X-ray micro computed tomography; scanning electron microscopy; C-14-

PMMA autoradiography; energy dispersive X-ray spectroscopy; porosity; crystalline rock; pore structure 

1. Introduction 

In recent years, the rapid development of X-ray computed tomography techniques has enabled a micrometer-

level resolution in the routine 3-D imaging of geological materials (Ketcham and Carlson 2001; Schladitz 2011; 

Cnudde and Boone 2013; Fusseis et al. 2014), and even nanometer scale resolution is now possible with limited 

sample size (Bugani et al. 2007; Kuva et al. 2015a). The X-ray computed tomography has proven to be a 

powerful technique in geosciences for resolving spatial mineral distribution in 3-D (Denison and Carlson 1997; 

Kahl et al. 2017) and, in some cases, pores and fractures (Ketcham et al. 2010; Schmitt et al. 2016; Lai et al. 

2017; Latief et al. 2017). However, in tight crystalline rocks, part of pores remain undetected using the X-ray 

micro computed tomography (X-μCT) techniques as the size of pore apertures lie below the detection limit for 

centimeter scale samples that are often studied (Mazurier et al. 2016).  

In order to resolve the pore structure of crystalline rock samples, the X-μCT must be combined with more 

accurate 2-D analysis methods. The C-14-PMMA autoradiography has been found to be applicable when 

studying the pore structure and spatial porosity distribution of centimeter scale samples (Hellmuth et al. 1993; 

Hellmuth et al. 1994; Siitari-Kauppi 2002). During the past decade, the method has been used to investigate the 

porosity and pore structure e.g. of crystalline rock (Kelokaski et al. 2006; Sardini et al. 2006), clay rock (Robinet 

et al. 2015), bentonite (Prêt et al. 2010) and cement (Lalan et al. 2016). Furthermore, the recent developments of 

autoradiographic techniques and polymerization methods have widened the applicability of the method 

(Sammaljärvi et al. 2012; Sardini et al. 2015; Kuva et al. 2015b, Sardini et al. 2016; Voutilainen et al. 2018).  

The C-14-PMMA autoradiography, however, offers only averaged information on local porosity from 

micrometer and nanometer scales and thus other methods have to be applied to have quantitative information 

about pore apertures at these scales. However, recent methodological developments propose new approaches to 

determining fracture apertures and densities using C-14-PMMA autoradiography (Sardini et al. 2014; Kuva et al. 

2015; Mazurier et al. 2016). Furthermore, scanning electron microscopy (SEM) has been found to be a powerful 
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tool (Pittman and Thomas 1979; Anselmetti et al. 1998) to evaluate pore apertures and energy dispersive X-ray 

spectroscopy (EDS) connected to SEM can be applied for the identification of minerals and their alteration 

products (e.g. clays). 

Combination of the X-μCT, C-14-PMMA autoradiography and SEM-EDS has been found to be a powerful tool 

for characterizing the spatial porosity and mineral distribution of rock samples adjacent to water conducting 

fractures (Kuva et al. 2012), highly altered crystalline rock (Voutilainen et al. 2012), and clay rock (Robinet et 

al. 2012). The combination of these methods has found to be advantageous as a wider range of the length scales 

of the structural features is being covered than when using only one method. Furthermore, the resulting 3-D 

mineral and porosity distributions have been used directly in reactive transport modeling that takes into account 

the local geochemical conditions (Voutilainen et al. 2013; Iraola et al. 2017; Voutilainen et al. 2017). 

The spatial porosity and mineral distribution of geological materials strongly affect the transport processes (e.g. 

diffusion and sorption) in them. One particularly timely application, where the migration processes in crystalline 

rock plays an important role, is the geological disposal of spent nuclear fuel. In the safety assessment of deep 

geological repositories in geological formations, it is important to consider scenarios where long-lived 

radionuclides are released from the fuel canisters to the geosphere. In order to obtain transport parameters 

representative of in situ conditions in deep geological repositories, Swedish and Finnish spent nuclear fuel 

management companies (i.e. SKB and Posiva) have performed series of in situ transport experiments in Äspö, 

Sweden, and Olkiluoto, Finland (Nilsson et al. 2010; Voutilainen et al. 2014). The experiments have shown 

anomalous results and it has not been possible to fully explain the results of these experiments using simple 

models that assume a homogeneous rock (Widestrand et al. 2010a; Poteri et al. 2018). Currently, these results are 

being assessed by an international team of experimentalists and modelers in the SKB Task Force on 

Groundwater Flow and Transport of Solutes (www.skb.se/taskforce). An explanation for the anomalous results 

could be the heterogeneous pore and mineral distribution of crystalline rock that affects the reactive transport of 

radionuclides. Recently, it has been shown that the fractures, reactive grains and intra-granular porosity have a 

conjoint and distinct role of for understanding the transport of radionuclides in crystalline rock matrices (Sardini 

et al. 2007; Trinchero et al. 2017; Park and Ji 2018).  

The aim of this study is to produce data on the heterogeneous pore and mineral distribution of crystalline rock so 

that modelers can apply realistic structures in their models that take into account spatially varying geochemical 

properties. To this end, the X-μCT, C-14-PMMA autoradiography and SEM-EDS were combined in this study to 

properly characterize the heterogeneous mineral and pore distribution of crystalline rock samples from Äspö and 
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Olkiluoto. Combining the results of these different methods, spatial porosity and mineral distributions were 

constructed for the crystalline rock samples in 3-D. Such spatial distributions will enable us to model the reactive 

transport of radionuclides in crystalline rock samples in a more realistic manner and give a possibility to explain 

the anomalous results of in situ experiments. The aim has also been to demonstrate that the characterization 

methods can be used to construct the spatial porosity and mineral distributions of crystalline rock samples more 

accurately than in previous studies by integrating in the 3-D model the fracture porosity obtained by C-14-

PMMA autoradiography. Such developments increase the realism of these 3-D spatial distributions and enable 

novel approaches for reactive transport modeling. 

2. Materials and methods 

2.1. Rock samples 

The granodiorite (GDR) samples studied here were taken from the \"Asp\"o Hard Rock Laboratory (HRL) in 

Sweden. The drill core samples LTDE-SD-GRD1 and LTDE-SD-GRD2 with diameter of 24 mm and length of 

43 mm were drilled from an exposed fracture surface, and were part of the Long Term Diffusion and Sorption 

Experiment (LTDE-SD) (Nilsson et al. 2010, Widestrand et al. 2010a). The rock samples include a fracture 

coating, an alteration rim with thickness of about 5 mm and the underlying less altered rock matrix (see Fig. 1). 

The fracture coating consists of calcite and quartz together with minor amounts of chalcopyrite and small 

crystals of barite and fluorite, and the alteration rim consists mainly of epidote and chlorite (Widestrand et al. 

2010b). The less altered rock matrix is fine-grained and slightly foliated and it consists mainly of quartz, 

plagioclase, K-feldspar and mica minerals (see Table 1) (Widestrand et al. 2010b). The samples studied by 

Widestrand et al. (2010b) have shown that plagioclase is partly saussuritised and sericitised, and mica minerals 

are chlorite that is altered from biotite. Total connected porosity of (0.26 ± 0.08) % has been determined for the 

rock matrix using water saturation method and it has been shown that the majority of the porosity is located at 

the grain boundaries around quartz and feldspar grains, and in biotite grains (Widestrand et al. 2010b). 
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Fig. 1 The Äspö granodiorite samples LTDE-SD-GDR1 and LTDE-SD-GDR2 were collected from the 

experimental site of LTDE-SD, and Olkiluoto veined gneiss (REPRO-VGN) and pegmatitic granite (REPRO-

PGR) from the experimental site of the REPRO-project. The diameter of the samples was 24 mm and the length 

from 43 mm to 48 mm. 

Table 1 Abundances of main minerals in Äspö granodiorite (GRD), Olkiluoto Veined gneiss (VGN), and 

Olkiluoto pegmatitic granite (PGR) (Widestrand et al. 2010b; Ikonen et al. 2015). 

Mineral  Äspö GRD Olkiluoto VGN Olkiluoto PGR 

Quartz 35.2 28.1 47.6 

Plagioclase 26.2 14.2 31.5 

K-feldspar 31.8 15.0 16.5 

Mica minerals a 5.0 29.3 3.4 

a Mica minerals include here biotite, chlorite and muscovite. 

The veined gneiss (REPRO-VGN) and pegmatitic granite (REPRO-PGR) samples studied here were taken from 

the Underground characterisation and research facility (ONKALO) in Olkiluoto, Finland. The drill core samples 

REPRO-VGN and REPRO-PGR (see Fig. 1) with diameter of 24 mm and length of 47 mm (REPRO-PGR) and 

48 mm (REPRO-VGN) were drilled from the experimental site of "rock matrix REtention PROperties" -project 
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(REPRO) during the drilling campaign (Toropainen 2012). The total connected porosities of (0.7 ± 0.2) % and 

(0.6 ± 0.2) % were measured for REPRO-VGN and REPRO-PGR samples in average, respectively, using helium 

gas pycnometry (Kuva et al. 2015c). The petrography of the samples from the REPRO site have been extensively 

studied by (Ikonen et al. 2015) and by (Sammaljärvi et al. 2017). Their results show that main minerals of the 

samples are quartz, plagioclase, K-feldspar and various mica minerals (see Table 1).  In the REPRO-VGN 

sample the mica minerals were mostly biotite and lesser amounts of muscovite. The sample contained also partly 

pinitized cordierite, sillimanite, kaolinite and illite as accessory minerals. In the REPRO-PGR sample the mica 

minerals were mostly muscovite with garnet, illite and kaolinite as accessory minerals. The REPRO-VGN 

sample was found to be fine grained and foliated whereas the REPRO-PGR sample was medium to coarse 

grained and non-foliated (see Fig. 1).  

The samples (LTDE-SD-GRD1, REPRO-VGN and REPRO-PGR) were first scanned with the X-μCT. After 

impregnation with C-14-MMA and polymerization to C-14-PMMA, all samples were sawed into two pieces so 

that the first half was analyzed using the C-14-PMMA autoradiography and chemical staining of minerals, and 

the second half was analyzed using SEM-EDS. 

2.2. X-ray micro computed tomography 

The 3-D mineral distributions of the samples were resolved using the X-ray micro computed tomography (X-

µCT) method that is based on detecting the difference in local X-ray attenuation between different parts of the 

sample (Ketcham and Carlson 2001). The 3-D mineral distributions of the three samples (LTDE-SD-GRD1, 

REPRO-VGN and REPRO-PGR) were resolved using a SkyScan 1172 X-μCT scanner. The scanner is based on 

a microfocus X-ray tube with an approximately 5 μm X-ray source size and a conical X-ray beam. The samples 

were scanned using a voxel size of 13.58 μm, an acceleration voltage of 100 kV and an electron beam current of 

80 μA. Aluminum and copper filters (1 mm thick) were used to treat the X-ray energy spectra. After the 

treatment the maximum intensity of the spectra was at 59 keV (Kα energy of tungsten) and the maximum energy 

was 100 keV. A total of 2040 projection images were recorded during the scan with a rotation step of 0.10°. The 

reconstruction of the 3-D image was done using the Feldkamp algorithm (Feldkamp et al. 1984) implemented in 

a commercial software (SkyScan NRecon). Suitable alignment, beam hardening, and ring artefact corrections 

were used. 

In order to analyze the mineral distributions of the samples, the tomographic images were denoised, the various 

material phases were segmented from each other and the distributions of each mineral phase were analyzed 
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separately. First a non-linear variance-based noise-reduction filter (Gonzalez and Woods 2002) was used to 

denoise the 3-D X-μCT images. Before further processing, the LTDE-SD-GRD1 sample was segmented into two 

sub-samples: the first one contained the alteration rim and the second one contained the less altered rock matrix. 

The interface between the two parts was found using the Carpet algorithm (Turpeinen et al. 2015). The REPRO-

VGN and the REPRO-PGR samples were processed as-is. The applied image processing tools were in-house 

built plugins for ImageJ. After denoising was done for the full X-μCT images, the histograms of the images were 

determined. The different mineral phases could be identified in the histograms as separate peaks. Threshold 

values for segmentation of each phase were decided such that the thresholds were in between the peaks. Finally 

the images were thresholded, yielding an image where the value of a pixel indicates the phase it belongs to. To 

make a virtual grain segmentation of each phase, an in-house built plugin for ImageJ applying the watershed 

algorithm was used (Gonzalez and Woods 2002). The volume of each grain was determined and the volume 

distribution of grains was drawn for each phase. The grain volume distribution was converted to a grain size 

distribution using the diameter of equivalent spheres (i.e. grain size was taken to be the diameter of a sphere 

whose volume equals the volume of the grain). Grain boundaries were also extracted from the grain images 

using the variance operator, and subsequent topological skeletonization using an in-house built plugin for 

ImageJ. These boundaries represent the network of fractures and grain boundaries that exists in the crystalline 

rock. Fracture density (fracture surface per unit volume) were determined from these 3-D images. 

2.3. Scanning electron microscopy 

In order to have structural information on micrometer scale, to identify the minerals and their alteration products 

(e.g. clays) in the samples, the samples were analyzed using a field emission scanning electron microscope (FE-

SEM) Hitachi S-4800 model with Oxford instruments X-sight X-ray diffractometer (EDS). The FE-SEM-EDS 

was used in high vacuum mode with COMPO back scattered signal, 20 kV accelerating voltage and 1 nA probe 

current. The FE-SEM-EDS system was operated by Oxford Instruments INCA and AZtec softwares and the 

semiquantitative analytical data obtained for elemental composition was normalized to 100 %. 

2.4. C-14-PMMA autoradiography 

The total connected porosity and spatial porosity distribution of the samples were resolved using the C-14-

PMMA autoradiography (Hellmuth et al. 1993; Hellmuth et al. 1994; Siitari-Kauppi 2002). The mean range of 

beta particles emitted by C-14 is about 20 μm in crystalline rock and thus features below this range are not seen 

as discrete features in the spatial distribution of porosity. However, as C-14-MMA has low molecular weight and 
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low viscosity, it intrudes into nanometer scale pores and the value for local porosity represents the average 

porosity within a radius of 20 μm. All open fractures and grain boundaries, regardless their aperture, are detected 

using C-14-PMMA autoradiography. In the autoradiograph, a planar features (such as fractures and grain 

boundaries) are continuous series of point sources and they can be seen as lines with higher activity and porosity 

than the surrounding rock (Sardini et al. 2014). 

The samples were first dried in a vacuum oven (105 °C) for 14 days and impregnated in vacuum for 30 days 

using a C-14-MMA solution with initial activity of 895 kBq/ml. The impregnation was followed by 

polymerization of C-14-MMA to C-14-PMMA in heat bath using azobisisobutyronitrile as a thermal initiator 

(Sammaljärvi et al. 2012). After polymerization, the samples sawed, the studied rock surfaces were polished and 

spatial distribution of C-14-PMMA on the surfaces were resolved using digital autoradiography (Fuji Analyzer 

FLA 5100). In autoradiography an exposure time of 7 days and a resolution of 1016 dpi (pixel size: 25 µm) for 

the phosphor imaging plate (Fuji Imaging Plate, BAS-TR2025) was used. The spatial distribution of the C-14-

PMMA was determined calibration series with known activities. When taking into account the beta correction 

factor (Siitari-Kauppi 2002), the activities can be converted to a spatial porosity distribution using equation 

𝜖𝑛 =
𝜌𝑟 𝜌0⁄

1 + (𝜌𝑟 𝜌0⁄ − 1) 𝐴𝑛 𝐴0⁄

𝐴𝑛
𝐴0

 
(1) 

where εn is porosity of a pixel n, ρr local density of the rock, ρ0 density of C-14-PMMA, An the activity of pixel n 

and A0 the activity of C-14-PMMA. Now the total connected porosity (εp) of the sample can be determined by 

equation 

𝜖𝑝 =
∑ 𝜖𝑛
𝑁
𝑛=1

𝑁
 

(2) 

where N is the total number of pixels. The spatial porosity distributions and total porosities were determined 

using Eqs. (1) and (2) and an in-house built MATLAB-script (MathWorks Inc., Natick, Massachusetts, USA) 

that applies the MATLAB Image Processing Toolbox. 

Fractures were detected from autoradiographs using the algorithm depicted by Mazurier et al. (2016). The 

algorithm is based on mathematical morphology operators that are used to binarize and skeletonize the fractures 

and grain boundaries in the autoradiographs. The fracture densities [L-1], average fracture porosities and fraction 

of fracture porosity from total porosity (the term fraction of fracture porosity used from here on) were 

determined using the skeletonized autoradiographs. The pixel size used (25 µm) of autoradiographs is lower than 
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the maximal path of beta in silicates (~100 µm) and thus the fractions of fracture porosities were performed on a 

dilated skeleton. The fraction of fracture porosity represents here the part of the total connected porosity which 

belongs to fractures and it is not dependent on the aperture of fracture. Whereas the average fracture porosity is 

dependent on the aperture of fracture and applied pixel size (Sardini et al. 2014; Kuva et al. 2015). 

2.5. Chemical staining of minerals 

The X-μCT can not distinguish the pores in the crystalline rock samples as their pore sizes are below the voxel 

size of the X-μCT (13.58 μm). Thus the 3-D mineral distribution does not contain any easily accessible 

information about the spatial porosity distribution of the rock. However, the spatial porosity distribution 

determined by the C-14-PMMA autoradiography can be combined with chemical staining of minerals and then 

mineral-specific porosities of the main minerals can be determined using the methods developed by (Sardini et 

al. 1999; Sardini et al. 2006). Their methods were applied here for the chemical staining of minerals, 

superposition of stained rock surface with spatial porosity distribution and determination of mineral-specific 

porosities. After the chemical staining, the mica minerals are shown as blue, the plagioclase as white, the K-

feldspar as yellow and the quartz remains unchanged. The stained surfaces were optically scanned in red-green-

blue (RGB) 24 bit format using the same resolution (1016 dpi) as in the C-14-PMMA autoradiographs. This was 

followed by segmentation of stained images using their color histograms and superimposition of them with C-

14-PMMA autoradiographs. For LTDE-SD-GRD1 and LTDE-SD-GRD2 samples the alteration rim was 

segmented from the less altered rock matrix by finding the interface between the two parts using the Carpet 

algorithm (Turpeinen et al. 2015). The algorithm was applied by using an in-house built plugin for ImageJ. Now 

the mineral-specific porosities and spatial porosity distributions can be determined separately for each main 

mineral using Eqs. (1) and (2). Note that mineral-specific porosities here contain all of the surface-connected 

porosity (intra- and inter-granular pores, and inter- and trans-granular fissures) associated with the mineral in 

question. Previously these methods have been successfully applied for determining the mineral-specific 

porosities of the main minerals in Grimsel granodiorite (Kelokaski et al. 2006) and altered Sievi tonalite 

(Voutilainen et al. 2012). 
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3. Results 

3.1. Scanning electron microscopy 

Examples of FE-SEM-EDS results for the alteration rim and for the less altered rock matrix of LTDE-SD-GDR 

are shown in Fig. 2 (upper panels) and the photographs of the analyzed rock surfaces are shown in Fig. 3 (two 

uppermost rows). The FE-SEM-EDS study and visual inspection revealed that the rock matrix of the LTDE-SD-

GDR sample was moderately hydrothermally altered and that the alteration rim consisted of coating, cataclasite 

and a greenish mylonitic part. The general alteration feature in the rock matrix is that plagioclase has been 

altered to secondary feldspars (albite and adularia), epidote and sericite. Furthermore, biotite has almost 

completely altered to chlorite. The rock matrix also contained thin vein-like features that were calcite and 

secondary K-feldspar. The thickness of these features varied from 20 μm to 70 μm. The amounts of micrometer 

scale pores was higher in these features and thus they are likely pronounced in the C-14-PMMA 

autoradiography. The coating of the alteration rim consists of secondary minerals such as chlorite, clay minerals 

(e.g. illite) and calcite. The fine-grained cataclasite part contains illite, K-feldspar, hematite, epidote, chlorite, 

quartz, large scattered crystals of calcite and rock matrix fragments (see Fig. 2). The fine-grained greenish 

mylonitic part consists of more euhedral epidote than cataclasite part, K-feldspar, calcite, chlorite, quartz, and 

sulphides. In general, the micrometer scale intra-granular pores with the pore sizes of 0.5 μm – 3 μm and 0.5 μm 

– 5 μm were common in the rock matrix and alteration rim, respectively (see Fig. 2). The amount of inter-

granular pores was not so high at this scale (magnification: ×1000) and the majority were in the fracture coating 

and in the vicinity of the alteration rim. The sizes ranged from 0.5 μm to 10 μm.  
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Fig. 2 The BSE images from FE-SEM show the typical mineral grains and pores in alteration rim (upper right 

panel) and rock matrix (upper left panel) of LTDE-SD-GRD1, REPRO-VGN (lower left panel), and REPRO-

PGR (lower right panel). The minerals in the samples were identified using EDS coupled to FE-SEM (BT = 

biotite, PL = plagioclase, PFL = K-feldspar, ZRC = zircon, EPD = epidote, Q = quartz and KLN = kaolinite). 

An example of FE-SEM-EDS results for REPRO-VGN is shown in Fig. 2 (lower left) and the photograph of the 

analyzed rock surface is shown in Fig. 3 (third row). The FE-SEM-EDS study revealed that the biotite grains are 

mostly unaltered having some grains with visible interlamellar pore openings filled with kaolinite (see Fig. 2) 

and some other grains with partly pinitized cordierite as inclusions. There were no traces of alteration found in 

plagioclase and K-feldspar grains. Furthermore, the quartz grains were found to be mostly intact. However, some 

of the grain boundaries contained kaolinite. The inter- and intra-granular pores ranged from 0.5 μm up to 10 μm 

in size (see Fig. 2). Most of the grain boundaries were found to be non-porous in applied scale (magnification: 

×1000). The partly pinitized cordierite grains found are known to have high porosity and thus they are likely 

pronounced in the C-14-PMMA autoradiography (Kuva et al. 2018; Sammaljärvi et al. 2017). 

An example of FE-SEM-EDS results for REPRO-PGR is shown in Fig. 2 (lower right) and the photograph of the 

analyzed rock surface is shown in Fig. 3 (fourth row). In general, the REPRO-PGR sample is very slightly 
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altered (Sammaljärvi et al. 2017). The FE-SEM-EDS study revealed some secondary muscovite and illite in 

connection with perthitized K-feldspar grains as well as in some inter- and intra-granular pores in connection 

with quartz grains (see Fig. 2). The secondary mineral formation might be mostly a result of alteration of K-

feldspar and plagioclase grains. Primary and secondary muscovite were the only mica minerals found in the 

sample and only in small abundances. The quartz grains were found to be mostly intact and no trace of alteration 

was found in them. The size of the inter- and intra-granular pores ranged from 0.5 μm up to 20 μm. Most of the 

grain boundaries were found to be porous in the applied scale (magnification: ×1000). Furthermore, the number 

of grain boundaries was higher than in the LTDE-SD-GDR and REPRO-VGN samples. Overall the results of all 

FE-SEM-EDS analyses were in agreement with the ones from previous studies performed for parallel samples 

from the sites (Widestrand et al. 2010b; Sammaljärvi et al. 2017). 

3.2. Chemical staining of the minerals 

The main minerals of all the samples were chemically stained in order to determine mineral-specific porosities 

when analyzing C-14-PMMA autoradiographs. The resulting images for rock surfaces before and after staining, 

and segmented surfaces are shown in Fig. 3. In general, the staining was complete and the stained minerals were 

successfully segmented using the methods introduced in Sec. 2.5. However, the staining was not successful for 

the alteration rim of LTDE-SD-GDR samples due to thorough hydrothermal alteration, the mylonitic nature and 

the fact that the applied chemicals did not function for clay minerals. Hence, the alteration rim was segmented 

from the rest of the samples as one mineral phase. After the staining process K-feldspar is shown as yellow, 

plagioclase as white, mica minerals (biotite, chlorite and muscovite) as blue and quartz is unchanged (grayish in 

Fig. 3). The mineral abundances determined according to the stained surfaces (see Table 2) are in fair agreement 

with the abundances determined previously for the parallel samples from the sites (see Table 1). The REPRO-

VGN sample was from a section of the drill-core that had lower K-feldspar content than REPRO-VGN samples 

in general and thus abundance of it is minor compared with K-feldspar content in Table 1. 
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Fig. 3 The main minerals of LTDE-SD-GDR1 (1st row), LDTE-SD-GDR2 (2nd row), REPRO-VGN (3rd row) 

and REPRO-PGR (4th row) were stained chemically and segmented digitally. The photographs of original (left 

column) and chemically stained (middle column) of rock surface, and digitally segmented (right column) images 

are shown. In the stained and segmented images K-feldspar is yellow, plagioclase is white, mica minerals are 

blue, and quartz is gray. In the segmented images of LTDE-SD-GDR samples the alteration rim is shown as red. 

The width of the samples is 24 mm. 
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Previously it has been determined that the uncertainty of the method is less than 5 % (Sardini et al. 1999). The 

uncertainties of the staining are related to grain size of the samples, accessory minerals and alteration. If the 

typical grain size is near the resolution of the scanned image, it might be difficult to determine reliably the 

mineral phase of the pixel as the signal might be coming from multiple minerals. In this work the resolution of 

the scanned images was selected according to the resolution of the C-14-PMMA autoradiography. Moreover, in 

the C-14-PMMA autoradiography it is not meaningful to use a resolution below 20 μm which is roughly the 

mean range of β-particles emitted by C-14 atoms. The samples investigated in this work had grain sizes well 

above 20 μm and thus the comparison of segmented mineral distributions and spatial porosity distributions are 

feasible. Furthermore, the abundance of accessory minerals were about 3 % for LTDE-SD-GDR, 10 % for 

REPRO VGN and 0.7 % for REPRO-PGR (Widestrand et al. 2010b; Sammaljärvi et al. 2017). In the REPRO-

VGN sample the amounts of partly pinitized cordierite and sillimanite are noteworthy and the issue is discussed 

thoroughly in the following section. The alteration, on the other hand, is minor in the REPRO-VGN and 

REPRO-PGR samples and thus the effect of it can be considered negligible for the staining process. In LTDE-

SD-GDR the biotite has altered mostly to chlorite, and plagioclase has been altered mostly to albite and adularia. 

Fortunately all plagioclases (including albite) are colored as white in the hydrofluoric acid treatment. The 

adularia is a variant of K-feldspar which is colored yellow in the sodium cobaltnitride treatment. 

3.3. C-14-PMMA autoradiography 

The total connected porosities and mineral-specific porosities were determined from C-14-PMMA 

autoradiographs (see Fig. 4 and Table 2). Furthermore, the average fracture porosities and fraction of fracture 

porosities were determined from the C-14-PMMA autoradiographs and the fracture densities from C-14-PMMA 

autoradiographs and X-µCT images (see Table 3).  
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Fig. 4 The C-14-PMMA autoradiographs (upper panels) and segmented fractures and grain boundaries (lower 

panels) show the spatial porosity distribution of LTDE-SD-GDR1, LTDE-SD-GDR2, REPRO-VGN and 

REPRO-PGR samples (from left to right). In the C-14-PMMA autoradiographs dark shades of gray correspond 

to high porosity and light shades of gray to low porosity. In segmented fracture images red boxes indicate the 

analyzed area for the rock matrix and green boxes the analyzed areas for alteration rims. 

For LTDE-SD-GDR samples, C-14-PMMA autoradiographs show a more porous alteration rim than rest of the 

rock matrix. Both parts show a heterogeneous spatial distribution of porosity. The alteration rims had total 

porosities of 2.6 % (LTDE-SD-GDR1) and 2.9 % (LTDE-SD-GDR2) and the cataclasite part has higher porosity 

than the mylonitic part, which has very low porosity. The porosity of the rock matrix consists of both grain 

boundary porosity and intra-granular porosity. The grain boundary pores are seen as thin vein-like features and 
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intra-granular porosity is seen as more-or-less even gray areas in the autoradiographs. The total connected 

porosity of the rock matrix was 0.31 % (LTDE-SD-GDR1) and 0.42 % (LTDE-SD-GDR2). Furthermore, there 

are fracture-like features crossing through both of the LTDE-SD-GDR samples. These features arise from the 

calcite and secondary K-feldspar filled fractures that were identified using FE-SEM-EDS. The average fracture 

porosities were 1.4 % (LTDE-SD-GDR1) and 2.0 % (LTDE-SD-GDR2) in the rock matrix and 13.9 % (LTDE-

SD-GDR1) and 5.8 % (LTDE-SD-GDR2) in the alteration rim that indicates opening of fractures in this zone. 

The fractions of fracture porosities were 0.20 (LTDE-SD-GDR1) and 0.17 (LTDE-SD-GDR2) in the matrix and 

0.20 (LTDE-SD-GDR1) and 0.14 (LTDE-SD-GDR2) the alteration rim. These values indicate that majority of 

the porosity lies within the porous minerals. As expected, fracture density in the rock matrix is similar in two 

LTDE-SD-GDR samples (9.8 and 10.7 cm-1). In the alteration zone, the variability of fracture density is higher 

(10 and 5.9 cm-1), but are in fair agreement with the fracture density of the matrix.  

Table 2 The mineral-specific and total connected porosities determined with the C-14-PMMA autoradiography 

for LTDE-SD-GDR1, LTDE-SD-GDR2, REPRO-VGN and REPRO-PGR. Abundances (%) of each mineral is 

given in parenthesis. Here mica minerals include biotite, chlorite and muscovite. 

 GDR1 (%) GDR2 (%) VGN (%) PGR (%) 

K-feldspar 0.24 (32.6) 0.33 (31.8) 0.34 (0.6) 0.43 (10.1) 

Plagioclase 0.32 (39.4) 0.44 (35.5) 0.39 (26.8) 0.33 (47.1) 

Quartz 0.33 (26.6) 0.45 (31.3) 0.22 (55.0) 0.36 (42.4) 

Mica minerals 1.0 (1.4) 1.1 (1.4) 0.17 (17.6) 1.9 (0.4) 

Alteration rim 2.6 (17.8) 2.9 (11.9) - - 

Matrix 0.31 (82.2) 0.42 (88.1) - - 

Total 0.71 (100.0) 0.72 (100.0) 0.26 (100.0) 0.36 (100.0) 
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Table 3 average fracture porosities and fraction of fracture porosities determined from C-14-PMMA 

autoradiographs and fracture densities determined from C-14-PMMA autoradiographs and X-µCT images. The 

results are given for LTDE-SD-GDR1, LTDE-SD-GDR2, REPRO-VGN and REPRO-PGR. A separate values 

are given for alteration rims of LTDE-SD-GDR1 and LTDE-SD-GDR2. 

 GDR1 GRD2 VGN PGR 

Average fracture porosity – matrix (%) 1.4 2.0 0.71 1.3 

Average fracture porosity – alteration rim (%) 13.9 5.8 - - 

Fraction of fracture porosity – matrix (-) 0.20 0.17 0.28 0.54 

Fraction of fracture porosity – alteration rim (-) 0.20 0.14 - - 

C-14-PMMA 

autoradiography 

Fracture density – matrix 

(1/cm) 

10.0 5.9 9.3 17.8 

Fracture density – 

alteration rim (1/cm) 

9.8 10.7 - - 

X-µCT 

Fracture density – matrix 

(1/cm) 

49.6 - 40.6 14.6 

Fracture density – 

alteration rim (1/cm) 

7.3 - - - 

 

The C-14-PMMA autoradiograph of REPRO-VGN in Fig. 4 shows a slightly orientated spatial distribution of 

porosity, only few vein-like features, and few scattered spots with high porosity. The orientation in the 

autoradiograph arises from schistosity of the main minerals that can be seen from the photograph of the rock 

surface (see Fig. 3). The total porosity of the REPRO-VGN sample was 0.26 %, consisting mostly of intra-

granular porosity as the number of micrometer scale grain boundary pores is minor. The highly porous grains in 

the autoradiograph originate from the partly pinitized cordierites (Sammaljärvi et al. 2017; Kuva et al. 2018) that 

were identified using FE-SEM-EDS. The abundance of the partly pinitized cordierite grains is 1.0 % which is 
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lower than generally observed in VGN samples from the REPRO site (Sammaljärvi et al. 2017). Average 

fracture porosity was 0.71 % that indicate relatively low apertures of fractures in this sample. The fraction of 

fracture porosity is 0.28 that indicates that majority of the porosity lies within the porous minerals. Fracture 

density in the rock matrix (9.3 cm-1) is similar than what was found for LTDE-SD-GDR samples. 

The REPRO-PGR sample has a spatial distribution of porosity that consists mostly of grain boundary pores 

(including inter-granular and trans-granular fissures) but also some mineral-specific porosity (see Fig. 4). 

Furthermore, some of the mineral grains are non-porous as their gray value is at the same level as the 

background. The grain boundaries are larger in the C-14-PMMA autoradiograph than what was observed with 

FE-SEM-EDS. The enlarging can be explained partly by the range of β-particles emitted by C-14 atoms and that 

the grain boundaries may be tilted with respect to the surface of the sample (Kuva et al. 2015b). However, some 

of the features are thicker than can be assumed from the FE-SEM-EDS results and thus it can be concluded that 

there are areas with increased porosity near grain boundaries, or thicker inter-granular and trans-granular fissures 

with filling (e.g. illite or muscovite that were found using FE-SEM-EDS) in them. The average fracture porosity 

of PGR sample is 1.3 % that indicates similar average apertures than in LTDE-SD-GDR samples. Total fracture 

porosity is 0.54 that is larger than for LTDE-GDR and REPRO-VGN and implies that more than half of the 

porosity lies within the fractures and grain boundaries. Fracture density in the rock matrix (17.8 cm-1) is clearly 

higher than the two previous studied samples. 

The mineral-specific porosities of main minerals were determined by superimposing segmented mineral images 

with spatial porosity distributions (see Fig. 3) and by determining the total connected porosity within the area of 

each main mineral. The mean values for the mineral-specific porosities are given in Table 2 and porosity 

distributions within the area of each main mineral in Fig. 5. Furthermore, the porosity distributions of whole 

samples are given for comparison in Fig. 5. The main peak of the porosity distribution for the alteration rim of 

LTDE-SD-GDR samples is roughly at the same location as in the porosity distribution of the rock matrix. 

However, the porosity distribution of the alteration rim has more pixels with porosities over 2 % which makes its 

total porosity larger than that of the rock matrix. The mica minerals (mostly chlorite according to the FE-SEM-

EDS results) have the highest and the K-feldspar the lowest mineral-specific porosity. There are no large 

differences in shapes of the porosity distributions of the main minerals and the porosity is distributed relatively 

similarly in all main minerals. This in agreement with FE-SEM-EDS study where all the main minerals were 

found to contain intra-granular pores with aperture below resolution of the C-14-PMMA autoradiography. 

Furthermore, with high porosities the porosity distribution decreases almost linearly on a log-log scale. This is 
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not the case for REPRO-VGN and REPRO-PGR samples. Alteration of biotite to chlorite has caused a slight 

increase in its porosity. However, it has not increased the total connected porosity considerably with respect to 

unaltered samples from the area (Widestrand et al. 2010b) because the abundance of mica minerals is only 

around 1.6 % on the analyzed rock surfaces.  

 

Fig. 5 Porosity histograms of LTDE-SD-GDR1 (left column), REPRO-VGN (middle column), and REPRO-

PGR (right column) samples in linear (upper row) and log-log (lower row) scale. The histograms were 

determined using 20 μm resolution C-14-PMMA autoradiographs (the original and segmented) and a binning of 

0.02 %. 

In REPRO-VGN the porosity distributions for the different main minerals are similar (see Fig. 5) and the 

average mineral-specific porosities are closer to each other than for the LTDE-SD-GDR samples. Differences in 

distributions can be seen on the high porosity end of the distributions that are affected by the partly pinitized 

cordierite grains. These grains can not be separated by the chemical staining and thus the results are slightly 

distorted. Fortunately the analyzed surface has less cordierite grains than generally in VGN samples from the 

REPRO site (Sammaljärvi et al. 2017). The analysis showed that according to chemical staining 55 % of the 

porous grains belong to plagioclase areas, 40 % to quartz areas, 5 % to mica mineral areas, and less than 1 % to 

K-feldspar areas. In log-log scale the partly pinitized cordierite grains cause a small shoulder to the porosity 
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distributions of plagioclase and quartz. However, in the porosity distribution of the mica minerals such a 

shoulder can not be seen. Hence, the mineral-specific porosities of plagioclase and quartz may be slightly 

overestimated in this case. In general, the total connected porosity is slightly lower than typically measured for 

VGN samples from the REPRO site (Kuva et al. 2015c; Sammaljärvi et al. 2017). This can be explained by the 

low abundance of partly pinitized cordierites and the heterogeneous nature of the samples. 

The shapes of porosity distributions for plagioclase, quartz and K-feldspar of the REPRO-PGR sample are 

somewhat similar (see Fig. 5). These distributions consist of a main peak arising from intra-granular porosity and 

a small shoulder from the grain boundary porosity including inter- and trans-granular fissures. The mode values 

of the distributions differ slightly which are reflected in the mean values of mineral-specific porosities given in 

Table 2. The abundance of mica minerals (consisting of primary and secondary muscovite according to FE-

SEM-EDS results) is only 0.35 %. It has, however, the highest mineral-specific porosity. In general, the total 

connected porosity is at the lower side of the porosities determined previously for PGR samples from the 

REPRO site (Kuva et al. 2015c; Sammaljärvi et al. 2017). 

3.4. X-ray micro computed tomography 

The LTDE-SD-GDR1, REPRO-VGN and REPRO-PGR samples were scanned using the X-μCT and 

representative cross-sections before image processing are shown in Fig. 6. The reconstructed and denoised 3-D 

images were further processed by segmenting the different mineral phases according to their X-ray attenuation 

coefficient and the grain distribution of each mineral phase. Examples of segmented mineral phases and grain 

distributions are shown in Fig. 6. Unfortunately some of the main minerals could not be segmented from each 

other due to similar X-ray attenuation coefficients and thus they are linked to one mixed mineral phase. This was 

the case for plagioclase, quartz and K-feldspar in the REPRO-VGN sample and plagioclase and quartz in the 

LTDE-SD-GDR1 and REPRO-PGR samples. Grain size distributions, shown in Fig. 7, were determined for each 

mineral and mineral phase from grain distribution images. The spatial grain distributions were constructed 

virtually using the watershed algorithm. When using such method the grains are not defined like typically in 

crystallography as the watershed algorithm involves known issues of over-segmentation (Chen et al. 2004). 

However, as the grains contain trans-granular fissures the constructed spatial grain distributions can be better 

applied in the reactive transport modeling. Furthermore, the segmentation of the grains enables a division of the 

mixed mineral phases to the main minerals that the phase consists. The results of division are given below in 

Sec. 4. 
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Fig. 6 The cross sections of the original tomographic image (left column), and tomographic images with 

segmented mineral phases (middle column) and grains (right column). The cross sections for LTDE-SD-GDR1 

(upper row), REPRO-VGN (middle row) and REPRO-PGR (lower row) are shown. The mineral phases were 

segmented based on the gray values in the original image and grains were segmented using the watershed 

algorithm. The content of different mineral phases and the gray values used in the middle column are given in 

Table 3. In the right column each segmented grain is given a random gray value. 
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Fig. 7 Grain size distributions of the LTDE-SD-GDR1 (left column), REPRO-VGN (middle column), and 

REPRO-PGR (right column) samples. The distributions were determined from tomographic images with grains 

segmented, and the distributions are determined using 20 μm bin size. 

In the rock matrix of the LTDE-SD-GDR1 sample, four mineral phases were segmented from the tomographic 

image: the mixed mineral phase containing plagioclase and quartz, K-feldspar, mica minerals (mostly chlorite), 

and dense accessory minerals. The number of the mineral grains in K-feldspar and mixed mineral phases are 

similar (see Fig. 7). The K-feldspar phase has slightly more small mineral grains (around 100 μm) than the 

mixed mineral phase and the mixed mineral phase has more larger grains (> 500 μm) than the K-feldspar phase. 

The mica mineral phase consists mainly of small mineral grains (< 200 μm). In the alteration rim the cataclasite 

and greenish mylonitic parts had different X-ray attenuation coefficients and thus they could be segmented from 

each other. The grain distribution of the alteration rim is under-segmented due to a large continuous phase of the 

cataclasite part whereas the mylonitic part is known to have extremely small grain size. Thus their grain size 

distributions are not presented. In the rock matrix of LTDE-SD-GDR1, the virtual fracture densities determined 

from X-µCT images are very dense (49.6 cm-1) compared to the densities obtained from C-14-PMMA 

autoradiography (10 cm-1). This difference arise from the over-segmentation of the watershed algorithm. This 

could, however, be seen has an advantage as discussed below in Sec 4. In the alteration rim, however, fracture 

densities are similar from one method to the other (see Table 3). 

The mica minerals, mixed mineral phase containing mainly quartz and plagioclase and some K-feldspar, and 

dense accessory minerals were segmented from the tomographic image of the REPRO-VGN sample (see Fig. 6). 

In a study by Kuva et al. (2018), it was shown that the X-ray attenuation of the partly pinitized cordierite grains 

overlap with the quartz and feldspar grains. Thus the mixed mineral phase contains here also these cordierite 
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grains. The tomographic images show clearly the foliated structure of the REPRO-VGN sample that is typical 

for this type of samples. The number of the mineral grains in mica mineral and mixed mineral phases are similar 

(see Fig. 7). The mixed mineral phase has slightly more larger mineral grains (> 500 μm) than the mica mineral 

phase. Similarly to what was obtained for the LTDE-SD-GDR, the virtual fracture densities determined from X-

µCT images are denser (40.6 cm-1) than the densities obtained from C-14-PMMA autoradiography (9.3 cm-1). 

This difference arises from the over-segmentation of the watershed algorithm.  

 

The K-feldspar, mixed mineral phase containing quartz and plagioclase, and dense accessory mineral phases 

were segmented from the tomographic image of the REPRO-PGR sample (see Fig. 6). The sample consists 

mainly of the mixed mineral phase (69.6 %) and K-feldspar (30.4 %). The mica minerals could not be found in 

the tomographic image due to the small grain size of muscovite grains and they are mostly disseminated in the 

quartz and feldspar phases. However, some of the muscovite grains may be mixed in the phase of dense 

accessory minerals. The grain size distributions of the REPRO-PGR sample show a non-linear decrease in the 

log-log scale with large grain sizes whereas the distributions of LTEDE-SD-GDR1 and REPRO-VGN samples 

show a linear behavior at the same range. The number of large grains (> 1000 μm) is significantly higher in the 

grain size distributions of REPRO-PGR sample than in the other samples. This is in agreement with the fact that 

REPRO-PGR has a larger grain size than the other samples, and can be seen also by comparing the tomographic 

images with grains segmented (see Fig. 6). The intra-granular pores or trans-granular fissures observed in the 

REPRO-PGR sample using the C-14-PMMA autoradiography could not be observed using the X-μCT, which 

strengthens the observation that most of these features are below the 10 μm of are filled by alteration products. 

However, these features are without a doubt important for the transport of solutes in REPRO-PGR and they 

should be taken into account when performing the reactive transport modeling. It is very informative to observe 

that fracture densities obtained from C-14-PMMA autoradiography and X-µCT images are in good agreement 

(17.8 and 14.6 cm-1, respectively, see Table 3). This is obviously due to the coarse grain size of REPRO-PGR. 

The watershed segmentation of X-µCT provides less new intra-mineral grain boundaries than for a fined grained 

matrix. Furthermore, in REPRO-PGR the grains are granular where as in LTDE-SD-GDR and REPRO-VGN 

there is orientated minerals that are more prone to over-segmentation than the granular ones. 
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4. Discussion and summary 

The mineral-specific porosities determined using the C-14-PMMA autoradiography and chemical staining of 

minerals can be linked to segmented tomographic images. The porosities given in Table 4 for the mixed mineral 

phases are determined by taking into account the porosity and the abundance of each main mineral in the phase. 

After this, the 3-D tomographic images shown in Fig. 8 can be considered as the spatial porosity and mineral 

distribution. In Fig. 8, the mica minerals are shown as blue, K-feldspar as yellow, mixed mineral phases as gray 

and dense accessory minerals as white. 

 

Fig. 8 The segmented tomographic images show spatial distribution of mica minerals (blue), K-feldspar 

(yellow), mineral phase (gray) that contain multiple minerals, alteration rim (red and green), and dense accessory 

minerals (white). In the LTDE-SD-GDR1 (left) and REPRO-PGR (right) samples the mineral phases contain 

mainly quartz and plagioclase, and in the REPRO-VGN sample (middle) K-feldspar, plagioclase and quartz. 
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Table 4 The porosities of different mineral phases in LTDE-SD-GRD, REPRO-VGN and REPRO-PGR and 

gray value used for each mineral phase in Fig. 6. The porosities for mineral phases containing multiple main 

minerals have been determined using the real mineral abundances and their porosities given in Table 2. The 

abundance of each mineral phase in the tomographic image is given in parenthesis. 

Sample Mineral phase Gray value Porosity (%) 

LTDE-SD-GRD1 

Quartz, Plagioclase (56.1) 42 0.39 

K-feldspar (42.2) 85 0.29 

Mica minerals (1.6) 127 1.1 

Accessory (0.07) 171 - 

Alteration rim (34.6) 212 and 255 2.7 

REPRO-VGN 

Quartz, Plagioclase, K-feldspar (57.5) 124 0.28 

Mica minerals (42.4) 186 0.17 

Accessory (0.08) 255 - 

REPRO-PGR 

Quartz, Plagioclase (69.6) 63 0.34 

K-feldspars (30.4) 127 0.43 

Accessory (0.06) 255 - 

 

The mixed mineral phases in Fig. 8 were further divided to the main minerals that the phase contains. This was 

done by dividing separated grains (see Fig. 6, right column) belonging to the mixed mineral phase arbitrarily to 

its minerals (LTDE-SD-GDR1 and REPRO-PGR (right): quartz and plagioclase; REPRO-VGN: K-feldspar, 

plagioclase and quartz.). The real abundances given in Table 1 were applied when performing the division. The 

resulting 3-D mineral distributions, shown in Fig. 9, are similar with the ones determined using chemical 

staining of the main minerals (see 3, right column). However, in a few occasions the over segmentation caused 

by the watershed algorithm can be observed. Even though it is known that the grain segmentation is not 
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completely realistic, this can be considered as major step towards increased realism for representing the 

heterogeneous mineral distribution of crystalline rock in 3-D. Furthermore, the similarity of spatial mineral 

distributions determined using chemical staining of minerals and segmentation of tomographic images builds 

confidence on the results. When using this kind of spatial mineral distribution in the reactive transport modeling, 

porosities given in Table 2 and mineral specific geochemical reactions can be applied. In general, the 

representation of the spatial porosity distribution in 3-D could be further developed by generating statistically 

porosity distributions given in Fig. 5 for each main mineral. In theory, it is possible to generate the spatial 

porosity distributions in 3-D so that they would be similar to the spatial porosity distributions determined using 

the C-14-PMMA autoradiography (see Fig. 4). 

For a full understanding about reactive transport in crystalline rocks, one main goal of this study has been to 

provide realistic 3-D modeling grids which are generated by combining the data produced using X-µCT and C-

14-PMMA autoradiography. In these grids, special attention has to be paid in order to include fractures, because 

(1) they represent a reality, observed at all scales and (2) they constitute fast transport pathways through the rock 

for solutes (Sardini et al., 2007). It is important to note that, for the studied rocks, the fraction of fracture porosity 

represents from 0.17 to 0.54 fraction of the total connected porosity. In the present study, a conceptual model 

integrating fractures and mineral specific porosities is presented. Fractures are characterized by C-14-PMMA 

autoradiography in terms of the fracture density, average fracture porosity and fraction of fracture porosity. 

Unfortunately, C-14-PMMA autoradiography offers only 2-D information and the fractures have to be taken into 

account indirectly by applying image processing algorithms in 3-D X-µCT images.  
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Fig. 9 The spatial distributions minerals of LTDE-SD-GDR1 (left), REPRO-VGN (middle) and REPRO-PGR 

(right). The result of grain segmentation and arbitrary division of mixed mineral phases show the partly artificial 

spatial distribution of mica minerals (blue), K-feldspar (yellow), quartz (gray), plagioclase (white) and alteration 

rim (red). 

Transposition of fracture parameters obtained from C-14-PMMA autoradiography to X-µCT images is not a 

trivial step in the proposed methodology. The X-µCT does not detect the fractures in the crystalline rock 

matrices due to their low apertures compared with employed voxel size and thus the watershed algorithm has 

been employed to create the virtual fracture network. This process is now discussed looking the obtained fracture 

densities (Table 3). Two cases can be discerned: 

(1) Fracture densities are very similar from C-14-PMMA autoradiography than from X-µCT. This is the case 

for the alteration rim of LTDE-SD-GDR and REPRO-PGR that has coarser grain size.  

(2) Fracture densities are higher using X-µCT due to the over-segmentation issues when applied to fine grained 

matrices. To compensate the over-segmentation, a simple solution would be to select randomly some 

fractures among the whole fractures set available from watershed segmentation, in order to obtain the same 

density as C-14-PMMA results. One possible and feasible refinement of that technique would be also to 

condition the obtained densities according to the minerals that are near the fractures. 
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If fracture densities are now imposed from C-14-PMMA autoradiography, the next important step would be to 

set the fracture porosities according to average fracture porosities in the X-µCT images. Note that the porosity 

distributions can also be used instead of the average values. However, care should be taken when transposing 

these porosity values since the pixel and voxel sizes should be similar. If not, a new porosity value should be 

estimated for fractures in the X-µCT images. This could be done for example using an approach suggested in 

recent studies by Sardini et al. (2014) and Kuva et al. (2015). 

The resulting representations of the crystalline rock samples can be applied in the reactive transport modeling 

using various methods (e.g. (Voutilainen et al. 2013; Blunt et al. 2013; Trinchero et al. 2017; Voutilainen et al. 

2017; Park and Ji 2018)). In the modeling the parameters for geochemical reactions can be defined taking into 

account the reacting compound and the mineral in the vicinity of the compound. It is possible to model the 

reactive transport inside the porous minerals and on the grain boundaries formed by the determined grain 

distribution. Furthermore, the results of FE-SEM-EDS can be applied when adjusting parameters for mineral 

specific geochemical reactions and for apertures between the mineral grains. In some cases, however, further 

experimental studies, such as (Muuri et al. 2016; Muuri et al. 2017), may be needed. In previous studies, 

approximations have been made regarding the chemical reactions and, typically, only one reactive grain type has 

been used. This is not the case in real crystalline rock samples as Muuri et al. (2016; 2017) have shown in their 

studies. In this work, we have separated the mixed mineral phases and by applying this kind of approach for 

sample characterization the different reactive properties of the main minerals can be taken into account in the 

reactive transport modeling. Adjusting the apertures between the mineral grains is particularly important in the 

case of REPRO-PGR where the continuous network of inter-granular pores and trans-granular fissures were 

observed. These features form preferential pathways to solute transport and their effect needs to be carefully 

estimated for the reactive transport modeling.  

5. Conclusions 

The spatial porosity and mineral distributions of three type of crystalline rock samples from Äspö HRL and 

ONKALO, Olkiluoto, were successfully characterized using the X-μCT, C-14-PMMA autoradiography and FE-

SEM-EDS. The combination of these methods was found to be a powerful tool for the characterization of the 

spatial porosity and mineral distribution of crystalline rock samples. It was shown that the limitations of a single 

method can be overcome by using multiple methods with different strengths. It was demonstrated that methods 

can be used to characterize crystalline rock samples of a various kind and applied to separate the hydrothermal 
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alteration rim and from the less altered rock matrix. Furthermore, it was shown how the realism of the 

constructed spatial distributions can be increased by analyzing the density of fractures and porosities linked to 

them and by the virtual construction heterogeneous mineral distributions of minerals that cannot be separated by 

X-μCT. In addition, it was thoroughly discussed how these constructed spatial distributions could be applied 

further in the reactive transport modeling. 

The combination of different analysis methods that cover a wide range of length scales can be used to infer novel 

structural information about crystalline rock. This kind of characterization has not been performed as extensively 

previously. It is evident that the methods employed can be further developed by: (i) constructing a more accurate 

porosity distribution of the sample in 3-D by using a 2-D spatial porosity distribution including grain boundary 

pores from the C-14-PMMA autoradiography and appropriate image processing algorithms, and (ii) developing 

methods and image processing tools related to the X-μCT so that minerals with similar X-ray attenuation 

coefficients could be segmented accurately. However, the partly virtually constructed heterogeneous mineral 

distributions linked to mineral-specific porosities can already be used to evaluate the effect of heterogeneities in 

LTDE-SD and REPRO experiments and possibly to explain the anomalous results of in situ experiments. More 

generally, the characterized distributions of the LTDE-SD-GDR samples can be applied to evaluate the 

interaction between fracture groundwater and pore water. In safety evaluations of spent nuclear fuel disposal, 

one of the key points is the interaction of radionuclides transported by mobile water in fractures with the 

immobile water and mineral surfaces of the rock matrix. This issue can also be further studied in the centimeter 

scale samples with micrometer scale heterogeneities by applying the results of this study and an appropriate 

modeling tool that is capable of modeling the reactive transport of radionuclides in fracture flow and their 

interaction with different minerals. 
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