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MATRIX PORE WATER STUDY ON REPRO SAMPLES 

ABSTRACT 

The chloride concentration of matrix pore water was studied using six drill core samples 

from REPRO niche. The samples were collected so that they were preserved in the 

naturally saturated state and chloride was then leached out from the matrix pore water 

using an out-diffusion experiment. The chloride out-diffusion curves were modelled 

using a novel mathematical tool to get information on total amount of chloride and its 

pore diffusion coefficient. The developed analysis tool takes into account some 

heterogeneities of the sample mineralogy and structure. According to these analyses, the 

matrix pore water of investigated samples contains chloride from (0.8 ± 0.2) g/l to (2.3 ± 

0.7) g/l whereas the previously measured chloride concentrations from water conducting 

fractures near by REPRO niche show significantly higher values (5.2−5.9 g/l). According 

to these results, the chloride concentration of matrix pore water and fracture water are not 

in balance. This was interpreted as being a consequence of anion exclusion that reduces 

available pore space for anions and thus hinders their diffusion in respect to cations and 

neutral molecules. Effect of anion exclusion is typically observed in tight clay rocks but 

also crystalline rocks with the high biotite content and relatively high quantity of the 

nanometer scale pore appertures. 

The pore diffusion coefficients of chloride determined from the out-diffusion curves were 

from (0.9 ± 0.2) × 10−11 m2/s to (9 ± 2) × 10−11 m2/s from the transport dominating early 

part of the curves and from (0.4 ± 0.1) × 10−11 m2/s to (0.9 ± 0.2) × 10−11 m2/s from their 

late part. The transport properties of samples were determined using He-gas methods. The 

results for permeability varied from (6 ± 1) × 10−19 m2 to (64 ± 1) × 10−19 m2. The results 

from the He-gas through-diffusion measurements were converted to water phase values 

and then the pore diffusion coefficients varied from (0.50 ± 0.05) × 10−11 m2/s to (8.3 ± 

0.7) × 10−11 m2/s. The results were in the same order of magnitude as from the chloride 

out-diffusion measurements. 

The porosities were measured using three different techniques (water gravimetry, 14C-

PMMA autoradiography and argon pycnometry) and average porosities of the samples 

varied from (0.6 ± 0.2) % to (0.9 ± 0.2) % (error weighted results over all three 

measurements). According to 14C-PMMA results, the pore structure of the samples 

consists of intra- and intergranular fissures (mainly quartz and feldspar grains), biotite 

rich areas with slightly higher porosity than average porosity (about 1 %), and highly 

porous (over 5 %) roundish patches (cordierite and pinite) as well as homogeneously 

porous mineral grains (even at the investigated scale). 

 

Keywords: crystalline rock, matrix pore water, porosity, mineralogy, pore diffusion 

coefficient, C-14-PMMA autoradiography, fracture water.  





 

REPRO NÄYTTEIDEN MATRIISIHUOKOSVESI TUTKIMUKSET 

TIIVISTELMÄ 

Tässä työssä on tutkittu kuuden REPRO tutkimusperästä kairatun näytteen sisältämän 

matriisihuokosveden klooripitoisuutta. Näytteitä kairattessa kiinnitettiin huomiota niiden 

huokosveden klooripitoisuuden luonnollisen tilan säilyttämiseen. Tämän jälkeen 

näytteille suoritettiin ulosdiffuusiokokeet, joissa tarkasteltiin ulosdiffundoituvan kloorin 

määrää. Ulosdiffuusiokäyrät mallinnettiin käyttämällä tätä työtä varten kehitettyä 

matemaattista mallinnustyökalua ja tuloksena saatiin tietoa matriisihuokosveden 

sisältämän kloorin pitoisuudesta ja sen diffuusiokertoimesta. Kehitetyllä 

mallinnustyökalulla voidaan ottaa huomioon myös kiven rakenteen heterogeenisuuksia. 

Mallinnuksen tuloksena saatiin matriisihuokosveden klooripitoisuuden vaihteluväliksi 

(0.8 ± 0.2) g/l - (2.3 ± 0.7) g/l. Nämä arvot ovat huomattavasti matalampia kuin läheisestä 

vettä johtavasta raosta mitatut klooripitoisuudet (5.2−5.9 g/l), mistä voidaan päätellä, että 

matriisihuokosveden ja pohjaveden klooripitoisuudet eivät ole keskenään tasapainossa. 

Tämän todettiin olevan seurausta anioniekskluusiosta, jonka seurauksena anioneiden 

käytössä oleva huokostilavuus on pienentynyt ja diffuusio hidastunut kationeihin ja 

varauksettomiin molekyyleihin nähden. Tyypillisesti anioniekskluusion aiheuttama efekti 

havaitaan savikiville tehdyissä mittauksissa, mutta myös kiteisille kiville tehdyissä 

mittauksissa, kun biotiittipitoisuus ja nanometriskaalan huokosavaumien määrä ovat 

verrattain suuria. 

Kloorin diffuusiokertoimen johtavalle termille (ulosdiffuusiokäyrän alkuosa) saatiin 

arvoja väliltä (0.9 ± 0.2) × 10-11 m2/s - (9 ± 2) × 10-11 m2/s, ja vastaavasti toissijaiselle 

termille (ulosdiffuusiokäyrän loppuosa) saatiin arvoja väliltä (0.4 ± 0.1) × 10-11 m2/s − 

(0.9 ± 0.2) × 10-11 m2/s. Näytteiden kulkeutumisominaisuuksia tutkittiin myös käyttäen 

He-kaasu menetelmiä. Näiden tuloksena näytteiden permeabiliteetille saatiin arvoja 

väliltä (6 ± 1) × 10-19 m2 - (64 ± 1) × 10-19 m2. Läpidiffuusiokokeista saadut tulokset 

muunnettiin vesifaasituloksia vastaaviksi, jonka jälkeen ne vaihtelivat välillä (0.50 ± 

0.05) × 10-11 m2/s - (8.3 ± 0.7) × 10-11 m2/s. Nämä tulokset olivat samaa suuruusluokkaa 

ulosdiffuusiokokeista saatujen tulosten kanssa. 

Näytteiden huokoisuudet mitattiin käyttämällä vesigravimetriaa, C-14-PMMA 

mentelmää ja argonpyknometriä, joiden tuloksena näytteiden keskimääräiselle 

huokoisuudelle saatiin arvoja väliltä (0.6 ± 0.2) % - (0.9 ± 0.2) %. Vesigravimetrialla ja 

argon pyknometrillä saadaan tuloksena näytteen bulkkihuokoisuus, kun taas C-14-

PMMA menetelmä antaa tietoa myös huokoisuusjakaumasta ja sen heterogeenisuudesta. 

Näiden tulosten mukaan näytteiden huokosrakenne koostui kvartsi ja maasälpäkiteitä 

ympäröivistä ja halkovista raoista, korkeamman huokoisuuden omaavista biotiittialueista 

ja korkean huokoisuuden kordieriitti- ja piniittikiteistä sekä tutkitussa mittakaavassa 

huokoisista mineraalirakeista. 

Avainsanat: Kiteinen kivi, matriisihuokosvesi, huokoisuus, mineralogia, 

Diffuusiokerroin, C-14-PMMA menetelmä, pohjavesi. 
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1 INTRODUCTION 

In the safety case and site investigations, the crucial assumption is that the ground water 

composition and chemistry derived from fracture groundwater is also valid for the rock 

matrix. The compositional relation and controlling factors between matrix and fracture 

groundwater should be clarified. In Olkiluoto, the matrix pore water studies are ongoing 

by Posiva and give necessary information to assess the state of equilibrium of dissolved 

elements between groundwater in flowing fractures and pore water in the adjacent rock 

matrix.  

The bedrock of Olkiluoto area consists of low permeable crystalline rocks which can be 

divided into four main groups: 1) gneisses, 2) migmatitic gneisses, 3) tonalite-

granodiorite-granite-gneisses and 4) pegmatitic granites (Aaltonen et al. 2016) In these 

rocks, porosity consists mainly of inter- and intragranular voids and grain boundary pores 

which are filled by pore water (Ikonen et al. 2014). In some cases, the pores have been 

filled by clay and microcrystalline minerals that are alteration products of rock forming 

minerals (Smellie et al., 2014, Sammaljärvi et al. 2017). The transport of solutes is mainly 

dominated by diffusion in tight, low permeability rocks, whereas the water conducting 

fractures and shear zones form fast pathways for elements to spread in the bedrock. The 

water in these zones may be more or less saline than the pore water on their perimeter and 

it depends on the depth from the surface and direction of groundwater flow. Thus there 

might be a concentration gradient between the fracture and matrix pore water and a net 

flux of elements towards lower concentration due to diffusion. Balancing out these 

gradients is typically a slow process due to the low effective diffusion coefficients of the 

ground water elements in tight crystalline bedrock. The most reliable way to study the 

interaction between fracture and matrix pore water is to analyze signatures left by 

chemically conservative elements (e.g. chloride and bromide) and stable isotopes of 

water. In previous studies, these properties have been extensively studied in drill holes in 

Olkiluoto (Eichinger et al. 2006, 2010 and 2013, Smellie et al. 2014). In general, the aim 

of these studies has been to get information on paleo hydrogeological history of the site 

and penetration depth of glacial waters from interpretations based on the pore and fracture 

water data. For the function of the bentonite buffer, corrosion of copper canister and 

mobility of radionuclides, it is important that conditions remain anoxic and saline (Posiva 

2012b). These studies have produced experimental data that are essential for constructing 

the palaeohydrogeological model of the site. In addition, the chloride pore diffusivities 

that were determined in above mentioned studies with the out leaching method were 

applied to estimating the timescales of the interaction between fracture and matrix pore 

waters.  

In this work matrix pore water determination of six naturally saturated rock samples was 

conducted. For the analysis of the measured out-diffusion curves of chloride, the 

mathematical model describing the system was constructed and solved. As a result from 

this analysis, information on diffusion of elements and the estimate of their content in the 

matrix pore water was received. In this study, we were mainly interested in chloride 

content. However, additional information on the content of other elements was obtained. 

After the out-diffusion experiments, the drill core samples were divided into subsamples 

in order to study the mineralogy, porosity, pore structure and their transport properties. 

Mineralogy was studied using visual observations and Mineral Liberation Analyser 

(MLA) and porosity using water gravimetry, Ar gas pycnometry and 14C-PMMA 
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technique (Ikonen et al. 2015, Kuva et al. 2015). Finally, the diffusion coefficients and 

permeabilities were measured using He-gas methods (Kuva et al., 2015). These methods 

assist the analysis of the out-diffusion curves. When these results from the porosity 

measurements are combined with results from the out-diffusion experiments, we get 

direct information on the chloride concentration of the pore water. The chloride 

concentration of the pore water can then be compared with the chloride concentration of 

the fracture groundwater collected from fractures near by. This comparison, on the other 

hand, offers information on balance of elements between fracture and matrix pore waters. 

This work is a part of a project called “Investigation of Rock Matrix REtention 

PROperties” (REPRO) in which the aim is to study the retention properties of bedrock 

under in-situ conditions at ONKALO, Olkiluoto. This work focuses on laboratory-based 

experiments on drill core samples from the REPRO site. The aim of this report is to aid 

the interpretation of the results from REPRO in situ experiments (Voutilainen et al. 2014, 

Poteri et al. 2017) and compare them with those obtained from laboratory experiments to 

investigate the effect of the environment on the results. Furthermore, the aim is to produce 

data that can be used to refine the palaeohydrogeological model of the site and to verify 

the effect anion exclusion on the composition of pore water in respect to fracture waters. 

The aim of this study has also been to test and develope methods that can be used analyse 

chloride out-diffusion curves since it has been noticed in previous studies that in some 

cases there have been quite large variations between the measured and modelled curves 

(Eichinger et al. 2006, 2010 and 2013). 
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2 MATERIALS AND METHODS  

2.1  Rock samples and mineralogy 

The mineralogy and petrography of the Olkiluoto bedrock and samples from REPRO site 

has already been widely studied (e.g. Kärki and Paulamäki 2006, Toropainen 2012, 

Ikonen et al. 2015, Sammaljärvi et al. 2017) as well as the porosity (e.g. Ikonen et al. 

2015, Kuva et al. 2015) and the diffusion properties (e.g. Smellie et al. 2014, Kuva et al. 

2015, Kuva et al. 2016, Sammaljärvi et al. 2016, Voutilainen et al. 2016). 

Six drill core samples (length 26-34 cm, diameter 42 mm) were taken from drill holes 

ONK-PP318, ONK-PP319, ONK-PP321 and ONK-PP323 for this study (see Table 1). 

These samples were drilled during a campaign in 2011 in the investigation niche 5 at 

access tunnel chainage 4219 (Toropainen 2012). The geological logging included the 

following parameters: lithology, foliation, fracture parameters, fractured zones, core loss, 

weathering, and fracture frequency, RQD and rock quality. The main rock types in the 

drill holes are veined gneiss, pegmatitic granite and quartz gneiss (skarn rock). 

(Toropainen 2012, Ikonen et al. 2015) 

The samples were selected from the potential locations of in-situ experiments so that they 

would represent the rock at REPRO site. Furthermore, attention was paid for the 

homogeneity of the samples. The majority of the samples are veined gneiss samples as 

the aim was to perform the experiments in veined gneiss. The sample ONK-PP318 

13.85−14.15 m is pegmatitic granite (PGR), the other five samples are veined gneisses 

(VGN) and belong to the subgroup of veined gneisses (VGN). The migmatite structure 

of diatexitic gneisses is asymmetric and irregular (Kärki and Paulamäki 2006). The older 

component of these rocks, dark paleosome, is mica-rich and the younger component, light 

neosome, contains mainly feldspar(s) and quartz. In the drill core samples, neosome does 

not form distinctive veins but patchy or nebulous structure. Thin sections (app. 20 mm × 

35 mm) studies showed that the proportion of feldspars and quartz varies from 30 to 90 

vol% (Ikonen et al. 2015). A characteristic example of heterogeneity is drill core ONK-

PP323, where two thin sections, 40 cm apart each other, show the proportion of light 

minerals 30 and 63 percent. This means that the point counting method of the thin sections 

under a microscope do not give reliable results for the mineralogical composition of larger 

rock. The heterogeneity of veined gneiss is be better understood by comparing results 

from several thin sections (Ikonen et al. 2015).  

Table 1. Investicated rock core samples and their positions, lengths, rock types and 

drilling dates (Toropainen 2012). 

Drill core Meters [m-m] Length [cm] Rock type Drilling dates 

ONK-PP318 13.85–14.15 30 PGR 14.–19.10.2011 

ONK-PP318 16.75–16.99 24 VGN 14.–19.10.2011 

ONK-PP319 9.35–9.65 30 VGN 14.–19.10.2011 

ONK-PP319 12.58−12.92 34 VGN 14.–19.10.2011 

ONK-PP321 10.14−10.41 27 VGN 14.–18.11.2011 

ONK-PP323 17.90−18.20 30 VGN 14.–19.10.2011 
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Sample ONK-PP318 13.85–14.15 m (see  Figure 1) is typical pegmatitic granite which 

contains a few remnants of assimilated paleosome, i.e. biotite batches and garnet grains. 

The other end is white and contains only potassium feldspar, but the rest of the sample is 

a coarse-grained mixture of quartz, plagioclase and potassium feldspar. This is shown as 

greyish color. Dark red garnet grains are from a few millimeters to one centimeter in 

diameter. The porosity in this type of pegmatite was mostly composed of inter and 

intragranular fissures. In plagioclase, some of these fissures were filled with sericite, as 

the plagioclase was to some extent altered to sericite which was found to be mostly 

composed of muscovite with illite as a minor component. The most of the fissures were, 

however, found to be unfilled (Sammaljärvi et al., 2017).  

 
Figure 1. Typical pegmatitic granite sample ONK-PP318 13.85−14.15 m containing 

mainly quartz, plagioclase and potassium feldspar. Photograph is taken after the chloride 

out leaching experiment. 

 

Sample ONK-PP318 16.75–16.99 m (see Figure 2) is a medium grained veined gneiss 

sample, where white/grey neosome forms distinguishable aggregates. These are bordered 

by dark biotite. The foliation is variable.  

 
Figure 2. Medium grained veined gneiss sample ONK-PP318 16.75−16.99 m. The 

photograph is taken after the chloride out leaching experiment. 

 

Samples ONK-PP319 9.35–9.65 m and ONK-PP319 12.58−12.92 m  (see Figure 3) are 

very heterogeneous, medium grained veined gneisses. Foliation varies strongly and white 

neosome areas are surrounded by dark biotite rims. Dark blue cordierite grains appear 

only in some places. The thin sections of these samples show very large variation in 

mineral composition according to their location in the drill core. 
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Figure 3. Medium grained veined gneiss samples ONK-PP319 9.35−9.65 m (upper 

panel) and ONK-PP319 12.58−12.92 m (lower panel). The photographs are taken after 

the chloride out leaching experiment. 

 

Sample ONK-PP321 10.14−10.41 m  (see Figure 4) is quite light-colored due to the large 

proportion of neosome. In this medium grained variation of veined gneiss, foliation is 

parallel to drill core. The veined structure is, indeed, very similar to the other samples. 

 
Figure 4. Medium grained veined gneiss sample ONK-PP321 10.14−10.41 m. The 

photograph is taken after the chloride out leaching experiment. 

 

Sample ONK-PP323 17.90−18.20 m  (see Figure 5) has the greatest variation between 

leucocratic neosome and dark paleosome. The ends of the drill core sample contain 

neosome veins and the segregated biotite forms strong contrast to it. This sample contains 

also the highest proportion of cordierite which is often found connected with biotite. 

Cordierite was partially altered to pinite, which is a porous complex mixture of clay 

minerals, such as illite. Anion exclusion is known to be pronounced in differing strengths 

in clay minerals, such as illite. In addition, the interlamellar porosity of biotite was mostly 

filled with kaolinite (Sammaljärvi et al., 2017). 
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Figure 5. Medium grained veined gneiss sample ONK-PP323 17.90−18.20 m. The 

photograph is taken after the chloride out leaching experiment. 

 

After out-diffusion experiment, the rock cores were dried in open air, and cut into pieces 

according to a partition scheme in Figure 6 (an example of sawing of the rock core ONK-

PP318 13.75 m). The other five partition diagrams are presented in Appendix B. The 

subsamples were used in petrographic studies and in porosity, diffusion coefficient and 

permeability measurements.  

 

 
Figure 6. Partition diagram of ONK-PP319 13.85−14.02 m. 
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2.1.1 Mineral Liberation Analyzer MLA 

The Mineral Liberation Analyzer (MLA) is an automated mineral analysis system that 

can identify minerals in a polished sections of drill core, and quantify a wide range of 

mineral characteristics, such as mineral abundance, grain size and liberation (Gu, 2003). 

The combination of high-resolution BSE image analysis performed by scanning electron 

microscopy and advanced X-ray identification techniques are used to get the elemental 

composition of the sample allowing the calculation of mineral abundances of the samples. 

In addition, the particle and grain size distributions can be measured. 

The MLA system consists of a specially developed software package and a standard 

modern scanning electron microscopy fitted with an energy dispersive spectrum (EDS) 

analyzer. The on-line program of the MLA software package controls the SEM, captures 

sample images, performs necessary image analysis and acquires EDS x-ray spectra 

unattended. Typically, 40 to 100 images (containing 4000 to 10,000 particles) are 

acquired.  The MLA off-line processing program transforms raw particle image with x-

ray data into particle mineral maps and calculates bulk and liberation data from particle 

mineral maps. 

The mineralogical analyses were performed at Outokumpu mineralogical laboratory.  The 

rock cores ONK-PP318 14.02−14.15 m (pegmatitic granite) and ONK-PP318 

16.92−16.99 m (veined gneiss) were taken for the analyses of mineral composition. The 

core samples were crushed and grinded to homogenize material for preparation. Fine-

grained material was then hardened with epoxy and polished for MLA-analyses. The 

amount of garnet (almandine) in the pegmatitic granite sample was negligible in MLA 

analyse compared with the visual inspection of the whole core sample where it could be 

seen plenty of garnet grains.  Tables 2 and 3 present the analysis results of the MLA 

samples ONK-PP318 14.02−14.15 m and ONK-PP318 16.92−16.99 m, respectively. The 

proportion of illite in the  MLA analysis of veined gneiss sample (ONK-PP318 

16.92−16.99 m) may equate the content of sericite and pinite in optical mineral analyses. 

Both minerals are very fine-grained alteration products of cordierite and not optically 

identifiable. Albite is sodium rich plagioclase having the low concentration of calcium.  
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Table 2. Mineral composition of PGR sample (ONK-PP318 14.02−14.15 m) analyzed by 

MLA technique. The results are given as mass fractions (wt%) and area fractions 

(Area%). The determined areas and grain counts of different minerals are given. 

Mineral Wt% Area% Area (µm2) 
Particle Count/ 

Grain count 

Quartz 14.12 13.94 47250.60 10588 

Plagioclase 0.01 0.01 17.85 4 

Albite 17.87 17.67 59906.70 13424 

Potassium fspar 64.97 65.73 222865.05 49940 

Biotite 0.04 0.04 120.49 27 

Muscovite 2.14 1.96 6644.90 1489 

Illite 0.20 0.19 647.09 145 

Chlorite 0.05 0.04 142.81 32 

Serpentine 0.05 0.05 160.66 36 

Hornblende 0.01 0.01 26.78 6 

Tremolite 0.01 0.01 40.16 9 

Almandine 0.34 0.21 705.10 158 

Cordierite 0.00 0.00 8.93 2 

Sillimanite 0.03 0.02 66.94 15 

Calcite 0.01 0.01 17.85 4 

Apatite 0.05 0.04 129.42 29 

Monazite-(Ce) 0.00 0.00 0.00 0 

Pyrrhotite 0.00 0.00 4.46 1 

Unclassified 0.10 0.09 312.39 70 

Total 100.00 100.00 339068.16 75979 
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Table 3. Mineral composition of VGN sample (ONK-PP318 16.92−16.99 m) analyzed by 

MLA technique. The results are given as mass fractions (wt%) and area fractions 

(Area%). The determined areas and grain counts of different minerals are given. 

Mineral Wt% Area% Area (micron) 
Particle Count/ 

Grain count 

Quartz 29.79 32.28 97165.41 21773 

Plagioclase 0.01 0.01 40.16 9 

Albite 14.80 16.07 48366.27 10838 

Potassium fspar 2.76 3.07 9228.77 2068 

Biotite 35.38 32.47 97741.10 21902 

Muscovite 1.26 1.27 3815.57 855 

Illite 3.20 3.31 9965.11 2233 

Chlorite 0.18 0.17 526.59 118 

Serpentine 0.04 0.05 138.34 31 

Hornblende 0.01 0.01 31.24 7 

Tremolite 0.01 0.01 35.70 8 

Almandine 1.56 1.06 3186.34 714 

Cordierite 5.30 5.69 17114.29 3835 

Sillimanite 5.33 4.19 12620.39 2828 

Calcite 0.01 0.01 35.70 8 

Apatite 0.01 0.01 31.24 7 

Monazite-(Ce) 0.06 0.03 98.18 22 

Pyrrhotite 0.02 0.01 44.63 10 

Unclassified 0.26 0.26 794.35 178 

Total 100.00 100.00 300979.39 67444 

 

2.2 Pore water acquisition and out-diffusion experiments 

2.2.1 Sampling 

The determination of matrix pore water content of six naturally saturated rock samples 

was conducted on the vacumized samples that were taken and transported into the 

laboratory rapidly after drilling. The samples were  cut immediately after drilling using a 

hammer with a piece of cloth to dampen the impact and swiped gently to remove excess 

of drilling water from the surface of the sample. They were then placed into a plastic bag 

from which gas was first pumped out. Then the bag was flushed with nitrogen, 

revacumized and sealed with a heat sealer. The aforementioned process was done within 



12 

 

 

30 minutes of drilling the sample. The sample was placed into another plastic bag, for 

which the vacumizing procedure mentioned above was redone. Finally, the sample was 

placed into a plastic bag lined with aluminum which was also filled with nitrogen, 

vacumized and heat sealed. The packed samples were transported to the laboratory and 

the out-diffusion experiment was started within a few days from sampling campaign. 

Vacuum packing at the site was done for the preservation of the in situ water saturated 

state of the rock cores. 

2.2.2 Experimental setup 

Before the out-diffusion experiments, the vacuum packages were opened and the samples  

placed into the plastic tubes that were filled with deionized water (about 50 ml, depending 

of the length of the rock). During the experiment, there was about 1−2 mm wide water 

zone between the rock core sample and the plastic tube. The water was changed to fresh 

one every second week and mass of collected water was measured. Out-diffusion 

experiments of drill core samples ONK-PP318 13.85−14.15 m, ONK-PP318 16.75−16.99 

m, ONK-PP319 9.35−9.65 m, ONK-PP319 12.58−12.92 m, and ONK-PP323 

17.90−18.20 m was started 4.11.2011, and  for drill core sample ONK-PP321 

10.14−10.41 m it was started 2.12.2011 due to later sampling (see Table 1). It was 

expected that concentration of elements in the reservoir will increase as they diffuse from 

the pore water of the rock to it (see Figure 7). Experiment was carried out until 18.5.2012 

(the duration of experiments 5.6−6.6 months). The exact sizes of the rock cores are 

presented in Section 2.1 together with the mineralogical characterization of the samples. 

 

 
Figure 7. Experimental setup of the out-diffusion experiment. Net flux of elements from 

naturally saturated rock core samples to surrounding reservoir were measured.  

 

2.2.3 Leachates elemental analyses 

The collected water samples were divided into two parts. One part was filtered with 0.45 

μm polypropylene filter and 0.35 ml of supra pure nitric acid was added to every 10 ml. 

There was no pretreatment for other part. Both parts of each sample were send to Labtium 

Oy laboratory for elemental analysis. Filtered part of the samples were analyzed with 
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ICP-MS and ICP-AES (accredited methods +139M and +139P). Other part was analyzed 

with ionic chromatography (IC) (accredited method +143R). The performed analyses 

include results in wide range of both anions and cations. The detection limits and results 

of these analyses are presented in Appendix A. For now on, we concentrate on the results 

measured for chloride using ionic chromatography which has the quantification limit of 

0.2 mg/l. The results have uncertainty of 20 % in concentration level 0.2−10 mg/l, 25 % 

in 10−30 mg/l and 10 % in 30−200 mg/l. 

2.3 Mathematical model for determining chloride diffusivities 

In the experiment, the flux of the chloride out from a porous rock sample placed in a 

container filled with ion changed water was measured.  For chloride that moves in and 

from the rock only by diffusion, the concentration C of the chloride in the pore space can 

be described with a diffusion equation 

∂C

∂t
− ∇ ∙ (D𝑝 ∇C) = 0,                                                                                          (1) 

where Dp is the pore diffusion coefficient of chloride in the rock. Since the water in the 

container was emptied every second week, we can assume that the concentration of 

chloride in the container is zero and we get the boundary condition 

C(𝑎, 𝑡) = 0,                                                                                                             (2)

where a is radius of the sample. At the beginning, the concentration of chloride in the 

rock is assumed constant C0, which gives us an initial condition 

C(r, t = 0) = C0.                                                                                                    (3) 

Our problem is to determine the pore diffusion coefficient Dp in the model Eqs. (1)−(3) 

from the measured flux of chloride through the sample surface. 

2.3.1 Mathematical model for homogeneous matrix 

At the first stage, we assume that the rock is homogeneous (Dp is constant). The rock 

sample is a cylinder which is so long, that we can ignore fluxes from the ends of the 

cylinder. Now we can describe the concentration of chloride in the pore space of rock, 

C(r, t), by a radial diffusion equation 

∂C

∂t
(r, t) − D𝑝 (

∂2C

∂r2
(r, t) +

1

r
 
∂C

∂r
(r, t)) = 0,   0 < 𝑟 < 𝑎, 𝑡 > 0,    (4) 

with initial and boundary conditions 

𝐶(𝑟, 0) = 𝐶0,    𝐶(𝑎, 𝑡) = 0.                                                                               (5) 

The solution (which is not singular at r = 0) can be written as a series expansion in the 

terms of Bessel functions in the following form, see (Carslaw and Jaeger, 1965) 

𝐶(𝑟, 𝑡) = 2𝐶0 ∑
e−

Dpαn2t

a2

αn J1(αn)
 

∞

n=1

 J1 (
αn r

a
),                                                              (6) 
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where  are the positive zeros of the Bessel function J0. The mass of the chloride 

in the rock sample, m(t), is obtained by integrating the concentration over the cylinder: 

𝑚(𝑡) = 4𝑚0 ∑
1

𝛼n2
 

∞

𝑛=1

𝑒−
𝐷𝑝𝛼n2𝑡

𝑎2  ,                                                                           (7) 

where  m0 = a2L C0 is the mass of chloride in the rock sample at the time t = 0, L is the 

length of the sample and  the porosity of the rock. In the experiments, we have measured 

the outflow of chloride in the time intervals of two weeks. The amount of chloride 

diffusing out of the rock sample in the sampling time interval [ti, ti+1] is 

∆𝑚i = 𝑚(𝑡i) − 𝑚(𝑡i+1).                                                                                    (8) 

If we want to fit our model into measured data, we have two unknown parameters, m0 

and Dp. In order to get rid of the parameter m0 we consider the ratio of the outflow of 

chloride in the time interval [t, t + t] and in the time interval [0, t + t]: 

𝑑(𝑡) =
𝑚(𝑡) − 𝑚(𝑡 + ∆𝑡)

𝑚0 − 𝑚(𝑡 + ∆𝑡)
.                                                                             (9) 

From the measured data, we get d(ti) at the times ti = i·t: 

𝑑(𝑡i) =
∆𝑚i

∑ ∆𝑚k
𝑖
𝑘=1

.                                                                                           (10) 

Using the diffusion coefficient as a fitting parameter, we fit our model (9) to the measured 

data. Fixing the diffusion coefficient obtained from this fitting we can use the model (7) 

to determine the parameter m0. 

2.3.2 Mathematical model for dual component matrix 

Consider for example a case, where the rock sample is not homogeneous, but consists of 

different minerals with varying diffusion properties. Consider a simple case when the 

sample consists of disks of two different materials. If we ignore fluxes in the axial 

direction, we can describe the system with two independent radial diffusion equations 

𝜕𝐶1

𝜕𝑡
(𝑟, 𝑡) − 𝐷p1 (

𝜕2𝐶1

𝜕𝑟2
(𝑟, 𝑡) +

1

𝑟
 
𝜕𝐶1

𝜕𝑟
(𝑟, 𝑡)) = 0,                                 (11) 

𝜕𝐶2

𝜕𝑡
(𝑟, 𝑡) − 𝐷p2 (

𝜕2𝐶2

𝜕𝑟2
(𝑟, 𝑡) +

1

𝑟
 
𝜕𝐶2

𝜕𝑟
(𝑟, 𝑡)) = 0                                   (12) 

with initial and boundary conditions 

𝐶1(𝑟, 0) = 𝐶2(𝑟, 0) = 𝐶0, 𝐶1(𝑎, 𝑡) = 𝐶2(𝑎, 𝑡) = 0.                         (13) 

Here Ck is the concentration of chloride in the material k. The solution of this system is 

𝐶1(𝑟, 𝑡) = 2𝐶0 ∑
𝑒−

𝐷p1𝛼n2𝑡
𝑎2

𝛼n 𝐽1(𝛼n)
 

∞

𝑛=1

 𝐽1 (
𝛼n 𝑟

𝑎
),                                                     (14) 
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𝐶2(𝑟, 𝑡) = 2𝐶0 ∑
𝑒−

𝐷p2𝛼n2𝑡
𝑎2

𝛼n 𝐽1(𝛼n)
 

∞

𝑛=1

 𝐽1 (
𝛼n 𝑟

𝑎
).                                                      (15) 

The mass of chloride in the component k in the sample, mk(t), is 

𝑚k(𝑡) = 4𝑚0(k) ∑
1

𝛼n2
 

∞

𝑛=1

𝑒−
𝐷pk𝛼n2𝑡

𝑎2 =: 4𝑚0(k)𝑓k(𝑡),                                     (16) 

and the amount of chloride diffusing out of the rock sample in the time interval [ti, ti+1] is 

∆𝑚i = 𝑚1(𝑡i) + 𝑚2(𝑡i) − 𝑚1(𝑡i+1) − 𝑚2(𝑡i+1),                                          (17) 

where m0
(k) =  a2 L pk k C0, here pk is the portion of material k in the sample, and k its 

porosity. The ratio of the outflowing chloride in the time interval [t, t+t] and in the time 

interval [0, t+t] takes now the form: 

𝑑(𝑡) =
𝑓1(𝑡) − 𝑓1(𝑡 + ∆𝑡) + 𝐾(𝑓2(𝑡) − 𝑓2(𝑡 + ∆𝑡))

𝑓1(0) − 𝑓1(𝑡 + ∆𝑡) + 𝐾(𝑓2(0) − 𝑓2(𝑡 + ∆𝑡))
,                            (18) 

where 

𝐾 =
𝑝2휀2

𝑝1휀1
=

𝑚0(2)

𝑚0(1)
                                                                                                (19) 

is the ratio of the pore volumes of the materials. In this case, we have three fitting 

parameters, coefficients of diffusion Dp1 and Dp2, and the ratio K. The parameters are 

determined in two stages, first Dp1, Dp2, and K, by fitting the model (18)  to the measured 

data, and the initial mass  m0 = m0
(1) + m0

(2) of chloride in the rock sample by fitting the 

model (16)  to the measurements. 

2.3.3 Fitting of model to experimental data 

The values of the fitting parameters are presented in the Table 5 in Section 3.2.2. 

Uncertainties of the values for parameters Dp and K is about ±20%, and ±2% for m0. The 

estimates for uncertainties were obtained by varying parameters around their optimal 

values to test the sensitivity of the analysis. 

2.4 Rock matrix characterization 

2.4.1 Porosity 

The porosities of the subsamples (see partition diagrams in Figure 6 and Appendix B) 

were measured using three different methods complementary to each other. Water 

gravimetry and pycnometry produce bulk value for connected porosity while C-14-

PMMA autoradiography offers also information about the pore structure and distribution 

of porosity. These methods offer information on the porosity which is accessible for the 

used fluid in question (H2O, He or methylmethacrylate). Here only brief introduction to 

these methods is given and further information is given by Hellmuth et al. (1994), 

Sammaljärvi et al. (2012), Ikonen et al. (2015), Siitari-Kauppi (2002), Voutilainen et al. 

(2012). In general, the porosity (ε) is defined as a ratio of pore volume (VP) and bulk 
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volume (VB) of the sample and it can be also expressed using grain volume (VG) of the 

sample instead of pore volume 

휀 =
𝑉𝑃

𝑉𝐵
=

𝑉𝐵 − 𝑉𝐺

𝑉𝐵
.                                                                                              (20) 

2.4.1.1 Water gravimetry 

Water gravimetry measurements were based on technique found in the literature 

(International Society for Rock Mechanics 1979). In this method the volume of water 

intruded into the pore space of the sample is measured and compared with the total 

volume of the sample. The samples were first dried for 5 days in an oven set to 105 °C. 

Thereafter the samples were placed in a desiccator overnight to prevent moisture 

condensation. Before immersing the samples in milliQ-water the masses of dry samples 

(mdry) were measured. The weight of the wet sample was then measured 2−5 times every 

work day for two weeks. When the mass was not changing anymore, it was considered as 

mass of water saturated sample (msat). When we know density of the water (ρw), pore 

volume of the sample can be determined from equation 

𝑉𝑃 =
msat − mdry

ρw
                                                                                               (21) 

and then porosity can be determined from Eq. (20)Virhe. Viitteen lähdettä ei löytynyt.. 

ere geometrical VB was used and the uncertainty of the porosity (δɛ) was esimated using 

equation 

𝛿ɛ = √(
𝑚𝑑𝑟𝑦𝛿𝑚𝑠𝑎𝑡

𝜌𝑤𝑉𝐵
)

2

+ (
𝑚𝑠𝑎𝑡𝛿𝑚𝑑𝑟𝑦

𝜌𝑤𝑉𝐵
)

2

+ (
(𝑚𝑠𝑎𝑡−𝑚𝑑𝑟𝑦)𝛿𝑉𝐵

𝜌𝑤𝑉𝐵
2 )

2

,      (22) 

where δmsat is uncertainty of msat,  δmdry is uncertainty of mdry and δVB is uncertainty of 

VB. 

2.4.1.2 C-14-PMMA autoradiography 

The C-14-polymethylmethacrylate (C-14-PMMA) autoradiography involves the 

impregnation of a rock sample with C-14 labelled methylmethacrylate (MMA) in a 

vacuum, polymerization, film or digital autoradiography, optical densitometry, and 

porosity calculation routines relying on digital image processing techniques (Hellmuth et 

al. 1994, Ikonen et al. 2015, Siitari-Kauppi 2002, Siitari-Kauppi et al. 2010). The low 

molecular weight and low viscosity carrier monomer MMA, which can be fixed by 

polymerisation after impregnation, intrudes to the pore space of the rock and thus 

provides direct information about the accessible pore space in the rock. When applied to 

low porous rocks, C-14-PMMA autoradiography describes the spatial distribution of the 

porosity. When the C-14-PMMA autoradiograph is connected to a mineral map of the 

rock surface, the porosities of the minerals can be estimated (Sardini et al. 2006, 

Voutilainen et al. 2012).  

In this study, the porosity of six 7 cm long rock core samples (see the partition diagraphs 

in Figure 6 and Appendix B) were studied using C-14-PMMA autoradiography. The 

samples were dried in vacuum chambers for 14 days using 105 ± 5 ºC temperature. After 

cooling, the C-14 labelled MMA was added in the initial vacuum. The C-14-MMA tracer 
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activity was 555 kBq/ml, and impregnation time was 18 days which has been found to be 

sufficient impregnation time for similar crystalline rock samples (Siitari-Kauppi, 2002). 

In case of poor impregnation, the edges of the sample would appear more porous than the 

center of the sample or in very tight samples and the center might appear as non-porous. 

After impregnation, the MMA in the samples was polymerized by gamma irradiation (Co-

60 source in Steri Company, Estonia) with total dose about 70 kGy/sample. 

The polymerised rock cores were sawn and polished for autoradiography. Here both film 

and digital autoradiographs (Kämäräinen et al., 2006) were used for the connective pore 

space characterisations and porosity determinations. In film autoradiography, the rock 

surfaces were exposed on Kodak BioMax MR film which has a nominal resolution of a 

few m. The final spatial resolution achieved depends on the roughness of the rock 

surface, the space between the rock and autoradiographic film, the range of the beta 

particles (max energy 156 keV) in the rock matrix and the scanner resolution (table 

scanner Canon 9000). The samples were exposed on the film using both one week and 

two weeks exposure times. In digital autoradigraphy, the imaging plates (Fuji Imaging 

Plate BAS-TR2025) are used. These plates are flexible image sensors with a 250 μm thick 

PVC foil that is uniformly coated with a 150 μm thick layer of light-sensitive barium 

fluorobromide crystals (BaFBr) with a grain size about 5 μm. The grains that contain a 

trace of bivalent europium are excited due to exposure to C-14 beta emissions that are 

stimulated in the scanner with a He-Ne laser light source and the emitted photons are 

collected in a photo-multiplier tube. The Fuji FLA 5100 scanner was used to scan the 

exposed  imaging plates (exposure time 5 d) with 10 μm scanning resolution and the 

digital autoradiographs were utilized for porosity determinations. In general, the digital 

autoradiography technique using imaging plates is more sensitive than the film 

autoradiography and it has wider effective dynamic range (105) than film autoradiography 

(102). This allows also the quantification of the detected activity when using standard 

sources for calibration (Sardini et al. 2015). 

In the PMMA porosity calculation, the grey levels of each pixel on the autoradiograph 

are converted to porosities with the help of the calibration sources. More detailed 

description of porosity determination and physical background of the method is given by 

e.g. Siitari-Kauppi (2002) and Siitari-Kauppi et al. (2010). The final results are presented 

as total porosities as well as the porosity distribution images which offer information of 

heterogeneous pore structure. The pore structure, on the other hand, is shown to have a 

clear effect on diffusion in well-defined laboratory systems where natural heterogeneous 

rock cores are studied. Figure 8 presents an example of PMMA porosity distribution 

where the spatial heterogeneities of different porosities are shown as well as their effect 

on the total porosity determination. In the sample (ONK-PP319 9.35-9.65 m) we have 

clearly three different porous phases: highly porous dark area on the left (mica, cordierite, 

micro fractures), more homogeneous grey area (in terms of porosity) in the middle 

(feldspars and biotite), and low porous light grey area on the right (quartz grains, grain 

boundaries). If we determine the porosity over different areas, we get different values: 

0.55 % over the whole area (red), 1.1 % over highly porous area (green), and 0.3 % over 

low porous area blue). Thus heterogeneous porosity has a great influence on the total 

porosity value. In this analysis, the total amount of pixels in analysed areas which 

represent also the typical values of the analysis, varied from 2.2 to 5.4 million pixels. 
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Figure 8. Heterogeneous porosity distribution of rock sample (ONK-PP319 9.35-9.65 

m). Total porosity over different areas is strongly affected by the spatial heterogeneity of 

porosity: 0.55 % over whole sample (red dotted framing), 1.1 % over high porosity area 

(green line framing), and 0.3 over low porosity area (blue line framing). 

2.4.1.3 Argon pycnometry 

The pycnometry used to measure the porosities in the gas phase (Ar) consists of two 

chambers, a measurement chamber and a reference chamber. A sample is placed in the 

measurement chamber and both chambers are evacuated until a gauge vacuum of -95 kPa 

is reached. The reference chamber is then pressurized with argon gas to a gauge pressure 

of 100 kPa, and finally the chambers are connected. When the pressure and temperature 

of both chambers are measured during all steps, the grain volume, and thus the porosity 

of the sample can be determined by 

𝑉𝐺 = 𝑉𝑀 − 𝑉𝑅

(𝑃𝑅𝑇𝑀𝑇𝑉 − 𝑃𝑀𝑇𝑉𝑇𝑅)

(𝑃𝑀𝑇𝑉𝑇𝑅 − 𝑃𝑉𝑇𝑀𝑇𝑅)
,                                                                (23) 

where VG is the grain volume of the sample, VM and VR are the volumes of the 

measurement and reference chambers, respectively, PV and TV are pressure and 

temperature, respectively, of the reference chamber after evacuation, PR and TR are the 

same quantities of the reference chamber after pressurization and PM  and TM are the same 

quantities of the measurement chamber after connecting the chambers. Porosity (ε) can 

be then be determined using Eq (20) when VB is known. Here VB was obtained by the 

water immersion method, where a sample is weighed outside water and immersed in 

water, and the VB is obtained by the Archimedes principle. PC data acquisition and 

weighing curve extrapolation were used to account for the water infiltrating into the pores 

of the sample after immersion (Voutilainen 2012). Uncertainty analysis was done taking 

into account uncertainty of all measured values similarily as for water gravimetry 

measurements. More detailed desrciption of the method is given by Ikonen et al. (2015), 

Kuva et al. (2015) and Voutilainen et al. (2012). 
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2.4.2 Through-diffusion and permeability 

The effective diffusion coefficient and permeability were measured using a gas phase 

system in which nitrogen is used as the carrier gas and helium as the tracer (Hartikainen 

et al. 1996, Hartikainen et al. 1998, Kuva et al. 2015). The equipment shown in 

FigureFigure 9 consists of a sample holder, an injection valve, a He-mass spectrometer, 

a gas-flow meter, two pressure gauges, and several valves that also connect the setup to 

nitrogen and helium outlets and a vacuum pump. The injection valve can be used with 

several injection loops of different volumes. The selection valve is used to connect the 

injection chamber to the injection valve, the vacuum pump or directly to the helium 

source, the last of which is done in the permeability measurements. The He-mass 

spectrometer data are recorded on a PC using LabView-based software. The sample is 

attached to the sample holder using a commercial butyl rubber sealant band in such a way 

that only the flat ends of a cylindrical sample are left in contact with the measurement. 

 
Figure 9. A layout of the through-diffusion equipment. It consists of a sample holder, an 

injection valve, a He-mass spectrometer, a gas-flow meter, two pressure gauges (P) and 

several valves that also connect the setup to nitrogen (N2) and helium (He) outlets and a 

vacuum pump. (Kuva et al. 2015) 

 

In the through-diffusion measurements the injection chamber was first connected to a 

vacuum pump and evacuated, meanwhile a 5 ml loop connected to the injector was filled 

with helium. The helium was then injected into the injection chamber. Integration of the 

flow-data for nitrogen replacing the helium in the loop gave the exact amount of the 

injected helium. Helium then diffused through the sample into the flushing chamber that 

was continuously flushed with nitrogen, and the flux of helium was determined from a 

varying He content of the flushing nitrogen. The pressure gauge, flow-rate and He-mass 

spectrometer data were recorded on PC for later analysis. The through-diffusion 

measurement was modeled by fitting the breakthrough curve to 

�̇�

𝑚0
= ∑

𝜆𝑛

𝑠𝑖𝑛 𝜆𝑛
∙

2𝐷𝑒𝐻2

𝜌 ∙ (𝜆𝑛
2 + (𝐿𝐻)2 + 𝐿𝐻)

𝑒
−

𝐷𝑒𝜆𝑛
2

𝜌𝐿2 𝑡
∞

𝑛=1

,                                   (24) 

where ṁ is mass flow, m0 is the initial mass, 0 < λ1 < λ2 < … are the positive roots of 

λtanλ = LH, De is the effective diffusion coefficient, H = εA/V, A is the cross-sectional 

area of the sample, V is the volume of the injection chamber, L is the length of the sample 
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and ρ is helium density. The effective diffusion coefficient was used as the fitting 

parameters and the porosity determined using pycnometer was used. An example of such 

a fit is shown in Figure 10. The De is mainly determined by the late-time behavior of the 

breakthrough curve, which is rather insensitive to small details of the system.  

 

Figure 10. A typical through-diffusion breakthrough curve and its fit together with the 

confidence limits. (Kuva et al. 2015) 

 

In the permeability measurements the helium source was directly connected to the 

injection chamber, and the pressure in both chambers was controlled while flushing the 

flushing chamber with nitrogen. Pressure of the injection chamber was increased by 

regular increments, and all pressures and the helium flow were measured after all these 

values were stabilized. Pressure difference across the sample was typically varied from 

20 to 90 kPa. 

The permeability measurement was modelled by obtaining helium flux – injection 

pressure – flushing pressure data points for each pressure difference and then fitting them 

to 

𝑄 = 𝑄𝑑𝑖𝑓𝑓 +
𝑘𝐴

𝜇𝐿

(𝑃2
2 − 𝑃1

2)

2𝑃2
,                                                                            (25) 

where Q is the total helium flux, Qdiff is the flux caused by diffusion, k is the permeability 

coefficient, A is the cross-sectional area of the sample, μ is the dynamic viscosity of 

helium, L is the length of the sample and P1 and P2 are the pressures of the flushing 

chamber and injection chamber, respectively. Permeability coefficient k was thus 

obtained as the slope of a linear fit. 
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3 RESULTS AND DISCUSSION 

3.1 Mineralogy, porestucture and porosity 

3.1.1 ONK-PP318 13.85−14.15 m 

Three subsamples from drill core sample ONK-PP318 13.85−14.15 m were selected for 

porosity studies using water gravimetry (13.92−13.95 m), Ar-gas pycnometry 

(13.97−14.02 m) and 14C-PMMA technique (13.85−13.92 m). The porosities of (0.55 ± 

0.19) %, (0.63 ± 0.05) % and (0.65 ± 0.07) % were determined with these methods, 

respectively. Error weighted average over these values was (0.6 ± 0.2) %. 

Figure 11 shows the photograph, the corresponding autoradiograph and the porosity map 

of analyzed area. This pegmatitic granite sample was fully filled with 14C-labelled MMA  

and the intra- and intergranular fissures and grain boundaries of minerals were clearly 

visible on the PMMA autoradiograph. Micro fractures transsecting mineral grains form 

up to a few centimeters long straight pathways for elements migration.  

 
Figure 11. Sample ONK-PP318 13.85−13.92 m (left), corresponding autoradiograph 

(center) and porosity map of analysed area (right). Length of sample is about 7 cm. 

 

The pegmatitic granite sample consists mostly of potassium feldspar, plagioclase and 

quartz. Minor amounts of light green, soft mica is found, probably muscovite. It is shown 

as the darkest spots in the autoradiograph. A very detailed network in the autoradiograph 

follows the grain boundaries, twin planes of plagioclase grains and also thin micro 

fractures cutting mineral grains. These micro fractures have been found to be mainly 

without filling (Sammaljärvi et al., 2017). The main minerals as well as garnet grains are 

unaltered and no porosity is detected in them. 

3.1.2 ONK-PP318 16.75−16.99 m 

Three subsamples from drill core sample ONK-PP318 16.75−16.99 m were selected for 

porosity studies using water gravimetry (16.82−16.85 m), Ar-gas pycnometry 
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(16.87−16.92 m) and C-14-PMMA technique (16.75−16.82 m). The porosities of (0.47 ± 

0.18) %, (0.70 ± 0.05) % and (0.76 ± 0.08) % were determined with these methods, 

respectively. Error weighted average over these values was (0.7 ± 0.2) %. 

Figure 12 shows the photograph, the corresponding autoradiograph and the porosity map 

of analyzed area. This veined gneiss sample was fully filled with 14C-labelled MMA. The 

grain boundaries of medium grained minerals were clearly visible on the PMMA 

autoradiograph forming a well-developed network of connected pores in the ground 

matrix of this sample.  

 
Figure 12. Sample ONK-PP318 16.75−16.82 m (left), corresponding autoradiograph 

(center) and porosity map of analysed area (right). Length of sample is 7 cm. 

 

Medium-grained veined gneiss where the main minerals are plagioclase, quartz and 

biotite. Some potassium feldspar is found too. Plenty of porous patches are found having 

up to several percentages of porosity and they are congruent with the cordierite and pinite 

clusters. Some of these cordierites can be seen as soft greenish grains (1−3 mm) on the 

rock surface. It is a minor constituent, but usually its alteration product, pinite, is porous 

and have a good adsorbtion capacity. Biotite is unaltered and plagioclase is only slightly 

altered to white dull grains. Biotite flakes are not distinguished as highly porous minerals 

in this sample. In the autoradiograph, the grain boundary porosity is visible but evidently 

weaker than in the pegmatitic granite sample. 

3.1.3 ONK-PP319 9.35−9.65 m 

Three subsamples from drill core sample ONK-PP319 9.35−9.65 m were selected for 

porosity studies using water gravimetry (9.42−9.45 m), Ar-gas pycnometry (9.47−9.52 

m) and C-14-PMMA technique (9.35−9.42 m). The porosities of (0.74 ± 0.21) %, (2.4 ± 

0.2) % and (0.55 ± 0.06) % were determined with these methods, respectively. Error 

weighted average over these values was (0.9 ± 0.2) %. 

Figure 13 shows the photograph, the corresponding autoradiograph and the porosity map 

of analyzed area. This gneiss sample was fully filled with 14C-labelled MMA. In the 

sample, we have clearly three different porous phases: highly porous dark area on the left 
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(mica, cordierite, micro fracture) where plenty of porous patches are found having up to 

several percentages of porosity, more homogeneous grey area in the middle (feldspars 

and biotite), and low porous light grey area on the bottom (non-porous quartz grains and 

their grain boundaries).  

 
Figure 13. Sample ONK-PP319 9.35−9.42 m (left), corresponding autoradiograph 

(center) and porosity map of analysed area (right). Length of sample is 7 cm. 

 

Most of this sample consists of tonalitic gneiss, except one corner where coarse grained 

mica gneiss is prevailing. Mica gneiss, which proportion is 1/5 of the sample surface, 

includes lots of cordierite and some sillimanite. The greatest and darkest spots of the 

autoradiograph are situated in the mica gneiss corner. Dark spots on the autoradiograph 

are congruent to cordierite grains. Two open fractures in the upper part of the 

autoradiograph can also be seen. The rest of the sample consists of quartz, K-feldspar, 

plagioclase and biotite. The autoradiograph is very light gray where biotite is abundant – 

intragranular porosity of the unaltered grains is low. Coarser feldspar and quartz grains 

have some thin fractures and the grain boundaries form porous networks for migration. 

3.1.4 ONK-PP319 12.58−12.92 m 

Three subsamples from drill core sample ONK-PP319 12.58−12.92 m were selected for 

porosity studies using water gravimetry (12.65−12.68 m), Ar-gas pycnometry 

(12.70−12.75 m) and C-14-PMMA technique (12.58−12.65 m). The porosities of (0.55 ± 

0.19) %, (0.60 ± 0.14) % and (0.72 ± 0.07) % were determined with these methods, 

respectively. Error weighted average over these values was (0.7 ± 0.2) %. 

Figure 14 shows the photograph, the corresponding autoradiograph and the porosity map 

of analyzed area. The sample is heterogeneous, medium-grained veined gneiss and it was 

fully filled with 14C-labelled MMA. The quartz and feldspar rich phases are dominant in 

this 14C-PMMA rock core, but where the mica rich phases are found there are up to several 

percentages of porosity patterns as well present. In this sample, the intra- and 

intergranular fissures in the quartz grains are present and they form a connected grain 

boundary pore newwork seen in the PMMA autoradiograph. The main minerals are 
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potassium feldspar, plagioclase, quartz and biotite. Some cordierite grains are found, but 

those are poorly distinguishable. A few dark patches on the autoradiograph are situating 

in cordierite and in unaltered biotite.  

 

Figure 14. Sample ONK-PP319 12.58−12.65 m (left), corresponding autoradiograph 

(center) and porosity map of analysed area (right). Length of sample is 7 cm. 

 

3.1.5 ONK-PP321 10.14−10.41 m 

Three subsamples from drill core sample ONK-PP321 10.14−10.41 m were selected for 

porosity studies using water gravimetry (10.21−10.24 m), Ar-gas pycnometry 

(10.26−10.31 m) and 14C-PMMA technique (10.14−10.21 m). The porosities of (0.52 ± 

0.18) %, (0.55 ± 0.14) % and (0.62 ± 0.06) % were determined with these methods, 

respectively. Error weighted average over these values was (0.6 ± 0.2) %. 

Figure 15 shows the photograph, the corresponding autoradiograph and the porosity map 

of analyzed area. This medium-grained variation of veined gneiss was fully filled with 
14C-labelled MMA and it was drilled from the opposite wall of the REPRO niche than the 

other five samples. The foliation of the minerals as well as the porosity patterns are 

parallel to the core axis which is shown on the photo- and autoradiographic images. 

The sample is rich in quartz and feldspar except that a mica rich vein seen in the middle 

of the sample. From the grey background of the autoradiograph, can be distinguished the 

most mineral borders and the biotite flakes from quartz and plagioclase grains, which are 

a little bit lighter. In the quartz and plagioclase grains, there are also intra- and 

intergranular fissures present. These fractures are always thin and sharp features on the 

autoradiograph. 

In the mica rich vein, there are porous grains up to several percentages being congruent 

with biotite grains and cordierite. In this veined gneiss, the most intensive black spots are 

created by biotite flakes when the flat surface of the biotite crystal is parallel to the sawn 

sample surface. The possible alteration of biotite is not detectable. The roundish dark 
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spots are caused by high porosity grains of cordierite and they are also clearly visible as 

bluish grains on rock surface. The uneven variation of dark tone is possibly caused by the 

varying alteration of the cordierite grains. 

 
Figure 15. Sample ONK-PP321 10.14−10.21 m (left), corresponding autoradiograph 

(center) and porosity map of analysed area (right). Length of sample is 7 cm. 

 

3.1.6 ONK-PP323 17.90−18.20 m 

Three subsamples from drill core sample ONK-PP323 17.90−18.20 m were selected for 

porosity studies using water gravimetry (17.97−18.00 m), Ar-gas pycnometry 

(18.02−18.07 m) and C-14-PMMA technique (17.90−17.97 m). The porosities of (0.61 ± 

0.19) %, (0.82 ± 0.13) % and (0.62 ± 0.06) % were determined with these methods, 

respectively. Error weighted average over these values was (0.7 ± 0.2) %. 

Figure 16 shows the photograph, the corresponding autoradiograph and the porosity map 

of analyzed area. This gneiss sample was fully filled with C-14-labelled MMA. Over half 

of the C-14-PMMA rock core is quartz rich rock (lower part in Figure 16) showing a well-

developed network of micro fractures including intra-, inter and grain boundary pores as 

well as non-porous quartz grains.  

Minor part of the sample consists of dark veined gneiss (upper part of Figure 16) and it 

contains more biotite than the other end. The area of biotite is only slightly darker in the 

autoradiograph than the quartz-end. Dark patches in the biotite area originate from the 

aggregates of biotite flakes. Cordierite grains are not highly porous in the autoradiograph; 

optically they are quite translucent and thus probably unaltered. 
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Figure 16. Sample ONK-PP323 17.90−17.97 m (left), corresponding autoradiograph 

(center) and porosity map of analysed area (right). Length of sample is 7 cm. 

 

3.2 Out-diffusion experiments 

3.2.1 Chloride concentration from out leachates 

Figure 17 presents the amount of chloride that was analyzed every second week from the 

water samples of the out leached solutions. The concentrations of chloride were 

determined by Labtium Oy and the detection limit of their analyses was 0.2 mg/l. 

Duration of the experiment was 196 d (6.6 months) except ONK-PP321 10.14−10.41 m 

for which it was 168 d (5.6 months). The concentrations were converted to the total mass 

of chloride that diffused out from the sample within two weeks leaching times (see Figure 

17). The experiment was completed when the concentration of chloride was about three 

to five times the detection limit except one (ONK-PP323 17.90−18.20 m) for which it 

was still about 10 times the detection limit. 
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Figure 17. Evolution of out leached chloride during measurement period of 196 days for 

a) ONK-PP318 13.85−14.15 m, ONK-PP318 16.75−16.99 m, and ONK-PP319 

9.35−9.65 m, and b) ONK-PP319 12.58−12.92 m, ONK-PP321 10.14−10.41 m and 

ONK-PP323 17.90−18.20 m. 

 

The highest amount of chloride (4.2 mg) was out leached from the pegmatitic granite 

sample (ONK-PP318 13.85−14.15 m) during the first two-week period. From the other 

five rock cores (gneiss samples), the out-leached mass of chloride varied from 1.2 mg to 

2.2 mg. The amount of out leached chloride was below 0.05 mg after about 4.5 months 

except in one experiment (ONK-PP323 17.90−18.20 m) where the amount of chloride 

was still about 0.1 mg per two-week period. The volumes of surrounding reservoirs varied 

from (47 ± 2) ml to (61 ± 2) ml, and the total amounts of chloride out leached during the 

whole experiment varied from (2.9 ± 0.3) mg to (5.7 ± 0.5) mg (see Table 4). The values 

in Table 4 are not directly comparable as the porosities and diffusion coefficients vary 

from sample to another. However, these values can be compared with the ones from the 

modelling which take also into account the chloride remaining in the matrix pore water 

after the experiment. All of the chloride has not diffused out from the samples as there is 

still some chloride in the last analysed samples (from 0.02 mg to 0.1 mg) due to the low 

diffusivity of the samples. In addition, as small amount of cations and SO4 (also S) are 

continuously being leached from the rock samples probably due to rock water interactions 

(see Appendix A). Dissolution of rock forming minerals may have allowed some of the 

chloride containing fluid inclusions be connected to the pore space. This effect is, 

however, expected to be minor due to limited amount of fluid inclusions potentially 

opened by mineral dissolution. 
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Table 4. Total amount of collected chloride during the experiment and total volumes of 

surrounding reservoirs.  

Sample Mass of chloride [mg] 
Total volume of reservoir 

[ml] 

ONK-PP318  13.85−14.15 m 5.7 ± 0.5 47 ± 2 

ONK-PP318 16.75−16.99 m 3.1 ± 0.3 50 ± 3 

ONK-PP319 9.35−9.65 m 2.9 ± 0.3 49 ± 3 

ONK-PP319 12.58−12.92 m 4.1 ± 0.3 60 ± 2 

ONK-PP321 10.14−10.41 m 3.4 ± 0.3 57 ± 3 

ONK-PP323 17.90−18.20 m 5.1 ± 0.3 61 ± 2 

 

3.2.2 Diffusion coefficient of chloride 

The measured chloride out-diffusion curves given above were first analysed using the 

homogenous model given in Eq. (9) to determine the pore diffusion coefficients (Dp). For 

two samples (ONK-PP319 9.35−9.65 m and ONK-PP323 17.90−18.20 m), the 

homogeneous model produced results which are in agreement with measured data (see 

Figuer 18). For the rest of the samples (ONK-PP318 13.85−14.15 m, ONK-PP318 

16.75−16.99 m, ONK-PP319 12.58−12.92 m, and ONK-PP321 10.14−10.41 m), the 

homogeneous model was not able to explain the result. This was not surprising, since the 

samples consist of minerals with different pore structure and wide range of pore openings 

and thus varying diffusion properties. The structural properties of samples from REPRO- 

site have been extensively studied previously (Ikonen et al. 2014, Sammaljärvi et al. 

2017). The out-diffusion of chloride from different material components occurs on 

different time scales, and thus the whole system can not be modelled with one component 

model. For these samples dual component model Eq. (18) was applied to find better 

agreement. This dual component behaviour can be seen from the shape of the curve. At 

early part of the out-diffusion curves, high diffusion coefficient parts of the sample 

dominate and a relatively fast drop in the mass of incoming chloride is seen. At late part 

of the curves, these high diffusion parts contain only small amount of chloride and thus 

effect from area with a lower diffusion coefficient become dominating. Between these 

two areas there is convergence (see Figure 18 Figure ). In curves fitted by the homogenous 

model such change in derivative was not seen. In all of the graphs uncertainty of measured 

data points  and confidence limits by the model are shown as error bars and dashed lines, 

respectively. In this kind of experiment, the minerals with higher porosity and diffusivity 

dominate the measured out-diffusion curves. It is plausible that, if the measurements 

would have been further continued, other components with even lower diffusivities would 

then dominate the curves since it is known that there are more than two minerals in the 

samples. However, their effect might be bellow detection limit and their addition to the 

total amount of chloride negligible.  
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Figure 18. Measured and modelled relative out-diffusion curves of chloride for all of the 

samples. For samples ONK-PP319 9.35−965 m and ONK-PP323 17.90−18.20 m the 

measured curves could be explained using homogeneus model and for rest of samples two 

component model was needed. Dashed lines represent confidence limits of the 

measurement. 
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Figure 19. Measured and modelled cumulative out-diffusion curves of chloride for all of 

the samples. These curves were used to estimate total mass of chloride in the pore water. 

Dashed lines represent confidence limits of the measurement. 
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The analysis above provides only information on the Dp and it does not take into account 

the mass of chloride in the sample. Once diffusion coefficients were determined, Eqs. (7) 

and (16) were used to determine the total mass of chloride in the pore space for 

homogenous and dual component curves (see Figure 19). Again two component 

behaviour is seen in these cumulative curves as a similar change in derivative. In all of 

the graphs, the uncertainty of measured data points and confidence limits of the model 

are shown as error bars and dashed lines, respectively. 

The numerical values from the analysis shown above are given in Table 5. For the out-

diffusion curves modelled using the homogenous model we got Dp of 0.9 × 10−11 m2/s 

(both samples). Whereas results from the dual component model range from 0.4 to 

0.9 × 10−11 m2/s for the component with lower Dp and 2.5 to 9 × 10−11 m2/s for the 

component with higher Dp. In addition, for dual components fits ratio K which gives the 

ratio of chlorine mass in component 1 to chlorine mass in component 2 (see Eq. 19), is 

also given. The total amount of chloride in the matrix pore water varied from 3.2 to 6.1 

mg. These values are slightly higher than the values listed in Table 4 since part of the 

chloride is still remaining in the sample. Note that the difference is higher for those 

samples whose results were modelled using the homogenous model. 

 

Table 5. Pore diffusion coefficients (Dp) and total masses of chloride in the pore space 

(m0) for all of the samples determined using the mathematical model. For the data 

modelled by dual component model pore diffusion coeffients of both components and 

ratio, K, is also given. 

Sample Dp × 10−11 m2/s Dp × 10−11 m2/s K m0 [mg] 

ONK-PP318 
13.85−14.15 m 

0.5 ± 0.1 9 ± 2 2.7 ± 0.6 6.1 ± 0.3 

ONK-PP318 
16.75−16.99 m 

0.4 ± 0.1 2.5 ± 0.5 0.70 ± 0.14 3.7 ± 0.2 

ONK-PP319 
9.35−9.65 m 

0.9 ± 0.2   3.2 ± 0.2 

ONK-PP319 
12.58−12.92 m 

0.9 ± 0.2 8 ± 2 1.1 ± 0.3 4.2 ± 0.3 

ONK-PP321 
10.14−10.41 m 

0.5 ± 0.1 5 ± 1 1.6 ± 0.4 3.8 ± 0.2 

ONK-PP323 
17.90−18.20 m 

0.9 ± 0.2   5.6 ± 0.3 

 

When porosity of the sample and total mass of chloride in the matrix pore water are 

known, the initial chloride concentration in the pore water can be determined. This has 

been done in Table 6 using error weighted average porosities. The values range from 0.8 

± 0.2 g/l to 2.3 ± 0.7 g/l with average of 1.6 g/l. Chloride concentrations are typically 

measured from groundwater samples taken from conducting fractures in the bedrock. 

Groundwater types vary from fresh waters ( TDS < 1 g/l, Cl < 50 mg/l) near the ground 
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surface to highly saline waters (TDS > 100 g/l, Cl > 50 g/l) over 900 m depth (Posiva 

2012a). At repository depth (~430 m) chloride concentrations from 6 g/l to 15 g/l has 

been measured (Posiva 2012a). Furthermore, the chloride concentrations of 5.2 and 5.9 

g/l has been measured from the drill holes ONK-KR14 and ONK-PP319, respectively, in 

the REPRO niche (See Appendix C). In addition to the chloride concentrations, the 

concentrations of other measured elements among the other properties of the groundwater 

are given in Appendix C. It is known that the distance to the water conducting fracture, 

rock type, diffusivity, porosity, pore structure and contact time may affect the chloride 

concentration of pore water. Two water conducting fractures intersect the drill holes: 

ONK-PP319 at 14.97 m (transmissivity about 1 × 10−12 m2/s) and ONK-PP321 at 8.36 m 

(transmissivity about 2 × 10−13 m2/s). Description of these fractures is given in Appendix 

D. There were no water conducting fractures found in drill holes ONK-PP318 or ONK-

PP323. Due to the small number of samples and unknown distances from water 

conducting fractures, clear correlation between the distance from water conducting 

fracture and chloride concentration can not be seen. The only PGR sample has the highest 

chloride concentration. However, more samples would be needed for thorough 

comparison. 

 

Table 6. The concentrations of chloride in matrix pore water for studied samples. The 

concentrations has been determined using error weighted average porosity over all 

measured values. 

Sample Rock type Average porosity [%] C0 [g/l] 

ONK-PP318 13.85−14.15 m PGR 0.6 ± 0.2 2.3 ± 0.7 

ONK-PP318 16.75−16.99 m VGN 0.7 ± 0.2 1.5 ± 0.4 

ONK-PP319 9.35−9.65 m VGN 0.9 ± 0.2 0.8 ± 0.2 

ONK-PP319 12.58−12.92 m VGN 0.7 ± 0.2 1.4 ± 0.5 

ONK-PP321 10.14−10.41 m VGN 0.6 ± 0.2 1.7 ± 0.6 

ONK-PP323 17.90−18.20 m VGN 0.7 ± 0.2 2.0 ± 0.6 

 

For fractures with very low transmissivity (as fractures found crossecting drill holes 

ONK-PP319 and ONK-PP321) it has been shown that residence time of fracture 

groundwater should be long enough for reaching equilibrium between matrix pore water 

and fracture groundwater (Smellie et al. 2014). Furthermore, the recent site specific 

evidence calculated based on helium fluxes shows that most of the groundwater has been 

almost motionless during the whole glacial cycle (Trinchero et al. 2014). Hence, it can be 

concluded that difference in the chloride concentration of matrix pore water and fracture 

groundwater cannot be explained by a recent arrival of saline ground water. 

Anion exclusion, on the other hand, could prevent the transport of anions (such as 

chloride) from the fracture to the porous rock matrix. Anion exclusion is caused by an 

electrical repulsion of anions in the vicinity of negatively charged mineral surfaces (de 

Haan 1964).  The whole pore space is not accessible for anions due to the repulsion and 

this can be seen as the lower chloride concentration of matrix pore water than fracture 

ground water. As the chloride accessible pore space is reduced, the effective diffusion 
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coefficient of chloride is also reduced in comparison e.g. with HTO (Smellie et al. 2014, 

Voutilainen et al. 2018). This is logical since effect anion exclusion narrows the transport 

paths of anions or even may completely block them. 

In general, the mechanism of anion exclusion is well known and it is are routinely 

modeled in the framework of theories describing the properties of the electrical double 

layer (Henderson and Boda 2009). The effect of anion exclusion, however, has been 

observed mostly in clay rocks (Van Loon et al. 2007, Glaus et al. 2010, Tachi and Yotsuji 

2014) whereas the effect has been observed potential in the limited number of crystalline 

rock samples (Smellie et al. 2014, Tachi et al. 2015, Voutilainen et al. 2016).  It has been 

shown by Sammaljärvi et al. (2017) that REPRO samples contain considerable amount 

of biotite and that some of the pores in the samples are filled by secondary alteration 

products (e.g. muscovite and pinite) and even clay minerals (e.g. kaolinite and illite). It is 

known that these minerals contain pores in range from a few nanometers to tens of 

nanometers and thus are able to cause anion exclusion and reduce pore space that is 

available for the transport of chloride. In crystalline rock, the clay minerals (argillaceous) 

are typically found in the vicinity of the main transport routes, i.e. retrogressive alteration 

in micro pores next to minerals that have interacted with pore water in rock matrix, and 

thus their influence on the transport properties is probably more pronounced than can be 

estimated based on the mineral composition. 

3.3 Through-diffusion and permeability results by He gas method 

The permeabilities were measured in the gas phase and the results are given in Table 7. 

These values vary from (6 ± 1) × 10−19 m2 to (64 ± 1) × 10−19 m2. In general, the 

permeabilities are in fair agreement with the diffusivities determined from the out-

diffusion curves: samples with high permeability have also higher Dp than ones with 

lower Dp. Based on this observation, it is concluded that areas with higher transmissivity 

form pathways which are connected through the sample since the correlation between the 

permeability and out-diffusion results is found. In principle, it could be possible that in 

the out-diffusion experiment the component with higher Dp would arise from pores near 

by the surface. In permeability measurement, the effect of multiple components is not 

visible since experiment measures the effective value over whole volume. 
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Table 7. Effective diffusion coefficients (De(He)) and permeabilities (k(He)) measured 

using He-gas methods. The results are given for helium in pore space filled by nitrogen. 

Sample De(He) × 10−9 m2/s k(He) × 10−9 m2 

ONK-PP318 13.97−14.02 m 3.2 ± 0.6 64 ± 1 

ONK-PP318 16.87−16.92 m 6.7 ± 0.7 9 ± 1 

ONK-PP319 9.47−9.52 m 1.4 ± 0.3 6 ± 1 

ONK-PP319 12.70−12.75 m 3.8 ± 0.5 49 ± 5 

ONK-PP321 10.26−10.31 m 1.9 ± 0.7 39 ± 1 

ONK-PP323 18.02−18.07 m 3 ± 1 11.3 ± 0.1 

 

The through-diffusion measurements were conducted in the gas phase in order to have a 

comparison material for results from the out-diffusion experiments. The measurements 

were conducted using helium as a tracer in nitrogen atmosphere and the results for 

effective diffusion coefficients are given in Table 7. These coefficients in the gas phase 

vary from (1.4 ± 0.3) × 10−9 m2/s to (6.7 ± 0.7) × 10−9 m2/s. In order to compare results 

from through-diffusion measurements to the ones from out-diffusion measurements, it is 

needed to convert the gas phase measurements to water phase and further effective 

diffusion coefficients to pore diffusion coefficients. This conversion was done first by 

using conversion factor of 11 600 (Kuva et al., 2015) and the then by applying porosities 

determined using Ar-gas pycnometry (see Section 3.1). Note that these porosities are 

determined for exactly the same samples as for which the through-diffusion 

measurements were done. The diffusion coefficients after these conversions are given in 

Table 8 and the values for pore diffusion coefficients vary from (0.50 ± 0.05) × 10−11 m2/s 

to (8.3 ± 0.7) × 10−11 m2/s. The results are in the same order of magnitude as from the 

out-diffusion measurements, however, strong correlation between the results cannot be 

found. This might arise from the heterogeneity of the samples. In previous studies, it has 

been observed that gas phase measurements may lead to slightly lower values than water 

phase measurements (here samples: ONK-PP318 13.97−14.02 m, ONK-PP319 9.47−9.52 

m, ONK-PP319 12.70−12.75 m and ONK-PP321 10.26−10.31 m). When taking this into 

account, the results for these four samples are in fairly good agreement (less than a factor 

of two smaller) with the ones from the out-diffusion experiments. For other two samples 

(ONK-PP318 16.87−16.92 m and ONK-PP323 18.02−18.07 m), the gas phase 

measurements lead to about a factor of three higher pore diffusion coefficient can only be 

explained the heterogeneity of the samples. While the porosities of all samples were quite 

similar, the pore structure and further the diffusion pathways are known to be different 

(see Figures 11−16).  
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Table 8. Effective (De) and pore (Dp) diffusion coefficients converted to water phase from 

the values measured in gas phase (conversion factor (11 600). 

 

 

 

 

 

 

 

 

 

 

  

Sample De (H2O) × 10−13 m2/s Dp (H2O) × 10−11 m2/s 

ONK-PP318 13.97−14.02 m 2.8 ± 0.6 4.4 ± 0.4 

ONK-PP318 16.87−16.92 m 5.8 ± 0.7 8.3 ± 0.7 

ONK-PP319 9.47−9.52 m 1.2 ± 0.3 0.50 ± 0.05 

ONK-PP319 12.70−12.75 m 3.3 ± 0.5 5.5 ± 1.3 

ONK-PP321 10.26−10.31 m 1.6 ± 0.7 2.9 ± 0.8 

ONK-PP323 18.02−18.07 m 2.6 ± 0.9 3.2 ± 0.6 
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4 CONCLUSIONS 

Experimental set up for measuring amount of chloride in the matrix pore water of 

crystalline rock samples was constructed and the measurements were conducted 

successfully. During out leaching time of about 6 months sufficient amount data was 

collected in order to determine diffusion coefficients and total amount of chloride in the 

matrix pore water. After the out-diffusion experiment, the samples were divided into 

subsamples for complementary analyses to assist the interpretation of the results. 

In order to assist the modelling of the out-diffusion experiments and better understanding 

the processes present, the porosities and diffusivities were determined using 

complementary methods. The porosities were measured using Ar-gas pycnometer, 14C-

PMMA technique and water gravimetry (see Table 9). When heterogeneities in 

mineralogy and pore structure are taken into account all the values are in fairly good 

agreement. The porosities determined here are also in agreement with the ones determined 

for REPRO samples in previous studies (Ikonen et al., 2015, Kuva et al., 2015). Some 

variations in porosities were found due to the heterogeneity of samples. 

 

Table 9. Results from porosity measurements using Ar-gas pycnometer, C-14-PMMA 

technique, water gravimetry (WG), and error weighted average over all measured values. 

Drill core 
Ar-ε [%]/ 
(location) 

14C-PMMA ε 
[%]/ (location) 

WG ε [%]/ 
(location) 

Average ε [%] 

ONK-PP318 
0.63 ± 0.05 

(13.97-14.02) 
0.65 ± 0.07 

(13.85-13.92) 
0.55 ± 0.19 

(13.92-13.95) 
0.6 ± 0.2 

ONK-PP318 
0.70 ± 0.05 

(16.87-16.92) 
0.76 ± 0.08 

(16.75-16.82) 
0.47 ± 0.18 

(16.82-16.85) 
0.7 ± 0.2 

ONK-PP319 
2.4 ± 0.2 

(9.47-9.52) 
0.55 ± 0.06 
(9.35-9.42) 

0.74 ± 0.21 
(9.42-9.45) 

0.9 ± 0.2 

ONK-PP319 
0.60 ± 0.14 

(12.70-12.75) 
0.72 ± 0.07 

(12.58-12.65) 
0.55 ± 0.19 

(12.65-12.68) 
0.7 ± 0.2 

ONK-PP321 
0.55 ± 0.14 

(10.26-10.31) 
0.62 ± 0.06 

(10.14-10.21) 
0.52 ± 0.18 

(10.21-10.24) 
0.6 ± 0.2 

ONK-PP323 
0.82 ± 0.13 

(18.02-18.07) 
0.62 ± 0.06 

(17.90-17.97) 
0.61 ± 0.19 

(17.97-18.00) 
0.7 ± 0.2 

 

In addition to bulk porosity, 14C-PMMA technique was used to study the pore structure 

of the samples. In all of the samples porosity was found inhomogeneously distributed: 

1. Intra- and intergranular fissures were found on quartz and felspar grains. Both 

filled and unfilled fissures were found. 

2. Pore and mineral structure were oriented in the direction of foliation (strongest in 

sample ONK-PP321 10.14−10.41 m). Foliation was mainly found in the biotite 

rich areas of samples. 
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3. Plenty of high roundish porous patches were found having porosity up to several 

percentages. They were congruent with cordierite and its alteration product pinite. 

Comparison of autoradiographs and corresponding rock surface images gave accurate 

information on the porosity of minerals. The rock types of studied samples were 

pegmatitic granite (ONK-PP318 13.85−14.15), veined gneiss (ONK-PP318 16.75−16.99 

m, ONK-PP319 12.58−12.92 m, ONK-PP321 10.14−10.41 m, and ONK-PP323 

17.90−18.20 m) and tonalitic gneiss (ONK-PP319 9.35−9.65 m). The main minerals were 

quartz, plagioclase, potassium feldspar and some of the samples had considerable 

amounts of cordierite. From MLA results performed for two samples (ONK-PP318 

13.85−14.15, ONK-PP318 16.75−16.99 m) it was found that plagioclase was albite. 

Sample ONK-PP318 16.75−16.99 m had also considerable amounts of sililmanite and 

illite. 

A novel analysis method was developed and applied to analyse the results of the out-

diffusion experiments. Method is based on solving analytically the diffusion equation in 

cylindrical coordinated and on processing the measured data so that more reliable values 

for pore diffusion coefficients could be determined. During the study it was noticed that 

simple homogenous model could not explain all of the out-diffusion curves and thus the 

dual component model was developed. Pore diffusion coefficients from (0.9 ± 0.2) × 10−11 

m2/s to (9 ± 2) × 10−11 m2/s were measured for early part of the out-diffusion curves and 

from (0.4 ± 0.1) × 10−11 m2/s to (0.9 ± 0.2) × 10−11 m2/s for late part of them. It was 

concluded that the early parts of the out-diffusion curves are dominated by more 

transmissive parts of the rock e.g. grain boundaries and more porous minerals while effect 

from less transmissive parts dominate the late part of the curves.  

During the out-diffusion experiments, chloride was out leached from the samples. When 

total amounts of chloride were converted to chloride concentrations using measured 

porosities (see Table 9), it was found out that it was from 0.8 ± 0.2 g/l to 2.3 ± 0.7 g/l 

while the chloride concentrations measured from near by transmissive fractures in ONK-

PP319 and ONK-PP321 show significantly higher values (5.2−5.9 g/l). The direct 

conclusion from this was that the chloride concentration of matrix pore water and 

groundwater are not in balance. It was concluded that anion exclusion could be 

responsible for difference between the chloride concentration of matrix pore water and 

fracture groundwater. Anion exclusion is able to reduce chloride accessible porespace 

which can been observed as the concentration difference. Due to the small number of 

samples and unknown distances from water conducting fractures (for some samples), 

clear correlation between the distance from the water conducting fracture and chloride 

concentration in matrix pore water cannot be seen. The only PGR sample has the highest 

chloride concentration. However, more samples would be needed for thorough 

comparison. 

The through-diffusion and permeability measurements were conducted for comparison of 

results from the out-diffusion experiment. The determined permeabilities were correlating 

with results from the out-diffusion measurements: samples with high permeability had 

also higher Dp than the ones with low permeability. It was concluded that areas with 

higher transmissivity (and diffusivity) form pathways which are connected through the 

sample. From the through-diffusion measurements, such straightforward conclusions can 

not be drawn. However, the results from both measurements are the same order of 

magnitude and they illustrate the complexity of pore structure and transport pathways. 
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APPENDIX A: ELEMENTAL ANALYSES OF LEACHATES BY LABTIUM. 

Table A1. Detection limits and estimated procentual uncertainties, δ (confidence level 95 

%), for different concentrations, C, of cationic elements using ICP-MS (+139M) and ICP-

AES (+139P).  

Element 
Detection 

limit 
(μg/l) 

C 
(μg/l) 

δ 
(%) 

C 
(μg/l) 

δ 
(%) 

C 
(μg/l) 

δ 
% 

Ag 0.01 0.01-1 40 1-100 20 >100 10 

Al 1 1-100 30 100-500 15 >500 10 

As 0.05 0.05-1 30 1-100 20 >100 10 

B 0.5 0.5-5 40 5-200 30 >200 20 

Ba 0.05 0.05-5 25 5-200 20 >200 15 

Be 0.1 0.1-50 20 >50 10 >50 10 

Bi 0.02 0.02-1 30 1-50 20 >50 10 

Ca 100 100-200 20 >2000 10   

Cd 0.02 0.02-1 20 1-100 15 >100 10 

Co 0.02 0.02-5 35 5-200 25 >200 15 

Cr 0.2 0.2-1 25 1-200 15 >200 10 

Cu 0.1 0.1-1 35 1-200 20 >200 15 

Fe 30 30-2000 20 >2000 15 >50000 7 

K 10 10-1000 15 1000-50000 10 >50000 7 

Li 0.1 0.1-50 25 50-600 15 >600 10 

Mg 100 100-5000 20 5000-25000 15 >25000 10 

Mn 0.02 0.02-10 20 10-10000 10   

Mo 0.02 0.02-1 30 >1 20   

Na 200 200-5000 25 >5000 15   

Ni 0.05 0.05-10 25 10-200 15 >200 10 

P 50 50-500 30 500-50000 20 >50000 15 

Pb 0.05 0.05-5 25 5-500 15 >500 10 

Rb 0.01 0.01-2 30 2-200 20 >200 15 

S 100 10-10000 25 >10000 15   

Sb 0.02 0.02-2 25 2-100 20 >100 15 

Si 60 60-1000 25 1000-50000 20 >50000 15 

Sn 0.05 0.05-1 40 1-50 30 >50 20 

Sr 0.1 0.1-50 20 50-200 15 >200 10 

Th 0.01 0.01-1 25 1-50 15 >50 10 

Tl 0.01 0.01-2 25 >2 15   

U 0.01 0.01-2 20 >2 10 >100 15 

V 0.05 0.05-1 30 1-100 20 >100 15 

Zn 0.2 0.2-10 25 100-1400 15 >1400 10 
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Table A2. Detection limits and estimated procentual uncertainties, δ, for different 

concentrations, C, of anions using ionic chromatography (IC, +143R). Here the 

uncertainties are determined as expanded uncertainties (δ = [ 2*(Systematic error2 

+Random error2)]1/2). 

Element 
Detection 

limit 
(mg/l) 

C 
(mg/l) 

δ 
(%) 

C 
(mg/l) 

δ 
(%) 

C 
(mg/l) 

δ 
(%) 

F 0.1 0.1-0.5 40 0.5-2.0 25   

Cl 0.2 0.2-10 20 10-30 25 30-200 10 

Br 0.1 0.1-2.0 20 2.0-20 10   

NO3 0.2 0.2-2.0 30 2.0-20 10 20-250 20 

SO4 0.1 0.1-2.0 25 2.0-20 15 20-400 20 
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Table A3. Analysis of different elements (El.) by ICP-MS (+139M),  ICP-AES (+139P), 

IC (+143R) for samples taken at 4.11.2011 (14 d) and 18.11.2011(28 d). 

El. 
Method/ 

Unit 

ONK-PP318 
13.85-14.15 m 

ONK-PP318 
16.75-16.99 m 

ONK-PP319 
9.35-9.65 m 

ONK-PP319 
12.58-12.92 m 

ONK-PP323 
17.90-18.20 m 

14 d 28 d 14 d 28 d 14 d 28 d 14 d 28 d 14 d 28 d 

Ag 

+139M/ 
µg/l 

 

0.01 0.02 0.02 0.02 0.06 0.05 0.07 0.04 0.08 0.07 

Al 30.1 67.4 198 432 466 857 123 404 77.3 249 

As 9.72 8.35 1.04 1.06 2.06 1.53 3.14 2.12 0.85 0.86 

B 79.8 48.9 64.1 35.1 54.1 31.1 93.3 50.0 86.4 52.8 

Ba 2.07 1.46 0.26 1.34 0.43 1.50 0.67 1.22 0.29 1.01 

Be <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Bi 0.02 <0.02 <0.02 <0.02 <0.02 <0.02 0.02 <0.02 0.13 0.02 

Cd 0.26 0.48 0.08 0.05 0.05 0.02 0.05 0.03 0.14 <0.02 

Co 0.44 0.13 0.23 0.24 0.26 0.14 0.15 0.04 0.39 0.09 

Cr 0.54 <0.2 0.93 <0.2 <0.2 <0.2 <0.2 <0.2 0.29 <0.2 

Cu 4.15 1.74 1.06 1.35 7.66 2.20 16.8 2.86 25.0 4.46 

K 1.56 0.53 0.82 0.41 0.74 0.42 1.11 0.60 0.84 0.39 

Mn 10.2 3.10 3.39 1.34 4.63 3.49 14.6 20.6 6.32 2.52 

Mo 144 266 33.0 12.0 25.0 11.2 19.3 6.46 53.1 5.26 

Ni 2.72 0.84 2.39 0.42 1.89 0.31 5.05 0.92 8.23 0.76 

P 139 121 66.0 75.6 122 88.7 467 261 54.7 61.6 

Pb 0.24 0.08 0.09 0.09 0.09 0.09 0.10 0.15 0.20 0.10 

Rb 3.38 1.16 1.71 0.77 1.62 0.91 2.86 1.95 2.11 0.94 

Sb 2.02 1.19 0.99 0.29 0.78 0.29 2.55 0.76 1.30 0.44 

Se 2.77 <0.5 0.76 0.52 0.96 0.56 1.25 0.58 0.86 <0.5 

Sr 19.5 3.56 4.65 1.32 5.32 2.40 11.9 7.10 5.10 1.38 

Th 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.03 0.01 

Tl <0.01 <0.01 0.01 0.01 <0.01 0.01 0.01 0.01 <0.01 0.01 

U 14.7 3.24 0.68 0.31 3.27 1.52 2.79 1.63 0.53 0.19 

V 0.26 0.62 2.56 2.41 1.47 1.22 2.27 2.84 1.69 2.17 

Zn 25.5 11.4 11.9 5.99 5.78 3.16 7.17 4.84 40.5 5.08 

Ca 

+139P/ 
mg/l 

3.67 0.84 1.22 0.38 1.56 0.84 3.57 3.41 1.38 0.53 

Fe 0.16 0.11 0.10 0.15 0.11 0.10 0.21 0.12 0.33 0.12 

Li 0.012 <0.005 0.007 0.006 0.009 0.008 0.009 <0.005 0.012 0.009 

Mg 0.26 <0.1 0.13 <0.1 0.12 <0.1 0.25 0.13 0.16 <0.1 

Na 67.2 20.5 43.7 20.3 41.4 20.0 54.6 24.7 48.9 19.3 

S 2.00 0.79 2.49 0.86 1.89 0.66 3.01 1.12 2.61 0.59 

Si 6.35 4.94 3.77 3.34 3.73 3.66 3.70 3.00 3.37 2.39 

Br 

+ 143R/ 
mg/l 

0.6 0.1 0.1 <0.1 0.1 <0.1 0.2 <0.1 0.1 <0.1 

Cl 84 14 25 10 24 6.6 36 13 35 6.7 

F <0.2 <0.1 0.3 <0.1 0.3 0.1 0.6 0.3 0.5 0.2 

NO3 0.2 <0.2 <0.2 <0.2 0.5 <0.2 <0.2 <0.2 <0.2 <0.2 

SO4 3.4 1.1 3.2 0.7 3.6 0.9 4.9 1.2 4.6 0.5 
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Table A4. Analysis of different elements (El.) by ICP-MS (+139M),  ICP-AES (+139P), 

IC (+143R) for samples taken at 1.12.2011 (42 d) and 16.12.2011(56 d). 

El. 
Method/ 

Unit 

ONK-PP318 
13.85-14.15 m 

ONK-PP318 
16.75-16.99 m 

ONK-PP319 
9.35-9.65 m 

ONK-PP319 
12.58-12.92 m 

ONK-PP321 
10.14-10.41 m 

ONK-PP323 
17.90-18.20 m 

42 d 56 d 42 d 56 d 42 d 56 d 42 d 56 d 42 d 56 d 42 d 56 d 

Ag 

+139M/ 
µg/l 

 

0.02 0.03 0.01 0.01 0.02 0.02 0.02 0.02 2.13 0.12 0.04 0.02 

Al 109 164 360 344 490 485 911 830 319 471 246 297 

As 8.22 6.82 0.65 0.56 1.56 1.14 1.07 0.82 0.32 0.20 0.61 0.62 

B 43.2 34.9 28.5 25.1 39.0 28.7 23.7 18.6 65.4 38.1 40.6 33.9 

Ba 1.26 0.42 0.66 0.21 1.30 0.28 0.48 0.24 1.85 0.78 0.89 0.18 

Be <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Bi <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 

Cd 0.58 0.43 0.03 0.02 <0.02 0.02 <0.02 <0.02 0.05 0.02 0.02 0.04 

Co 0.07 0.24 0.10 0.20 0.05 0.15 0.07 0.11 0.31 0.19 0.05 0.13 

Cr <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 0.76 <0.2 <0.2 <0.2 

Cu 2.03 3.89 1.21 1.56 1.68 1.64 1.17 0.73 52.3 4.71 1.65 0.98 

K 0.29 0.28 0.28 0.34 0.36 0.33 0.28 0.29 1.23 0.79 0.26 0.26 

Mn 1.36 0.79 1.00 0.72 21.3 16.2 1.62 1.26 14.5 8.13 1.89 1.03 

Mo 283 196 10.7 7.87 3.52 1.98 3.09 1.01 3.78 0.86 6.67 12.0 

Ni 0.71 4.67 0.24 0.19 0.36 0.80 0.14 0.12 5.57 0.93 0.25 0.43 

P 125 137 63.9 75.2 152 126 69.4 64.3 22.4 23.6 21.8 26.7 

Pb 0.26 0.15 0.06 0.08 0.06 0.30 0.11 0.11 0.40 0.90 0.08 0.17 

Rb 0.71 0.59 0.61 0.59 1.35 1.06 0.68 0.57 3.53 2.04 0.72 0.57 

Sb 1.01 0.72 0.19 0.14 0.39 0.27 0.17 0.10 3.26 1.02 0.23 0.15 

Se <0.5 <0.5 <0.5 <0.5 0.56 <0.5 0.55 0.71 0.89 0.71 <0.5 <0.5 

Sr 1.47 0.87 0.71 0.54 5.11 3.56 1.26 0.99 16.6 9.36 0.89 0.71 

Th <0.01 0.01 <0.01 <0.01 0.01 0.01 <0.01 0.01 0.01 0.01 0.01 <0.01 

Tl <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.01 <0.01 <0.01 

U 2.36 1.68 0.20 0.15 1.31 0.85 1.30 0.89 7.41 4.48 0.13 0.14 

V 0.72 0.66 1.79 1.47 2.47 1.78 1.00 0.71 2.99 2.06 1.79 1.60 

Zn 6.58 7.41 6.80 9.86 5.12 5.70 1.81 3.76 3.79 3.67 2.25 3.66 

Ca 

+139P/ 
mg/l 

 

0.42 0.17 0.24 0.12 2.42 1.88 0.43 0.36 5.52 3.53 0.40 0.26 

Fe <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 

Li <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 0.01 0.01 <0.005 <0.005 

Mg <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.20 0.12 <0.1 <0.1 

Na 14.9 9.48 19.0 14.6 21.2 17.0 19.2 14.8 47.6 30.9 17.1 13.3 

S 0.54 0.45 0.61 0.50 0.68 0.58 0.47 0.37 1.41 0.70 0.40 0.34 

Si 3.51 2.69 2.61 2.19 2.24 1.93 3.05 2.66 3.07 2.75 1.73 1.44 

Br 

+ 143R/ 
mg/l 

 

<0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <1 <0.1 <0.1 <0.1 

Cl 5.0 2.9 6.6 4.7 3.8 4.9 4.2 2.7 33 11 9.0 7.0 

F <0.1 <0.1 <0.1 <0.1 0.2 0.2 0.1 0.1 2.0 2.0 0.2 0.2 

NO3 <0.2 3.3 <0.2 2.5 3.7 1.3 <0.2 14 5.0 2.5 0.2 2.1 

SO4 1.0 0.9  0.7 1.2 1.0 0.8 0.8 1.4 1.0 0.6 0.7 
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Table A5. Analysis of different elements (El.) by ICP-MS (+139M),  ICP-AES (+139P), 

IC (+143R) for samples taken at 31.12.2011 (70 d) and 13.1.2012 (84 d). 

El. 
Method/ 

Unit 

ONK-PP318 
13.85-14.15 m 

ONK-PP318 
16.75-16.99 m 

ONK-PP319 
9.35-9.65 m 

ONK-PP319 
12.58-12.92 m 

ONK-PP321 
10.14-10.41 m 

ONK-PP323 
17.90-18.20 m 

70 d 84 d 70 d 84 d 70 d 84 d 70 d 84 d 70 d 84 d 70 d 84 d 

Ag 

+139M/ 
µg/l 

0.01 0.01 <0.01 <0.01 0.01 <0.01 <0.01 0.01 0.12 0.03 0.01 0.01 

Al 80.6 163 251 285 523 464 793 712 561 377 324 301 

As 5.72 4.69 0.38 0.41 1.05 0.96 0.68 0.60 0.17 0.18 0.61 0.40 

B 33.5 28.0 20.3 19.5 27.4 26.2 16.8 15.7 26.6 23.7 32.1 26.8 

Ba 0.26 0.28 0.31 0.14 0.17 0.32 0.14 0.20 0.52 0.59 0.13 0.08 

Be <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Bi <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 

Ca 0.33 0.13 0.17 <0.1 1.45 1.71 0.40 0.31 3.09 2.82 0.29 0.19 

Cd 0.25 0.11 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 0.02 <0.02 0.07 <0.02 

Co 0.53 0.76 0.71 0.73 <0.02 0.70 0.03 1.15 0.02 0.79 0.03 0.71 

Cr <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 

Cu 1.77 0.83 0.63 0.62 1.71 0.87 1.67 0.72 2.06 1.12 2.67 0.83 

K 0.17 0.13 0.15 0.17 0.29 0.21 0.27 0.17 0.59 0.52 0.18 0.14 

Mo 111 87.8 5.88 2.59 1.58 2.08 1.28 0.73 0.43 0.39 7.55 7.86 

Ni <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

P 109 115 53.4 67.1 110 112 55.0 54.1 21.7 17.9 39.3 32.8 

Pb 0.16 0.32 0.25 0.47 0.10 0.16 0.16 0.20 0.18 0.26 0.45 0.10 

Rb 0.43 0.35 0.36 0.36 0.82 0.78 0.53 0.41 1.56 1.45 0.43 0.38 

Sb 0.57 0.46 0.10 0.10 0.21 0.19 0.09 0.08 0.45 0.31 0.11 0.09 

Se <0.5 <0.5 <0.5 <0.5 0.54 0.52 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 

Sr 0.85 0.57 0.42 0.32 2.64 2.86 0.97 0.75 7.10 6.68 0.70 0.39 

Th 0.01 <0.01 0.01 <0.01 0.01 0.01 0.01 0.01 0.03 0.02 0.01 <0.01 

Tl <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 

U 1.00 1.16 0.12 0.06 0.57 0.48 0.63 0.50 2.05 1.53 0.10 0.04 

V 0.55 0.47 0.83 0.88 1.40 1.16 0.53 0.48 1.35 0.92 1.32 1.02 

Zn 7.37 <0.2 <0.2 5.96 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 1.74 <0.2 

Fe 

+139P/ 
mg/l 

 

<0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 

Li <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 0.01 <0.005 <0.005 <0.005 

Mg <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Mn <0.001 <0.001 <0.001 <0.001 0.01 0.02 <0.001 <0.001 0.01 0.01 <0.001 <0.001 

Na 8.56 6.83 12.1 10.1 14.8 13.9 12.9 11.5 20.5 19.6 10.7 9.55 

S 0.43 0.41 0.48 0.45 0.55 0.62 0.40 0.40 0.45 0.48 0.39 0.32 

Si 2.38 2.12 1.83 1.57 1.68 1.57 2.38 2.13 2.42 2.10 1.22 1.09 

Br 

+143R/ 
mg/l 

<0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Cl 2.1 1.8 3.2 2.9 3.7 3.2 2.1 1.6 4.8 3.2 5.1 4.1 

F <0.1 <0.1 <0.1 <0.1 0.2 0.1 <0.1 <0.1 1.4 1.2 0.2 0.1 

SO4 1.0 0.9 0.6 0.6 1.1 1.1 0.8 0.8 0.6 0.7 0.7 0.5 

NO3 <0.2 <0.2 <0.2 0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 
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Table A6. Analysis of different elements (El.) by ICP-MS (+139M),  ICP-AES (+139P), 

IC (+143R) for samples taken at 27.1.2012 (98 d) and 10.2.2012 (112 d). 

El. 
Method/ 

Unit 

ONK-PP318 
13.85-14.15 m 

ONK-PP318 
16.75-16.99 m 

ONK-PP319 
9.35-9.65 m 

ONK-PP319 
12.58-12.92 m 

ONK-PP321 
10.14-10.41 m 

ONK-PP323 
17.90-18.20 m 

98 d 112 d 98 d 112 d 98 d 112 d 98 d 112 d 98 d 112 d 98 d 112 d 

Ag 

+139M/ 
µg/l 

0.04 0.03 0.01 0.01 0.02 0.02 0.02 0.02 0.08 0.20 0.02 0.02 

Al 132 92.5 132 107 265 248 411 391 259 446 171 179 

As 4.99 3.74 0.31 0.26 0.90 0.79 0.54 0.49 0.17 0.20 0.33 0.36 

B 11.5 10.6 7.48 6.98 11.3 10.5 6.67 6.34 8.92 10.1 11.4 11.4 

Ba 1.44 0.24 0.13 0.09 0.19 0.16 0.21 0.20 0.52 0.65 0.09 0.09 

Be <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Bi 0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 

Cd 0.10 0.08 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 0.02 0.02 <0.02 <0.02 

Co 0.70 <0.02 0.02 0.02 0.02 0.03 0.03 <0.02 0.02 0.03 <0.02 0.02 

Cr 1.89 <0.2 <0.2 <0.2 <0.2 <0.2 0.25 <0.2 <0.2 <0.2 <0.2 <0.2 

Cu 7.91 0.49 0.46 0.37 0.79 0.78 0.64 0.61 0.99 0.96 0.54 0.60 

K 0.22 0.12 0.13 0.11 0.22 0.18 0.17 0.15 0.45 0.58 0.14 0.13 

Mn 13.7 0.38 0.19 0.15 14.4 11.0 0.60 0.47 6.62 15.5 0.45 0.38 

Mo 96.9 81.4 1.38 1.11 1.35 2.25 0.71 0.63 0.96 0.33 5.87 4.94 

Ni 12.4 0.06 0.07 <0.05 0.08 0.11 0.29 0.05 0.09 0.17 <0.05 0.06 

P 74.6 100 39.4 34.9 76.6 73.8 41.7 37.7 11.4 24.8 24.3 27.9 

Pb 0.24 0.14 0.12 0.19 0.12 0.16 0.21 0.14 0.33 0.16 0.24 0.12 

Rb 0.49 0.27 0.26 0.23 0.69 0.61 0.38 0.35 1.20 1.56 0.36 0.33 

Sb 0.55 0.45 0.10 0.08 0.21 0.19 0.09 0.08 0.30 0.32 0.09 0.09 

Se <0.5 <0.5 <0.5 <0.5 0.55 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 

Sr 0.59 0.34 0.25 0.18 2.58 2.05 0.62 0.58 5.30 7.09 0.36 0.31 

Th <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Tl 0.02 <0.01 <0.01 <0.01 <0.01 0.01 <0.01 <0.01 0.01 0.01 <0.01 <0.01 

U 1.36 1.14 0.08 0.06 0.53 0.42 0.49 0.44 1.26 1.22 0.07 0.07 

V 0.58 0.40 0.69 0.55 1.09 1.00 0.42 0.37 0.94 1.39 0.87 0.88 

Zn 8.35 2.71 7.24 2.68 5.18 5.17 2.25 1.93 1.29 3.27 1.19 1.60 

B 

+139P/ 
mg/l 

0.03 0.03 0.02 <0.02 0.03 0.03 <0.02 <0.02 0.02 <0.02 0.03 0.03 

Ca <0.1 <0.1 <0.1 <0.1 1.69 1.36 0.27 0.25 2.41 2.99 0.19 0.14 

Fe <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 

Li 0.008 0.006 0.008 <0.005 <0.005 0.006 <0.005 <0.005 0.007 0.006 <0.005 <0.005 

Mg <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Na 5.38 4.64 8.46 7.65 12.8 11.0 9.45 8.53 14.9 9.55 8.05 7.17 

S 0.39 0.37 0.44 0.44 0.61 0.60 0.35 0.37 0.38 0.32 0.33 0.35 

Si 

+143R/ 
mg/l 

1.86 1.65 1.42 1.27 1.52 1.37 1.92 1.76 2.02 1.73 1.03 0.97 

Br <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Cl 1.4 1.1 2.2 1.8 2.6 2.0 1.3 1.1 2.0 1.2 2.1 2.9 

F <0.1 <0.1 <0.1 <0.1 0.2 0.1 <0.1 <0.1 1.0 0.7 <0.1 0.1 

SO4 0.81 0.77 0.56 0.61 1.17 1.12 0.68 0.76 0.50 0.42 0.46 0.48 

NO3 <0.2 0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 
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Table A7. Analysis of different elements (El.) by ICP-MS (+139M),  ICP-AES (+139P), 

IC (+143R) for samples taken at 24.2.2012 (126 d) and 9.3.2012 (140 d). 

El. 
Method/ 

Unit 

ONK-PP318 
13.85-14.15 m 

ONK-PP318 
16.75-16.99 m 

ONK-PP319 
9.35-9.65 m 

ONK-PP319 
12.58-12.92 m 

ONK-PP321 
10.14-10.41 m 

ONK-PP323 
17.90-18.20 m 

126 d 140 d 126 d 140 d 126 d 140 d 126 d 140 d 126 d 140 d 126 d 140 d 

Ag 

+139M/ 
µg/l 

0.13 0.02 0.01 0.03 0.02 0.17 0.01 0.03 0.11 0.01 0.02 0.07 

Al 114 448 91.9 107 310 64.6 393 333 365 107 192 390 

As 3.43 0.44 0.30 3.21 0.86 0.21 0.43 0.76 0.11 0.30 0.30 0.10 

B 15.9 11.9 9.68 17.8 16.8 22.0 9.75 20.4 12.0 12.9 16.7 12.0 

Ba 0.24 0.21 0.15 0.15 0.24 44.6 0.27 0.16 0.49 0.10 0.07 0.45 

Be <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Bi <0.02 <0.02 <0.02 <0.02 <0.02 0.08 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 

Cd 0.05 <0.02 <0.02 0.02 <0.02 8.46 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 

Co <0.02 <0.02 <0.02 <0.02 0.03 2.32 <0.02 0.02 0.02 <0.02 <0.02 <0.02 

Cr <0.2 <0.2 <0.2 <0.2 <0.2 0.51 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 

Cu 0.54 0.55 0.78 0.52 0.91 26.4 1.02 0.69 0.62 0.56 0.50 0.88 

K 0.16 0.15 0.08 0.10 0.18 14.4 0.17 0.18 0.32 0.10 0.10 0.31 

Mn 0.23 0.45 0.12 0.19 10.1 199 0.51 8.70 5.78 0.12 0.33 6.27 

Mo 68.8 0.63 1.27 32.4 1.33 37.4 0.58 1.09 0.23 1.01 3.24 0.42 

Ni 0.05 <0.05 0.11 <0.05 0.15 121 0.16 <0.05 0.15 0.06 <0.05 <0.05 

P 97.4 38.6 43.1 108 69.2 <10 33.1 79.5 17.1 48.3 27.8 11.1 

Pb 0.24 0.14 0.30 0.14 0.30 6.59 0.30 0.12 0.21 0.07 0.09 0.16 

Rb 0.25 0.35 0.19 0.24 0.65 16.6 0.37 0.59 0.94 0.20 0.31 0.90 

Sb 0.35 0.06 0.07 0.30 0.15 0.31 0.07 0.13 0.18 0.07 0.08 0.12 

Se <0.5 <0.5 <0.5 <0.5 0.60 <0.5 <0.5 0.60 <0.5 <0.5 <0.5 <0.5 

Sr 0.32 0.46 0.14 0.24 2.05 4980 0.58 1.77 3.79 0.11 0.27 3.27 

Tl 0.01 0.02 0.01 0.01 0.03 0.06 0.01 0.03 0.02 0.01 0.02 0.01 

U 1.12 0.32 0.04 0.78 0.48 0.02 0.41 0.35 0.71 0.03 0.06 0.47 

V 0.34 0.30 0.47 0.35 0.89 5.98 0.28 0.91 0.77 0.48 0.66 0.73 

Zn 3.17 3.38 4.43 2.42 9.19 443 5.48 4.76 1.16 8.53 3.47 3.48 

Ca <0.1 0.18 <0.1 <0.1 1.29 447 0.26 1.24 2.10 <0.1 0.15 2.13 

Fe 

+139P/ 
mg/l 

<0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 

Li <0.005 <0.005 <0.005 <0.005 <0.005 0.05 <0.005 <0.005 0.005 0.005 <0.005 0.006 

Mg <0.1 <0.1 <0.1 <0.1 <0.1 30.2 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Na 5.02 8.90 6.61 4.76 11.8 2590 9.58 11.9 11.6 7.33 7.52 9.00 

S 0.38 0.37 0.55 0.40 0.65 0.52 0.43 0.68 0.40 0.65 0.37 0.36 

Si 1.63 1.64 1.15 1.48 1.36 4.26 1.79 1.32 1.92 1.11 0.95 1.66 

Br <0.1 <0.1 <0.1 <0.1 <0.1 30 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Cl 

+143R/ 
mg/l 

1.0 0.8 1.4 0.9 1.9 4620 1.0 1.7 1.2 1.5 2.7 0.9 

F <0.1 <0.1 <0.1 <0.1 0.1 <10 <0.1 0.1 0.7 <0.1 0.1 0.6 

SO4 0.8 0.8 0.7 0.9 1.4 2.8 0.9 1.4 0.6 1.0 0.7 0.5 

NO3 <0.2 <0.2 <0.2 <0.2 <0.2 <2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 
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Table A8. Analysis of different elements (El.) by ICP-MS (+139M), ICP-AES (+139P), 

IC (+143R) for samples taken at 23.3.2012 (154 d) and 5.4.2012 (168 d). 

El. 
Method/ 

Unit 

ONK-PP318 
13.85-14.15 m 

ONK-PP318 
16.75-16.99 m 

ONK-PP319 
9.35-9.65 m 

ONK-PP319 
12.58-12.92 m 

ONK-PP321 
10.14-10.41 m 

ONK-PP323 
17.90-18.20 m 

154 d 168 d 154 d 168 d 154 d 168 d 154 d 168 d 154 d 168 d 154 d 168 d 

Ag 

+139M/ 
µg/l 

0.02 0.02 0.01 0.01 0.02 0.03 0.02 0.01 0.08 0.07 0.01 0.02 

Al 53.9 61.2 99.8 117 225 272 256 281 241 269 158 162 

As 2.51 2.43 0.25 0.25 0.72 0.72 0.29 0.33 0.06 0.07 0.21 0.22 

B 0.37 0.18 0.31 0.05 0.11 0.08 0.19 0.13 0.46 0.34 <0.05 <0.05 

Ba <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Be 0.03 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 

Bi 0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 

Cd <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 

Co <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 

Cr 0.90 0.56 0.46 0.36 0.57 0.59 0.38 0.38 0.40 0.49 2.77 0.84 

Cu 0.20 0.13 0.12 0.13 0.18 0.23 0.18 0.15 0.30 0.27 0.15 0.13 

K 0.28 0.13 0.05 0.05 1.56 2.75 0.30 0.22 2.23 1.11 0.26 0.18 

Mn 3.65 2.12 0.92 0.86 1.26 0.96 0.59 0.49 0.19 0.18 0.84 0.77 

Mo <0.05 <0.05 0.12 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.17 2.76 <0.05 

Ni 148 141 65.7 68.6 85.2 91.3 35.5 39.3 25.4 23.4 37.7 52.7 

P <0.05 0.14 0.05 0.11 <0.05 <0.05 <0.05 <0.05 <0.05 0.17 0.29 0.06 

Pb 0.26 0.22 0.15 0.14 0.47 0.53 0.33 0.26 0.78 0.65 0.27 0.23 

Rb 0.25 0.21 0.05 0.04 0.10 0.10 0.04 0.04 0.09 0.08 0.05 0.05 

Sb <0.5 <0.5 <0.5 <0.5 0.63 0.6 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 

Se 0.31 0.14 0.11 <0.1 1.07 1.28 0.40 0.25 2.42 1.95 0.23 0.13 

Sr <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Th <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Tl 0.93 0.90 0.04 0.04 0.45 0.43 0.35 0.31 0.43 0.39 0.06 0.05 

U 0.27 0.27 0.48 0.52 0.81 0.98 0.20 0.24 0.57 0.57 0.59 0.64 

V 47.1 2.61 2.00 1.01 1.55 1.52 0.94 1.56 0.62 0.88 1.67 0.82 

Zn <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 

Ca 

+139P/ 
mg/l 

<0.1 <0.1 <0.1 <0.1 0.75 0.94 0.18 0.12 1.48 1.15 0.10 <0.1 

Fe <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 

Li <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 

Mg <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Na 3.76 3.52 5.36 5.17 9.95 8.91 8.06 6.20 7.59 6.67 5.92 5.28 

S 0.68 0.40 0.57 0.47 0.87 0.70 0.43 0.41 0.35 0.34 0.40 0.41 

Si 1.19 1.17 0.92 0.90 1.04 1.04 1.34 1.24 1.27 1.24 0.81 0.79 

Br 

+143R/ 
mg/l 

<0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Cl 0.8 0.6 1.0 0.9 1.2 1.1 2.0 0.6 0.9 0.6 1.8 1.5 

F <0.1 <0.1 <0.1 0.1 0.1 0.2 0.1 0.1 0.4 0.4 0.1 0.2 

SO4 1.2 0.8 0.7 0.7 1.3 1.3 0.9 0.8 0.5 0.5 0.8 0.8 

NO3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 
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Table A9. Analysis of different elements (El.) by ICP-MS (+139M), ICP-AES (+139P), 

IC (+143R) for samples taken at 20.4.2012 (182 d) and 4.5.2012 (196 d). 

El. 
Method/ 

Unit 

ONK-PP318 
13.85-14.15 m 

ONK-PP318 
16.75-16.99 m 

ONK-PP319 
9.35-9.65 m 

ONK-PP319 
12.58-12.92 m 

ONK-PP321 
10.14-10.41 m 

ONK-PP323 
17.90-18.20 m 

182 d 196 d 182 d 196 d 182 d 196 d 182 d 196 d 182 d 196 d 182 d 196 d 

Ag 

+139M/ 
µg/l 

0.02 0.02 0.01 0.01 0.02 0.03 0.02 0.01 0.08 0.07 0.01 0.02 

Al 53.9 61.2 99.8 117 225 272 256 281 241 269 158 162 

As 2.51 2.43 0.25 0.25 0.72 0.72 0.29 0.33 0.06 0.07 0.21 0.22 

Ba 0.37 0.18 0.31 0.05 0.11 0.08 0.19 0.13 0.46 0.34 <0.05 <0.05 

Be <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Bi 0.03 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 

Cd 0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 

Co <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 

Cr <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 

Cu 0.90 0.56 0.46 0.36 0.57 0.59 0.38 0.38 0.40 0.49 2.77 0.84 

K 0.20 0.13 0.12 0.13 0.18 0.23 0.18 0.15 0.30 0.27 0.15 0.13 

Mn 0.28 0.13 0.05 0.05 1.56 2.75 0.30 0.22 2.23 1.11 0.26 0.18 

Mo 3.65 2.12 0.92 0.86 1.26 0.96 0.59 0.49 0.19 0.18 0.84 0.77 

Ni <0.05 <0.05 0.12 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.17 2.76 <0.05 

P 148 141 65.7 68.6 85.2 91.3 35.5 39.3 25.4 23.4 37.7 52.7 

Pb <0.05 0.14 0.05 0.11 <0.05 <0.05 <0.05 <0.05 <0.05 0.17 0.29 0.06 

Rb 0.26 0.22 0.15 0.14 0.47 0.53 0.33 0.26 0.78 0.65 0.27 0.23 

Sb 0.25 0.21 0.05 0.04 0.10 0.10 0.04 0.04 0.09 0.08 0.05 0.05 

Se <0.5 <0.5 <0.5 <0.5 0.63 0.6 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 

Sr 0.31 0.14 0.11 <0.1 1.07 1.28 0.40 0.25 2.42 1.95 0.23 0.13 

Th <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Tl <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

U 0.93 0.90 0.04 0.04 0.45 0.43 0.35 0.31 0.43 0.39 0.06 0.05 

V 0.27 0.27 0.48 0.52 0.81 0.98 0.20 0.24 0.57 0.57 0.59 0.64 

Zn 47.1 2.61 2.00 1.01 1.55 1.52 0.94 1.56 0.62 0.88 1.67 0.82 

B <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 

Ca 

+139P/ 
mg/l 

<0.1 <0.1 <0.1 <0.1 0.75 0.94 0.18 0.12 1.48 1.15 0.10 <0.1 

Fe <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 

Li <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 

Mg <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Na 3.76 3.52 5.36 5.17 9.95 8.91 8.06 6.20 7.59 6.67 5.92 5.28 

S 0.68 0.40 0.57 0.47 0.87 0.70 0.43 0.41 0.35 0.34 0.40 0.41 

Si 1.19 1.17 0.92 0.90 1.04 1.04 1.34 1.24 1.27 1.24 0.81 0.79 

Br 

+143R/ 
mg/l 

<0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Cl 0.8 0.6 1.0 0.9 1.2 1.1 2.0 0.6 0.9 0.6 1.8 1.5 

F <0.1 <0.1 <0.1 0.1 0.1 0.2 0.1 0.1 0.4 0.4 0.1 0.2 

SO4 1.2 0.8 0.7 0.7 1.3 1.3 0.9 0.8 0.5 0.5 0.8 0.8 

NO3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 
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APPENDIX B: PARTITION DIAGRAMS OF ROCK CORES 

 
Figure B1. Partition diagram of rock cores ONK-PP318 16.75-16.99 m. 

 

 
Figure B2. Partition diagram of rock cores ONK-PP319 9.35-9.65 m. 
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Figure B3. Partition diagram of rock cores ONK-PP319 12.58-12.92 m. 

 

 
Figure B4. Partition diagram of rock cores ONK-PP321 10.14-10.41 m. 
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Figure B5. Partition diagram of rock cores ONK-PP323 17.90-18.20 m. 
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APPENDIX C: CONCENTRATION OF VARIOUS ELEMENTS AND OTHER 
PROPERTIES OF GROUNDWATER MEASURED FROM ONK-KR14 AND 
ONK-PP319 

 ONK-KR14 ONK-P319 Unit 

Measuring date 20.6.2011 21.2.2013  

LENGTH_FROM 28.1   

LENGTH_TO 29.6   

SAMPLE ID 1964 2546  

WATER TYPE Na-Cl Na-Cl  

Sodium fluorescein 1.2 <1 µg/l 

pH 7.0 7.9  

Conductivity 15.33 17.27 mS/cm 

Iron, Fe2+ - <0.02 mg/l 

Total acidity, NaOH uptake 0.06 - mmol/l 

Total dissolved solids 8601 9559 mg/l 

Bromide, Br 33 34 mg/l 

Calcium, Ca 520 690 mg/l 

Carbonate alkalinity, HCl uptake <0.05 <0.05 mmol/l 

Dissolved inorg. carbon 2 8.9 mg/l 

Iron, Fe 11 - µg/l 

Nitrogen, N total 6 - mg/l 

Non Purgeable Organic Carbon 50 2,1 mg/l 

Potassium, K 7.9 14 mg/l 

Strontium, Sr 4,5 5,7 mg/l 

Sulphide, S2- - <0.02 mg/l 

Magnesium, Mg 35 34 mg/l 

Sulphur, S total 1.4 - mg/l 

Total alkalinity, HCl uptake 0.2 0.73 mmol/l 

Bicarbonate, HCO3 12.2 45 mg/l 

Fluoride, F 1.5 - mg/l 

Nitrite, NO2 0.035 - mg/l 

Silicate, SiO2 6.2 5.4 mg/l 

Sodium, Na 2770 2840 mg/l 

Sulphate, SO4 0.3 1.1 mg/l 

Charge balance, calculated from HCO3 0.66 -1.85 % 

Ammonium, NH4 0.10 - mg/l 

Chloride, Cl 5210 5890 mg/l 

Nitrate, NO3 0.086 - mg/l 

Uranium, U 0.14 - µg/l 
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APPENDIX D: TRANSMISSIVITY OF WATER CONDUCTING FRACTURES IN 
DRILLHOLES ONK-PP319 AND ONK-PP321 

Drill hole ONK-PP319 was drilled to a length of 15.48 m in the left hand wall of niche 5 

(ONK-TKU-4219). The drillhole was not measured with Posiva Flow Log but a water 

conducting fracture was identified in an interval of the drill hole isolated by packers 

during the REPRO Water Vapour and Gas Diffusion Experiment. The isolated section 

was located at depths between 6.84 m to 10.70 m and was also connected to the interval 

below the test section, 13.70 m to 15.48 m (end of hole) so all fractures within these 

intervals may potentially be the flowing one(s).  Looking at the characteristics of the 

fractures and the comments by the geologist (Toropainen 2012), a fracture at drillhole 

length 14.97 m has similar fillings as other flowing fractures in the niche. The 

transmissivity of the fracture was estimated by collecting water in the guard section for 7 

months. A volume of 4 liters of water was collected. Assuming a driving force of 200 m 

(measured in neighboring drillholes at that distance from the tunnel), gives a rough 

estimate of transmissivity of 1 × 10−12 m2/s.  

 

Drill hole ONK-PP321 was drilled to a length of 13.34 m in the right hand wall of niche 

5 (ONK-TKU-4219). The drill hole was not measured with Posiva Flow Log but a water 

conducting fracture was identified in the packer isolated guard section of the REPRO 

Through Diffusion Experiment. The guard section was located at a drill hole length 

between 5.80 m to 10.80m and the fracture was identified as a slickenside fracture with 

fracture fillings of chlorite, illite, pyrite and clay minerals located at 8.36 m drill hole 

length (Toropainen 2012). The fracture (or set of fractures) was also identified in the 

closely located drill holes ONK-PP322, PP324, PP326 and PP327 with similar fracture 

characteristics. Water outflow from the borehole was measured for approximately one 

year. The outflow was 12 ml/week, and assuming a driving force of 100 m (actually 

measured), gives a rough estimate of transmissivity of about 2 × 10−13 m2/s. 
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