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ABSTRACT 

Over the past 20 years a considerable amount of work has been carried out to establish a 
palaeohydrogeological understanding of the Olkiluoto site and surrounding area, and to 
integrate this knowledge into the hydrogeochemical and hydrogeological descriptive 
and modelling programmes. This has involved not only a wide range of well established 
disciplines such as geology, hydrogeology and hydrochemistry, but also the extraction 
and determination of rock matrix porewaters by out-diffusion, a relatively new approach 
in crystalline rock. This required a sophisticated laboratory based input, not only to 
extract and analyse the porewaters, but also to take into consideration any effects 
associated to, for example, connected physical porosity and/or geochemical porosity in 
the rock matrix.  

In general, there is a good integrated understanding of the Olkiluoto site in terms of the 
geology, mineralogy, hydrology, hydrochemistry and the overall palaeohydrogeo-
chemical model. The Olkiluoto site has had a complex geological and environmental 
history from Precambrian to the Quaternary as shown by fluid inclusions in quartz 
grains and fracture calcites. The Quaternary time period has been dominated by a large 
climatic variation of cold glacial cycles with temperate interglacials and sea-level 
changes, all of which have contributed to the hydrogeochemical evolution at the 
Olkiluoto site. All data indicate that infiltration of aerobic water has systematically been 
limited to few metres depth in the bedrock at Olkiluoto.  Today at about the –300 m 
elevation level, there exists a distinct change in groundwater chemistry and mean 
residence time including a redox divide supported by a significant reduction in both the 
intensity and transmissivity of the water connected fracture networks. These indicate 
that long term stability (over the time span of glacial cycles) and sufficient buffering 
capacity of the water-rock system against aerobic infiltration, has dominated 
continuously until present times at Olkiluoto.  

Investigation results from matrix porewaters and fracture groundwaters indicate at least 
five to six different end-member water types that have contributed to current 
groundwater compositions. Salinity in these end-member waters varies from fresh water 
to highly saline brine and they seem to represent source waters from different 
environmental conditions, i.e. meteoric and marine waters from glacial to warm, and 
humid to arid climates. 

There are, however, several areas of uncertainty that have been highlighted during the 
present study that need to be resolved. For example, attempts to integrate the 
hydrogeology, groundwater chemistry and porewater chemistry, and their relationship 
to the palaeoevolution of the Olkiluoto site before and since the start of last glaciation, 
have encountered some difficulties. These include the choice of initial boundary 
conditions for the hydrogeological modelling, the necessity to consider alternative 
scenarios to explain present groundwater conditions, the choice of model input 
parameter values for diffusion and matrix pore diffusivity, and resolving potential 
problems associated with sampling and analysis of the porewaters. Some uncertainties 
are also related to the experimentally derived porewater concentrations. For example, 
one explanation to salinity differences between matrix porewaters and fracture 
groundwaters may be anion exclusion which has been interpreted in several laboratory 
experiments based on Olkiluoto and Finnish rock samples. Presently plans and studies 



 

are underway to address the many uncertainties that have resulted from this study and 
additional corroborative (or otherwise) data should be available in the near future. 

Keywords: Palaeohydrogeology, hydrogeochemistry, geology, bedrock (alteration, 
fracture fillings, microstructures), groundwater, matrix porewater, palaeoclimate. 



 

Olkiluodon paleohydrogeokemiallinen kehitys 

TIIVISTELMÄ 

Viimeisen 20 vuoden aikana kootuista huomattavista aineistoista on laadittu käsitys 
Olkiluodon ja sitä ympäröivien alueiden paleohydrogeologisesta kehityksestä ja 
yhdistetty tätä tietoa hydrogeokemialliseksi ja hydrogeologiseksi malliksi. Geologisen, 
hydrogeologisen ja hydrokemiallisen tiedon lisäksi malli käsittää aineistoa kallion 
matriksin huokosvesistä. Lähestymistapa, joka perustuu ulosdiffuusioon perustuviin 
uuttokokeisiin, on suhteellisen uusi kiteisten kivien tutkimuksessa. Se edellyttää pitkälle 
kehitettyjä laboratoriomenetelmiä, ei ainoastaan huokosveden erottamisen ja analyysin 
osalta, vaan tulosten tulkinnassa on myös pystyttävä huomioimaan vaikutuksia, jotka 
ovat seurausta mm. matriksihuokoisuuden fysikaalisesta kytkeytyvyydestä ja/tai sen 
suhteesta geokemialliseen huokoisuuteen. 

Geologian, mineralogian, hydrologian ja hydrokemian tulosten perusteella on voitu 
laatia yleisellä tasolla hyvä, ristiriidaton käsitys Olkiluodon paleohydrogeokemiallisesta 
kehityksestä. Geologinen ja ympäristöolosuhteiden historia prekambrista kvartääri-
kauteen on ollut hyvin kompleksinen mm. kvartsirakeiden ja rakokalsiittien fluidi-
sulkeumatutkimusten perusteella. Kvartäärikautta hallinneet suuret ilmastonmuutokset 
jääkausineen ja leutoine interglasiaaleineen, joihin kytkeytyy vielä merenpinnan vaih-
telut, ovat jättäneet jälkensä hydrogeokemialliseen evoluutioon. Kerätyt aineistot 
viittaavat siihen, että happipitoisen veden tunkeutuminen kallioon on systemaattisesti 
rajoittunut muutaman metrin syvyyteen kalliossa. Nykyisellään n. 300 metrin 
syvyydessä sijaitsee pohjavesikemiassa muutosvyöhyke, johon liittyy oleellinen muutos 
pohjaveden keskimääräisessä viipymässä sekä myös muutos redox-kemiassa. Tämä 
vyöhyke näyttää liittyvän syvyysvyöhykkeeseen, jossa vettäjohtavan rakoilun inten-
siteetti ja transmissiviteetti alkavat merkittävästi pienentyä. Nämä seikat viittaavat 
siihen, että hydrogeokemiallinen pitkäaikainen stabiilius (glasiaalisyklien yli) ja vesi-
kallio systeemin riittävä puskurikapasiteetti aerobista suotautumista vastaan ovat 
vallinneet keskeytyksettä näihin päiviin asti Olkiluodossa. 

Matriksihuokosvesien ja rakopohjavesien tulokset viittaavat vähintään viiteen – kuuteen 
erilliseen päätejäsenvesityyppiin, jotka vaikuttavat nykyisiin pohjavesikoostumuksiin. 
Suolaisuus vaihtelee näissä päätejäsentyypeissä makeasta vedestä erittäin korkean 
suolaisuuden veteen (brine) ja ne edustavat suotautumisolosuhteiltaan varsin erilaisia 
ympäristöolosuhteita: meteorista ja merellistä vettä, glasiaalisesta lämpimään ja 
kosteasta kuivaan ilmastoon. 

Tutkimuksessa on havaittu useita epävarmuuksia, jotka pitää ratkaista jatkossa. 
Esimerkiksi hydrogeologian, pohjavesikemian ja huokosvesikemian yhdistäminen ja 
niiden keskinäinen suhde viime jääkautta edeltävään ja sen käynnistymisen jälkeiseen 
paleoevoluutioon on kohdannut joukon vaikeuksia. Näihin lukeutuu hydrogeologista 
mallia koskevat initiaalireunaehdot, tarve pohtia vaihtoehtoisia tapoja selittää nykyiset 
hydrogeologiset olosuhteet, matriksin huokosdiffusiviteettia koskevat malliparametrit ja 
ratkaista huokosvesien näytteenottoon ja analysointiin liittyviä potentiaalisia ongelmia. 
Osa epävarmuuksista liittyy kokeellisesti saatuihin huokosvesien konsentraatioihin. 
Esimerkiksi suolaisuuserot matriksihuokosvesien ja rakopohjavesien välillä saattavat 
johtua anioniekskluusiosta, jonka on tulkittu vaikuttavan monissa Olkiluodon ja 



 

muualtakin Suomesta peräisin olevien kivinäytteiden laboratoriokokeissa. Nykyisellään 
on meneillään tutkimuksia ja suunnitelmia, jotka tähtäävät tässä raportissa havaittujen 
epävarmuuksien selvittämiseen ja niihin liittyvää uutta vahvistavaa (tai tuomitsevaa) 
aineistoa pitäisi olla lähiaikoina saatavilla.   

Avainsanat: Paleohydrogeologia, hydrogeokemia, geologia, kallio (muuttuminen, 
rakotäytteet, mikrorakenne), pohjavesi, matriksihuokosvesi, paleoilmasto. 
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1 INTRODUCTION 

1.1 Background 

More than the past 20 years a considerable amount of work has been carried out to 
establish a palaeohydrogeological understanding of the Olkiluoto site and surrounding 
area, and to integrate this knowledge into the hydrogeochemical and hydrogeological 
descriptive and modelling programmes. This understanding has evolved from a wide 
range of disciplines including geology (fracture and rock matrix mineralogy, 
geochemistry, matrix micropore structure and fluid inclusions), hydrogeology (water 
conducting fractures and their geometry) and hydrochemistry (fracture groundwaters 
and matrix porewaters). In this report the disciplines are interpreted collectively with 
respect to evidence of past and present climatic events. The site specific data used in the 
report has been collected from numerous deep drillholes on the Olkiluoto island (Figure 
1-1), underground ONKALO tunnel and by surface mapping (see Posiva 2013).  

1.2 Scope and objectives 

The main scope is to produce an integrated report focussed on the palaeohydrogeology 
of the Olkiluoto site which will serve as one of several background reports to the overall 
Olkiluoto site description. The main objective will be to provide palaeohydrogeological 
understanding and input to the hydrogeochemical and hydrogeological descriptive and 
modelling programmes (Posiva 2013).  

1.3 Organisation of work 

Following this introduction, the report comprises a series of Chapters (2–9) each 
devoted to a particular discipline were the most up-to-date knowledge available is 
presented: a) Geological and climatic evolution. b) Hydrogeological setting. c) Fluid 
inclusions in crystalline matrix. d) Palaeohydrogeological implications from fracture 
infillings. e) Petrophysical transport properties. f) Rock matrix porewaters. g) 
Palaeohydrogeological and evolution of groundwater salinity. h) Hydrogeological flow 
modelling. 

This is followed by a ‘Synthesis of results and discussion’ in Chapter 10 were the most 
relevant information is selected and discussed. Chapter 11 then addresses the 
‘Compatability of porewater observations and hydrogeological flow modelling’. 
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Figure 1-1. Investigation site with deep drillholes at Olkiluoto. The ONKALO has been 
consrtructed under the map area shown in the middle of lower part of the figure.  
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2 GEOLOGICAL AND CLIMATIC EVOLUTION 

2.1 Bedrock geology 

2.1.1 Regional setting 

The regional geology of the southern Satakunta area, in which Olkiluoto lies (Figures 2-
1 and 2-2), is summarised in the Geological Model of Olkiluoto Site (Aaltonen et al. 
2010) and in the Olkiluoto Site Description 2011 (Posiva 2011). For a more 
comprehensive description of the geology the reader is referred to Paulamäki et al. 
(2002), Paulamäki & Kuivamäki (2006) and Appendix A that also includes geologic 
time table. 

 

Figure 2-1. Location of the Olkiluoto site in southwestern Finland. Palaeoproterozoic 
felsic and intermediate plutonic rocks in southern Finland (Nironen et al. 2005, 
modified from Korsman et al. 1997). Terrane boundaries (in blue) between the Arc 
complex of southern Finland (ASF), the Arc complex of western Finland (AWF) and the 
Primitive arc complex (PA), according to Korsman et al. 1997. 

The Palaeoproterozoic supracrustal rocks in southwestern Finland have undergone 
polyphase ductile deformation. The earliest observed tectonic structure is biotite 
foliation S1 parallel to the bedding (Väisänen & Hölttä 1999) and the dominant foliation 
is usually the penetrative S2 with tectonic/metamorphic segregation. Both D1 and D2 
structures are deformed by regional F3 folding (Väisänen & Hölttä 1999). In the pelitic 
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migmatite belt, D4 structures are local subvertical or SE-dipping shear zones that strike 
N-S to NNE-SSW and cross-cut the previous structures (Väisänen & Hölttä 1999). 

 

Figure 2-2. Precambrian bedrock in southern Satakunta area in which Olkiluoto lies 
(blue circle). PEMB = Pelitic migmatite belt, PSMB = Psammitic migmatite belt. 

The Svecofennian metamorphism has been attributed to a thinning of the tectonically 
thickened crust and subsequent intra- and underplating, which led to a strong increase in 
temperature (Korsman et al. 1999). Typical metamorphic minerals, present as 
porphyroblasts in pelitic metasedimentary rocks, include andalusite, staurolite, garnet, 
cordierite, sillimanite and potassium feldspar. The temperature of the metamorphism is 
estimated at 650-700°C and the pressure at 4-5 kbar, corresponding to the upper 
amphibolite facies under low pressure metamorphism. The peak temperature of 700-
800°C was attained in the migmatite areas under pressures of 4-6 kbar (Posiva 2011). 

The 1.9-1.8 Ga Palaeoproterozoic bedrock of southern Satakunta can be subdivided into 
two main domains; a pelitic migmatite belt (PEMB) in the southwest and a psammitic 
migmatite belt (PSMB) in the northeast (cf. Figure 2-2). The model of tectonic 
evolution of the Palaeoproterozoic bedrock in southern Finland is traditionally based on 
the concept of one single long Svecofennian orogeny (Lahtinen 1994, Nironen 1997, 
Korsman et al. 1999), and it has been more thoroughly summarised in Paulamäki et al. 
(2002). However, Lahtinen et al. (2005) have divided the former Svecofennian orogeny 
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into five separate orogenies, and the present Satakunta area was considered part of the 
island arc systems attached to several microcontinents prior to 1890 Ma, the 
supracrustal rocks of the area representing sedimentation in island arc environments. 

The area between PEMB and PSMB is occupied by Mesoproterozoic rapakivi granites 
(1.58-1.48 Ga), sandstone (1.4-1.3 Ga) (cf. Figure 2-3a) and olivine dolerites (1.27-1.25 
Ga) (Figure 2-2). Narrow interlayers of metavolcanic rocks occasionally occur in the 
metasedimentary sequences. Plutonic rocks composed of trondhjemite, tonalite, 
granodiorite, coarse-grained granite and pegmatite (i.e. granitoids) intruded the 
migmatites. Except for a few small bodies of gabbro and diorite, more mafic intrusive 
rocks are encountered only as small xenoliths (Posiva 2011). 

In the Bothnian Sea basin, the submarine equivalent of the Satakunta sandstone is 
overlain by Cambrian and Lower Ordovician sandstone, siltstone and mudstone, which 
are, in turn, covered by Middle and Upper Ordovician limestone (Paulamäki & 
Kuivamäki 2006). Although Palaeozoic sedimentary rocks do not at present exist 
onshore in the southern Satakunta, large parts of the Precambrian bedrock were once 
covered by such sedimentary material. In Finland, approximately 600-420 Ma ago, 
there was a stage of platform sedimentation (Figure 2-3d). In response to the opening of 
the Iapetus Ocean, a shallow marine continental margin was created. Siliciclastic 
sediments (mainly Cambrian) and platform carbonates (mainly Ordovician) are 
preserved in the Bothnian Sea area (Figure 2-3c) (Kohonen & Rämö 2005). 

Apatite fission track studies indicate that extensive Silurian to Devonian deposits most 
likely covered large parts of the Fennoscandian Shield, with an estimated thickness of 
about 1 km in the Satakunta area (Larson et al. 1999). These deposits were derived from 
the eroded Caledonian mountain chain along the northwestern margin of the 
Fennoscandian shield (Figure 2-3e). The Palaeozoic-Mesozoic sedimentary cover still 
existed at the time of the Lappajärvi meteorite impact approximately 75 Ma ago, but 
was eroded away, probably during the late Mesozoic or early Cenozoic (Kohonen & 
Rämö 2005). It has been estimated that uplift in the Bothnian Sea area during 
Palaeogene and Neogene times was about 500 m (van Balen and Heeremans 1998). In 
the Fennoscandian Shield, U-Pb data and apatite fission track studies indicate that the 
rocks of the present bedrock surface were heated in the late Palaeozoic. This can be 
explained by thick terrestrial or shallow water deposits resulting from erosion products 
of the Caledonides (Larson & Tullborg 1998). 

During the Cretaceous, the uplift of the Caledonian foreland basin declined or possibly 
ceased, at least in southern Sweden, and the transgression of the Cretaceous Sea caused 
deposition of sediments that have subsequently been eroded (Larson et al. 1999). The 
FT (fission track) models typically reach temperatures >60°C again at the end of the 
Cretaceous. This may represent a slight reburial due to deposition of sediments from 
Cretaceous tectonics in the North Atlantic shear zone (Cederbom et al. 2000, Murrell et 
al. 2004). Palaeozoic and Mesozoic sedimentary cover of Finland was probably 
removed during the Palaeogene to Neogene uplift (Kohonen & Rämö 2005, Paulamäki 
& Kuivamäki 2006). During Late Pliocene and Pleistocene, the tectonic uplift was 
amplified by isostatic rebound in response to the glaciation. Thick sedimentary 
sequences were deposited resulting from uplift and increased erosion (Riis 1996, 
Stuevold & Eldholm 1996). (For more inclusive compilation of geological history of the 
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Finland, Satakunta and Olkiluoto, the reader is referred to the geological time scale in 
Appendix A). 

 

Figure 2-3. Schematic palaeogeographic maps of Fennoscandia (redrawn after 
Kohonen and Rämö 2005).Olkiluoto shown by red arrow in a. The blue areas indicate 
the present distribution of Mesoproterozoic cover, the horizontally ruled areas 
represent active depositories, and the dotted areas show the sedimentary cover. a) 
Alluvial-fluvial-eolian deposition in intracratonic rift basins; the red arrow indicates 
the main direction of sediment transport; b) Sweconorwegian foreland basin; examples 
of assumed ~1,270 Ma normal faults (jagged lines) controlling the preservation of 
earlier cover are also indicated; c) Remnants of sedimentary cover ~700 Ma ago; d) 
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The Ordovician carbonate platform; the assumed continental margin normal fault 
system (jagged lines) is also outlined; e) The Caledonian foreland basin; the estimate of 
major lithospheric flexure (the deepest part of the basin) according to Samuelsson & 
Middleton (1998); f) Assumed main sediment transport system (red arrows) and 
reactivation of earlier faults (jagged lines) ~30 Ma ago; schematic contours of late 
Mesozoic and Palaeogene uplift are also indicated (after Riis 1996). 

The Tertiary period of northern Europe was characterised by tectonic movements 
related to the opening of the North Atlantic and the Alpine Orogeny in southern and 
central Europe (Rasmussen et al. 2008), and changes in geography (Figure 2-4) caused 
strong variations in depositional regimes. The first phase of the western Scandinavian 
uplift, amounting close to 1,500 m in northern Sweden, occurred in the Palaeogene in 
connection with the opening of the North Atlantic (Stuevold & Eldholm 1996). Towards 
the Eocene-Oligocene boundary, the ‘greenhouse climate’, prevailing since the 
Mesozoic, changed to modern ‘icehouse climate’. Growing ice caps in Antarctica and 
Greenland caused generally lowering of the eustatic sea level, and the depositional 
regime changed. First the prograding deltaic complex developed, sourced from the 
Fennoscandian Shield (Rasmussen et al. 2008). The second major episode of the 
Western Scandinavian uplift occurred in the Neogene starting from late Oligocene 
(Stuevold & Eldholm 1996, Paulamäki & Kuivamäki 2006). The Palaeozoic and 
Mesozoic sedimentary cover of Finland was probably removed during the Palaeogene to 
Neogene uplift (Kohonen & Rämö 2005, Paulamäki & Kuivamäki (2006). 
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Figure 2-4. Palaeogeographic reconstruction of NE Atlantic and North Sea during the: 
A) Danian, B) Earliest Early Eocene, C) Late Eocene, D) Early Miocene, and E) Late 
Miocene (Rasmussen et al. 2008). 

2.2 Local features 

2.2.1 Rock formation 

The bedrock of Olkiluoto comprises Svecofennian supracrustal high grade metamorphic 
rocks which are variably migmatised and belong to the Pelitic migmatite belt (PEMB) 
(cf. Figure 2-2). On the basis of their major mineral composition, texture and migmatite 
structure, the rocks of Olkiluoto can be divided into four major classes; 1) migmatitic 
gneisses, 2) tonalitic-granodioritic-granitic gneisses (hence TGG gneisses), 3) other 
gneisses occurring as inclusions in the migmatitic gneisses and including mica gneisses, 
quartz gneisses and mafic gneisses, and 4) pegmatitic granites. These rocks are cut by a 
few dolerite dikes. The migmatitic gneisses can further be subdivided on the basis of 
their migmatite structures and degree of migmatisation (Kärki & Paulamäki 2006, 
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Aaltonen et al. 2010). The lithological map in Figure 2-5 is mainly based on outcrop 
mapping, investigation trenches, dillhole data, and geophysical ground and airborne 
surveys. 

The Palaeosome or mesosome of the migmatitic gneisses in Olkiluoto are typically 
composed of banded mica gneiss which contains 10-40% biotite, 20-45% quartz, 10-
30% plagioclase and less than 20% potassium feldspar. Cordierite, sillimanite or garnet 
occurs as porphyroblasts. The main minerals of the leucosomes are potassium feldspar, 
quartz and plagioclase (Aaltonen et al. 2010). 

Based on the whole rock geochemistry, the supracrustal rocks of Olkiluoto can be 
divided into four series: T series (Turbidite series), S series (Skarn series), P series 
(Phosphorus series), and basic volcanogenic gneisses. In addition, pegmatitic granites 
form a both macroscopically and chemically distinguishable group. The T, S and P 
series are estimated to comprise 42-46%, 7-12% and 26-28%, respectively, and the 
various pegmatitic granites about 20% of the volume of the central part of the island of 
Olkiluoto (Kärki & Paulamäki 2006). 

The chemical compositions of the T series resemble those of metasedimentary rocks of 
pelitic and greywacke origin. The end members of the series are assumed to have 
developed from clay mineral-rich pelitic materials (migmatitic gneisses and mica 
gneisses) and greywacke type impure sandstones (quartzitic gneisses). Consequently, 
these high grade metamorphic rocks are assumed to originate from turbidite type 
sedimentary materials. The members of the S series are mafic gneisses and amphibole 
(±pyroxene)-bearing quartz gneisses. In the drillcores they form homogeneous, often 
fine-grained gneiss layers, whereas in the outcrops they typically occur as concretion-
like fragments or roundish boudins. In the P series, TGG gneisses are the largest 
subgroup, but it also includes various migmatitic gneisses, mica gneisses and mafic 
gneisses.  

The members of the T series constitute a transition series, the end members of which are 
relatively dark and often cordierite-bearing mica gneisses and migmatites that may have 
less than 60% SiO2. TiO2 decreases from 0.8 to 0.4% following an increase in SiO2 
content, Al2O3 from 19 to 11%, total iron (in the form of Fe2O3) from 9 to 3%, MgO 
from 3.5 to 1.5% and K2O from about 4 to 2%. The Na2O content increases from 2 to 
3% and CaO from 0.5 to 1.5% with increased silicity (Kärki & Paulamäki 2006).  

Calcium concentrations typical of the S series exceed 2%, and maximum concentrations 
are more than 13%, while those in the T series are less than 2%. The gneisses and 
migmatites of the S and T series that contain between 65% and 78% SiO2 but less than 
5% CaO are chemically very similar. In addition to the high calcium concentrations, the 
only differences are slightly higher MnO contents and lower alkali contents in the S 
type gneisses. These gneisses, which are slightly enriched in calcium, constitute the first 
subgroup in the S series, which can be designated as the low Ca subgroup (Kärki & 
Paulamäki 2006).  

The P series is characterised by high phosphorus content; values exceeding 0.3% are 
characteristic, whereas the rocks of the other series mostly contain less than 0.2% P2O5. 
P-type gneisses are subdivided into three groups; mafic gneisses, mica gneisses and 
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migmatites, and P-type TGG gneisses. For mineralogical and chemical characteristics 
refer to section 4.3.1 in Kärki & Paulamäki (2005). 

Based on comparison of chemical composition, rocks in the P series probably originate 
from the same kind of turbidite material as the T-type metasedimentary rocks, but was 
additionally mixed with material from picritic type volcanic deposits, and subsequently 
affected by physical and chemical enrichment processes that produced the final 
phosphorus rich sediment material (Kärki & Paulamäki 2006, Aaltonen et al. 2010). 

The rocks of Olkiluoto were metamorphosed under different metamorphic conditions 
simultaneously with the four phases of ductile deformation (1.86-1.81 Ga) (cf. Aaltonen 
et al. 2010, Chapter 7 and Posiva 2011, Chapter 4). The peak metamorphic mineral 
assemblages of all rock types found in Olkiluoto, with the exception of the dolerite 
dikes, belong to the upper amphibolite facies. Pressure and temperature conditions 
during the culmination of regional metamorphism in Olkiluoto, calculated and predicted 
from mineral assemblages, where 660-700ºC and 3.7-4.2 kbar. Metamorphism in that 
environment took place after the second stage of regional deformation and subsequent 
retrogressive processes have also modified the mineral assemblages in many ways 
(Aaltonen et al. 2010, Tuisku & Kärki 2010). 

2.2.2 Alteration 

There are three independent alteration processes that have affected the Olkiluoto 
bedrock and these clearly represent different ages in the geological history of Olkiluoto; 
retrogressive metamorphism (Palaeoproterozoic), hydrothermal alteration 
(Mesoproterozoic) and surface weathering (Cenozoic?) of the bedrock.  

Retrogressive metamorphism has affected the rocks after the main peak of 
metamorphism which terminated no later than 1.79 Ga ago, if not earlier. These 
retrograde changes can be seen as sericitisation and saussuritisation of feldspars and 
chloritisation of mafic minerals. Hydrothermal alteration and greisen type 
mineralisation are well described from the Eurajoki rapakivi granite stock, about four 
kilometres east of the Olkiluoto Island. Several publications deal with the geology, 
petrology, mineralogy, mineralisation and geochemistry of the granite and the greisen 
bodies in that area (e.g. Haapala 1974, 1997, Rämö & Haapala 2005). The hot corrosive 
fluids have generated zones of advanced alteration in which the whole rock chemistry, 
mineralogy and mineral chemistry have been substantially modified. Typical 
hydrothermal alteration products include Fe-sulphides (pyrrhotite, pyrite), clay minerals 
(illite, smectite-group, kaolinite) and calcite (Aaltonen et al. 2010). 

Prior to or at the early stage of hydrothermal alteration, regionally detected 
greisenisation had taken place (Haapala & Kinnunen 1979). Greisenisation represents a 
slightly higher temperature (260–480°C) and a smaller volume of rock than the main 
hydrothermal fluid circulation producing numerous veins and networks in the Eurajoki 
rapakivi stock and in the Olkiluoto migmatitic gneisses. The driving force for 
hydrothermal processes in Olkiluoto is understood to be connected with the rapakivi 
granite system (Aaltonen et al. 2010). 
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Even though hydrothermal alteration in Olkiluoto, in general, has a striking influence 
on mineralogy and mineral chemistry, the whole rock geochemical alteration signatures 
are difficult to identify. One reason for this is that the rock types in Olkiluoto represent 
a wide range of compositional types. Typically, the parent rock and the altered whole 
rock compositions do not deviate from the range which is expected of the compositional 
variation of the parent rock itself. The overall trend of alteration is the replacement of 
framework silicates by sheet silicates and this type of alteration portrays new structural 
vacancies for various ions in the course of alteration. Typically altered rocks in 
Olkiluoto have undergone K-metasomatism, i.e. K gain and Na+Ca loss (Aaltonen et al. 
2010, chapter 8). 

The extent of hydrothermal alteration cannot be determined by direct comparison of the 
percentage compositions of altered and unaltered rocks. Warren et al. (2007) have 
applied the alteration indexing method which was originally introduced by Gresens 
(1967). Its purpose is to graphically evaluate mass changes associated with K-
metasomatism and Warren et al. (2007) used the plots of molar (2Ca + Na + K)/Al 
versus molar K/Al. This arrangement enables a comparison of the compositions of 
altered rocks with those of primary and secondary K-, Na-, Ca-, and Al-bearing 
minerals. Because CO2 plays a special role, as calcite is one of the most common phases 
in altered regimes in Olkiluoto, the weight of calcite has been taken into account as a 
third factor in a ternary plot ((2*Ca+K+Na)/Al – K/Al – CO2) which is a modification 
of the method described above. For comparing altered and fresh rocks in Olkiluoto, see 
Chapter 8 and Figure 8-8 in Aaltonen et al. (2010). 

Potassium metasomatised rocks in Olkiluoto are distinguished by their elevated CO2. 
The comparison of unaltered median bulk compositions of different rock types with the 
average altered rock bulk contents reveals a slight increase in F and Zr and depletion of 
U contents. When taking into account the alteration type of each rock type composition, 
it seems obvious that illitic alteration, in the case of mica rich gneisses, has led to a 
minor gain of Mg and Ti (Aaltonen et al. 2010). 

There are only few indications of geological processes affecting the chemistry and 
mineralogy of the rocks of Olkiluoto during the Palaeozoic or Mesozoic. Fluid inclusion 
analyses have suggested 50-70°C trapping temperatures in platy grey fracture calcites 
(Larson et al. 1999, Kohonen and Rämö 2005, Blyth et al. 2009). An apatite fission 
track study of a sample from level -998 m elevation in a deep drillhole at Olkiluoto 
shows an apatite annealing age of 413±14 Ma (Larson et al. 1999) and total annealing 
implies temperatures of at least about 100°C. Data from several zircons in Olkiluoto 
reflect Palaeozoic disturbance in U-Pb system based on lower intercept ages. This is a 
common phenomenon in the Fennoscandian Shield (Suominen 1991, Mänttäri et al. 
2006, 2007 and 2010). 

The above mentioned examples are thought to be related to deep burial and to 
interpretations of Silurian to Devonian sediments covering large parts of the 
Fennoscandian Shield with an estimated thickness of about 1 km in the Satakunta area 
(Larson et al. 1999, Cederbom et al. 2000, Kohonen and Rämö 2005). Formation of 
hypersaline fluid inclusions in platy gray fracture calcites in Olkiluoto may have a 
connection to Permian evaporites of northern Europe (Blyth et al. 2000, Pitkänen et al. 
2004, Słowakiewicz 2009). Extensive evaporite formations linked to the Zechstein Sea, 
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located along the southern and western margin of Fennoscandia, are dated to ~250-260 
Ma (Słowakiewicz 2009). 

Surface weathering, which represents the youngest alteration event in Olkiluoto, 
typically is the result of four factors; 1) lithology, 2) athmosphere, 3) hydrosphere, and 
4) biosphere. Rocks are decomposed by the action of external influences such as wind, 
rain, temperature changes, plants, bacteria or chemical factors, close to the ground 
surface at a particular time during the geological history (Aaltonen et al. 2010). Strongly 
weathered rocks have been observed in a few localities on the Olkiluoto site, typically 
in a few deep formations some tens of metres in maximum (Aaltonen et al. 2010). 
According to Lindberg (2009), weathering in Olkiluoto is indicated by high porosity, 
the abundance of chlorite instead of biotite, and the presence of pink and indistinct 
feldspars. Many samples contain goethite, red-brown hematite and iron oxyhydroxides 
and some of the fractures are coated with secondary minerals, even clay. There are no 
age data of this weathering phenomenon, but possibly these rocks represent the 
Palaeocene-Eocene erosional surface in Olkiluoto (Lindberg 2009, Aaltonen et al. 
2010). 

2.3 Fractures and mineralisations in Olkiluoto 

Fracture mineralogy at the Olkiluoto site has recorded a number of events of crustal 
evolution since the main phases of the Svekokarelian orogeny. The activities generated 
by Rapakivi magmatism (1.65-1.54 Ga; Haapala 1997) and related hydrothermal 
circulation during the range of cooling, the rapakivi magma formed extensive alteration 
zones which appear locally as thin fracture fillings and in other places as penetratively 
altered rock. These alteration zones may have thicknesses ranging from tens of 
centimetres to tens of metres. 

The main alteration types are; 1) kaolinisation, 2) illitisation, 3) carbonisation, 4) 
sulphidisation, and 5) silicification. The three first mentioned are the most frequently 
observed types and the most common fracture filling types are those that contain clay 
mineral phases and calcite. The proportion of sulphides (pyrite and pyrrhotite) is almost 
the same as that of clay minerals and calcite, but it varies a lot and the occurrence of 
pyrrhotite occasionally seems to be controlled by the concentration of sulphur in host 
rock composition. Occurrences of filling minerals in Olkiluoto are briefly described in 
Table 2-1. 

The main clay mineral phases identified from the Olkiluoto site by X-ray diffraction 
(XRD) and other instrumental methods contain a variety of clay sized phyllosilicates, 
the most important of which are the kaolinite, smectite and chlorite groups, and illite. 

The fracture infillings typically contain accumulations of secondary allochtonous 
weathering products, typically clay mineral phases, which have been identified by 
XRD-methods to be composed variously of montmorillonite, secondary illite, kaolinite, 
chlorite and smectite. 

The hydrothermally altered zones typically contain more than one textural type of clay 
mineral phase and similarly calcite is found to have several generations. The most 
common textural types of illite are soapy (green) and waxy (yellow) forms, of which the 
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last mentioned is inferred to be the product of higher hydrothermal temperatures than 
that of kaolinite. Typical for the illitic fracture infillings is that in several cases they are 
related with the pervasively illitised micaeous rock types in which the fracture intensity 
is elevated. 

The studies on the alteration processes in hydrothermally altered regimes (e.g. White & 
Hedenquist 1995) show evidence that the formation of illitic fracture fillings and illitic 
alteration zones are favoured in neutral hydrothermal fluid circulation while the 
formation of kaolinitic infilling systems are recognised to be more apparent in acid 
conditions. At the Olkiluoto site the fluctuation of pH, redox and temperature under the 
varying fluid pressures are taken to be the determining factors controlling the 
development of the sheet silicates in fracture infillings derived by hydrothermal 
processes. Illite dominating and kaolinite dominating fracture/alteration zones are often 
separate from each other, but just as common is to find these two phases present in the 
same fractures/alteration zones forming the pervasively altered zones. Quite typically 
kaolinite tends to occupy the core position in the illite-kaolinite composite fillings. 

Table 2-1. Proportion of fractures with the most common filling minerals and mineral 
combinations. The expected probabilities to find a particular combination are 
calculated from single mineral occurrences and the difference between expected and 
observed values is shown in the last column. Calculations are based on fracture data 
from the POTTI investigation database. 

Percentage 
occurrence of a 
particular filling 
mineral: 

 Most common observed 
filling mineral combination 
in Olkiluoto 

Observed 
[%] 

Most 
probable 
combination 
[%] 

Difference 
between 
expected and 
observed % 

Calcite 35.4 No fillings 24.7 15.3 9.5

Pyrite 30.6 Calcite 6.3 8.4 -2.1

Kaolinite 25.0 Kaolinite 5.2 5.1 0.1

Chlorite 22.6 Calcite+Pyrite 4.5 3.7 0.8

Illite 21.2 Illite+Kaolinite 3.0 1.4 1.6

Clay 16.8 Calcite+Chlorite 2.9 2.4 0.5

Sericite 4.5 Pyrite+Kaolinite 2.5 2.2 0.3

Graphite 1.8 Clay 2.5 3.1 -0.5

Black pigment 1.6 Calcite+Pyrite+Chlorite 2.5 1.1 1.4

Quartz 1.4 Illite 2.4 4.1 -1.7

Corrosion 0.7 Pyrite+Clay 2.2 1.4 0.8

Pyrrhotite 0.6 Pyrite 2.1 6.7 -4.6

Smectite 0.4 Chlorite 2.0 4.4 -2.5

Montmorillonite 0.2 Illite+Chlorite 1.6 1.2 0.4

Calcite+Illite 1.4 2.2 -0.8

Calcite+Clay 1.4 1.7 -0.3

Illite+Kaolinite+Chlorite 1.1 0.4 0.7

Pyrite+Chlorite 1.0 2.0 -0.9

Pyrite+Clay+Chlorite 0.7 0.4 0.3

Illite+Clay 0.4 0.8 -0.5
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In hydrothermal regimes calcite precipitation is known to have proceded alkaline 
conditions. A number of textural types of calcite have been detected in fractures and 
fracture zones at Olkiluoto. Obviously the hydrothermal conditions have locally 
favoured calcite precipitation, but on the other hand at the same location the T-Eh-pH-
conditions may have reached the situation where calcite decomposition has occurred. 
Fluid inclusion studies show that calcite has formed at temperatures ranging from about 
60º to 240ºC (cf. Chapter 5) where the higher temperature types are well crystallised 
and typically transparent, while the low temperature types are ‘muddy’ and fine grained 
(see also Section 5.1.5). 

Typically, calcite is the latest fracture mineral to form in the hydrothermally altered 
zones and also in fractures outside the zones. Therefore, calcite obviously has blocked 
to some extent fluid circulation in the later stages of hydrothermal activity or, 
alternatively, it has pervasively filled the network of open fractures when there has been 
a temperature return to prevailing conditions. Calcite infillings are widespread within 
the Olkiluoto site; however there are distinct zones of carbonatisation closely related 
with other types of alteration zones (cf. Figure 2-6).  

The occurrence of sulphides (pyrite, pyrrhotite) appear to be closely related to the clay 
mineral and calcite zones, but the occurrence of fracture sulphides are also coupled to 
the host rock sulphide content in several locations. Especially the mica rich gneisses 
appear to show a positive correlation with the sulphide content. Pyrrhotite bearing 
fractures are related to the graphitic gneisses/schists which are present as units of 
thicknesses ranging from centimetres to several metres. In drillcore samples 
crosscutting these units the fractures have graphite as a major filling phase along with 
pyrrhotite. 

Fractures, brittle fracture zones and zones of higher water conductivity, typically 
contain friable clay mineral fillings which are often associated with zones of dense 
carbonate vein stockworks up to several tens of millimetres in thickness. Calcite tends 
to form a loose cementation in the infillings thus increasing their cohesion. 
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Figure 2-6. A network of calcite (white) and illite (yellowish) veins in a drillcore of 
mica gneiss from a depth of about 550 m in the Olkiluoto site. 

In the geological discrete fracture network (DFN) model of Olkiluoto, version 2 (Fox et 
al. 2011), fracturing is approached statistically and is described for the major tectonic 
units (Aaltonen et al. 2010). In DFN modelling, fractures are divided into subgroups 
mainly based on fracture filling minerals. Although fractures in Olkiluoto typically 
comprise a combination of several fillings and do not show clear populations, fracture 
parameters in Posiva's fracture database have been used to define fracture class systems. 
The main classes are; 1) fractures dominated by calcite, 2) fractures dominated by 
hydrothermal clays, 3) slickensided fractures, and 4) other fractures. For class statistics, 
the reader is referred to Fox et al. (2011) and Posiva Oy (2011, Chapters 4 and 8). 
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3 HYDROGEOLOGICAL SETTING 

3.1 Olkiluoto Island 

Olkiluoto island (Figure 3-1), separated from the mainland by a narrow strait, is about 
12 km2 in extent and is surrounded by quite shallow brackish seawater (less than 12 m 
in depth) with a salinity of about 6 g/L (Pitkänen et al. 1999, 2004).  It is 
topographically fairly flat with most variation less than 5 metres above the average sea 
level (m.a.s.l.) and the highest point to the south-west part of the island is about 18 
m.a.s.l. The bedrock surface is somewhat irregular, but the surface relief is relatively 
subdued as depressions in the bedrock surface are filled with a thicker layer of mostly 
till with minor clay, silt and gravel layers; the thickness of the overburden is usually 2–5 
metres and the most elevated parts of the bedrock are exposed.  The present uplift rate 
mainly due to the isotatic adjustment is about 6 mm/a; this is significant as it reflects the 
gradually withdrawing shoreline of the island responsible for establishing the changing 
hydrological conditions at Olkiluoto during the Holocene, i.e. conditions that are 
continuing to the present day. 

 

 

Figure 3-1. Topography and water table at the Olkiluoto investigation site. 

Olkiluoto has a continental climate with some local marine influence due to its location 
on the eastern shore of the Bothnian Sea. In the Spring, the sea has a somewhat 
lowering effect on temperatures compared with those inland, and correspondingly in the 
Autumn it provides warmth so that night frosts are less frequent. The average annual 
temperature is 5.9°C (from 1993 to 2010); the coldest month average is −4.2ºC 
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(February) and the warmest month average is 17.1ºC (July).  The thickness of snow 
cover and its water content at Olkiluoto have been measured regularly since 1990. The 
snow cover is usually less than 20 cm (4 cm of water content) and the amount varies 
during winter with temperatures fluctuating around 0°C (Ikonen 2002, Haapanen et al. 
2009, Section 3.2). Ground frost measurements started at Olkiluoto in December 2001. 
During the monitoring the greatest measured frost depth has been 70 cm, depending on 
the openness of the area and the soil type. The period with ground frost has been from 
December/January to April/early May. 
 
Because of the subdued topography natural hydraulic gradients are gentle. Due to the 
island's elongated shape in the NW-SE direction, a watershed can be demarcated 
extending from the WNW to the southeastern end of the Olkiluoto island (Fig. 3-1). The 
northern part is more flat than the southern part which shows a more varied topography. 
At present, Olkiluoto island forms a distinct hydrological unit were surface waters 
discharge directly into the sea. The annual precipitation is about 530 mm, but, as is 
typical to the Nordic countries, varies markedly annually and from month to month.  
The annual surface runoff is about 175 mm, the annual total evapotranspiration is about 
319 mm, and only 1–2% seeps into the upper bedrock (below a −10-m elevation) and 
only about 0.01% reaches potential repository depths (below −420 m) (Hartley et al. 
2012). The low rates of infiltration are reflected by the pressure profiles in the boreholes 
that often show very weak vertical hydraulic gradients thus providing arguments for 
restricted deep groundwater flow conditions. For example, the water pressure in 
drillhole OL-KR3 (Figure 1-1)  indicates the virtual absence of vertical gradients. 

Deeper in the bedrock, groundwater pressures indicate a consistent increase clearly 
attributed to increasing groundwater depth and salinity. The groundwater salinities at 
Olkiluoto exhibit a natural distribution with depth such that recently infiltrated meteoric 
fresh water can be found close to the surface; traces of Littorina Sea and older glacial 
meltwater exist to −200 to −300 m elevation, whilst at greater depths these 
progressively give way to increasingly more saline groundwaters. Currently, 
observations lend support to the existence of very deep (greater than −900 m elevation) 
salinities surpassing 100 g/L (i.e. brines). The origin of the salinity is unknown, 
although it has been attributed it to an evaporitic basin (Chapter 8 and Appendix A). 
Due to the great density of the brines the deep groundwater regime exhibits virtually 
stagnant (immobile) conditions in the flow models (cf. below).    

3.2 Groundwater flow modelling 

Groundwater flow in the Olkiluoto bedrock, i.e. that in natural conditions may be seen 
to be driven by the unevenness of the water table (Figure 3-1), takes place in the 
connected fracture networks.  The fractures originate from different stages of regional 
tectonic events of which the earliest is the formation of a major NW-SE trending graben 
about 1,600 Ma ago: Note this graben became filled with the Satakunta sandstone; the 
upper part of the Satakunta sandstone was deposited about 1,400–1,300 Ma ago 
(Hudson & Cosgrove 2006, p. 8). This rock type now outcrops in a broad NW-SE 
tending band to the north east of the repository area. Later, the regional area was 
invaded by the Rapakivi granite (about 1,550 Ma ago) and the Eurojoki stock. The next 
significant brittle deformation stages leaving their imprints as NE-SW trending normal 
faults are connected to the Hercynian orogeny about 300 Ma ago and later 
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fragmentation of the Pangea mega-continent (Hudson & Cosgrove, p. 12).  Later, 
subsequent exposure of the region has resulted in exfoliation fractures from stress 
relaxation caused by the removal of the overburden and a reduction in confining stress. 
These fractures form parallel to the topography and. because of the low relief of the 
study area, these tend to be sub-horizontal. They are particularly important in the upper 
100 m of the crust. 

Within the Olkiluoto investigation site small portions of the fractures are intercepted 
and mapped based on data derived from surface outcrops and investigation trenches, 
surface based boreholes and underground pilot holes and exposed tunnels and walls 
associated with ONKALO: Note it is deemed that flow is divided very unevenly 
between the fractures, and basically all groundwater flow is concentrated in a 5% 
portion of all fractures; this percentage being the number of transmissive fractures, i.e. 
transmissivity higher than 10−9 m2/s, of all fractures. By the end of 2010 primary 
drillhole fracture data consisted of about 67,000 fractures of which about 3,400 fractures 
were found to have a transmissivity above the detection limit (about 10−9 m2/s) of that 
achieved by the Posival Flow Log (PFL) for surface based boreholes.   

The extensive fracture database was exploited by Hartley et al. (2012) in order to 
develop a stochastic model for the detailed scale hydrogeological fabric at Olkiluoto.  In 
this so-called ‘Hydrogeologic Discrete Fracture Network (Hydro-DFN)’ model, a 
statistical distribution (Probability Denstity Function, PDF) was specified to each 
fracture location, orientation, size, and transmissivity.  The Olkiluoto Hydro-DFN 
model, while incorporating fracture specific hydraulic information, also considered 
input from the Geo-DFN model developed by Fox et al. (2012).  The Geo-DFN model 
evaluated fracture data against the ductile deformation model, and introduces a number 
of ‘Tectonic Units’ characterised with imprints of polyphase ductile deformations 
present in the Olkiluoto rock mass dating back to 1.9 to 1.8 Ga ago (for a more detailed 
discussion on the tectonic units, see Posiva 2012, pp. 144–147).  Hartley et al. (2012) 
re-evaluated the hydraulic DFN information against the Tectonic Unit model and 
concluded by describing the sparsely fractured bedrock between the hydraulic zones in 
terms of four statistically homogeneous hydraulic units or domains (Figure 3-2): 

 Northern Hydraulic Unit (NHU). This is characterised by a strong clustering 
of fracture intensity around the mean foliation direction, with lesser intensity of 
near-vertical fracturing striking roughly north-south and east-west. This merges 
the domains occupied by the Northern Tectonic Unit and Selkänummi 
Deformation Zone. 

 Central Hydraulic Unit West (CHUW) and Central Hydraulic Unit East 
(CHUE).  These are intensely affected by D3 deformation were the majority of 
fractures are oriented roughly subparallel to both the prevailing bedrock foliation 
and the D4-stage ductile feature orientation trends. They differ in terms of 
relative intensity of subvertical sets. This merges the domains occupied by the 
Central Tectonic Unit 1, Central Tectonic Unit 2, and the Flutanperä 
Deformation Zone. 

 Southern Hydraulic Unit (SHU). This represents an area of large rock blocks 
dominated by D2-stage ductile deformation structures. This merges the domains 
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occupied by the Southern Tectonic Unit (STU) and the Liikla Deformation 
Zone. From a ductile perspective, foliation orientations are both weaker and less 
clustered in domain STU. 

 

 

Figure 3-2. Hydraulic domains as implemented in the site model NHU (blue),CHUW 
(green), CHUE (orange) and SHU (red). 

The pumping tests already in the early 1990’s indicated that hydrogeologic responses on 
the site scale show a strong discrete character and directional preference: Note ‘Site 
scale’ here means the length scale of the Olkiluoto bedrock investigated with drilled 
boreholes. In the early 1990’s the site was studied based on five deep (500 m and 
deeper) boreholes located 500 m to 1 km from each other. Since then the number of 
boreholes has increased to over 50 and the well characterised area has approximately 
doubled in size. From the bedrock fracturing point of view this may be understood by 
either having a few large individual fractures or a relative intensive occurrence of 
smaller but connected fractures within a plane-like formation extending up to at least a 
few hundred metres (cf. Figure 3-3). Accordingly, the fracture database was divided 
into fractures that were interpreted to belong to such deterministic hydrogeological 
zones to be discussed in more detail below on the site scale. The P10 intensities of the 
bedrock fractures associated with the hydrogeological zone range between about 5 m−1 
and 7 m−1 at all depths from the surface to depths of about –600 m, whereas the 
intensitity is below 3 m−1 outside the hydrogeological zones already below the depth 
level −150 m. 
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It is also natural to expect a generally decreasing trend in the PFL fracture intensity with 
depth. For PFL fractures inside the hydrogeologic zones the intensity falls off rapidly 
with depth, from a value of about 0.8 m–1 at the surface to an intensity of about 0.25 m–1 
at depths of about –200 m, before decreasing again to an intensity of about 0.1 m–1 at 
repository depths ( -400 m) and lower again below –600 m (Figure 3-1). 

The decrease in the fracture transmissivity with depth turns out to be more significant 
than that of intensity. In other words, it appears that it is not so much the reductions in 
open fracture connectivity and size that cause a reduction in effective hydraulic 
conductivity with depth (although it is part of the description), but that of fracture 
transmissivity. This is possibly a result of increasing effective stress with depth. For 
example, one might expect an increase in vertical stresses with depth to close or narrow 
some asperities in the dominant subhorizontal fracturing. 

 

 

Figure 3-3. Conceptual visualisation of the hydrogeological fabric of crystalline 
bedrock on a two-dimensional plane (thereby the lines in the figure would represent 
fracture traces on the plane). On the site scale, the model describes hydrogeological 
zones within a sparsely fractured rock mass. On a smaller scale, the groundwater flow 
takes place within individual fractures embedded in the rock matrix for which no 
hydraulic property is usually considered because of its obvious weakness.  However, the 
rock matrix represents the part of the bedrock that interacts with the groundwater 
through matrix diffusion within a continuous pore space formed by microfractures. 
(Note laboratory analyses lend consistent support to pervasive hydraulic conductivity 
attributed to the microfacture network in the rock matrix). The interpreted 
conductivities, however, are very low, around 5·10−14 m/s, contributing to a minute 
portion of the full strength of the natural volumetric groundwater flow. 

 

Sparsely fractured rock

Hydrogeological zone

Sparsely fractured rock

Hydrogeological zone

 



24 

 

 

Accordingly, Hartley et al. (2012) introduced the vertical division in the Olkiluoto 
bedrock based on a significant reduction in both the intensity and transmissivity of the 
PFL fractures into four depth zones broadly as follows. (Note, PFL transmissivity refers 
to the transmissivity that has been interpreted in a Posiva Flow Log measurement.): 

 Depth Zone 1 (DZ1): 0 to −50 m elevation; PFL P10 intensity of 1.6 m−1 

 Depth Zone 2 (DZ2): −50 m to −150 m elevation; PFL P10 intensity of 0.35 m−1 

 Depth Zone 3 (DZ3): −150 m to −400 m elevation; PFL P10 intensity of 0.35 m−1 

 Depth Zone 4 (DZ4): below −400 m elevation; PFL P10 intensity of 0.19 m−1 

More specifically, as there are significant lateral variations in the intensities of PFL 
fractures, the definition of the depth zones of Hartley et al. (2012) is refined to divide 
each individual drillhole into four depth zones according to the hydraulic and 
hydrochemical characteristics of the bedrock. The boundaries between the depth zones 
are then obtained over the site scale by interpolating between the depth zones 
interpreted in each of the drillholes. The geometric mean of the effective hydraulic 
conductivities was found to decrease by approximately one order of magnitude between 
Depth Zones 1 and 2, and Depth Zones 3 and 4, with smaller variation between Depth 
Zones 2 and 3 (about half an order of magnitude or less). 
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Figure 3-1. Fracture intensity P10 for all fractures (top) and PFL intensity inside 
hydrozones by elevation (bottom). Also the number of fractures per the 50-m depth 
interval is shown. 
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The description by Hartley et al. (2012) of fracture statistics for each of the 
hydrogeological units and the depth zones of the rock mass outside the site scale 
hydrogeological zones model, involves a prescription for statistical distributions for 
orientation, intensity, size and transmissivity of the potentially flowing fractures, i.e. 
those containing void space within the fractures (‘open fractures’). An estimate for the 
intensity of open fractures is made based on the Geo-DFN (Fox et al. 2012) definition 
for Open, Flowing and Closed fractures with some modifications for the Hydro-DFN 
application. It turns out that the portion of Open fractures is about 31% of all fractures. 
(Note,  in order to explore the uncertainty in fracture statistics and related conceptual 
model, Hartley et al. (2012) also postulated two other alternative cases of which one 
was assuming that the open and connected fracture fabric only consisted of PFL 
fractures, and the other that assumed all geological fractures were at least partially open. 
It remains to be resolved which one of the conceptualisations is best characterising the 
hydrogeologic fabric at Olkiluoto). 

The description of fracture orientation introduces three sets: East-West, North-South 
and Sub-Horizontal. For the Hydro-DFN, orientation parameters are obtained by fitting 
the observed poles for PFL fractures, so that generated Hydro-DFN models are 
statistically similar to the subset of PFL fractures in terms of orientation. The fracture 
size distribution is assumed to follow a power-law size model: 

r
r

r
		, 

where  and the size r is the shape parameter. Because it might be expected that 
the asperities on fracture surfaces are wider in larger fractures, and so the fracture 
aperture might be greater and more of the fracture surface area open for flow, then some 
sort of correlation is expected to exist between size and transmissivity.  Hartley et al. 
(2012) propose a semi-correlated relationship between the size and transmissivity as 
follows: 

log log N 0,1 , 

where N 0,1  is the normal distribution with the mean of 0 and variance 1, 1, 
and  and  are parameters, such that the larger fracture is likely to obtain a greater 
transmissivity (cf. Table 3-1). It is noteworthy that the Sub-Horizontal fracture set has 
the greatest intensity by far implying that groundwater flow prefers a horizontal 
direction. This again is in agreement with the very low slow rate of change in the 
pressure head of the surface-based boreholes at Olkiluoto. 

While the development of the hydrogeological structural model on the site scale model 
aims at explaining hydrogeologic observations (pumping test responses, responses to 
underground excavations, and other field activities such as groundwater pressure and 
flow measurements spatial arrangements of high PFL transmissivities) it also seeks 
congruence with the geological brittle deformation zone (BFZ) model by Aaltonen et al. 
(2010, cf. section 9.4.3). At the site scale the hydrogeological model of Olkiluoto 
describes 13 distinct hydrogeological zones (HZ001, HZ008, HZ19A, HZ19B, HZ19C, 
HZ20A, HZ20B, HZ21, HZ21B, HZ039, HZ099 and BFZ100) separated from each 
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other by a sparsely fractured rock mass (Figure 3-5; cf. Vaittinen et al. 2011).  These 
zones are modelled to extend down to the depth of 1,000 m which is the depth the 
longest surface based boreholes reach, and thereby the depth of the geological brittle 
deformation zone model. For the ONKALO construction, the most important 
hydrogeological zones are HZ19A–C and HZ20A–B as these very high transmissity 
zones have been intersected by the ONKALO tunnels and shafts (Table 3-2). 

Table 3-1. PDF’s of the hydro-DFN parameters for the NHU for the semi-correlated 
case. The complete set of parameters also for variant cases are discussed by Hartley et 
al., (2012). The vertical fracture sets (East-West, North-South) are described with 
Fisher distributions, and the Sub-Horizontal sets with Bingham distributions. 

Set, Distribution 
of poles 

Pole orientation 
F: trend, plunge, 
conc. 
B: (trend, plunge), 
conc.1, conc.2, rot. 

Fracture size
Power‐law 
kr, r0 (-, m) 
rmin = r0 

rmax = 564 m 

Intensity 
P32 

(m2/m3) 

Transmissivity  
T (m2/s), a, b, σlog(T) 

Depth Zone 1      
EW Fisher 181.9, 8.4, 10.2 2.68, 0.04 0.58 1.0·10−7, 0.5, 0.7 
NS Fisher 95.5, 6.2, 7.6 2.70, 0.04 0.49 1.8·10−7, 0.4, 0.7 

SH Bingham 
(284.7, 83.3) 
−6.6, −2.9, −157.5 

2.56,0.04 1.95 1.5·10−7, 0.6, 0.8 

Depth Zone 2      
EW Fisher 181.9, 8.4, 10.2 2.6, 0.04 0.29 1.0·10−8, 0.5, 0.4 
NS Fisher 95.5, 6.2, 7.6 2.41, 0.04 0.29 7.5·10−9, 0.5, 0.7 

SH Bingham 
(284.7, 83.3) 
−6.6, −2.9, −157.5 

2.43, 0.04 0.84 8.5·10−9, 0.5. 0.9 

Depth Zone 3      
EW Fisher 181.9, 8.4, 10.2 2.50, 0.04 0.18 6·10−9, 0.3, 0.3 
NS Fisher 95.5, 6.2, 7.6 (2.45, 0.04) 0.18 6.0·10−9, 0.3, 0.8 

SH Bingham 
(284.7, 83.3) 
−6.6, −2.9, −157.5 (2.42, 0.04) 0.48 6.0·10−9, 0.4, 1.25 

Depth Zone 4      
EW Fisher 181.9, 8.4, 10.2 2.40, 0.35 0.10 6.0·10−11, 0.7, 0.6  
NS Fisher 95.5, 6.2, 7.6 2.40, 0.35 0.12 5.0·10−11, 0.7, 0.4 

SH Bingham 
(284.7, 83.3) 
−6.6, −2.9, −157.5 2.40, 0.35 0.21 7.0·10−11, 0.7, 0.7 
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Figure 3-2.  The hydrogeological zones included in the basic hydrogeological structure 
model; view towards northeast (Vaittinen et al. 2011). 

HZ19C: Hydrogeological Zone HZ19C is associated with the most extensive 
subhorizontal connections within the HZ19 system, explaining the hydraulic pressure 
responses observed in drillholes KR9, KR11, KR15 to KR18 towards the north and east, 
and the flow responses observed in drillholes KR8 and KR27 towards the south during 
the KR24 pumping test (location of the drillholes, cf. Figure 1-1). The zone is modelled 
to intercept a large number of drillholes. In many cases the transmissivity associated 
with a drillhole intersection is high. The average orientation and dip/dip direction of the 
hydrogeological zone is 8°/139°. 

HZ19A: Hydrogeological Zone HZ19A explains the uppermost, sub-horizontal 
hydraulic connections covering a larger area and the hydraulic pressure responses 
observed in drillholes KR15B to KR18B towards the north and the flow responses 
observed in drillholes KR8 and KR27 towards the south during the OL-KR24 pumping 
test. The hydrogeological zone is modelled to intercept 25 drillholes. Several of the 
interpreted drillhole intersections with HZ19A have very high transmissivities, higher 
than 10−5 m2/s. The average orientation and dip/dip direction of the zone is 5°/144°. 

HZ19B: Hydrogeological Zone HZ19B describes hydraulic connections that cannot be 
explained with zones HZ19A or HZ19C within the HZ19 system, i.e. the hydraulic 
connections between drillholes KR7 and KR4, drillholes KR8 and KR4, drillholes 
KR24 and KR8, and drillholes KR24 and KR27. The average orientation and dip/dip 
direction of the zone is 16°/151°. 

HZ20A: Hydrogeological zone HZ20A is based on the results of the hydrogeological 
analysis of hydraulic effects during the excavation of the access tunnel and on expert 
judgement. The average orientation and dip/dip direction of the zone is 15°/109°. 
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HZ20B: Hydrogeological Zone HZ20B describes the lower surface of the interpreted 
direct hydraulic connections included in the HZ20 system. The modelling of the 
hydrogeological zone is based on responses to the excavation of the ONKALO and on 
expert judgement (Vaittinen et al. 2011). The average orientation and dip/dip direction 
of the zone is 22°/138°. 

HZ21: The modelling of this hydrogeological zone has been strongly based on 
geological properties, its intensive fracturing in associated drillhole sections and on the 
results of geophysical measurements. The hydrogeological zone is located below the 
planned depth of the repository and is modelled to be very large, to extend beyond the 
perimeter of the Olkiluoto island. The average orientation and dip/dip direction of the 
the zone 20°/162°. 

HZ099: Hydrogeological zone HZ099 covers the area of notable transmissivities 
coinciding with the geologically-pronounced brittle deformation zone OL-BFZ099. The 
average orientation and dip/dip direction of the hydrogeological zone is 38°/169°. 

HZ21B: Hydrogeological zone HZ21B is modelled to connect the observed high 
fracture transmissivities in drillholes OL-KR4, KR6, and KR12, and one hydraulic 
connection that has been observed between drillholes OL-KR5 and KR19 (Vaittinen et 
al. 2011).  The average orientation and dip/dip direction of the hydrogeological zone is 
30°/157°. 

HZ146: Hydrogeological Zone HZ146 combines the high and moderate fracture 
transmissivities located within brittle deformation zone BFZ146. This, in turn, models 
the brittle segment of the Liikla Shear Zone (LSZ), which is one of the major ductile 
sub-units interpreted within Olkiluoto Island.  The average orientation and dip/ dip 
direction of the zone is 29°/161°. 

HZ008: Hydrogeological zone HZ008 is modelled to explain two drillhole observations 
of elevated transmissivities and the results of wide-band EM and seismic HIRE 
soundings. Since the geophysical measurements cannot be regarded as directly proving 
the existence of the zone and since the two drillhole intersections are separated by more 
than 1,000 m, the interpretation of the HZ008 zone is more uncertain than the other 
hydrogeological zones modelled within the central area. No corresponding brittle 
deformation zone has been modelled. The hydrogeological zone is modelled to have an 
orientation and dip/dip direction of 34°/123° down to a depth of 1,350 m and 26°/127 
below that depth. 

HZ039:  Hydrogeological zone HZ039 is introduced in the current version of the model 
for the first time. It has only one intersection in drillhole KR29 and therefore the 
geometry of the zone is uncertain. The orientation of hydrogeological zone is based on 
the corresponding brittle fault zone OL-BFZ039, which is a repository-scale fault zone 
with a dip/dip direction of 56°/125°. 

OL-BFZ100: OL-BFZ100 is a steeply dipping fault zone with an approximate 
orientation and dip/dip direction of 76º/98º. Initially the fault had been observed during 
the geological surface mapping of the investigation trench OL-TK11, carried out for the 
construction of the drillcore storage hall near the ONKALO tunnel. It is also observed 
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in investigation trench OL-TK7 and at seven locations in the ONKALO access tunnel, 
and is intersected by 10 drillholes. It is also supported by mise-à-la-masse results from 
the ground surface to the ONKALO (Aaltonen et al. 2010).  Zone OLBFZ100 intersects 
the hydrogeological zone systems HZ19 and HZ20 in the ONKALO area. 

Table 3-2.  Geometric mean transmissivities (m2/s) by elevation in each group of 
hydrogeological zones (Hartley et al. 2012, p. 51). 

Elevation (m) HZ19A,HZ19B, HZ19C  HZ20A,HZ20B  BFZ100) Other  
     
0 1.58E-05 4.76E-06 1.77E-06 9.94E-06 
–100 6.17E-06 3.78E-06 7.44E-07 4.18E-06 
–200 2.42E-06 3.00E-06 3.13E-07 1.76E-06 
–300 9.47E-07 2.38E-06 1.32E-07 7.39E-07 
–400  1.89E-06 5.53E-08 3.11E-07 
–500  1.50E-06 2.33E-08 1.31E-07 
–600  1.19E-06 9.78E-09 5.50E-08 
–700  9.43E-07  2.31E-08 
–800  7.48E-07  9.72E-09 
–900  5.94E-07  4.09E-09 
–1000  4.71E-07  1.72E-09 

 

In terms of hydraulic properties available from the PFL tests within hydrozones, the 
number of measurements within an individual hydrozone is relatively small while 
transmissivities are highly variable. However, there is a gradual reduction in the 
maximum transmissivity and geometric mean transmissivity with depth. In some gently 
dipping zones, such as HZ20A/B, the reduction in transmissivity between the highest 
and lowest measured drillhole interval is of similar magnitude to the variability, while in 
other zones the depth trend seems more significant than the variability. Given the 
uncertainty in interpreting depth trends within a single zone, transmissivity data were 
pooled according to groups of hydrozones to provide a larger sample on which more 
coherent trends could be interpreted (Table 3-2). 

On the site scale it has been customary to replace the DFN model description introduced 
earlier for the rock mass between the site scale hydrogeologic zones with one of 
effective porous medium.  The reason is a technical one as effective porous media 
models require less computational resources, and historically have acquired more 
versatile facilities to tackle various physical processes (e.g. matrix diffusion) than 
contemporary DFN models. Hartley et al (2012) utilised a stochastic continuum scheme 
in which effective properties of hydraulic conductivity and porosity are obtained from 
the underlying DFN description through upscaling. Other essential knowledge to be 
supplemented with the upscaled properties is obviously that of the size of the upscaling 
volume, i.e. the numerical discretisation block for the flow model domain. For a 
numerically stable system the size of a numerical calculation block ought to be large 
enough to avoid too strong discontinuities in the properties of adjacent blocks, and yet 
small enough in order to retain as much as possible of the heterogeneity of the 
underlying DFN model. However, there is no strict rule to establish this numerical 
parameter; it would be natural to expect it to be large enough to ascertain the 
connectedness of the underlying DFN between the opposite faces of the numerical 
blocks otherwise the size could be as small as computational or the project’s resources 
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allow. i.e. the smaller the block size the larger becomes the number of the blocks, 
thereby requiring greater computer capacities. Hartley et al (2012) took the size of the 
numerical discretisation block to be 50 m.  

The statistical parameters are shown in Table 3-3 as an example of the numerical values 
the upscaling technique employed by Hartley et al. (2012) yields.  

Table 3-3. Upscaled hydraulic conductivity and flow porosity for the NHU for each 
Depth Zone (DZ) computed using a 503-m3 size of numerical blocks.  The column 
h/ z  gives a measure of the anisotropy of the upscaled conductivities arising from 

the underlying DFN model.  Note that no proposition is implied as to the form of the 
distibutions of the calculated conductivities and flow porosities.  

 Mean and variance of 
eff [m/s] 

Average 
h/ z  

Mean and variance of 
eff 

DZ1 −7.41; 0.43 2.89 −3.65; 0.03 
DZ2 −8.78; 0.54 2.14 −4.17; 0.04 
DZ3 −9.93; 1.01 1.70 −4.45; 0.06 
DZ4 −10.66; 0.54 1.63 −4.87; 0.05 

 

As expected, it can be seen that the overall effective hydraulic conductivity of the 50-m 
blocks for the NHU decrease with depth (i.e., the mean of log eff decreases from DZ1 
to DZ4). Moreover, the average of the ratio h/ z,	 the blocks' vertical and (largest) 
horizontal conductivities, exhibit a preference of the flow in the horizontal direction 
with the greatest tendency in the uppermost depth zone. This may be interpreted that as 
groundwater flow turns horizontal already near the ground surface, only a small amount 
of water can access the deeper bedrock.  
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4 FLUID INCLUSIONS IN THE CRYSTALLINE MATRIX 

Fluid inclusions in quartz and feldspar constitute a reservoir for liquid and gaseous 
palaeofluids in crystalline bedrock. Their chemical and isotopic signatures provide 
valuable information about the composition and evolution of palaeofluids which have 
circulated in the inter- and intragranular pore space of the bedrock during different 
metamorphic stages. The fluids were entrapped during the brittle deformation and 
fracture healing of the host minerals. 

Fluid inclusions in quartz in crystalline bedrock from the Olkiluoto investigation site 
were investigated in detail on samples from different depths (-200 to -800 m elevation) 
taken from drillholes OL-KR39, OL-KR47 and ONK-PH9 (-306 m elevation), all 
representing different lithologies. Petrographic, laser Raman microspectrometric and 
microthermometric methods have been applied to investigate the composition of the 
fluid inclusions. Additionally, core samples were disaggregated and single quartz 
crystals were separated and crushed to liberate the gases in the fluid inclusions. The 
released gas compounds were chemically and isotopically analysed by gas 
chromatographic and mass spectrometric methods. 

A detailed compilation of the applied methods and of the results regarding the fluid 
inclusion studies on crystalline bedrock from the Olkiluoto investigation site can be 
found in the Posiva working reports (Eichinger et al. 2010, 2012), and in Hämmerli 
(2009). 

4.1 Fluid inclusion generations 

All fluid inclusions found in the investigated samples hosted by quartz crystals are 
secondary. This means that they were formed after the host metamorphic quartz had 
finished growing and acquired its metamorphic texture. The inclusions formed when 
fluid infiltrated small scale brittle fractures and the fractures subsequently healed by 
dissolution-precipitation processes. The fluids were trapped at temperatures within the 
brittle field of quartz (below 400°C), after the peak of the last metamorphic event in 
the Olkiluoto bedrocks. Apart from this maximum constraint, the age of the fracturing 
and inclusion formation events is not known. 

The petrographic identification of fluid inclusion generations is based on studies of 
“assemblages”, i.e. groups of coeval inclusions which can be clearly related to 
individual healed fractures or crystal growth zones. The clear mutual cross cutting 
relationships between the healed fractures allowed the relative ages of 8 generations of 
inclusions to be recognised. The generations are numbered consecutively where ‘1’ 
represents the earliest and ‘5’ the latest generation. Clear relative timing relationships 
could not be determined for Generations 2a–c, 5a and 5b; most samples contained all 
the fluid inclusion generations, regardless of their lithologies. 

Once the generations and their relative timing were identified, the gas compositions, the 
aqueous salinity, the homogenisation temperature and the phase volume fractions of the 
inclusions were determined. The main characteristics of the 8 generations are 
summarised in Figure 4-1 and explained briefly below. 
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All fluid inclusions of the various generations consist of a liquid water phase and a gas 
phase, although the volumetric proportions vary considerably. Almost all the 
generations contain one or more solid phases that had been accidentally trapped along 
with the fluid (i.e. calcite, mica), or that had precipitated during post-entrapment cooling 
of the host rocks (so-called ‘daughter’ minerals, i.e. graphite and nahcolite). The salinity 
of the aqueous liquid in the different inclusion generations varies significantly, being 
lowest in Generation 3 (0.7-3.9 mass% NaClequiv.) and highest in Generation 5a (11.2-
17.3 mass % NaClequiv., Figure 4-1). Depending on the fluid inclusion generation, the 
composition of the gas phases also varies significantly Figure 4-1). Gas phases of 
Generations 2b, 2c, 3, 4, 5a and 5b consist of CH4, H2 and N2 in varying proportions. In 
Generation 2a the gas phase consists of CO2, N2 and CH4, with CO2 being the main gas 
species. In Generation 1, CO2 coexists with H2, CH4 and N2. Higher hydrocarbons could 
be detected in the gas phases of Generation 1, 2 and 4 inclusions. 

The minimum entrapment temperatures of the fluids varies significantly depending on 
the generation, presumably being ≥.300°C in fluid inclusion Generation 1, 2a–c, 4 and 
5a. In Generation 3, the estimated minimum entrapment temperatures vary widely 
between 150 and 300°C. The lowest minimum entrapment temperatures (130-210°C) 
were found in the youngest fluid inclusion Generation (5b).  
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Figure 4-1. Paragenetic diagram of fluid inclusion generations based on cross cutting 
observations, including their most important characteristics; the relative age between 
Generations 2a–2c and 5a/5b is not yet unravelled (*daughter mineral, *(*)interpreted as 
daughter mineral, **accidentally entrapped mineral). The reported homogenisation 
temperatures (Th) represent minimum temperatures of the palaeofluids. 

Based on the composition of the fluid inclusions and on the proportions of the different 
phases trapped, conclusions can be drawn regarding the character of the palaeofluids 
that circulated in the fractured crystalline bedrock.  

Generation 1 palaeofluid consisted of a heterogeneous, gas-poor aqueous liquid that 
coexisted with a H2O-poor gas rich vapour. The Generation 2a palaeofluid was a 
homogeneous H2O-poor CO2-rich fluid, which had an almost liquid-like density at the 
time of entrapment. Palaeofluids entrapped in Generation 2b and 2c inclusions also 
consisted of homogeneous H2O-poor, gas-rich fluids, with distinctly different gas 
compositions than Generation 2a. Generation 3 and 4 palaeofluids consisted of 
homogeneous, gas-poor, aqueous liquids with varying salinities. The youngest 
palaeofluids entrapped in Generation 5a and 5b inclusions were homogeneous, gas-poor 
liquids with significantly higher salinities than that of Generation 3 and 4. In general, 
the gas contents of the palaeofluids decrease towards the younger generations. 
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4.2 Depth distribution of entrapped palaeofluids 

Fluid inclusion Generations 1 to 4 are present in all the investigated bedrock samples 
taken between -200 to -800 m elevation. This means that the entrapped palaeofluids 
penetrated the inter- and intragranular pore space of the entire investigated bedrock. 
Fluid inclusion Generations 5a and 5b were found only between -240 and -800 m 
elevation, but not in the shallower bedrock sample taken at -208 m elevation. This 
indicates that either the palaeofluid entrapped in Generations 5a and 5b did not 
penetrate the entire investigated bedrock section, or that the host rock above -200 m 
elevation. had cooled below about 130°C, thereby precluding fracture healing and 
trapping of inclusions in quartz.  

4.2.1 Chloride concentrations  

The chloride concentrations of the free palaeofluids were calculated from the measured 
salinities of the fluid inclusions and from the volume proportions of the different phases 
in the inclusions. As full bulk compositions have not been calculated for all the analysed 
fluid inclusions, a complete set of reconstructed palaeofluid generations is not available 
for each rock sample. Therefore, where generations are missing, the Cl concentrations 
calculated from the salinity of the aqueous liquid in the inclusions have been taken as a 
proxy (Figure 4-2). The values obtained in this way differ only slightly from those of 
the bulk palaeofluids. 

The chloride concentrations of the entrapped palaeofluids vary between 6 and 104 g/kg 
H2O, being generally lowest in Generation 3 and highest in Generation 5 (5a and 5b 
combined) palaeofluids (Figure 4-2). This indicates that the salinities of the palaeofluids 
varied significantly with time. The chloride concentrations of palaeofluid Generations 1, 
3, 4 and 5 are constant over depth, suggesting that they uniformly flushed the entire 
investigated bedrock section. The chloride concentrations of Generation 2 inclusions 
appear variable and they increase with depth. However, this plotted trend simply reflects 
the fact that Generations 2a, 2b and 2c (whose relative ages cannot be distinguished) 
have been treated together for convenience. The individual generations show small 
variations in aqueous salinity (Figure 4-1). 
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Figure 4-2. Chloride concentrations of fluid inclusions (‘FI generations’) and the 
calculated palaeofluids versus vertical depth. 

4.2.2 Gas concentrations of palaeofluids 

The concentrations of CH4, H2, N2 and CO2 in the palaeofluids were calculated from 
analyses of individual fluid inclusions in core samples from drillholes OL-KR47 and 
ONK-PH9. 
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All fluid inclusion generations contain CH4 and its concentration varies between 0 and 
445 Lgas/LH2O STP (Figure 4-3a). Generation 1 and 2 palaeofluids have the highest 
methane concentrations and the greatest variability in concentrations (over several 
orders of magnitude), because they represent random mechanical mixtures of 
chemically immiscible liquid and gas. In contrast, the CH4 contents of Generations 3, 4 
and 5 palaeofluids are similar to each other within individual samples and over the 
entire depth range, consistent with the idea that these homogeneous palaeofluids flushed 
the entire sampled mass of bedrock. 

Concentrations of H2, which is present in all inclusion generations, vary between 0 and 
946 Lgas/LH2O STP (Figure 4-3b). As expected for the mixtures of heterogeneous (2-
phase) palaeofluids in Generations 1 and 2, H2 varies over several orders of magnitude, 
similarly to CH4. Generation 3, 4 and 5 palaeofluids maintain fairly constant H2 contents 
within individual samples and throughout the depth range. 

The distribution of N2 within the single generations and over depth shows the same 
patterns as observed for CH4 and H2; its concentrations vary between 0 and 687 
Lgas/LH2O STP (Figure 4-3c). Nitrogen concentrations of Generation 1 and 2 palaeofluids 
show the expected wide variations, whereas fluids entrapped in Generations 3, 4 and 5 
fluid inclusions all lie within the same order of magnitude. 

 

Figure 4-3. Vertical depth vs. volume of dissolved CH4 and H2 in palaeofluid 
generations and fracture groundwater, expanded at 25°C and 1 atm. The coloured bars 
show the CH4 and H2 contents by considering additional fluid inclusion analyses.  



39 

 

 

4.3 Origin of gases in fluid inclusions 

The origin of methane and higher hydrocarbons (cf. also Chapter 7.4) can be discerned 
from three of their properties. First, the molar ratio of methane (C1) to the sum of ethane 
(C2) and propane (C3), expressed as C1/(C2+C3). Bacterial processes produce 
C1/(C2+C3) ratios of ≥ 1,000, whereas thermogenic breakdown and abiogenic processes 
yield ratios < 100. Second, the isotopic compositions of methane and higher 
hydrocarbons (13C and 2H ratios) are diagnostic for various genetic mechanisms 
(Figure 4-4). Third, indications of the origin of the hydrocarbons can be obtained by 
plotting the carbon isotope signatures of the liberated gases versus their carbon numbers 
(Figure 4-5). 

Hydrocarbons in fluid inclusions in quartz from core samples taken between -120 to -
800 m elevation have C1/(C2+C3) ratios between 1.8 and 50 (Figure 4-4). This suggests 
a predominately thermogenic or abiogenic origin. The spread in results is due to the fact 
that the data were obtained by analysis of bulk samples that contain random volumetric 
proportions of the various fluid inclusion generations. The spread nevertheless shows 
that there is some variation in C1/(C2+C3) ratios between the generations. 

 

Figure 4-4. Hydrocarbon (C1/(C2+C3) ratios of gases liberated from bulk fluid 
inclusion samples, plotted versus vertical sampling depth. The uncertainty of the fluid 
inclusion C1/(C2+C3 ratios is taken to be ±25%. The data are from quartz in core 
samples from drillholes OL-KR39, OL-KR47 and ONK-PH9. 

Figure 4-5 shows the 13C isotope ratios of the individual hydrocarbon species within 
the gas mixtures liberated from bulk fluid inclusion samples. Samples from various 
depths and from three different drillholes (OL-KR39, OL-KR47 and ONK-PH9 at -306 
m elevation) show similar patterns, becoming first slightly depleted in 13C from C1 to C2 
and subsequently enriched in 13C with increasing carbon number. According to the 
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literature (James 1983; Schoell et al. 1988; Sherwood-Lollar et al. 1994) the trend 
shown by the 13C1-C2-C3-C4 values resembles those diagnostic of thermogenic 
hydrocarbons. However, the depletion of 13C between C1 and C2, observable for most of 
the samples, suggests either an influence of an abiogenic component as described in 
Sherwood-Lollar et al. (2002), or the change of the isotopic composition of methane, for 
example by oxidation prior to entrappment in the minerals. The differences in 13C 
isotope signatures, which are clearly observable in the six samples from drillhole ONK-
PH9 taken at the same depth (-306 m elevation), presumably reflect random mixtures of 
different fluid inclusion generations in the samples, as found for the molar ratios of the 
gases. 

The 13C and 2H data for methane liberated from the bulk fluid inclusion samples 
(from various depths in drillholes OL-KR39 and OL-KR47), suggest that the gases 
originated via thermal breakdown of organic matter, rather than abiogenically (Figure 4-
6). The differences in the isotopic composition observed for samples from above -200 m 
elevation and below -590 m elevation might be attributed to the absence of CH4-bearing 
Generation 5 inclusions above -200 m elevation. Isotope signatures of methane liberated 
from core samples from -306 m elevation (horizontal drillhole PH9, cf. Chapter 7) plot 
slightly above the thermogenic breakdown field on the 13C-2H diagram, suggesting a 
bacterial influence. 

 

Figure 4-5. 13C values of saturated hydrocarbons vs. carbon number in gases 
liberated from fluid inclusions within quartz in core samples from drillholes OL-KR39, 
OL-KR47 and ONK-PH9; the cumulative errors are ± 3‰ VPDB.*In tota,l six samples 
from the horizontal drillhole ONK-PH9 were investigated (C1 = CH4, C2 = C2H6, C3 = 
C3H8, C4i = i-C4H10, C4n = n-C4H10). 
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Figure 4-6. Isotopic signatures of CH4 in fluid inclusions (red squares) from Olkiluoto 
bedrock, compared to possible end-member compositions (mod. after Pitkänen and 
Partamies. 2007); the coloured fields indicate various methane origins. 

In considering the origin of the methane and higher hydrocarbons at Olkiluoto, it is 
important to recall that all the analysed fluid inclusions in quartz were trapped well after 
the peak metamorphism of the host rocks. This makes it unlikely that the higher 
hydrocarbons could be of local prograde thermogenic origin, as they would not have 
survived the subsequent peak of high grade metamorphism. As the hydrocarbons 
nevertheless appear to be of thermogenic origin, they must have been transported into 
the Olkiluoto bedrock from a distant source. The origin and history of hydrogen, 
nitrogen and carbon dioxide in the fluid inclusions have not been evaluated and 
interpreted. 

The liberated gases and their isotope signatures represent a mixture of the gas 
compositions entrapped in the different generations. The results of the isotope 
investigations show that the hydrocarbons entrapped in the fluid inclusions of the 
Olkiluoto bedrock are predominantly formed by thermogenic breakdown processes. The 
presence of hydrocarbons produced by other processes in certain generations cannot be 
excluded by the applied methods.  
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5 PALAEOHYDROGEOLOGICAL IMPLICATIONS FROM FRACTURE 
FILLINGS  

Fracture minerals provide a geochemical record of the fluids from which they have been 
precipitated. Calcite is the most common facture mineral used in palaeohydrogeological 
studies due to its abundance in bedrock fractures and the tendency to precipitate in high 
and low temperature environments (Gehör et al. 2002, Blyth et al. 2000, Drake & 
Tullborg 2009). The major and trace element composition of calcite can be used to 
interpret groundwater sources and, for example, the redox environment (Tullborg et al. 
1999). Stable C and O isotope ratios in calcite depend on the composition of 
groundwater and, especially in the case of O isotopes, the temperature of precipitation 
(Clark & Fritz 1997). Due to the relatively small influence of temperature on the 
fractionation of carbon isotopes between calcite and dissolved C in groundwater, the 
13C/12C ratios in calcite closely record the isotope composition of the dissolved 
inorganic carbon in groundwater. In the case of O isotopes, an independent estimation 
of temperature is needed, for example, from fluid inclusion data to calculate the O 
isotope composition of the original fluid. At Olkiluoto, a similar evaluation has been 
carried out earlier by Blyth et al. (2000) and later by Sahlstedt et al. (2010, 2013a, b).  

Previous studies of fracture calcites at Olkiluoto have shed light on ancient 
hydrothermal events (Blomqvist et al. 1992, Frape et al. 1992, Blyth et al. 2000) as well 
as on the more recent hydrogeochemical evolution of the site (Gehör et al. 2002, Karhu 
1999, 2000). The present  ongoing studies have concentrated on the latest geochemical 
evolution of the groundwater system (Sahlstedt et al. 2009, 2010, 2013a, b) using 
fracture mineral samples collected from the near surface environment to depths of >500 
m. In particular, effort has been focussed on material from hydrologically important 
zones (e.g. HZ19 and HZ20) and subsequently supplemented by specimens taken from 
the ONKALO tunnel wall. The samples for these studies have been collected from 
fracture zones influenced by the latest known infiltration events, and thus are the most 
likely fracture fillings to include evidence from the most recent calcite precipitation 
events. These fractures also often contain massive calcite overlain by younger calcite 
overgrowths. 

The aim of this chapter is to discuss the isotopic (C, O, S and Sr) and geochemical 
characteristics of the fracture filling minerals (calcite, sulphides), supplemented by 
evidence from fluid inclusion data from calcite. The chapter is divided into to two main 
parts: first, a discussion of the massive fissure fillings, most likely originating from 
hydrothermal circulation or associated with higher formation temperatures, and second, 
a summary is presented of the compositional and isotopic data obtained from the late-
stage calcite, complimented by information from isotopic dating (U-Th and 14C 
methods). Analytical methods have been detailed by Sahlstedt et al. (2009, 2013a, b). 

5.1 Chemical and isotopic composition of massive calcite fillings  

5.1.1 Minor and trace element composition of massive calcite 

The chemical composition of fracture calcites at Olkiluoto is close to stoichiometric 
CaCO3 with minor amounts of Mn, Mg, Fe and Sr. On average, the MnO content in 
massive calcite varies from 0 to 2 wt-%, and the compositional variability seen in back 
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scattered electron (BSE) images is mostly caused by variations in the Mn content 
(Figure 5-1). 

Rare earth element (REE) concentrations in massive calcites are generally low and 
decrease towards heavier REEs. The contents for La typically vary between 3 and 87 
ppm and those for Lu between < 0.7 and 1 ppm. The chondrite normalised REE patterns 
show light REE enrichment and are indistinguishable from the REE patterns of the host 
rock (Figure 5-2). Europium anomalies are negative in all but two samples in the host 
rocks where they may be positive (granite pegmatites) or negative (gneisses and gneiss 
migmatites, Kärki & Paulamäki 2006). 

 

Figure 5-1. Compositional zonation in Olkiluoto fracture calcites. A) Backscattered 
electron (BSE) image of a compositionally heterogeneous closed calcite vein sample 
from ONKALO. B) BSE image of the edges of large euhedral calcite crystals showing a 
zoned growth structure (drillcore OL-KR22/424.60–424.66). 
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Figure 5-2. Chondrite normalised REE patterns of fracture calcites (Sahlstedt et al. 
2009, 2010b). Dashed lines indicate the spread of REE patterns of the most common 
host rocks at Olkiluoto (host rock REE patterns from Kärki & Paulamäki 2006). 

 
5.1.2 Isotopic composition of carbon, oxygen and strontium in massive calcite 

The δ18O values of massive calcites at Olkiluoto vary from -18.9 to -6.6‰ (VPDB) and 
the δ13C values from -22.0 to 7.2‰ (VPDB) (Figure 5-3). The isotopic composition of 
the samples studied by Sahlstedt et al. (2009, 2010, 2013a, b) are typically within the 
range of those reported by Blyth et al. (2000). The latter were based on calcite samples 
from a single drillcore, OL-KR1, and they represented calcite precipitates formed 
mostly in hydrothermal conditions. In general, the massive calcite fillings analysed by 
Sahlstedt et al. (2009, 2010, 2013a, b) are more enriched in 18O compared to those 
reported by Blyth et al. (2000), and many of them could represent precipitation in 
equilibrium with present day groundwaters at low temperatures (Figure 5-3).  

Strontium isotope composition of massive calcite varies from 0.707 to 0.757, with most 
values between 0.7112 and 0.7183 (Frape et al. 1992, Blyth et al. 1998, Karhu 1999, 
2000, Sahlstedt et al. 2013a). The 87Sr/86Sr ratios in the present-day groundwaters at 
Olkiluoto range from 0.7167 to 0.7526, with higher ratios in near surface environment 
due to input of 87Sr from silicate weathering (Pitkänen et al. 2004). 
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Figure 5-3. Carbon and oxygen isotope composition of massive calcite fillings at 
Olkiluoto. Dots represent the data from Sahlstedt et al. (2009, 2010, 2013a, b). The 
dotted line represents the area for the isotope composition of fracture calcite from 
drillcore OL-KR1 reported by Blyth et al. 2000. Solid box indicates composition of 
calcite in equilibrium with present day groundwaters at ambient temperatures. 

5.1.3 Fluid inclusion data 

According to Sahlstedt et al. (2010, 2013a), massive calcite fillings at Olkiluoto include 
numerous secondary inclusions; primary inclusions are scarce. There are two distinct 
types of inclusions in calcite; a) large, irregular 1-2 phase inclusions (all liquid or liquid 
and gas) usually associated with a large number of microcracks and some show clear 
evidence of leakage, and b) secondary inclusions with regular shapes (usually 
tetragonal) tracing a planar surface containing one or two phases.  

Primary fluid inclusions were identified by Sahlstedt et al. (2010, 2013a) as single 
inclusions not connected to any fluid inclusion rich planes or lines. Inclusions or 
inclusion groups confined to crystal growth planes were also identified as primary 
(Goldstein & Reynolds 1994). The total number of inclusions available for analysis was 
small, and the small size of the inclusions and silicate material enclosed in calcite made 
the microthermometric measurements difficult. The volume of the gas phase was about 
5 % or lower in primary inclusions and homogenisation temperatures varied between 51 
and 151°C. Salinities were calculated from the final melting temperature of ice 
according to the equation by Bodnar (1992). These varied from 1.1 to 32 wt-% of 
NaCleq, with eutectic melting temperatures indicating both Na-Cl (Te≈-21°C) containing 
solutions, and fluids containing divalent cations Ca and/or Mg (Te<-40°C). 

The isotopic composition of oxygen in water can be calculated according to the 
fractionation equation by O’Neil et al. (1969) and using fluid inclusion homogenisation 
temperatures and δ18O values of calcite. The calculated δ18OH2O values presented by 
Sahlstedt et al. (2013a) are plotted in Figure 5-4 with the δ13CCaCO3 values of the calcite 
fillings, assuming that the δ13C value of calcite is close to of that of DIC. In the figure, 
these data are plotted together with the results published by Blyth et al. (2000). With the 
exception of samples 2-1 and 2-28, all other specimens plot in a cluster partly 
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overlapping the ’Platy Grey b’ calcite fillings of Blyth et al. (2000). Whereas the lowest 
δ18OH2O values in the dataset of Blyth et al. (2000) are at -5‰ VSMOW, the new data 
(Sahlstedt et al. 2013a) include values decreasing to -10‰ VSMOW;  Sample 2-1 is 
comparable to samples in the ‘Platy Grey a’ group of Blyth et al. (2000) and sample 2-
28 belongs to the ‘Crystalline’ group of Blyth et al. (2000). 

  

Figure 5-4. δ13CCaCO3 and δ18OH2O calculated from fluid inclusion and calcite stable 
isotope data. Data representing crystalline, crystalline with clay, and the Platy Grey a 
and b calcite filling types, are from Blyth et al. 2000. Open triangles are from Sahlstedt 
et al. 2010, 2013a and numbers refer to the respective samples. 

5.1.4 Sequence of calcite fillings  

Sahlstedt et al. (2009) divided calcite fillings into five groups taking into account the 
position of the filling in relation to: a) other fracture fillings, b) the appearance, 
crystallinity and the colouration of calcite, and c) its occurrence with specific silicate 
minerals. Calcite coatings in Groups 1 and 2 represent the outermost calcite layers in 
open fractures, and thus they are the latest calcite precipitates to be found at Olkiluoto. 
Groups 3-4 either contain calcite in closed fractures, or they are overlain by younger 
generations. Typically, the calcite fillings are relatively thick and can be summarised as 
follows: 

 Group 1 fillings consist of euhedral or platy, clear calcite; the euhedral crystals 
are small and typically < 1 mm in size. Group 1 calcite occurs as the outermost 
layer on fracture fillings.  
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 Group 2 fillings contain patchy, greenish or greyish calcite with the colouration 
caused by clay or other mineral impurities. Group 2 calcite is generally present 
as thin layers on fracture surfaces. 

 Group 3 fracture fillings include relatively thick, white calcite in closed veins or 
covered by later calcite and clay generations. 

 Group 4 fillings contain calcite with kaolinite filled cavities. 

 Group 5 fillings are thick massive calcite vein fillings, sometimes with large 
scalenohedral calcite crystals in open cavities.  

Group 5 calcite precipitates described by Sahlstedt et al. (2009) are associated with 
other minerals such as quartz, sphalerite and fluorite. They are likely related to ancient 
hydrothermal events and possibly to hydrothermal fluid circulation caused by rapakivi 
granite magmatism. These calcite fillings correspond to the description of Blomqvist et 
al. (1992) for the earliest calcite generations. Blyth et al. (2000) noted euhedral 
pyrrhotite to be one of the distinguishing characteristics of the earliest calcite generation 
at Olkiluoto, but  pyrrhotite was not found associated with calcite in the sample set 
studied by Sahlstedt et al. (2009, 2013a, b). Apparently, the earliest ‘crystalline’ calcite 
type of Blyth et al. (2000) is nearly absent from the study material of Sahlstedt et al. 
(2009, 2013a, b). 

Group 4 calcite fillings of Sahlstedt et al. (2009) correspond to the description of 
Blomqvist et al. (1992) for Group 4 calcite and the ‘crystalline with clay’ type calcite of 
Blyth et al. (2000).  

Group 3 of Sahlstedt et al. (2009) possibly contains some calcite fillings from the older 
groups, which have been precipitated into small fractures. Some of these calcite fillings 
may correspond to Group 5 of Blomqvist et al. (1992), with the grey colouration 
reflecting inclusions of host rock fragments and alteration products of host rock 
fragments. In the classification of Blyth et al. (2000), Group 3 calcites best correspond 
with the ‘platy grey’ type. 

5.1.5 Origin of massive calcite 

Calcite precipitates in Groups 3 to 5 of Sahlstedt et al. (2009, 2013a, b) represent 
relatively massive fracture fillings with cogenetic minerals such as quartz, fluorite and 
feldspar, and fluid inclusion investigations indicate formation temperatures of  >50°C. 
According to Blyth et al. (2000), the high temperature calcites formed at 60-240 °C 
>51 000 BP. However, the limit of 14C-dating for fracture calcite is likely to be lower, 
~30 000 years or less, due to the dilution of DIC pool with respect to 14C during 
infiltration (cf. Clark and Fritz, 1997). The δ13C and δ18O values of calcite overlap with 
those of the hydrothermal/high temperature calcite fillings studied by Blyth et al. 
(2000).  

Calcite fillings in Group 5 yielded variable homogenisation temperatures. The highest 
temperature of 151°C (Sample 2-28, Figure 5-4) was obtained from a calcite sample 
which had been precipitated from high salinity waters. Unexpectedly low 
homogenisation temperatures from 68 to 88°C in some samples might be related to 
precipitation in the late stages of hydrothermal circulation in open cavities. 
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Group 3 and 4 calcite fillings of Sahlstedt et al. (2009, 2013a, b) commonly contain two 
phase fluid inclusions and their homogenisation temperatures are >50°C. In these 
groups the isotopic composition of oxygen in water in equilibrium with the calcite 
fillings range from -1.9 to -9.7‰ VSMOW, indicating a meteoric water component. 
Generally, these fillings seem to correspond with the platy grey calcite type of Blyth et 
al. (2000), where salinities vary from moderate to high, with the final melting 
temperatures of ice indicating Na-Ca-Cl bearing fluids up to 32 wt-% of NaCleq. 
According to Blyth et al. (2000), the platy grey calcites formed from the dissolution and 
reprecipitation of older calcite fillings, where the isotope composition of precipitating 
water was likely further modified by water-rock interaction. Water-rock interaction in a 
rock dominated environment can shift the oxygen isotope composition of water toward 
higher δ18O values at elevated temperatures (e.g. Taylor 1974). In contrast to the calcite 
fillings investigated by Blyth et al. (2000), the fillings analysed in this study do not 
show significant hydrothermal increases in their δ18O values  

The 87Sr/86Sr ratios of the calcite fillings in Groups 3 to 5 vary from 0.7081 to 0.7292 
(Sahlstedt et al. 2011a) with the least and most radiogenic isotope ratios found in the 
massive calcite precipitates of Group 5. High 87Sr/86Sr ratios indicate input of Sr from 
minerals such as micas and K-feldspars (e.g. McNutt et al. 1990) which are rich in Rb 
compared to Sr. The lowest 87Sr/86Sr ratio is found in a massive Group 5 calcite filling 
which corresponds to one calcite filling analysed by Blyth et al. (1998) who suggested 
that these low ratios could represent a very ancient calcite formation.  

In the calcite fillings of Groups 3 and 4, the 87Sr/86Sr ratios vary from 0.7112 to 0.7183. 
These values are lower when compared to the 87Sr/86Sr ratios of present day 
groundwaters and represent input of Sr from sources with low 87Sr/86Sr ratios. 

5.2 Sulphur isotopes from fracture pyrite 

Fracture pyrite samples show a large variability in the isotopic composition of sulphur 
with δ34S values extending from -14 to +50‰ CDT;  pyrites with a 34S enriched 
composition are fairly common and δ34S values are typically >0‰ CDT. In addition, 
multiple analyses from some samples revealed heterogeneities in the sulphur isotope 
composition of pyrite within a single filling, up to 6‰ CDT (Sahlstedt et al. 2009, 
2013a),  and δ34S values of pyrite associated with old, probably hydrothermal calcite 
fillings of Group 5, had variable δ34S values between 6 and 30‰ CDT (Sahlstedt et al. 
2009, 2013a). The δ34S values of pyrite associated with massive calcite vary from -13.6 
to 44.8‰ CDT and it has been observed that some massive pyrite grains with δ34S 
values ~40‰ CDT are associated with calcite of Group 3 (Sahlstedt et al. 2009, 2013a).  

5.3 Latest events recorded in fracture minerals 

At Olkiluoto, much research has been conducted to obtain information from the latest 
fracture precipitates (Gehör et al 2002, Sahlstedt et al, 2009, 2010, 2013a, b) where only 
the uppermost calcite fillings were sampled. Especially in the studies of Sahlstedt et al. 
(2009, 2010, 2013a, b), the sample selection was aimed at open water conducting 
fractures in the upper 500 m of bedrock, concentrating on hydrologically important 
zones considered the most probable locations to contain late stage calcite precipitates 
(i.e. Groups 1 and 2); this is summarised below.  
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5.3.1 Chemical and isotopic characteristics of the latest calcite fillings 

In common with the massive calcite fillings of Groups 3-5, the latest calcite fillings of 
Groups 1-2 are nearly stoichiometric CaCO3 and contain Mn as the most common 
substitute for Ca (Sahlstedt et al. 2009, 2010, 2013a, b). Compositional growth zonation 
caused by Mn is typical (Figure 5-5b), identifying overgrowths on platy and crystalline 
calcite types. Late precipitates of Groups 1-2 typically occur as small euhedral crystals 
or plates on fracture surfaces, covering more massive calcite fillings (Figure 5-5). On 
average, the MnO content in Group 1-2 calcite precipitates varies between 0 and 3 wt-
%, and the highest concentrations are found in Group 1-2 precipitates in the upper parts 
of the bedrock (Figure 5-6). 

 

Figure 5-5. BSE images show compositional zonation in fracture calcite fillings at 
Olkiluoto. A) Massive calcite of Group 5 overlain by a 50 µm layer of a younger calcite 
generation of Group 2 type on an open fracture surface (drillcore OL-KR27/263.62–
263.68). B) Internal zonation in euhedral calcite crystals of Group 1 (drillcore OL-
KR15B/20.23–20.33). C) Massive calcite filling of Group 3 overlain by small, euhedral 
calcite crystals of Group 1 on an open fracture surface (drillcore ONK-PH2/90.36–
90.45). D) Detail of the euhedral calcite crystals located on top of the fracture filling 
in C. 
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The δ13C values in Group 1-2 calcite precipitates varies from -30.0 to 31.0‰ VPDB and 
the δ18O values from -11.5 to -8.0‰ VPDB (Sahlstedt et al. 2009, 2010, 2013a, b). Very 
high or low δ13C values are restricted to the outer layers on fracture surfaces. This is in 
contrast to the more massive calcite fillings underlying them (Groups 3-5), which 
typically have δ13C values varying in a more narrow range from -15 to -5‰ VPDB (cf. 
Figure 5-3). The δ18O values of Group 1-2 fillings are within the range for calcite 
precipitating in equilibrium with present day groundwaters. In contrast, the δ13C values 
of calcite show a higher range of values, more enriched in 13C in comparison to the 
present groundwaters (Figure 5-7). 

 

Figure 5-6. Average MnO contents in fracture calcite fillings with respect to depth. 
Typically, the MnO content varies from 0 to 1.25 wt-%. Higher MnO concentrations are 
found in the uppermost calcite layers at a depth of <150 m. Surface calcite refers to 
calcite fillings of Groups 1 and 2 of Sahlstedt et al. (2009) (modified after Sahlstedt et 
al. 2010). 
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Figure 5-7. Oxygen and carbon isotopic composition of late stage calcites at Olkiluoto 
(Sahlstedt et al. 2009, 2010, 2013a,b). Note the very wide variation in δ13C values 
compared to δ18O values. Solid box indicates the isotopic composition of calcite 
precipitating in equilibrium with present day waters at ambient temperatures. Dotted 
line indicates the isotopic composition of calcite from drillcore OL-KR1 (Blyth et al. 
2000). 

The 87Sr/86Sr ratios for late stage Group 1 calcites vary from 0.7127 to 0.718 (Sahlstedt 
et al. 2013a). In the upper 100 m, dissolved Sr in modern groundwaters has distinctively 
higher ratios from 0.7167 to 0.7526 (Pitkänen et al. 2004) compared to Group 1 calcite 
fillings (n=4). Below 100 m, the 87Sr/86Sr ratios of Group 1 calcites vary from 0.718 to 
0.7161 (n=3), and thus are comparable to groundwater ratios. 

The isotopic composition of sulphur in fracture pyrite has been measured on a selected 
set of samples (Sahlstedt et al. 2009, 2013a). The amount of pyrite required for analysis 
was >10 mg, making it impossible to analyse the smallest pyrite crystals from fracture 
surfaces.  However, in drillcore ONK-PH2, pyrite (δ34S value of 49.4‰ VPDB) is 
associated with the latest calcite precipitates and, accordingly, it appears to be related to 
the latest events affecting the fracture system. 

5.3.2 Isotopic age constraints 

Uranium and Th concentrations were measured for selected calcite samples in order to 
assess the possibilities of using the isotopic composition of U and Th to constrain the 
timing of fracture mineralisations. The concentrations for both of these elements are 
typically low, < 1 ppm, with occasional higher U contents of 1.2–3.4 ppm. The highest 
U concentrations were measured from calcite and clay fillings in the upper parts of the 
bedrock and in zones of high conductivity (Figure 5-8). Because of the low U contents 
in fracture calcite, the amount of material available from late stage fracture calcite was 
too little to allow isotopic U and Th measurements. All results presented here are, 
therefore, restricted to massive calcite and clay mineral fracture fillings. 
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Figure 5-8. Uranium concentration of the fracture minerals analysed using LA-ICPMS 
and MC-IPCMS (Sahlstedt et al. 2013b). Samples, where Th is over 100% more 
abundant than U, have been indicated with larger symbols. Some of the samples have 
been analysed using both LA-ICPMS and MC-ICPMS and the results are compared 
using a solid line.  

The U decay series analysis results for the 13 fracture mineral samples are illustrated in  
Figure 5-9. The activity ratios (AR) of 230Th/234U and 234U/238U indicate that none of the 
samples are in radioactive secular equilibrium (i.e. (230Th/234U)AR and (234U/238U)AR ≠ 
1). Furthermore, considering the confidence limits, neither (230Th/234U)AR nor 
(234U/238U)AR is equal to 1 for any of the samples analysed. 

Following the systematics described by Thiel et al. (1983) and Scott et al. (1992), the U-
Th isotope ratios from Olkiluoto fracture minerals indicate a complex water-rock 
interaction history within the last 1 Ma for nine of the 13 samples. For the remaining 
four samples, the U-Th ages could be calculated. The calculated age for the fracture 
calcite sample was 145.0±7.7 ka, and for the three clay samples the ages were 92.7±7.5, 
131.2±1.7 and 64.5±4.5 ka.  

In Figure 5-9 the samples have been plotted on the Thiel diagram; see detailed 
description given in Thiel et al. (1983) and Scott et al. (1992).  The advantage of the 
Thiel diagram is that it enables an immediate recognition of the possible types of water-
rock interaction histories of the sample. The horizontal line at 234U/238U = 1 separates 
the U leaching region with excess 238U from the accumulation region with excess 234U. 
The vertical line 230Th/234U = 1 separates the diagram into two fields relative to the 
excess or deficiency of 230Th relative to 238U. None of the samples analysed correspond 
to the U leaching region in the Thiel-diagram and therefore do not indicate a leaching 
event within the past ca. 1–1.5 Ma. 
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Figure 5-9. Thiel diagram (Thiel et al. 1983) of U decay series for Olkiluoto fracture 
mineral samples from Sahlstedt et al. (2011). (230Th/234U)AR and (234U/238U)AR errors are 
in 1σ. The numbers 2–7, 9 and 12–13 refer to calcite and numbers 1, 8, 10 and 11 to 
clay samples (Sahlstedt et al. 2011). Samples with (230Th/232Th)AR < 35 are circled. 

The lines 230Th = 234U and (λU234–λTh230)/ λU234 define the two regions where 234U is at 
the same time in excess of 238U (indicating accumulation) and deficient relative to 230Th 
(indicating leaching). Such a combination cannot be achieved in a single process, 
whether sudden or continuous. Therefore, samples plotting in this region indicate 
multistage processes in which, for example, a continuous leaching event is interrupted 
by a sudden large U accumulation (Scott et al. 1992). The majority of the samples 
analysed indicate such a complex water-rock interaction history. 

Five late stage calcite samples (Group 1) were analysed for radiocarbon content for C-
14 dating. The model ages obtained for the calcites were >51 ka ago, except for one 
sample with 50±4 ka ago. Given the large error margin and the possibility of minor 
contamination from modern carbon, the model age of this sample most likely is >51ka 
ago. These model ages do not include possible isotopic dilution effect on 14C(DIC) 
precipitating in calcite, therefore primary ages are considered to be at least few tens of 
thousands of years. 

5.3.3 Implications for the evolution of the groundwater system 

Group 1 and 2 calcite fillings usually cover older, continuous calcite layers and 
commonly have distinct carbon isotope ratios relative to underlying calcite layers. These 
calcite types are unlikely to have been extensively represented in the material studied by 
Blomqvist et al. (1992) and Blyth et al. (2000). These authors investigated fracture 
fillings from drillcore OL-KR1 which was drilled using a conventional single tube 
drilling method. This method poses a serious risk to the preservation of delicate fracture 
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fillings due to mechanical strain and high pressure water flushing. The drilling method 
has since been changed to the triple tube coring method which better preserves the 
fracture material (Bath et al. 2000). Samples for the later studies by Sahlstedt et al. 
(2009, 2010, 2013a, b) have been obtained from triple tube drillcore material were the 
delicate mineral crystals (<1 mm) are typically well preserved (Figure 5-5). It is 
noteworthy that these well preserved, euhedral late-stage calcite crystals (Groups 1-2) 
occur already in the upper parts of the bedrock (<10 m b.s.l.) in hydraulically active 
zones (Sahlstedt et al. 2009, 2010, 2013a, b). Although some calcite dissolution most 
likely occurs during the infiltration of meteoric waters with low pH, preservation of the 
delicate fracture calcite material suggests that the effect of dissolution is presently 
restricted to the overburden and uppermost parts of the bedrock. Furthermore, sulphides 
also are typically well preserved in fractures, showing only slight discolouration of the 
grain surfaces. In a few exceptions rust coloured haloes (probably Fe-oxyhydroxides) 
surrounding sulphide grains have been noted (Sahlstedt et al. 2009, 2010, 2013a, b). 
Observations from sulphide grains suggest only minor influence of oxidative meteoric 
waters on fracture surfaces. 

Chemical composition 

In the late stage calcite fillings of Groups 1 and 2, the MnO content is higher, especially 
in calcites near the upper parts of the bedrock (Figure 5-6); this has also been reported at 
the Äspö HRL Site in Sweden (Bath et al. 2000, Drake and Tullborg, 2009). The Mn 
content in the earlier calcite precipitates does not show similar depth dependence. The 
higher Mn content in the upper bedrock fractures could reflect the redox behaviour of 
Mn were an oxidising environment favours poorly soluble Mn3+ and a reducing 
environment soluble Mn2+. The Mn3+-Mn2+ redox pair is associated with a higher redox 
potential as compared to the Fe3+-Fe2+ and SO4

2- - S2- pairs. Changes in the Mn content 
of groundwater due to redox processes are expected to occur in near surface conditions, 
which is compatible with the data in Figure 5-6. At Olkiluoto, the zone of manganese 
reduction in groundwater exists only a few tens of metres below the ground surface 
(Pitkänen et al. 2004, Posiva 2009). 

Carbon, O and Sr isotopic ratios 

The oxygen isotope composition of the late stage calcite fillings (-7 to -11‰ VSMOW) 
is typically within the calculated limits for calcites precipitating in equilibrium with 
present day waters at low temperatures (Figures 5-7 and 5-10). Fluid inclusions are 
typically scarce in these calcite types, but the presence of primary all liquid inclusions 
indicates formation temperatures of <80°C (Roedder 1984). 
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Figure 5-10. The oxygen isotope composition of fracture calcite with respect to depth 
(Sahlstedt et al. 2009, 2010, 2013a,b). The boxed area represents the δ18O range for 
calcite precipitates precipitating in equilibrium with present day groundwaters at low 
temperatures, calculated from the O isotope composition of present day waters 
(Pitkänen et al. 2007) and ambient water temperatures using the equilibrium 
fractionation factor by O’Neil et al. (1969). The 87Sr/86Sr ratios for Group 1 and 2 
calcites are shown also in the figure (modified after Sahlstedt et al. 2010). 

The δ13C data of the late stage calcite fillings (Groups 1-2) appear to have a depth 
dependent trend to higher values (Figure 5-11). Near the ground surface, the carbon 
isotope composition of calcite results from precipitation in equilibrium with present day 
type groundwaters at low temperatures. Low δ13C values in Group 1-2 calcite fillings 
indicate remineralisation of organic carbon; the lowest δ13C value is associated with 
pyrite with a very high δ34S value of 49.4‰ CDT, and could be related to microbial 
sulphate reduction (Sahlstedt et al. 2013a). Very high δ34S values in cogenetic pyrites 
indicate a Rayleigh fractionation effect due to a limited SO4

2- source (cf. Clark and Fritz 
1997); at depths of 50–400 m (b.s.l.) the calcite fillings at Olkiluoto are typically 
enriched in 13C with occasionally very high values of >10‰ VPDB. The depth 
distribution of the calcite δ13C values suggests that in the upper parts of the bedrock the 
calcite was precipitated in an environment resembling present day conditions. At greater 
depths, below 50 m, the isotope composition of the calcite fillings is more enriched in 
13C, most likely due to methanogenesis which produces strong fractionation of 13C 
between CO2 and CH4 (40–90‰ VPDB; e.g. Whiticar et al. 1986, Lansdown et al. 
1992, Whiticar 1999). 
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The 87Sr/86Sr ratio of Group 1-2 calcite fillings varies between 0.718 and 0.7127 
(Figures 5-10 and 5-11). Four samples, located in the upper 100 m of bedrock, have 
87Sr/86Sr ratios below those of the current groundwater (0.7167–0.7526; Pitkänen et al. 
2004). Three samples below -100 m elevation have 87Sr/86Sr ratios between 0.716 and 
0.718 which correspond to those of present day groundwaters. Two of the four samples 
at <100 m elevation have C and O isotope compositions similar to calcites that would 
precipitate in equilibrium with present day groundwaters. The 87Sr/86Sr ratios suggest, 
however, that the calcites in the upper part of the bedrock were not formed under 
conditions presently found at Olkiluoto. Present day groundwaters at Olkiluoto have 
become enriched in 87Sr during infiltration processes due to weathering of Rb-bearing 
silicates such as K-feldspar and micas (Pitkänen et al. 2004). The relatively low 
87Sr/86Sr ratios in late stage calcites in the upper part of the bedrock therefore suggest 
less influence from silicate weathering. Several scenarios can be considered to explain 
this observation, for example, during the precipitation of the calcite fillings, the area 
may have been covered by marine waters or a more extensive sedimentary cover. 

 

Figure 5-11. The carbon isotope composition of fracture calcite with respect to depth 
(Sahlstedt et al. 2009, 2010, 2013a,b). The boxed area indicates the limits of the δ13C 
values for calcites precipitating in equilibrium with present day waters at ambient 
groundwater temperatures. The limits were calculated using the current groundwater 
DIC values (Posiva 2009), and the carbon speciation and equilibrium fractionation 
factors were based on Romanek et al. (1992) and Zhang et al. (1995). Also shown are 
87Sr/86Sr ratios for selected Group 1 and 2 calcite fillings (modified after Sahlstedt et al. 
2010). 
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In the present day groundwater redox regime at Olkiluoto, the methanic environment is 
restricted to depths below -300 m elevation (Pitkänen et al. 2004, Posiva 2009). The 
methane in deep groundwaters at Olkiluoto has been interpreted to have two primary 
sources based on the isotope composition of methane and higher hydrocarbons 
(Pitkänen and Partamies 2007). Methane in the deep part of the bedrock has likely been 
produced abiogenically from inorganic sources, and the proportion of microbially 
produced methane increases towards the upper boundary of the methanic environment 
(Pitkänen and Partamies 2007). A third source for methane, thermogenic CH4, is 
interpreted from recent isotope analyses of secondary fluid inclusions in quartz (Chapter 
4). Abiogenic methane in Precambrian shield areas is believed to have been formed at 
elevated temperatures with potential reaction paths including Fischer-Tropsch synthesis 
and serpentinisation reactions (Sherwood Lollar et al. 1993, 2007). According to the 
evidence from oxygen isotope ratios and fluid inclusions, the late stage calcite fillings 
have been formed at low temperatures. The occurrence of methanogenetic late stage 
calcites in the upper part of the bedrock indicates that microbial methane production 
was active closer to the ground surface when precipitation of calcite fillings occurred 
(Sahlstedt et al. 2010). 

Above the methanic environment, the groundwaters contain a significant component of 
water derived from the former Littorina Sea indicated by, for example,  
characteristically high concentrations of Mg and SO4

2- (Chapter 8, Pitkänen et al. 2004, 
Posiva 2009). Late stage calcite fillings (Groups 1-2) with δ13C values >0‰ VPDB are 
found at depths currently characterised by groundwaters rich in SO4

2- (Figure 5-11) 
which provides a time limit for changes in the redox environment. Because of the 
inhibiting influence of SO4

2- on methanogens (e.g. Winfrey and Zeikus 1977, Lovley et 
al. 1982), the infiltration of marine water rich in SO4

2- could have forced the methanic 
environment deeper into the bedrock by density intrusion. The most recent event can be 
related to the infiltration of seawater from the Littorina Sea at 8-5 ka, but similar earlier 
events cannot be ruled out. It is known also that during Eemian times a passage existed 
between the Baltic and Arctic seas, and the Olkiluoto region was covered by marine 
waters (Funder et al. 2002, Miettinen et al. 2002). 

Uranium mobility and isotopic age constraints 

Uranium concentrations are generally higher in fracture minerals near the ground 
surface (Figure 5-8). Higher concentrations are also found in two samples at a depth of 
about 300 m from fractures in the hydrological unit HZ20A. This general pattern 
reflects the distribution of U in groundwaters at Olkiluoto (cf. Pitkänen et al. 2004). In 
the oxidising near surface environment, the soluble U6+ dominates and when transported 
to more reducing environment, it precipitates as insoluble U4+. Uranium in the solution 
may also be adsorbed onto mineral surfaces or uranyl ion complexes may coprecipitate 
with secondary minerals. 

The dominating source for U at Olkiluoto seems to be the leaching of granitic and 
pegmatitic rocks at shallow depths (Pitkänen et al. 2004). Occasionally, higher 
concentrations of U in calcite at greater depths are likely related to transportation along 
the highly transmissive zone HZ20A (cf. Fig. 3-2). It has been experimentally shown for 
fracture material at Olkiluoto that the amount of readily leachable U (dissolution with 
0.5N HNO3) increases with the conductivity of the fracture (Marcos 2002). 
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Furthermore, the U decay series analysis shows a complex history of water rock 
interaction in the recent geologic past (Figure 5-9). Most of the samples, when plotted in 
the Thiel diagram, indicate that multistage processes are responsible for the measured 
234U/238U and 230Th/234U ratios. As for the actual ages, which were calculated for four of 
the samples, there are reasons to believe that these ages are an indication of U mobility 
in the fractures and not the actual ages of the host minerals. For example, the calcite 
sample with the calculated U-Th age of 145 ka has been classified as belonging to 
Group 3, and it yielded fluid inclusion data indicating a formation temperature of >68°C 
(Sahlstedt et al. 2010b). Elevated temperatures at this range have not existed close to the 
bedrock surface during the last 100 Ma (cf. Chapter 2). 

Carbon-14 dating results are available for five late stage calcite samples and indicate 
precipitation ages >51 000 BP. However, the limit of 14C-dating for fracture calcite is 
likely to be at ~30 000 years or less, due to the dilution of the DIC pool with respect to 
14C during infiltration (cf. Clark and Fritz, 1997). Because low temperature conditions 
in the upper parts of the bedrock at Olkiluoto have prevailed over several millions of 
years (~200 Ma, cf. Chapter 2), the C-14 dating results do not significantly reduce the 
possible time period for the precipitation of the late stage calcites. Nevertheless, these 
data indicate that the calcites in question are pre-Holocene, and thus also predate 
markedly the infiltration of the Littorina Sea waters into the Olkiluoto bedrock. 

5.4 Uncertainties 

Based on δ13C and δ18O values, the two earliest calcite generations of Blyth et al. (2000) 
are nearly absent from the sample set investigated by Sahlstedt et al. (2009, 2010, 
2011a, b). There are several possible explanations: 1) The sampling strategy for the 
study by Sahlstedt et al. (2009, 2013a, b) emphasised open, groundwater conducting 
fractures. Because the two earliest calcite generations occur mainly in closed fractures 
(Blyth et al. 2000), the number of samples from these earliest calcite generations in the 
material for the study by Sahlstedt et al. (2009, 2013a, b) can be expected to be low. 2) 
According to Blyth et al. (2000), the oldest calcite generations at Olkiluoto may have 
dissolved from fractures and precipitated as the younger, ‘Platy Grey’ calcite type. The 
sampling strategy of Sahlstedt et al. (2009, 2013a, b) concentrated on water conducting 
fractures and most of the samples were obtained from the major hydraulically active 
zones HZ19 and HZ20. In these zones, dissolution of old calcite generations has most 
likely been more pronounced compared to other bedrock fractures. The C and O 
isotopic compositions of Groups 3-5 calcite fillings of Sahlstedt et al. (2009, 2013a, b) 
typically overlap with the composition of the “platy grey” calcite type, which supports 
the hypothesis. 3) A majority of the samples studied by Sahlstedt et al. (2009, 2013a, b) 
was obtained from depths of <-500 m elevation, whereas the oldest calcite type of Blyth 
et al. (2000) was from depths >-500 m elevation. 

Microthermometric measurements are available for seven samples in the study by 
Sahlstedt et al. (2013a, b). The calculated δ18O of water ranges from -9 to 7‰ and the 
δ13C of DIC is assumed to range approximately from -6 to -14‰, which is the range of 
the δ13C values of the calcite. Generally, the inferred isotopic composition for the 
palaeofluids overlap with the results obtained from the ‘Platy Grey’ calcite type of 
Blyth et al. (2000). This conclusion may be questioned on the basis of less available 
data in the study of Sahlstedt et al. (2013a, b). 
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So far, no isotopic ages are available for the massive calcite fillings. Calcites that 
formed at high temperatures are possibly related to hydrothermal activity associated 
with the Mesoproterozoic rapakivi magmatism (1583±3 to ~1540 Ma, Vaasjoki 1996; 
cf. Chapter 2) and dolerite intrusions (~1560 Ma, Mertanen 2007 and 1264±12 to 
1258±13 Ma, Simonen 1991) or elevated temperatures caused by deep burial associated 
with the sedimentary cover of the Caledonian foreland stage (~300 Ma, Larson et al. 
1999). Isotopic dating of fracture calcite is not straightforward but, for example, 
associated clay minerals could be dated. Fracture illite at Olkiluoto has yielded ages 
ranging from 1.38 Ga to 550 Ma, indicating that the above mentioned geological events 
have affected the Olkiluoto bedrock (Mänttäri et al. 2007). These ages can not, 
however, be unambiguously related to any of the calcite generations discussed above. 

Dating of late stage calcites by U series disequilibrium suffers from low U 
concentrations and thin fracture fillings. Earlier massive calcite generations as well as 
other fracture minerals provide sufficient material for U-Th isotopic analysis. Distinct 
mobility of U during the last 1 Ma is implied, but at the same time there is strong 
evidence indicating that the fracture minerals have formed during hydrothermal 
conditions at higher than ambient temperatures. Based on C-14, the late stage calcites 
precipitated more than a few tens of thousands of years ago and therefore their exact age 
remains unresolved. 
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6 PETROPHYSICAL PROPERTIES IN THE ROCK MATRIX  

Flow and transport in fractured rock are described using the dual-porosity concept. This 
approach is based on the presence of two water bearing regimes in the rock matrix, the 
first associated with the advective fracture network and the other with a less permeable 
interconnected pore system in the rock matrix blocks (Figure 6.1). Equilibration of 
dissolved elements and isotopes between fracture groundwater and matrix porewater 
and fluid-rock interactions in rock matrices are controlled by the fraction of the total 
pore space that forms a connective network. Matrix porewater tends to conserve 
cumulatively hydrogeochemical signals for longer time spans compared to open fracture 
space due to slow diffusion, which appears to control transport in the connected pore 
space of the matrix. Thus the knowledge of the connected porosity and the detailed 
characterisation of the pore structure in rocks as well as the understanding diffusion 
processes in the open pore space in order to interpret transport between matrix and 
fractures are needed. 

 

Figure 6-1. Schematic representation of dual porosity concept; connective pore 
network in the matrix along a water filled fracture. Transport is controlled by diffusion 
(↔) in the matrix porosity whereas mostly by advection in the much more open 
fracture. Crack and pore openings given here are representative for gneisses from 
Olkiluoto (modified after Rasilainen, 1997). 

Matrix porosity, which is defined as the connected inter- and intracrystalline pore space 
in the rock matrix can be highly variable in crystalline rocks depending on rock texture 
and mineralogy. This causes a variation in diffusion properties at different space scales 
(Sardini et al. 2003). The major difficulty in determining the spatial distribution of 
micropores or connected pore system characters in crystalline rocks is the observation 
scale. Indeed, the typical aperture of microcracks is one micrometre or less, whereas the 
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average grain size of crystalline rocks (e.g. granites and gneisses) is commonly greater 
than one millimetre. The temporal evolution of transport properties of the rock during 
fluid-rock interaction is difficult to predict because of the dependence of transport 
properties on the microstructure.  

This Chapter sheds light on the reference information of physical properties of matrix 
porosity in crystalline rock. A summary of observations concerning porosity, pore size 
distribution, diffusion coefficients and anion specific diffusion obtained in laboratory, 
are presented. In addition, the link between key parameters represented by porosity, 
diffusion coefficient and depth of pronounced diffusion zone adjacent to the conductive 
fracture, also are discussed. 

6.1 Matrix porosity 

6.1.1 Definition of rock porosity 

The heterogeneities of a natural porous rock can be described mainly at four different 
length scales (Sahimi 1995): 1) the microscopic heterogeneities are at the pore scale and 
the mineral grains were examined by thin section microscopy or electron microscopy, 2) 
the macroscopic heterogeneities are at the scale of rock cores and were measured in 
centimetres, 3) megascopic heterogeneities are at the scale of entire rock blocks which 
may possess large fractures and faults, and 4) gigascopic scale heterogeneities are 
encountered in landscapes that may contain mountains and rivers etc. Below, the 
heterogeneities of rock at the first two scales are discussed. 

Porosity in crystalline rocks can be mainly divided into primary types, acquired during 
magmatic or metamorphic crystallisation, and secondary types, developed since 
crystallisation through rock alteration and mechanical stress. Rock forming minerals are 
changed structurally and chemically with time by water–rock interactions resulting in 
weathering and alteration. One feature in magmatic and metamorphic rocks (i.e. typical 
of Olkiluoto) is metasomatic or retrogressive mineral alteration, for example, feldspars 
to sericite. This results from interaction of the mineral surface with matrix porewater to 
correlate with decreasing temperature (and pressure) during the cooling stage of the 
rock formation. Therefore alteration is slight, but general throughout the rock domain. 
Secondary minerals filling microcracks and grain boundaries decrease the porosity and 
the width of the void openings. 

Under stress the mineral constituents of the rock may deform in either a brittle manner 
by fracturing or in a ductile fashion by crystal plastic processes. Low temperature and 
higher strain rates favour brittle deformation of minerals, whilst higher temperatures and 
lower strain rates promote ductile deformation. Porosities of fresh to slightly altered 
granites and gneisses from the Finnish investigation sites range from about 0.2% to 
<1%; following significant alteration or weathering the porosity may vary in percent 
scale. Such effects are mainly observable in the first centimetres of bedrock adjacent to 
fractures. 

Different types of porosity measurements characterise different parts of the pore space 
of a crystalline rock. In the low permeable rock matrix of crystalline rocks different 
types of porosity can be distinguished: 
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 Physical or total porosity: The physical or total porosity of a rock describes the 
total pore space in a rock that is defined by the ratio of void volume to the total 
volume of the rock and can be calculated from the bulk density of a dry sample 
and its grain density (Norton & Knapp 1977). The physical porosity includes the 
volume not occupied by mineral grains, such as pore spaces between mineral 
grains, dead-end pores, microfractures, porous minerals (e.g. altered or 
secondary minerals) and fluid inclusions. 

 Connected porosity:  The connected porosity of a rock describes the volume of 
connected pore space and is smaller than or equal to physical porosity.  In 
crystalline rocks it is commonly determined by the gravimetric water content 
measurement (water saturation) or by the diffusive isotope exchange technique 
(cf. Chapter 3) or by resin impregnation and quantitative visualisation of the 
pore space (e.g. Hellmuth et al., 1993; Autio et al., 1998; Ota et al., 2003). 

 Geochemical porosity:  The geochemical porosity or tracer accessible porosity 
describes the fraction of the connected porosity, which is accessible for a certain 
ion.  

Nomenclature of pore sizes has been defined by the International Union of Pure and 
Applied Chemistry (IUPAC) as micro pores <2 nm, meso pores 2–50 nm and macro 
pores >50 nm. The rock porosity is composed of three types of microstructure; a) pores 
which include intra granular (= solution) pores, b) grain boundary pores surrounding the 
mineral grains, and c) intra- and trans-granular fissures. Types (b) and (c) are usually in 
the range of micrometers, but if they are filled with alteration products of minerals the 
pore apertures of mesopore range are found. One aspect when connected and 
geochemical porosity are determined is the ionic radii of accessible atoms and 
molecules which are given in units of either picometres (pm) or Ångströms (Å), with 
1Å= 100pm. Typical values for atoms and small molecules range from 30pm (0.3Å) to 
over 200pm (2Å). Finally, water (size of molecule 193 pm) is a naturally occurring 
substance in crystalline rock matrices but different water types do exist; interlayer 
water, water bound in the crystal lattice and the stagnant water in open pore spaces.  

Connected porosity determination by the through diffusion method  

In the through diffusion method (Valkiainen et al. 1995), the sample forms a transport 
pathway between the tracer containing volume of liquid and the tracer free volume of 
liquid. The sample is equilibrated in a tracer free solution and the evolution of tracer 
concentration is followed in the initially tracer free reservoir. The results of through 
diffusion can be expressed by the scaled ratio between the concentration in the 
measuring cell, volume and reservoir. Assuming the simple one dimensional diffusion 
through a rock disk, the effective and apparent diffusion coefficient can be determined 
as well as the capacity factor α which equals the connected porosity when there is no 
sorption of the used tracer. Here, tritiated water (HTO), chloride and He gas molecules 
(Hartikainen et al. 1994) were used as diffusing tracers. However, there is a variation 
how these molecules experience the open accessible pore space in the studied Olkiluoto 
rocks, thus the porosity results are given as ‘tritiated water’, ‘chloride’ and ‘helium’ 
accessible porosities. 
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Connected porosity determination by water saturation 

Water saturation is one method used for measuring the connected porosity and has been 
used also in rock porosity investigations at Olkiluoto (Lindberg et al. 2010, Siitari-
Kauppi et al. 2010, Valkiainen et al. 1995). The method measures the interconnected 
porosity of previously dried and resaturated rocks excluding the residual porosity (e.g. 
fluid inclusions). Porosity results of samples from the Olkiluoto site from drillcores OL-
KR38 and OL-KR39 using water gravimetric experiments were carried out on samples 
from a rock length of 23.31–32.17 mm. The samples were dried over night in an oven to 
reach a constant mass and then initially weighed after 2 hours of drying, and then finally 
after a further 24 hours of drying in an oven at 100±2°C). 

After drying, the rock samples were put in a glass container which was filled with 
deionised water and subsequently kept in a laboratory at a room temperature of 
20±2°C). The first measurement of the change in the mass of the sample was carried out 
after 24 hours in water. Before weighing, the samples were wiped to remove excess 
water around the samples. Weighing was carried out at a time interval of approximately 
5-7 days up to a maximum of 31 days and any change in the mass was considered to be 
the mass of water intruding into the pores of the rock sample. 

Connected porosity determination on naturally saturated rock samples 

The connected porosity was determined by two different methods on 82 originally 
saturated rock samples (Eichinger et al. 2006, 2010, 2013). 

The first method was by gravimetric measurement of the water loss during drying of the 
samples at 105°C to stable weight conditions (±0.002g). The saturation of the core 
samples was guaranteed by a special sampling procedure and by comparison of the 
weights of the cores before and after emersion in water for several months. The weights 
of these samples varied between 66-426 g for samples previously used for isotope 
diffusive exchange, and between 600-1,000 g for samples previously used for out-
diffusion experiments (cf. Eichinger et al. 2006, 2010). During both types of 
experiments, the core samples remained saturated.  

The second method used the water content obtained from isotope mass balance by the 
diffusive isotope exchange technique. The water-loss (connected) porosity was 
subsequently calculated using the water content and the bulk wet density of the samples, 
the latter derived from the wet mass and volume of the large size drillcore samples. 

Connected porosity determination by impregnation methods 

The connected porosity of rocks has also been determined with conventional 
impregnation methods using acrylic or epoxy resin tagged with fluorescein (Siitari-
Kauppi et al. 2008). These resins contain three components; a) an organic molecule of 
molecular weight 100–700 g/mol, b) a hardener, and c) a colour substance (i.e. a 
molecule of a few thousand pm in size) having a molecular weight of 1,000±200 g/mol. 
The penetration of these components into the rock matrices is determined from thin 
sections using microscopical techniques consisting of polarised light microscopy, 
fluorescence microscopy, and confocal laser microscopy and scanning electron 
microscopy. Confocal scanning laser microscopy offers good resolution of less than 1 
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μm, scanning electron microscopy (SEM) allows direct observation of the pore space 
with a resolution approaching 0.1μm and microscopic examination of pores provides 
information about total porosity in the frames of the resolution of the method used. 
Microscopic techniques used to determine the volumetric content of mineral grains do 
not provide a sufficiently accurate estimate of the volumetric pore content. However, 
microscopy can provide useful supplementary information on the shape, size and filling 
material of the pores. 

The polymethylmethacrylate (PMMA) method was developed for characterisation of 
the heterogeneous pore structures of centimetre scale rock cores (Hellmuth et al. 1994, 
Siitari-Kauppi 2002, Sardini et. al. 2006). This method involves the impregnation of a 
rock sample with 14C- or 3H-labelled methylmethacrylate (MMA) followed by 
polymerisation, autoradiography, and finally porosity determination routines relying on 
digital image processing techniques. Applied to low porous rocks, the autoradiography 
describes the spatial distribution of the porosity and integrates the microscopic scales to 
the hand specimen scale. The MMA molecule is asymmetric and exhibits a thickness of 
approximately 400 pm for a length of approximately 1,000 pm. The MMA molecule has 
been measured as 380 pm thick monomolecular layers within the montmorillonite clay 
mineral sheets (Blumstein 1965). The porosity and microfracturing of 14 core samples 
from deep drillholes OL-KR38 and OL-KR39 were investigated by the PMMA method 
(Lindberg et al. 2010) with focus on the matrix porosity. Furthermore, the porosity, pore 
structure and microfracturing adjacent to the water conducting fractures of 18 core 
samples from a further seven deep drillholes were investigated (Siitari-Kauppi et al. 
2010). The main focus was to analyse the changes in porosity and mineralogy adjacent 
to typical fractures in the bedrock of Olkiluoto to establish a mean of the porosity 
profiles. 

The results of connected porosities (CP) that are given in the next section are taken from 
previous works by Valkiainen et al. (1995), Lindberg et al. (2010) and Siitari-Kauppi et 
al. (2010). The connected porosities of rock samples from Olkiluoto were measured by 
the through diffusion method (HTO, Cl, He) using the water saturation technique and by 
the PMMA autoradiography technique. Furthermore, the CP and GP results of rock 
samples from OL-KR39, OL-KR47 and ONK-PH9 were measured by water saturation 
and from naturally saturated samples. 

6.1.2 Matrix porosity of Olkiluoto bedrock 

Connected porosity determined by the through diffusion method  

The samples were chosen from the drillcore OL-KR5 in which the predominant rock 
type is a veined mica gneiss (VGN) (Valkiainen et al. 1995). The other rock types, 
pegmatitic granite (PGR) and tonalite-granite-granodiorite gneiss (TGG-gneiss), where 
also used to represent three weathered and two altered rock samples from this drillcore. 
The porosities were determined from the break-through curves of HTO and chloride 
(Cl-36) by their use as a fitting parameter. The rock samples measured using the He gas 
method were taken parallel to those used in water phase through diffusion experiments, 
although not exactly the same. The connected porosities of unaltered rock samples are 
between 0.1-0.3 % and significantly lower than the porosities of altered rocks (1 %-2 
%). The porosities determined from the chloride breakthrough curves are lower than 
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those from the HTO breakthrough curves in the unaltered and altered gneiss samples. 
However, the determined porosities for HTO and chloride in unaltered and altered 
granite samples are in agreement. Furthermore, in such cases of unaltered and altered 
granite the porosities estimated from the He gas through diffusion method are lower 
than the porosities measured by HTO from breakthrough curves. Finally, the He gas 
results for unaltered and altered granite are in good agreement with data derived from 
the water phase through diffusion experiment. 

Table 6-1. Porosities determined by the through diffusion method. The tracers used 
were HTO and chloride in water saturated samples and helium in a nitrogen 
athmosphere. The error of the porosity and capacity factor is the standard deviation of 
measurements from multiple samples. Porosity is taken as a fitting parameter from the 
breakthrough curve in He gas method with a conservative error of about 10%. 

Rock type Porosity (%) 
by HTO 

Porosity(%) 
by Cl-36 

Porosity (%) by 
He gas 

VGN (3) 0.11±0.02 ≤0.01 0.05 
PGR(2) 0.25±0.01 0.28±0.07 0.45 
TGG gneiss(3) 0.17±0.01 ≤0.02 0.07 
Weathered PGR (3) 1.41±1.09 1.48±1.22 0.7 
Altered VGN(3) 2.08±1.18 1.16±1.14 0.6 
Strongly altered VGN (3) 2.15±0.36 1.79±0.60 8 

 

Connected porosity determined by water saturation  

The connected porosities of the rock samples cored from deep drillholes OL-KR38 and 
OL-KR39 varied from 0.2-0.6 % when determined using the water saturation technique 
(Lindberg et al., 2010). Table 6-2 presents the porosity data for different rock types. The 
PGR and VGN porosities were two to three times higher than the DGN and TGG gneiss 
porosities. The parallel samples differed in mineralogical and textural properties 
because the aim of this exercise was to compare the water saturation porosities.  

Table 6-2. Dry density and water saturation porosity of the rock types (in Lindberg et 
al. 2010; Table 3). The first column shows the number of samples studied. The error of 
the porosity is the standard deviation of several measurements for one sample in case 
only one sample is measured, otherwise the standard deviation of multiple sample 
measurements are used. 

Rock type Dry density (g/cm3) Water saturation 
porosity (wt%) 

DGN (1) 2.65±0.03 0.25±0.02 
PGR (5) 2.57±0.03 0.58±0.27 
MGN (2) 2.84±0.06 0.26±0.28 
VGN (3) 2,67±0.03 0,54±0,31 
TGG gneiss (1) 2.64±0.03 0.26±0.02 

 

Connected porosity determined on naturally saturated core samples 

The water content of all core samples is < 1 wt.% and depends on the rock type and 
degree of alteration (Table 6-3). Water contents determined by different methods and on 
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different sample pieces with different sizes agree well (Eichinger et al., 2006, 2010, 
2013). Deviations are understood and can be explained by mineralogical and textural 
properties of the individual rock samples. 

Table 6-3. Average bulk wet density, gravimetric water content and water-loss porosity 
of the individual rock types. The errors of the values are the standard deviations of the 
measurements of multiple samples; n = the number of analysed samples. 

Lithology Abbrevia-
tion 

n Bulk wet 
density 
(g/cm3) 

Gravimetric 
water content 
(wt.%) 

Water loss 
porosity 
(Vol.%) 

Veined Gneiss VGN 31 2.72±0.03 0.24±0.10 0.66±0.27 
Veined Gneiss, alt. VGNalt 2 2.71±0.03 0.97±0.43 2.62±1.12 
Pegmatitic Granite PGR 20 2.61±0.05 0.29±0.05 0.76±0.12 
Pegmatitic Granite, alt. PGRalt 10 2.63±0.06 0.61±0.16 1.60±0.40 
Diatexitic Gneiss DGN 3 2.63±0.01 0.20±0.02 0.51±0.06 
Diatexitic Gneiss, alt. DGNalt 6 2.66±0.03 0.61±0.23 1.61±0.62 
TGG-Gneiss TGG 3 2.62±0.02 0.24±0.06 0.63±0.16 
Mica Gneiss MGN 5 2.75±0.03 0.12±0.03 0.32±0.08 
Quartz Gneiss QGN 1 3.02 0.06 0.19 
Dolerite DIA 1 2.96 0.13 0.38 
K-feldspar porphyry KFP 1 2.70 0.11 0.30 

 

Because of the similar density within the individual lithologies the water-content (i.e. 
connected) porosity distribution is similar than that of the water content values. The 
water content (i.e. connected porosity) is <1 Vol.% for unaltered core samples and 1-3 
Vol.% for altered samples (Table 6-1, Figure 6-1). 

Core samples, consisting of veined gneiss, pegmatitic granite, diatexitic gneiss and 
TGG-gneiss have water-content porosities about twice that of mica gneiss (Table 6-3, 
Figure 6-2). The average water-content porosities of macroscopically altered samples of 
the individual lithologies are two to four times higher than those of unaltered samples 
from the same lithology (Table 6-3, Figure 6-2). 

Due to the high number of water-content porosity values collected by this method, a 
correlation of the connected porosity values of the individual lithologies with depth can 
be carried out. Water-loss porosities of all lithologies remain constant over depth along 
the vertical profiles and hence show no depth dependency, or in case of veined gneiss 
even a decrease with increasing depth (Figure 6-3). 

Elevated water-content porosity values are associated with hydrothermally altered, 
mostly water-conducting zones (Figure 6-2). 

Connected porosity determined by C-14 PMMA  

The connected porosities of the studied rock cores from deep drillholes OL-KR38 and OL-
KR39 (Lindberg et al. 2010, Siitari-Kauppi et al. 2010) varied between 0.1% and 3% 
(Figure 6-2, Table 6-4). However, spatially the porosities of 20-30% were determined 
for the minerals that were strongly altered and placed adjacent to the fracture surfaces. 
The PMMA results showed different types of porosity patterns in the studied samples. 
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First are the samples where intra- and inter-granular microfissures are dominating; all 
PGRs belong to this group. Secondly, the samples that contain fine grained minerals 
represent the porosity pattern where the grain boundary porosity is dominating. Some 
MGN or VGN show very low porosities; the resolution of the autoradiographs was not 
high enough even after reasonable exposure times for a quantitative porosity 
calculation. Many of the chosen samples represent different stages of alteration thus 
causing complexity in the pore structure of the rock. The common feature is that the 
highly porous minerals (altered cordierite, chlorite, sericite etc.) are found adjacent to 
the fractures and /or surrounding the fractures, thus posing centimetre scale 
heterogeneous porosity patterns on the studied rock samples. 

Figure 6-4 shows two typical examples of PMMA porosity patterns in the Olkiluoto 
rocks. Pegmatite granites (Figure 6-4 a) show a regular grain boundary pore network 
with pore apertures in the µm range. Internal porosity (by the PMMA method) in 
mineral grains is mostly absent. These samples were impregnated rapidly and 
completely with water or MMA and the porosities measured by different methods are 
normally consistent.  

The same degree of consistency was observed for many granitic rocks with conductive 
pore networks and minor alteration of mineral phases. In medium and fine-grained mica 
and veined gneisses which are rich in micas, the intragranular porosity (solution 
porosity) was significant and even though the water or MMA intrusion was slow, the 
open pore space was still filled completely (Hellmuth et al 1994,  Klobes et al 2006) as 
shown also in this work (Figure 6-4 b). Slow intrusion of tracers was found also in 
fractures and fissures when filled by secondary minerals (clays and calcite). In a few 
mica gneiss samples, the MMA penetration failed and the PMMA porosity could not be 
detected. The slow penetration of tracers indicates the existence of micro, meso and 
upper meso pores, a very tortuous connected pore system, and correspondingly a very 
slow or inhibited diffusion of elements and ions.  
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Figure 6-2. Comparison of the average connected porosity of the individual lithologies 
sampled within the Olkiluoto bedrock determined by different methods (HTO = 
connected porosity determined by breakthrough curves of HTO; Cl-36 = connected 
porosity determined by breakthrough curves of Cl-36; He = connected porosity 
determined by the He gas method; Resat = connected porosity determined 
gravimetrically on resaturated, previously dried samples; Natsat = connected porosity 
determined gravimetrically on naturally saturated samples; PMMA = connected 
porosity determined by C14-PMMA). The errors of the values are the standard 
deviations of the measurements of multiple samples. 
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Figure 6-3. Water-loss (connected) porosity of different lithologies versus depth for 
samples from drillholes OL-KR39 and OL-KR47 and versus distance along drillhole 
ONK-PH9; the uncertainty of the water-loss porosity is ±10%. Positions and 
transmissivities of water conducting fractures along the individual drillholes are shown 
separately. Fracture positions and their transmissivities are plotted according to 
Pöllänen (2006), Tarvainen and Heikkinen (2008), Toropainen (2009) and Karttunen et 
al. (2010). 
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a)     

b)    

Figure 6-4.Two porosity patterns visualised on C-14 PMMA autoradiographs in typical 
Olkiluoto rocks; a) OL-KR38/364m pegmatite granite (connected  porosity of 0.4%;  
photoimage left and C-14 PMMA autoradiograph right), and b) OL-KR38/465m veined 
gneiss (connected porosity of 0.3%;  photo image left and C-14PMMA autoradiograph 
right). On the autoradiographs different shades of grey represent different porosities; 
the darker the shades the higher the porosity. Width of the sample is 4 cm. (Lindberg et 
al. 2010). 
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Figure 6-5 shows an example of a C-14 PMMA porosity pattern for medium grained, 
VGN. The sample is composed of foliated MGN with high granitic neosome content 
and plenty of pinite and cordierite grains. An open fracture surface parallel with the 
foliation is on the right hand side of the core sample were spatial porosities vary from 
0.4 to 4%. The autoradiograph shows that the porosity, and therefore the migration of 
elements, is favoured parallel to the foliation, whereas migration perpendicular to the 
fracture surface is less pronounced. 
 

 

 

Figure 6-5. Photo image of the rock surface in drillcore sample OL-KR15/146 m and 
corresponding autoradiograph showing a porosity pattern of medium-grained foliated 
MGN/VGN. Different shades of grey on the autoradiograph represent two different 
porosities; the darker the shade the higher the porosity. Length of the sample is 14 cm. 
(Siitari-Kauppi et al. 2010). 

Table 6-4. Connected porosity values by the PMMA method with an error about 10 %. 
A= intra- and intergranular micro fissures, B=grain boundary porosity were porosities 
are often close to the PMMA method’s detection limit, C=highly porous altered 
minerals exist (see Lindberg et al 2010). 

Rock type Porosity 
PMMA method 
(%) 

Porosity of 
altered  minerals 
(%) 

PGR (4) 0.5±0.1 >10 

VGN (5) 0.4±0.1 3-20 
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6.1.3 Uncertainties in the determination of connected porosity. 

Determination of connected porosity on naturally saturated core samples 

The determination of the connected porosity by using the gravimetrically determined 
water content and the density of naturally saturated core samples can be influenced 
mainly by a tampering of the in situ water content by experimental artefacts and the 
drilling process. 

Experimental artefacts have been minimised and controlled by a sophisticated approach 
developed during many individual campaigns resulting in robust sampling and 
experimental protocols. For example, possible evaporation of porewater from rock 
samples during drilling and subsequent transport from the drilling site to the laboratory 
prior to the set-up of the experiments, is controlled and monitored by taking the exact 
weights of the core samples immediately on arrival at the laboratory and after 
immersing the cores in test water for several months during the out-diffusion 
experiments (Waber & Smellie, 2008, Waber et. al, 2009a). 

Another uncertainty is the degree of stress release that effects the core samples when 
removed from in-situ conditions. In addition, the drilling process might disrupt the 
original rock texture and create additional pore space in the outermost zone of a 
drillcore. Both of these processes may result in an increase of the original porosity and 
permeability that are present under in situ conditions which may cause a penetration of 
drilling water, thus resulting in an increase in the measured water content of the samples  
(Waber et al. 2009a).   

Quantitative information about the influence of stress release and the penetration of 
drilling fluid in drillcore samples can be gained by applying traced drilling fluid during 
the drilling process, and such investigations have been conducted on drillhole OL-KR55 
at the Olkiluoto investigation site (Meier, 2012) and previously on the Swedish 
Forsmark site (Waber et al. 2011). In each case, sections of deep drillholes were drilled 
with NaI traced drilling fluid of known composition. The volume of penetrated drilling 
fluid in the investigated core samples was obtained by out-diffusion experiments. 
Modelling of the elution behaviour of the artificial tracer iodide and the natural tracer Cl 
revealed that the increase in water content for drillhole OL.KR55 (Meiei, 2912) caused 
by stress release is approximately between 0.8-2.5%, and 5.0-8.9% for anisotropic 
veined gneisses and isotropic TGG-gneiss, respectively. The penetration of drilling fluid 
into the newly created pore space therefore depends on the rock type, and may impact 
on estimates of solute concentrations in the porewater and values may lie outside of the 
bounds of analytical uncertainty for the experimental procedure(s).  

In addition to stress release, the drilling process can disrupt the drillcore samples due to 
the mechanical impact of the drill bit. The disruption induced by drilling is limited to 
the outermost rim of the drillcore, termed the “drilling disturbed zone” (DDZ).  It causes 
an enlargement of the existing pores and the creation of new pores and microcracks 
along the rim zone. The quantification of the DDZ is assessed utilising the tracer elution 
behaviour of the out-diffusion experiments and 2-D transport modelling, similar to that 
used to assess the magnitude of stress-release induced artefacts. 
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For veined gneiss and TGG-gneiss samples from Olkiluoto, Meier (2012) found a 
disrupted zone of 0.4-2.2 mm and 1.0-1.8 mm, respectively.  New pore space, created 
by the drilling process, appears to be related only to a small outer rim portion of the 
drillcore. Considering the large rock volume used in porewater out-diffusion 
experiments, it is interpreted that the perturbation of the pore space (and water-content 
measurements) in crystalline drillcore samples is predominantly caused by stress 
release, rather than by mechanical drilling damage. 

Finally, with respect to any significant influence of newly created pore space by sawing 
and sample preparation, this can be excluded due to the relatively large mass of the used 
core samples (cf. Tullborg & Larsson 2006). 

This results in a decrease of the elastic moduli of rock building minerals.  Due to 
anisotropy in the mechanical properties of mineral grains, this process leads to the 
generation of microcracks and an increase of pore apertures.  Thus, the physical 
porosity of rock samples may be increased.  As a consequence, drilling fluid may 
penetrate into the newly created pore space, which could lead to an increase in the 
measured water content of the samples. 

Note in this chapter only the uncertainties in the determination of connected porosities 
on naturally saturated samples are discussed. The uncertainties of the other methods, i.e. 
determination of porosities by through diffusion, resaturation and 14C-PMMA, have 
also been objectively discussed in the same manner as above.  

6.2 Diffusion in the rock matrix 

6.2.1 Determining diffusion in the rock matrix  

Diffusion in porous media is assumed to follow Fick's laws. The first law connects 
particle flux J to the gradient of concentration c: 

	  

where De  is the diffusion coefficient which depends on the petrophysical properties, i.e. 
porosity, tortuoity and constrictivity of the medium; this equation can be used for 
describing stationary systems. As for transient systems, these can be described by Fick’s 
second law: 

 

where it is supposed that Dp has no spatial dependence. Fick's second law is a partial 
differential equation, and the solutions depend on the boundary and initial conditions. 
Note that here the equations are presented for 1D diffusion in porous medium. 

The properties of porous media are taken into account in the diffusion coefficients and 
in the form of boundary conditions. In the above presented equations some 
modifications are applied by multiplying the diffusion constant in free water, Dw, by the 
geometric correction factor G, taking into account the longer diffusion paths in porous 
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media (tortuosity) and the form of the pores (constrictivity); this product is referred to as 
the pore diffusion constant Dp. The effective diffusion constant, De, is formed by 
multiplying Dp by porosity ε, which takes account the real cross-sectional area of the 
porous media: 

 

It should be emphasised that sorption (Kd) is excluded in this present evaluation of 
results discussed below. 

Through diffusion experiments 

Matrix diffusion in rocks has been studied in many laboratories for many years and for 
several purposes. The comparison between different experiments is difficult due to large 
differences both in the structure and mineralogical composition of rocks, and also the 
variation in water used in the experiments. Typical diffusion experiments may be 
classified in different ways, but in the following through diffusion and leaching 
experiments in the water phase form two first classes, while diffusion experiments in the 
gas phase form the third class; however this is not discussed here (Olin et al 1997).The 
most typical through-diffusion experiment using constant boundary values is sketched in 
Figure 6-6. The mathematical solution of an ideal through-diffusion experiment is 
simple, and it offers a convenient method to determine both pore, Dp , and effective 
diffusion, De, constants, and therefore also the geometric factor G. 

            

Figure 6-6. Typical through-diffusion cell (left) and the break-through curve (right); from 
the slope of the break-through asymptote the effective diffusivity can be obtained, while 
pore diffusivity is calculated from the intersection point of the t-axis of the asymptote.  

Through-diffusion experiments using tritiated water (HTO) and chloride ions (tagged 
with 36Cl) were conducted in Sweden and Finland in the 80’s and 90’s for measuring 
effective diffusion coefficients (De) for low porosity granitic rocks (Valkiainen et al. 
1995, Olin et al 1997, Kaukonen et al. 1997, Skagius et al. 1986, Johansson et al. 1998).  
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Out-diffusion experiments 

Pore diffusion coefficients of chloride (DP,Cl) were determined by out-diffusion 
experiments, where large sized originally saturated cores (200 mm in length, 50 mm in 
diameter) were immerged in ultra-pure water at 45°C for 150-210 days (Figure 6-7). 
During the experiments the Cl concentration changes were monitored. In situ DP’s were 
obtained by visually fitting the measured diffusion curves with radial diffusion (Figure 
6-7) and conversion to 10°C (in situ temperature) by the Stoke-Einstein equation. 
Subsequently, the effective pore diffusion coefficients for chloride (De,Cl) were 
calculated by taking the connected porosity into account. 

  

Figure 6-7. Left: experimental set-up and principal illustration of out-diffusion 
experiments; Right: example of a Cl-elution curve of chloride and modelling of pore 
diffusion coefficient (c.f. Eichinger et al., 2006, 2010, Eichinger, 2009). 

The use of large size, originally saturated core samples minimises artefacts induced by 
sampling (e.g. formation of a DDZ stress release), sample preparation (e.g. formation of 
microcracks by sawing), sample packing and the experiment (evaporation). The effect 
of such artefacts on transport properties of the rocks is assumed to be within the error 
range of the determined values. 

6.2.2 Effective diffusion coefficients in Olkiluoto bedrock 

Effective diffusion coefficients determined by through-diffusion experiments 

The Olkiluoto rock types selected in the previous laboratory studies were VGN, MGN, 
TGG gneiss and PGR. Some samples represented also altered /weathered granites and 
mica gneisses (Valkiainen et al. 1995); however, because the number of altered samples 
studied was low and due to the increase in textural and structural heterogeneities, the 
diffusion coefficients are not listed here. For the Olkiluoto MGN (Kaukonen et al. 1995) 
the effective diffusion coefficient of HTO varied between 0.6-2 x10-13 m2/s, and the 
effective diffusion coefficient of chloride varied from 10-14 - 10-15 m2/s.  In addition, 
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Olin et al. (1997; page 49 Table 11) reported that diffusion coefficients of HTO were 
one order of magnitude higher than the diffusion coefficients of chloride for the 
Olkiluoto VGN and TGG gneiss samples; the diffusion coefficient of chloride could not 
be even measured for MGN. In the Olkiluoto PGR the diffusion coefficients of HTO 
and chloride were of the same order of magnitude. 

Based on the work of Kaukonen et al. (1997) the effective diffusion coefficients of HTO 
(0.5-10 x10-13 m2/s) for VGN are lower than the effective diffusion coefficients for PGR 
(6.5-14 x10-13m2/s). In the latter, micro fractures dominate the open connective porosity 
and the tortuosity is minor in the hand specimen scale which indicates pronounced 
diffusion for the laboratory experiments. VGN shows a narrow and tortuous connective 
pore network instead, and furthermore the diffusion of chloride (1–10x10-14m2/s) was 
clearly lower than the diffusion of HTO, which indicates slower diffusion properties of 
the anions. In the PGR this was not observed, the diffusion coefficient of the chloride 
being 5.4-9.3x10-13m2/s. 

Table 6-5. Average effective diffusion coefficients of HTO and Cl-36 determined by 
through-diffusion. 

Lithology  n HTO Cl-36 

   De*10-13 De*10-13 

   [m2/s] [m2/s] 

Veined Gneiss VGN 11 1.0±0.4 0.2±0.2 

Veined Gneiss, alt. VGNalt. 3 16±6 6.1±1.3 

Veined Gneiss strongly alt. VGN str.alt. 3 4.3±2.3 5.2±3.8 

Pegmatitic Granite PGR 10 7.7±2.7 5.1±2.3 

Pegmatitic Granite, weathered PGRalt 3 4.3±2.3 2.8±2.5 

TGG-Gneiss TGG 3 0.6±0.1 0.03±0.02 

 

Pore and effective diffusion coefficients determined by out-diffusion experiments 

Modelling of the time series data showed that all diffusion curves can adequately be 
described by diffusion of Cl through the connected pore space of the core samples (cf. 
Figure 6-7). This indicates that diffusion is the dominant transport process in the core 
samples. 

Pore and effective diffusion coefficients of chloride of the individual lithologies of 
Olkiluoto bedrock vary between 1.8 and 8.1*10-11 m2/s for DP and between 0.6 and 
5.6*10-13 for De, respectively (Table 6-6, Figure 6-8). The differences in the pore 
diffusion coefficients depend on the lithology, alteration state and rock texture. Due to 
the high number of effective diffusion coefficient values a correlation with depth can be 
done. Within the same lithology, there is no or only little dependence on the depth 
observable (Figure 6-9). 
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Table 6-6. Average pore and effective diffusion coefficients of chloride at 10°C of the 
individual lithologies. The uncertainty band is the standard deviations of measurements 
of multiple samples (n). 

Lithology  n DP*10-11 De*10-13 
   10°C 10°C 
   [m2/s] [m2/s] 
Veined Gneiss VGN 23 2.1±1.1 1.3±1.2 
        LS<40%  14 1.9±0.3 1.0±0.5 
        LS>40%  9 3.4±1.0 1.9±0.7 
Veined Gneiss, alt. VGNalt. 1 3.0 5.6 
Pegmatitic Granite PGR 12 4.6±2.0 3.6±1.3 
Pegmatitic Granite, alt. PGRalt 1 2.6 4.6 
Diatexitic Gneiss DGN 1 8.1 4.0 
Diatexitic Gneiss, alt. DGNalt 2 1.9±0.1 2.4±0.3 
TGG-Gneiss TGG 3 4.9±1.1 3.2±1.5 
Mica Gneiss MGN 3 1.8±0.9 0.6±0.4 

 

6.2.3 Uncertainties in the determination of diffusivity in the rock matrix 

Compared to in situ conditions, pressure release and destressing during drilling and 
sample preparation can result in enlarged pore void openings and increased connected 
porosity under laboratory conditions. This leads to creation of a drilling or drillhole 
disturbed zone (DDZ or BDZ) into the rock core. During sample packing some 
evaporation of water from the DDZ is difficult to avoid and this will affect the Cl 
concentrations and thus the pore diffusion coefficient determined by out-diffusion 
method in the laboratory. Besides all precautions taking during sampling and sample 
preparation, conduction of the out-diffusion experiments using large sized (600-1,000 g) 
and naturally saturated drillcore samples additionally helps to minimise the influence of 
such possible artefacts. This is based on the large ratio of internal, unaffected core 
volume to the possibly disturbed surface area and related volume, which greatly limits 
the influence of induced artefacts. In addition, the increase of the pore diffusion 
coefficient, and hence on the effective diffusion coefficient caused by a DDZ, was 
evaluated on veined gneiss and TGG-gneiss samples from drillhole OL-KR55 (Meier, 
2012). Therefore, a more advanced 2-dimensional modelling taking heterogeneous 
porosities and transport parameters into account was used. The modelling of the Cl 
elution curves showed that the pore diffusion coefficients in the DDZ were a factor of 5-
8 higher for veined gneiss and 3 times higher for TGG-gneiss samples (Meier, 2012,). 
The DDZ has a width of 0.04-0.22 cm for veined gneisses and 0.10-0.18 cm for TGG-
gneisses. When the DDZ exceeds to depths of 1-2 mm from the rock core surface, the 
drilling and sawing artefacts are not so pronounced when the through-diffusion 
experiments are carried out on fine and medium grained rocks (Kelokaski et al. 2010) 
and the used sample lengths are 1-2 cm. 
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Figure 6-8. Comparison of the average diffusion (left) and effective coefficients of 
individual lithologies sampled within the Olkiluoto bedrock determined by different 
methods (HTO = De of HTO determined by through diffusion; Cl-36 = De of Cl 
determined by through diffusion; De of Cl determined on out-diffusion elution curves; n 
= number of analysed samples).The uncertainty band is given by the standard 
deviations of the measurements of multiple samples. 
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Figure 6-9. Pore (left) and effective (centre) diffusion coefficients of Cl of the individual 
lithologies versus depth below surface. Error bars indicate the uncertainty range for the 
chloride diffusion coefficients given by a factor of 2 and 4 (mica gneiss). The locations 
of water-conducting fractures and their transmissivities are shown on the right. 
Fracture positions and their transmissivities are plotted according to Pöllänen (2006), 
Tarvainen and Heikkinen (2008) and Toropainen (2009). 

The in situ connected porosity was found to be 30–40% less than the porosity measured 
in the laboratory based on experiments at the Grimsel Test Site (Kelokaski et al. 2010, 
Möri et al 2008). Furthermore, from Swedish investigations it has been concluded that 
the most reliable in situ De estimate was 2.1x10-14 m2/s for cations and non-charged 
species. The anion exclusion factor was suggested to be half an order of magnitude, 
which could be compared with the one order of magnitude factor suggested by the 
Finnish programme (SKB 2010, Vieno 1999) based on laboratory experiments 
conducted in the 90’s. 

Matrix diffusion of elements in saturated rocks with very low permeability is one of the 
major mechanisms of solute transport. Laboratory out-diffusion experiments on rock 
samples may provide an estimate of the bulk diffusion coefficient of the individual 
lithologies. However, numerous results have shown that this average parameter does not 
really depict the complex mechanism of diffusion as a function of the internal 
heterogeneity of crystalline rocks such as migmatitic mica gneisses i.e. veined gneisses, 
diatexitic gneisses) and pegmatite granite at Olkiluoto. Furthermore, diffusion of 
elements under in situ conditions seems to be lower compared to the laboratory results. 
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Conductive pore network of some crystalline rocks from Olkiluoto and Sievi consists 
mainly of nanometre scale pores indicating an anion exclusion mechanism for chloride 
diffusion as observed in through diffusion experiments carried out in the 90’s. All these 
observations tend to limit diffusion for chloride and thereby introduce uncertainties for 
estimating solute diffusion between groundwater in matrix pores and fracture water. 

6.3 Potential processes influencing elemental diffusivity in the 
connected pore space of crystalline rocks 

A potential process, which can have influence on the diffusive transport of dissolved 
constituents in bedrock environment might be the effect of ion exclusion or ion 
retardation. Diffusion in the connected pore space of rock is affected strongly by the 
chemistry of the matrix porewater, particularly because the aluminium silicate mineral 
surfaces have a negative charge. Interactions between the solid phases have the effect of 
reducing the molecular mobility in the aquatic phase. The smaller the pore apertures the 
more weight is attached to the electrostatic forces which increases internal friction for 
anions. The concept of the diffusive double layer (Mitchell 1976) explains the mobility 
and the charge-specific concentration distribution at mineral surfaces. Electrostatic 
interactions dominate in narrow pore space, for example, in clays were the pore volume 
consists of micropores and anions participate to only a limited extent in diffusion 
behaviour. In unaltered crystalline rock the apertures of matrix pore space can be in 
order of micrometres and therefore any significant increase in the viscosity compared 
with free water, or impeding anion diffusion, is unlikely. However, if a high portion of 
connective porosity consists of micro, meso and upper meso pores and tortuosity is 
high, as reported by Klobes et al. (2006) for gneiss and tonalite samples from Finnish 
sites, interaction with charged particles (for example the chloride ion with an ionic 
radius of 167 pm) will become stronger. Furthermore, the fraction of micro and meso 
pores increases if the matrix porosity is filled with fine mica or clay minerals (sericite), 
for example, due to alteration of feldspars as generally observed at Olkiluoto (Eichinger 
et al. 2006, 2010, 2011, Lindberg et al 2010, Siitari-Kauppi et al 2010). 

Anion exclusion is a process which has to be considered in evaluating diffusion 
processes and interaction between porewater and fracture groundwater. In the scale of 
nanometre to tens of nanometres for pore voids, negatively charged mineral surfaces 
limit the pore volume which is accessible to anions due to electrostatic forces. Thus, 
anion diffusion through a complex connected pore network may be restricted in 
nanometre-scale pores. Anion exclusion is well known in bentonite and clay rocks 
(Muurinen et al. 1989, Tournassat & Appelo 2011) where a high portion of the pore 
volume consists of pores in a favourable scale. However, limited anion diffusion is 
considered also in low porosity granitic rocks (Valkiainen et al. 1995, Kaukonen et al. 
1997, Klobes et al. 2006).  

In contrast, such effects cannot be observed by evaluating the porewater tracer profiles. 
There, for example, the porewater Cl-concentrations are independent of the lithology 
and texture of the investigated rock samples. Furthermore, similar trends between 
porewater and fracture groundwater are observed for the dissolved Cl- and Br-
concentrations as well as the stable isotope signatures of the two connected water 
reservoirs, which are not affected by any exclusion effects (cf. chapter 7). 
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The identification of potential ion exclusion effects in the rock matrix of crystalline 
rocks and their quantification has to be an important future subject of further 
investigations. 
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7 ROCK MATRIX POREWATER 

In low permeable crystalline bedrocks, such as those occurring at Olkiluoto, porewater 
resides in the connected inter- and intragranular pore space of the rock matrix where 
solute transport may be dominated by diffusion. The amount of porewater present in the 
rock matrix of crystalline rocks is significant and its influence on fracture groundwater 
and future deep repositories for radioactive waste needs to be understood. 

Porewater and fracture groundwater circulating in regional and local fracture networks 
are connected systems and tend to always reach chemical and isotopic equilibrium given 
adequate time and hydrogeochemical stability. The interaction between porewater in the 
rock matrix and fracture groundwater in the water conducting zones depends on the 
chemical gradient established between these two reservoirs and the circulation time of 
fracture groundwater with constant composition in the adjacent fracture(s). Such 
interaction can be quantified as a function of time and space by comparing the 
signatures of chemically conservative elements and their isotopes, as well as the stable 
water isotopes of the two reservoirs.  

In contrast to fracture groundwater, porewater cannot be sampled by conventional 
groundwater sampling techniques. The chemical and isotopic composition of porewater 
has, therefore, to be derived by indirect extraction techniques based on rock material. 
This requires a well defined value for the connected porosity which is best derived from 
the originally saturated drillcore material (cf. Chapter 6). In practice, the obtained data 
have to be carefully evaluated for potential perturbations induced by drilling activities, 
rock stress release and sample treatment in the laboratory in order to derive the degree 
to which they are representative for in situ conditions.  

A chemical and isotopic signal established in the porewater at a certain time in the 
hydrogeological evolution of a site might be preserved over long geological time 
periods. For chemically conservative tracers, the preservation of such signatures 
depends on; 1) the distance of the porewater sample to the nearest water conducting 
fracture in three dimensions, 2) the solute transport properties of the rock (i.e. diffusion 
coefficient, porosity), and 3) the boundary conditions (i.e. fracture groundwater 
composition). The interpretation of an observed porewater signature is greatly 
facilitated if such a signature has been transmitted from constant boundary conditions. 
In reality, however, superimposed signatures resulting from changing boundary 
conditions with time are more realistic.  

Unravelling complex, superimposed signatures can be approached by comparing data 
sets of various tracers that carry different information with respect to the conditions 
during infiltration of a fracture groundwater. Thus, the porewater Cl concentration will 
give an indication about the salinity, whereas the Br/Cl ratio will provide information of 
the salinity source and the stable water isotopes and about climatic conditions and/or 
origin of the water itself. Stable chloride isotope ratios might give additionel about the 
salinity source and about the intersction status of matrix porewater and adjacent fracture 
groundwater. Noble and reactive gases dissolved in porewater might provide additional, 
at this stage mainly qualitative information, about the origin and residence times of the 
porewater and (ongoing) reactions. Besides the spatial and temporal dependence of a 
tracer signature once established in the porewater, the interpretation of such a signature 
needs to be consistent for all tracers in the porewater.  
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All porewater results are interpreted in terms of the distance of the individual sample to 
the nearest water-conducting fracture detected by drillhole logging. Thereby, only 
fractures which intersect the drillhole can be detected. Fractures which strike parallel or 
at a very small angle to the drillhole can not be observed and therefore data 
interpretation is limited. 

From the Olkiluoto investigation site, samples for porewater investigations have been 
collected from two deep subvertical drillholes (OL-KR39 and OL-KR47) and one 
subhorizontal drillhole originating from the ONKALO access tunnel (ONK-PH9). In all 
three drillholes hydraulic flow logging (Posiva Flow Log; PFL) has been performed and 
samples of fracture groundwater were collected from several water conducting 
fractures. Drillhole OL-KR39 (500 m drillhole length) is located in the centre of the 
Olkiluoto island whereas OL-KR47 (1,000 m drillhole length) was drilled at the nothern 
coastline under the Baltic Sea (cf. Figure 2-5). Porewater samples from different 
bedrock zones were taken at intervals of more than 20 m. The subhorizontal drillhole 
ONK-PH9 (150 m drillhole length) was drilled from the ONKALO access tunnel at a 
depth of -306 m elevation where it intersects one of the major water conducting 
deformation zones (HBZ20B; cf. Fig. 3-2 ); samples were taken along a continuous 
profile from this water conducting zone into the intact bedrock. On core samples from 
drillhole ONK-PH9, reactive and noble gases dissolved in the porewater could be 
characterised for the first time in addition to their chemical and isotopic 
characterisation. 

Concentrations of the chemically conservative elements Cl and Br in porewater were 
derived by non-destructive out-diffusion experiments and mass balance calculations 
using the water contents of the originally saturated core samples. The non-destructive 
nature of the out-diffusion experiments prevents leakage of fluids and their salts 
entrapped in mineral fluid inclusions, which would otherwise modify the porewater 
composition from the original one. Note that chemical concentrations are reported per 
mass of water (mg/kgH2O) because of their derivation via the mass of rock. Stable water 
isotopes of porewater were obtained by the diffusive isotope exchange technique 
adapted to crystalline rocks (Waber & Smellie 2008). Noble and reactive gases 
dissolved in porewater were extracted from originally saturated core samples by 
outgassing into gas tight stainless steel cylinders under vacuum. The amounts of the 
reactive gases methane (CH4), ethane (C2H6), propane (C3H8) and butane (C4H8), as 
well as the inert noble gas helium (He), were quantitatively determined. Porewater gas 
investigations were conducted only on core material from the horizontal drillhole ONK-
PH9 and thus no distribution of dissolved gases with depth within the Olkiluoto bedrock 
is yet available. 

This chapter summarises the natural tracer data of porewater residing in the rock matrix 
of drillcore samples from the two deep drillholes OL-KR39 and OL-KR47 and the sub-
horizontal drillhole ONK-PH9 (306 m. b.s.l.). The data are interpreted on a spatial and 
temporal scale in an attempt to provide additional input to the palaeohydrogeological 
evolution of the Olkiluoto site. The description of the porewater data is divided into 
several depth zones which are classified according to their hydraulic properties. 

The complete datasets of the porewater investigations and the methodology, quality 
control, evaluation of possible disturbing processes and interpretation, are published in 



85 

 

 

Posiva working reports (Eichinger et al. 2006; Eichinger et al. 2010 a and Eichinger et 
al. 2010 b, Eichinger et al. 2013). 

7.1 Scenario of diffusive exchange 

Accepting diffusion as the dominant solute transport process in the rock matrix, the 
chemical and isotopic concentration of porewater samples can be brought into an 
evolutionary context as a function of time and space using fracture groundwaters as 
boundary conditions for the diffusion domain. Figure 7-1 shows schematically for 
various time periods the concentration change induced in a porewater sample as a 
function of distance to the nearest water conducting fracture. The shown time periods 
are related to the palaeohdrogeological evolution of the Olkiluoto site and the individual 
distances reflect the distances between single porewater samples and the nearest water 
conducting fracture. In these scoping calculations an average pore diffusion coefficient 
of chloride (4.0·10-11 m2/s) and an average water loss porosity (0.6 Vol.%) were used. 
These average values were calculated from the porewater samples and weighted 
according to their occurrence in individual rock types comprising the Olkiluoto bedrock 
(according to Kärki & Paulamäki 2006). 

Regarding such scoping calculations, it has to be born in mind the possible limitations 
of a one dimensional interpretation of the drillhole data, and in this case a constant 
fracture groundwater composition and a constant removal of the solute entering the 
fracture groundwater from the porewater are assumed. The model is based on 
homogeneous in situ diffusivities in the bedrock, i.e. no anisotrophy effect potentially 
caused by variable rock structure (lithology, orientation) is assumed on diffusion over 
metre scale distances (cf. Chapter 6). Furthermore, it is assumed that the connected 
porosity is fully available for diffusion of the investigated conservative tracers (cf. 
Chapter 6). 

Figure 7-1 shows, for example, that any signature present 5,000 years ago in a 
porewater sample located 2 metres from a water conducting fracture both above and 
below would have almost equilibrated with the signature in the fracture groundwater, 
provided that the fracture groundwater composition remained constant over this time 
period (Figure 7-1a). On the other hand, a once established dilute chloride signature of 
glacial meltwater (~ 1 mg/L) in the porewater located 5 m from the nearest water 
conducting fracture above and below would become enriched in Cl to about 60% of the 
Littorina Cl concentration if Littorina Sea water (6.5 g/L) would have circulated in these 
fractures over the last 8,500 years (Figure 7-1b). The model calculations further indicate 
that Holocene fracture groundwater compositions might not have significantly 
influenced the porewater at distances greater than 10 metres between a porewater 
sample and a water conducting fracture above and below (Figure 7-1c–e). Of a 
porewater signature established at the beginning of Quaternary times, only a small 
portion of 2 % could be preserved at a distance of 50 m from the nearest water 
conducting fracture (Figure 7-1e). 

All further interpretations of porewater data and their comparison with present day and 
palaeo-fracture groundwaters should be consistent with such basic type scenarios 
provided that the assumptions presented above are valid.  
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Figure 7-1. a) to e): Relative concentration changes induced on the porewater 
composition of a sample located at different distances between two water conducting 
fractures for various time periods. A pore diffusion coefficient for chloride of DP = 
4.0*10-11 m2/s (10°C) and an average porosity of 0.6 Vol.% was used in the 
calculations, corresponding to the average values determined for the individual rock 
types and weighted to their proportions in the Olkiluoto bedrock. The model concept at 
t=0 is illustrated at the bottom right (f). 
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7.2 Chlorine, bromine and chlorine isotopes in porewater  

Porewater Cl and Br concentrations have been derived by back calculation of the 
concentrations measured in the out-diffusion experiment solutions using the water 
content of the originally saturated, kilogramme sized rock samples. The 37Cl ratio 
measured on the experiment solutions directly corresponds to the porewater Cl isotope 
ratio because the attained equilibrium in the out-diffusion experiment with respect to Cl 
also guarantees equilibrium with respect to Cl isotopes within the conducted extraction 
method (Gimmi & Waber 2004). The concentrations of Cl and Br and the Cl isotope 
compositions provide information about the origin of the salinity in the porewater (e.g. 
dilute meteoric vs. marine vs. deep saline components). An estimate of the time such 
components must have circulated in the nearest water conducting fracture can be 
derived from the distance to the nearest water conducting fracture and assuming that 
diffusion is the dominant transport process in the rock matrix as suggested by the 
porewater samples. 

Porewater Cl and Br concentrations show a large variation (about 60 to 13,000 
mg/kgH2O and < 0.5 to 82 mg/kgH2O, respectively, Table 7-1), in the first 800 m below 
surface in the Olkiluoto bedrock as do the Br/Cl ratios (2.1 to 8.1, Table 7-1) and the 
37Cl values (-2.8‰ to 1.3‰ SMOC, Table 7-1). None of these porewater tracer 
concentrations, concentration ratios and isotope ratios show a dependence on the rock 
type and alteration grade they are extracted from. This indicates that the tracers indeed 
carry information about the palaeohydrogeological evolution of the site that has not 
been modified by the laboratory extraction processes. 

Three different bedrock zones are distinguished according to the frequency of water-
conducting fractures in the Olkiluoto underground between the surface and -800 m b.s. 
Porewater results are described and interpreted according to this classification. 

7.2.1 Shallow bedrock zone (0 to -150 m below surface) 

This zone, intercepted by drillholes OL-KR39 and OL-KR47, is characterised by a high 
frequency of water conducting fractures with high transmissivities up to 10-5? m2/s  
(Figure 7-2 based on Pöllänen 2006; Tarvainen & Heikkinen 2008; Pöllänen 2009). The 
distances between porewater samples and the nearest observed water conducting 
fracture are less than 5 m in both drillholes. Only the last sample (-146 m elevation) 
taken in drillhole OL-KR39 in this zone is located ~15 m from the nearest water 
conducting fracture. Note that in the vertical to subvertical drillholes the observation of 
steeply dipping fractures is limited and thus the real distance to the nearest water 
conducting fractures might even be shorter.  

Porewater Cl and Br concentrations in the shallow bedrock zone vary between 90 and 
2,110 mg/kgH2O (Figure 7-2) and 0.4 and 6.5 mg/kgH2O (Figure 7-3), respectively, with 
corresponding Br/Cl ratios between 2.1 and 4.3 (Figures 7-4 and 7-5). A single 37Cl 
value of 0.2‰ SMOC is available for porewater from drillhole OL-KR39 and two for 
drillhole OL-KR47, which are between -0.9 and -0.7 ‰ SMOC (Figure 7-6). 
Differences are also present in the Cl and Br porewater concentrations between drillhole 
OL-KR39 drilled in the centre of the Olkiluoto island and drillhole OL-KR47 drilled at 
the coast and orientated under the Baltic Sea. Chloride and bromide concentrations are 
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higher in porewater of drillhole OL-KR47 with both tracers tending to increase until -
100 m elevation, and subsequently decrease with depth until -150 m elevation in both 
drillholes. 

Table 7-1. Porewater Cl- and Br-concentrations, Br/Cl mass ratios and stable 37Cl, 
18O and 2H isotope values of samples from deep drillholes OL-KR39 (blue), OL-KR47 
(red) and the horizontal drillhole PH9 (green) as function of the distance to the next 
water conducting fracture. 

Bedrock 
Zone 

Distance to 
next water-
conducting 

fracture 

ClPW BrPW Br*1000/Cl 37Cl 18O 2H 

m g/kgH2O mg/kgH2O mg/mg ‰-SMOC ‰V-SMOW ‰V-SMOW 
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 0 - 2 m 

0.38 - 0.84 
1.71 - 2.10 

1.6 - 2.8 
3.6 - 6.5 

3.3 - 4.3 
2.1 - 3.1 

-0.7 
-10.57 
-13.06 

-81.5 - -75.7  
-105.5 

2 - 5 m 
1.58 
1.40 

6.0 
4.5 

3.8 
3.2 

0.2 
-1.0 

-9.56 
-10.46 

-80.6 
-90.1 

5 - 10 m - - - - - - 

10 - 20 m 0.13 0.4 3.0 - -11.19 -84.6 

20 - 50 m - - - - - - 

> 50 m - - - - - - 
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0-2 m 
0.84 
0.61 
1.32 - 2.91 

4.5 
2.6 
6.4 - 10.2 

5.4 
4.3 
3.5 - 5.6 

0.5 
-1.4 
-1.9 - -0.4 

-9.68 
-11.1 
-10.73 - -7.13 

-87.0 
-92.7 
-88.8 - -56.1 

2-5 m 
0.21 - 0.57 
1.33 - 2.00 
1.19 - 1.32 

1.4 
5.7 - 5.9 
4.7 

6.6 
2.9 - 4.5 
4.0 

-1.6 - -1.3 
-8.61 - -7.36 
-10.41 - -8.58 
 

-84.4 - -82.6 
-96.5 - -72.7 
 

5-10 m - - - - - - 

10-20 m 
0.33 - 0.77 
2.15 – 2.83 

1.6 - 4.1 
8.9 - 15.3 

4.9 - 5.3 
4.2 - 5.4 

- 
-8.09 
-8.32 - -7.82 

-84.9 
-61.9 

20-50 m 
0.06 - 1.11 
1.85 - 2.60 

3.6 
8.0 - 14.0 

5.6 
4.3 - 5.4 

0.3 - 1.3 
-2.0 - -1.9 

-8.59 
-10.74 - -9.86 

-65.1 
-86.4 - -79.9 

> 50 m - - - - - - 
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 0-2 m - - - - - - 

2-5 m 2.64 12.9 4.9 -1.7 -9.64 -55.1 

5-10 m 3.63 18.8 5.2 -0.8 -8.70 -53.5 

10-20 m 5.33 - 5.57 37.0 - 38.4 6.9 -0.0 - 0.3 -6.83 - -4.42 -50.9 - -49.6 

20-50 m 2.92 - 5.55 11.4 - 32.6 3.9 - 7.0 -2.7 - 0.1 -10.19 - -4.25 -68.6 - -17 

> 50 m 
0.72-1.48 
3.64-12.68 

4.7 - 12.1 
20.1-81.6 

6.6 -8.1 
5.5 - 6.6 

0.6 - 1.1 
0.4 

-6.88 - -6.84 
-6.33 - -4.39 

-79.8 - -77.6 
-38.9 - -20.4 

 

In drillhole OL-KR39 a steady state between porewater and fracture groundwater is 
attained for Cl and Br, except of the last/deepest sample (146 m elevation), which is 
significantly diluted compared to fracture groundwater at equal depth (cf. Figures 7-2, 
7-3). This particular sample is further away from the nearest water conducting fracture 
than the other porewater samples taken in this bedrock zone. The Br/Cl ratio and the Cl-
isotopes of porewater taken in drillhole OL-KR39 are in the same range as those of 
fracture groundwater at equal depth (Figure 7-6). These trends are in contrast to 
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drillhole OL-KR47 where a transient state between porewater and fracture groundwater 
is established. Here, the porewater Cl and Br concentrations are about one third of those 
in adjacent fracture groundwaters, but in the same range as those of fracture 
groundwaters collected at similar depth in drillholes further inland (cf. Figures 7-2, 7-3). 
In this drillhole the porewater is also depleted in 37Cl compared to the fracture 
groundwater (cf. Figure 7-6). The porewater Br/Cl ratio, however, is similar in both 
drillholes with values comparable to those of the brackish fracture groundwater sampled 
from corresponding depths. In common with the brackish fracture groundwater from 
these depths, the porewaters also plot on or close to the seawater dilution line (Figure 7-
5a) suggesting that chloride and bromide in porewaters of both drillholes are largely 
derived from a marine water component, presumably of pre-Baltic Littorina Sea water 
(e.g. Pitkänen et al. 2004). 
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Figure 7-2. Chloride concentration of porewater and fracture groundwater from the 
deep drillholes OL-KR39 and OL-KR47 (top left) compared to the distance along the 
drillhole between each porewater sample and the nearest water conducting fracture 
(top centre) and the transmissivity of the water conducting zones (top right). At the 
bottom the Cl concentrations of porewater and fracture groundwater along the fracture 
profile in the horizontal drillhole ONK-PH9 (-306 m elevation) are shown. The red and 
green lines in the top left diagram indicate the Cl concentrations of Baltic and Littorina 
Sea water, respectively. The blue area in the bottom diagram indicates the end of the 
well transmissive zone HZ20B. The error of the porewater Cl concentrations is ±10%. 
The error of the Cl concentration of fracture groundwater from HZ20B is ±5% and 
indicated by the grey area. The errors of the Cl concentrations of fracture 
groundwaters are within the symbol areas. Fracture positions and their transmissivities 
are plotted according to Pöllänen (2006), Tarvainen & Heikkinen (2008), Toropainen 
(2009) and Karttunen et al. (2010). 
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The lower total Cl and Br concentrations in the porewater of drillholes OL-KR39 and 
OL-KR47 compared to Baltic and/or Littorina seawater imply that a meteoric fresh 
water component is present in all these porewaters. In fact, it appears that in the 
porewater of drillhole OL-KR39 at least two such components can be resolved whereas 
in drillhole OL-KR47 only one such component can be interpreted. Whereas the older 
fresh water component is most probably the same, the younger component present in 
drillhole OL-KR39 is of different origin. This emerges from the location of the 
drillholes and the steady state in drillhole OL-KR39 versus transient state in drillhole 
OL-KR-47 for Cl, Br and 37Cl between porewater and fracture groundwater in 
combination with identically short (< 5m) distances between porewater samples and 
nearest water conducting zone. In spite of the bedrock in drillhole OL-KR47 having 
been submerged under the Littorina and Baltic Sea until present, porewater in the near 
surface zone of this drillhole has not yet equilibrated with the brackish, marine-derived 
fracture groundwater. Because the exchange between porewater and fracture 
groundwater occurs along established chemical gradients, the porewater in these rocks 
must have been a fresh dilute water prior to the marine input now characterising the 
brackish fracture groundwater. This dilute fresh water probably represents the precursor 
to the ‘Subglacial’ water referred to in Chapter 8. The same situation was also likely for 
the near surface zone in drillhole OL-KR39 until the bedrock encountered in this 
drillhole emerged from the sea about 2,500 years ago. Since that time the bedrock has 
been subjected to a second event of meteoric water infiltration.  

In both drillholes a dependency between the porewater Cl and Br concentrations and the 
distance to the nearest water conducting fracture can be observed. Porewater of the three 
samples taken in drillhole OL-KR47 show a decrease of Cl and Br with increasing 
distance to the nearest water conducting fracture (Figure 7-2, 7-3). The transmissivities 
of these fractures are in the same range, i.e. rather low, whereas in drillhole OL-KR39 
the adjacent water conducting fractures have generally higher transmissivities in the 
range of 10-8-10-7 m2/s. This indicates for drillhole OL-KR47 that the exchange of 
brackish marine fracture groundwater with the porewater is an ongoing process, but the 
time period of circulation is too short to reach equilibrium between the two reservoirs. 
In contrast, the time since fracture groundwater began circulating in fracture systems 
encountered by drillhole OL-KR39 is long enough to establish equilibrium between the 
two systems at similar distances as observed in drillhole OL-KR47. These results are 
supported by the different transmissivities of water conducting fractures in both 
drillholes. Porewater of a core sample taken in drillhole OL-KR39, 15 m away from the 
nearest water conducting fracture (-146 m elevation), records the lowest Cl and Br 
concentrations in this zone and shows a transient state with fracture groundwater at 
equal depth. This suggests that the time of circulation of the brackish marine fracture 
groundwater is too short to achieve equilibrium. Furthermore, it suggests that the period 
of circulation of a dilute fresh water component(s) was considerably longer than the 
ingress of present day brackish marine fracture groundwater. 

In summary, the chemical composition of porewater in the shallow bedrock zone down 
to -150 m elevation displays; a) signatures of a pre-Littorina fresh water component 
which is present as a variable component in Subglacial-type groundwaters, b) the 
impact by density driven infiltration of Littorina and Baltic seawater, and c) the 
influence of meteoric infiltration over the last approximately 2,500 years in the case of 
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drillhole OL-KR39 in the centre of Olkiluoto island. The distances between porewater 
and fracture groundwater are generally < 2 m in this bedrock zone. For the system 
encountered by drillhole OL-KR39, this indicates that the ~2,000 years since Olkiluoto 
emerged from the sea are sufficient to reach equilibrium between both reservoirs with 
respect to chloride and bromide. For drillhole OL-KR47, the transient state between the 
two reservoirs at distances <2 m indicates that a dilute meteoric water component was 
present in the fracture system prior to the recent circulation of more saline groundwater, 
and that can be only in the time frame of few thousands of years. 
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Figure 7-3. Bromide concentration of porewater and fracture groundwater from the 
deep drillholes OL-KR39 and OL-KR47 (top left) compared to the distance along the 
drillhole between each porewater sample and the nearest water conducting fracture 
(top centre) and the transmissivity of the water conducting zones (top right). At the 
bottom the Br concentrations of porewater and fracture groundwater along the fracture 
profile in the horizontal drillhole ONK-PH9 (-306 m elevation) are shown. The red and 
green lines in the top left diagram indicate the Br concentrations of Baltic and Littorina 
Sea water, respectively. The blue area in the bottom diagram indicates the end of the 
well transmissive zone HZ20B. The error of the porewater Br concentrations is ±15%. 
The error of the Br concentration of fracture groundwater from HZ20B is ±5% and 
indicated by the grey area. The errors of the Br concentrations of fracture 
groundwaters are within the symbol areas. Fracture positions and their transmissivities 
are plotted according to Pöllänen (2006), Tarvainen & Heikkinen (2008), Toropainen 
(2009) and Karttunen et al. (2010). 



94 

 

 

7.2.2 Intermediate bedrock zone (-150 to -400 m elevation)  

This zone is characterised by an intermediate to low frequency of water conducting 
fractures with transmissivities between 3*10-10 and 4*10-8 m2/s (Figure 7-2). The 
distances between porewater samples and the nearest water conducting fracture in the 
drillholes cover a large range from less than 2 m up to almost 50 m. In general, the 
distances between porewater samples and nearest water conducting fracture are greater 
in drillhole OL-KR39 compared to drillhole OL-KR47. 

Also located in the intermediate zone is drillhole ONK-PH9 drilled subhorizontally 
away from the highly conducting deformation zone HZ20B in the ONKALO access 
tunnel at -306 m elevation. In this deformation zone the fracture frequency is high 
(1.2/m) with transmissivities in the order of 10-7 m2/s to 10-10 m2/s and fracture 
groundwater yields of up to 100 L/h (Karttunen et al. 2010). At the margin of this 
deformation zone the fracture frequency decreases (as shown in Figures 7-2 to 7-6) 
together with their transmissivity. In the following 18 m of bedrock only four water 
conducting fractures were detected with transmissivities in the order of 10-10 m2/s to 10-

11 m2/s (Karttunen et al. 2010). Porewater samples have been collected along an 11 m 
long continuous profile away from the HZ20B deformation zone. This allows 
unravelling of the porewater evolution as a function of distance (and thereby of time) 
away from a water conducting zone HZ20B and, being similarly located in the centre of 
Olkiluoto island, facilitates direct comparison with the data obtained from drillhole OL-
KR39. 

In the intermediate bedrock zone, differences in porewater compositions in the rock 
matrix between drillholes OL-KR39 and OL-KR47 can be observed. Chloride and 
bromide concentrations are significantly higher in porewater from drillhole OL-KR47, 
except for one sample at -208 m elevation. (Figure 7-2 and 7-3). Porewater Cl and Br 
concentrations in drillhole OL-KR39 vary between 60 and 1,110/1,100 mg/kgH2O 
(Figure 7-2, Table 7-1) and from 1.4 and 4.5 mg/kgH2O, respectively (Figure 7-3, Table 
7-1). Associated Br/Cl ratios are between 4.9 and 7.6 (Figure 7-4, Table 7-1), and 37Cl 
values are positive ranging between 0.3 and 1.3 ‰ SMOC (Figure 7-6, Table 7-1). In 
drillhole OL-KR47 porewater Cl and Br concentrations are higher and increase 
gradually from 610 to 2,830 mg/kgH2O and 2.6 to 15.3 mg/kgH2O, respectively. Between 
-150 and -323 m elevation the porewater Br/Cl ratios are between 2.9 and 4.5 and are 
lower than those of the samples from drillhole OL-KR39. Between -355 and -381 m 
elevation the Br/Cl porewater ratios with a value of 5.4 higher than above, are in the 
same range as those of porewaters from OL-KR39 at similar depths (Figure 7-4). In 
contrast to drillhole OL-KR39, the 37Cl values are all negative ranging from -1.4 to -
2.0‰ SMOC (Figure 7-6). 

In the subhorizontal drillhole ONK-PH9 an almost continuous decrease in Cl and Br 
concentrations from 2,910 – 1,190 mg/kgH2O and about 10.2 – 4.7 mg/kgH2O, 
respectively, is observed in the porewater of the first 2.5 m from the HZ20B water 
conducting zone (Figures 7-2 and 7-3). Over the same distance the Br/Cl ratios remain 
low between 3.2 and 4.1 (Figure 7-4) and the 37Cl values are negative between -0.2‰ 
and -1.9‰ SMOC (Figure 7-6). In the continuation of the fracture profile, i.e. to a 
distance of about 11 m from the conducting HZ20B zone, Cl and Br concentrations are 
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rather constant at around 1,550 mg/kgH2O and 7.8 mg/kgH2O, respectively. Similarly, 
elevated but uniform Br/Cl ratios of around 5 prevail and the 37Cl values are around -
1‰ SMOC, except for the last sample (-0.4‰ SMOC; Figure 7-6). The small variations 
in concentrations in this section of drillhole ONK-PH9 can be related to the occurrence 
of low transmissive fractures in this section (Figure 7-6). 

A transient state between porewater and fracture groundwater is established in the 
intermediate zone with respect to Cl and Br, where porewater from drillhole OL-KR39 
is more diluted compared to fracture groundwater than porewater from drillhole OL-
KR47 (Figures 7-2 and 7-3). In both drillholes the difference in Cl and Br 
concentrations becomes greater with depth due to the pronounced increase in Cl and Br 
concentrations in the fracture groundwaters in the intermediate bedrock zone (Figures 7-
2 and 7-3). A similar transient state is also established for Cl and Br in porewater away 
from the highly conductive HZ20B deformation zone in drillhole ONK-PH9, where the 
porewater concentrations are consistently lower compared to the fracture groundwater 
(Figures 7-2 and 7-3). 
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Figure 7-4. Bromide-chloride mass ratios of porewater and fracture groundwater from 
the deep drillholes OL-KR39 and OL-KR47 (top left) compared to the distance along 
the drillhole between each porewater sample and the nearest water conducting fracture 
(top centre) and the transmissivity of the water conducting zones (top right). At the 
bottom the Br/Cl mass ratios of porewater and fracture groundwater along the fracture 
profile in the horizontal drillhole ONK-PH9 (-306 m elevation) are shown. The red line 
in the top left diagram indicates the Br/Cl mass ratios of Baltic and Littorina Sea water. 
The blue area in the bottom diagram indicates the end of the well transmissive zone 
HZ20B. The error of the porewater Br/Cl mass ratios is ±15%. The error of the Br/Cl 
ratio of fracture groundwater from HZ20B is ±5% and indicated by the grey area. 
Fracture positions and their transmissivities are plotted according to Pöllänen (2006), 
Tarvainen & Heikkinen (2008), Toropainen (2009) and Karttunen et al. (2010). 

In the subvertical drillholes OL-KR39 and OL-KR47, the transient state between 
porewater and fracture groundwater is independent of the distance between porewater 
samples and the nearest water conducting fracture. The low porewater Cl and Br 
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concentrations of samples located less than 2 m away from the nearest water conducting 
fracture indicate that the period of present-day circulation of brackish SO4-type and 
brackish Cl-type groundwaters has not been long enough to attain equilibrium between 
the two reservoirs. This finding is confirmed by the porewater profile for the 
subhorizontal drillhole ONK-PH9 (-306 m elevation). Originating from the high 
conductive deformation zone HZ20B, the porewaters become continuously diluted 
compared to present day fracture groundwater in the first 2.5 m along the drillhole and 
continues to be so. 

In turn, the transient state indicated for porewater samples collected more than 20 m 
from the nearest water conducting fracture in the drillhole indicates the presence of a 
dilute fresh water component in the fracture systems over a long time period. This fresh 
water was probably present prior to and considerably longer than the recent ingress of 
brackish Cl-rich groundwater when bearing in mind the possible presence of steeply 
dipping fractures not encountered by the drillhole. As previously mentioned, this fresh 
water probably represents the precursor to the Subglacial-type groundwaters discussed 
in Chapter 8. 
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Figure 7-5. Chloride versus bromide concentrations of porewater from the deep 
drillholes OL-KR39, OL-KR47 and the horizontal drillhole ONK-PH9, and fracture 
groundwater and surface water from the Olkiluoto site. Figures a) to d) show the 
samples from the near surface, shallow, intermediate and deep zones, respectively. The 
black line indicates the seawater dilution line. The error of porewater Cl and Br 
concentrations is ±10 % and ± 15 %, respectively. 

Chlorine isotope compositions show an even more complex behaviour. Similar 37Cl 
values in the porewater and fracture groundwater of drillhole OL-KR39 (-150 to -200 
and -340 to -400 m elevation), and within and at a greater distance 5.15 m from the 
HZ20B zone in drillhole ONK-PH9, suggest steady state conditions (Figure 7-6), 
whereas a transient state is indicated in the near vicinity (1-4 m) of the HZ20B zone. A 
transient state is also indicated for the Cl isotopes of porewater from drillholes OL-
KR47 and OL-KR39 between -248 and -277 m elevation, but in different directions. In 
the bedrock zone between -248 and -277 m elevation, encountered by drillhole OL-
KR39, porewater is enriched in 37Cl, whereas it is depleted in 37Cl in drillhole OL-KR47 
compared to the corresponding fracture groundwater (Figure 7-6). 
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Figure 7-6. 37Cl values of porewater and fracture groundwater from the deep 
drillholes OL-KR39 and OL-KR47 (top left) compared to the distance along drillhole 
between the porewater sample and the nearest water conducting fracture (top centre) 
and the transmissivity of the water conducting zones (top right). At the bottom the 37Cl 
values of porewater and fracture groundwater along the fracture profile in the 
horizontal drillhole ONK-PH9 (-306 m elevation) are shown. The red area in the top 
left diagram indicates the range of 37Cl values of Baltic Sea water and the green line 
that of Littorina Sea water. The blue area in the bottom diagram indicates the end of the 
well transmissive zone HZ20B. The error of the porewater 37Cl values are ± 0.3‰ 
SMOC, and the error of the groundwater from HZ20B is ± 0.2‰ (grey area). Fracture 
positions and their transmissivities are plotted according to Pöllänen (2006), Tarvainen 
& Heikkinen (2008), Toropainen (2009) and Karttunen et al. (2010). 

This all highlights the complexity of Cl isotope evolution in the porewater system. If 
subjected to a single exchange by diffusion a steady state situation, as suggested by the 
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porewater and fracture groundwater 37Cl data of drillhole Ol-KR39 and towards the 
end of the fracture profile in drillhole ONK-PH9, could only be achieved under 
simultaneous equilibrium with respect to the total Cl concentrations (Eggenkamp, 
1994). Obviously this is not the case at both locations and thus the measured Cl isotope 
signals must be the product of multiple origins and/or diffusion processes of Cl, which 
are difficult to unravel. Whereas this might render the Cl isotopes as a less powerful 
tracer, nevertheless attention needs to be paid to the unusually negative 37Cl values in 
porewater from drillhole OL-KR47 and the first metres in the ONK-PH9 fracture 
profile. 

In the intermediate bedrock zone, porewaters and related fracture groundwaters evolved 
differently at the two drillhole locations as indicated by differing Br/Cl ratios and 37Cl 
values, and not forgeting the lower Cl and Br concentrations in the drillhole OL-KR39 
porewaters. The Br/Cl ratios of porewaters from drillhole OL-KR39 differ from those of 
Baltic and Littorina seawater and so do the 37Cl values. The Br/Cl ratios plot above the 
seawater dilution line (Figure 7-5b) indicating that Cl and Br preserved in the porewater 
of drillhole OL-KR39 originate at least partly from a non-marine component. This is 
supported by the 37Cl values being enriched in 37Cl. In contrast, Br/Cl ratios of 
porewaters from drillhole OL-KR47 between -150 and -323 m elevation are lower 
compared to porewater from drillhole OL-KR39, but still higher than Baltic and 
Littorina seawater (Figure 7-4b), and the 37Cl values become increasingly depleted in 
37Cl with depth. This indicates that non-marine components are present at a lower 
proportion in OL-KR47 compared to porewaters from OL-KR39. The marine Cl- and 
Br-component is more pronounced in the porewater of samples from drillhole OL-KR47 
in this zone and is responsible for the higher total concentrations of Cl and Br in these 
porewaters. Clear indications of such a non-marine component are also visible in 
drillhole OL-KR47 at a depth between -355 and -400 m elevation. There, the Br/Cl 
ratios are significantly higher than those of Littorina and Baltic seawater and more in 
the range of those of porewaters from OL-KR39 (Figure 7-4). These porewaters plot 
significantly above the seawater dilution line on the Br-Cl diagram, suggesting the 
preservation of higher proportions of a non-marine component than observed above 
(Figure 7-5b). 

The Br/Cl ratios and the 37Cl values combined with the different distances to the 
nearest water conducting fracture (generally greater in drillhole OL-KR39) indicate that 
the present mineralisation of this initially dilute porewater is of different origin in 
drillhole OL-KR39 located in the centre of Olkiluoto island, compared to drillhole OL-
KR47 located at the coast; i.e. preferentially non-marine in porewater from OL-KR39 
and marine in porewater from OL-KR47. The fracture profile of drillhole ONK-PH9 
sheds some light on these differences; porewater samples collected in the marginal zone 
of the highly conducting HZ20B deformation zone are at or close to equilibrium with 
the present day sampled SO4-type brackish fracture groundwater (cf. Chapter 6). The 
Br/Cl ratios of 3.2–4.1, 37Cl values of less than -1‰ SMOC (except one sample), 
combined with lower Cl and Br concentrations in the adjacent 2.5 m of the profile, 
indicate that this fracture groundwater is slowly mineralising a more dilute porewater 
with Cl and Br of mainly non-marine origin. The porewater in this area, therefore, 
contains a mixture of at least three components comprising seawater, non-marine saline 
water and fresh water. The same type of mixture is observed in porewaters from 
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drillhole OL-KR47 in the intermediate zone samples with Br/Cl ratios of around 4 at -
200 m and -323 m elevation (Figure 7-4) and in the deep bedrock zone at -408 m 
elevation. The negative 37Cl values of porewater in this bedrock section are probably 
caused by the diffusive fractionation during the ongoing upward saline process. In the 
continuation of the ONK-PH9 fracture profile, the higher Br/Cl ratios of about 5 and 
37Cl values of about -1‰ SMOC at lower Cl and Br concentrations, indicate that the 
marine influence is less and therefore the mineralisation of the fresh water component 
can be attributed to a non-marine saline component. Porewaters in the deeper 
intermediate zone of drillhole OL-KR47 (-355 to -380 m elevation) are also of this 
complex composition and also occur down to -400 m elevation in drillhole OL-KR39, 
but here at a lower total Cl concentration (cf. Figures 7-2 to 7-6). The last samples of 
the ONK-PH9 fracture profile with Br/Cl ratios up to 6, 37Cl values of around 0‰ 
SMOC, and still at low Cl and Br concentrations, indicate the stage were the 
mineralisation of the fresh water component appears to be represented by only one 
component, i.e. the non-marine saline component. This type of porewater composition 
is found in both deep drillholes between -400 and -423 m elevation in drillhole OL-
KR39 and between -500 and -792 m elevation in drillhole OL-KR47. 

The complex situation in the intermediate bedrock zone can be summarised as follows. 
Combined with the lower fracture frequency, the generally greater distance between the 
porewater sample and nearest water conducting fracture and the different drillhole 
locations, the compositions of porewater in drillhole OL-KR39 indicate the presence of 
a pre-Littorina fresh water component and a pre-Littorina non-marine component, 
possibly similar to the brackish Cl-type fracture groundwater found today at such 
depths. No indications exist in the intermediate zone of drillhole OL-KR39 for a 
Littorina and/or Baltic seawater component. In contrast, porewater compositions in 
drillhole OL-KR47 indicate the presence of a pre-Littorina fresh water component, a 
marine Littorina and/or Baltic Sea water component and also traces of a largely 
unknown, but also a pre-Littorina non-marine component. This latter component may 
differ from known brackish Cl-type fracture groundwaters as indicated by the Cl-
isotope composition. However, the very negative values are presently not well 
understood and require confirmation/clarification. The transient conditions compared to 
the varying distances between the two reservoirs suggest the presence of dilute water in 
the fracture systems over a very long time period (tens to hundreds of thousands of 
years; cf. Section 7.1.3), and lasting in places until a few thousands of years before 
present according to the diffusive exchange model (Figure 7-1). 

7.2.3 Deep bedrock zone (-400 to -800 m b.s.) 

Within this zone, porewater samples are only available from drillhole OL-KR47 located 
at the coast and inclined under the Baltic Sea, and from drillhole OL-KR39 where two 
samples were taken from the final 25 m of the drillhole (-425 m elevation; Figure 7-2).  

Porewater Cl and Br concentrations in these samples increase gradually from about 
2,600–13,000 mg/kgH2O and 11–82 mg/kgH2O, respectively (Figures 7-2 and 7-3). 
Chloride and bromide concentrations of drillhole OL-KR39 show a similar increasing 
trend in the first 23 m reaching values of 1,500 mg/kgH2O for Cl and 12 mg/kgH2O for Br 
(Figure 7-2 and 7-3). The Br/Cl ratios of porewater from OL-KR47 increase consistenly 
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from 3.9 to 6.5 down to a depth of -500 m elevation and subsequently remain almost 
constant to -800 m elevation at an average of 6.4, again with the exception of the two 
samples from fractured zones which have lower Br/Cl ratios (Figure 7-4). Porewaters 
from drillhole OL-KR39 show a similar and even more remarkable increase of Br/Cl 
ratios from 6.6 to 8.1 at -423 m elevation. The 37Cl values available from the deep 
bedrock zone show the same trend as Br/Cl ratios and become continuously enriched in 
37Cl (-2.7 to 0.1‰ SMOC) with depth down to -500 m elevation in parallel with 
increasing Cl-concentrations. Subsequently, the 37Cl values remain constant at around 
0‰ SMOC at lower Cl concentrations and become slightly positive at higher Cl 
concentrations towards the greatest depth (Figure 7-6). Porewaters from drillhole OL-
KR39 become also enriched in 37Cl with depth (0.6–1.1‰ SMOC) with generally 
higher values than porewaters sampled from deeper bedrock levels in drillhole OL-
KR47 (Figure 7-4). 

Water conducting fractures identified by the differential flow log become rare in the 
deep zone and were only detected in drillhole OL-KR47. Four such fractures were 
detected at a depth of -437 m elevation and between -568 and -576 m elevation with 
transmissivities ranging from 1*10-9 to 1*10-8 m2/s (Tarvainen & Heikkinen, 2008, 
Pöllänen 2009). Accumulations of fractures were, however, observed at other depths 
(e.g. about -504 m elevation and -623 m elevation) although without a measurable water 
inflow (Tarvainen & Heikkinen, 2008, Pöllänen 2009). Along the drillhole this results 
in large distances between porewater samples and water conducting fractures from 
about 15 m to more than 50 m. Shorter distances between <5 and 10 m were detected in 
drillhole OL-KR47 between -434 and -443 m elevation. 

Across the entire deep bedrock zone the porewater Cl and Br concentrations are 
distinctly lower than in the fracture groundwaters sampled from this zone within 
drillhole OL-KR47 and other drillholes (Figures 7-2 and 7-3). 

In contrast, mass ratios of Br/Cl and 37Cl values become identical at depths below -500 
m elevation in porewater and also in the saline-type fracture groundwater (Figures 7-4 
and 7-6). According to the continuous change from lower porewater Br/Cl ratios and 
37Cl signatures towards higher ones, similar to those of saline-type fracture 
groundwater, the bedrock zone between -400 and -500 m elevation can be described as 
a transition zone. In this transition zone Br/Cl porewater ratios deviate gradually from 
the seawater dilution line (Figure 7-5c). Significally, the Br/Cl porewater ratios of 
samples from -500 to -800 m elevation, as well as the samples from drillhole OL-KR39, 
plot above the seawater dilution line as do the fracture groundwaters. This observation, 
combined with the associated Cl isotope signatures, suggest the same non-marine origin 
for Cl and Br in both reservoirs. 

The transient state with respect to the Cl and Br concentrations in the bedrock zone 
between -400 and -500 m elevation encountered by drillhole OL-KR47 is independent 
of the distance to the nearest water conducting fractures, which range from <5 m to 
almost 50 m. This suggests that the circulation time of the saline-type groundwater has 
been insufficient to achieve equilibrium between the two reservoirs, and that a dilute 
meteoric water component must have been present considerably longer than the 
influence of present day fracture groundwater. The gradual adaptation of Br/Cl ratios 
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and Cl isotope signatures in porewater, to the non-marine saline waters characterised by 
lower total Cl and Br concentrations in the porewaters of the deep zone, indicate that an 
initially dilute, fresh water-type porewater has become increasingly mixed with this 
saline water with time. 

In the bedrock zone below -500 m elevation were the distances to the nearest water 
conducting fracture are generally in the range of tens of metres, the porewater has 
archived only the earliest stages of the palaeohydrogeological evolution of the site. The 
fracture groundwater in this zone is interpreted as a very old, brine derived water, but of 
non-marine origin (cf. Section 8.2.1). The identical Br/Cl ratios and Cl isotope 
signatures in the porewater, together with the non-marine saline waters at lower total Cl 
and Br concentrations in the porewater of the deep zone, indicate an equal Cl and Br 
source in both reservoirs, but only a minor influence of present day saline-type  fracture 
groundwater on the initially dilute, fresh water-type porewater.  

In summary, the chemical composition of porewater in the deep bedrock zone displays 
signatures of; a) an old non-marine Cl bearing component, similar to the precursor of 
the saline-type fracture groundwater, and b) a dilute meteoric water component (i.e. a 
present component of the Subglacial-type groundwaters; cf. Section 8.1 and10.5) which 
had to be present prior to the ingress of brackish saline-type fracture groundwater down 
to a depth of -800 m elevation. The preserved signals are independent of the distance to 
the nearest water conducting fracture, which vary below -500 m elevation between 15 m 
and >>50 m. This suggests a very long influence of such dilute meteoric water in the 
range of several hundreds to millions of years lasting until several tens to a few 
hundreds of thousands of years according to the diffusive exchange model (Figure 7-1). 

7.3 18O and 2H of porewater 

The water isotope compositions of porewater have been determined by the diffusive 
isotope exchange technique and are expressed relative to the standard mean ocean water 
(V-SMOW). 

Stable isotope signatures of infiltrating water depend on the temperature, altitude and 
moisture source. This renders the stable isotopes of the water molecule as valuable 
tracers of the groundwater origin. Furthermore, it allows the possibility to differentiate 
between the origin of waters of similar Cl and Br concentrations such as glacial water 
and meteoric water of warmer climatic conditions. Up to now no fractionation is yet 
known to occur for the oxygen and hydrogen isotopes during diffusion of water through 
the crystalline rock matrix. For the stable isotopes of water, the interaction between 
porewater and fracture groundwater can thus be treated the same way as for the 
conservative solutes Cl and Br. However, it has to be kept in mind that changes in the 
fracture groundwater composition might strongly affect the porewater 18O and 2H 
values, but not the chloride and bromide in the porewater and vice versa depending on 
the origin of the fracture groundwater (e.g. glacial vs. present day meteoric, brine vs. 
warm climate meteoric). Furthermore, repeating cycles of climatic conditions (e.g. 
several cold periods) and/or infiltration of the same origin (e.g. several marine 
intrusions) with similar isotope signatures in the fracture groundwater will leave their 
traces in the porewater and the superposition of such signals cannot be resolved in an 
individual sample. In common with Cl and Br, therefore, porewater isotope signatures 
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obtained for an individual sample might not represent only a single event during the 
palaeohydrogeological evolution of the system, but are more likely to represent the 
product of one or more superimposed events. The resolution of such superposition by 
the porewater oxygen and hydrogen isotope compositions is limited by the fact that the 
absolute difference in isotope composition of several known end member water types is 
small (e.g. saline water, i.e. Littorina and Baltic Sea waters) and the porewater isotope 
determination has a larger error relative to these differences when compared to the 
determination of Cl and Br concentrations. Nevertheless, extreme values can be 
interpreted as end member type compositions allowing the distinction between events of 
different climatic cycles and/or water origins. 

The water isotope composition of porewater in rocks of the Olkiluoto bedrock covers a 
large range of 18O values between -13.1‰ and -4.3‰ V-SMOW and 2H values 
between -105‰ and -17‰ V-SMOW (Figure 7-7). Because the general trends 
described by the oxygen and hydrogen isotopes correlate, only the 18O signatures of 
the porewater are discussed. 

The shallow bedrock zone between 0 and -150 m elevation is highly transmissive with a 
high frequency of water conducting fractures and short distances between the porewater 
samples and these fractures (cf. Section 7.2). The isotope signal from the fracture 
groundwater is therefore rather quickly transmitted to the porewater (cf. Section 7.1). In 
drillhole OL-KR39, located in the centre of Olkiluoto island, the 18O signatures of 
porewater show a slight variation between -11.2 and -9.1‰ V-SMOW and are in 
isotopic equilibrium with fracture groundwaters at similar depth (Figure 7-8). In 
contrast, porewater from a depth of -65 m elevation in drillhole OL-KR47, located at the 
coast, is more depleted in 18O (18O of -13.1‰ V-SMOW) and represents a transient 
state with fracture groundwater sampled near by, the latter being even more depleted in 
18O (18O of -15.8‰ V-SMOW, Figure 7-8). Porewater from a depth of -140 m 
elevation in drillhole OL-KR47 has isotope signatures similar to those observed in 
drillhole OL-KR39 and similar to those of fracture groundwater at similar depth 
sampled directly in the drillhole. As suggested for the porewater from drillhole OL-
KR39, this indicates steady state conditions between the two reservoirs with respect to 
the isotope compositions. In the 18O-2H diagram, porewater from the shallow zone in 
drillhole OL-KR39 plot on or close to the global meteoric water line (GMWL) in the 
same range as fracture groundwaters from similar depths in the near vicinity of the 
Subglacial groundwater and Present Day infiltration end members (Figure 7-7a). 
Combined with the low Cl concentrations and associated parameters (cf. Section 7-2) 
this could be explained by a large present day type meteoric component in these 
porewaters. It should be noted, however, that present day type isotope signatures also 
prevailed during different time periods during Quaternary times. Thus, the isotopes 
cannot unequivocally reveal during which period such signatures were established, 
although the small distances to the conducting fractures are consistent with a recent 
input since the time the island emerged from the sea. The porewater of the sample taken 
from drillhole OL-KR47 at a depth of -65 m elevation also plots close to the GMWL in 
the 18O-2H diagram (18O = -13.06‰ , 2H = -105.5‰), but below the porewater 
from OL-KR39 (18O = -10.57 to -9.56‰ , 2H = -80.6 to -75.7‰) and between the end 
members of Glacial meltwater and Subglacial groundwater. The depleted isotope 
composition indicates the presence of a cold climate or glacial component in the 
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porewater, but in other proportions than preserved in the sampled fracture groundwater 
close by. This stems from the fact that the fracture groundwater is even more depleted in 
18O and 2H and has Cl concentrations twice as high as the porewater. This implies that 
the OL-KR47 porewater contains another dilute component with an enriched isotope 
signature and which must be older than the cold climate or glacial component. Any 
influence of a recent meteoric component can be excluded in this drillhole because the 
rock volume encountered by drillhole OL-KR47 remained submerged under seawater 
until present. Porewater of the sample from a depth of -140 m elevation in drillhole OL-
KR47 plots to the right of the GMWL (18O = -10.46‰ , 2H = -90.1‰) above the 
sample taken at -65 m elevation and below the samples taken from drillhole OL-KR39 
(Figure 7-7a). The different isotopic character combined with the transient state with 
respect to Cl and the position of the drillhole indicates the preservation of a different 
meteoric water component than detected in the porewater of drillhole OL-KR39 at 
similar depths. Based on these facts, the porewater preserves a pre-Holocene meteoric 
warm climate fresh water component, in considerably higher proportions than detected 
in the porewater above at -65 m elevation. 

In the first 60 m of the intermediate to low transmissive bedrock zone encountered by 
drillhole OL-KR47, 18O values between about -10‰ to -11‰ V-SMOW, as observed 
above, persist and are similar to present day fracture groundwater, i.e. steady state 
conditions appear to be established for the isotope compositions (Figure 7-8). These 
samples plot to the right of the LMWL in the same range as the sample at -140 m 
elevation and are enriched in 18O compared to the subglacial reference water (Figure 7-
7b). Based on the argument given above for the shallow bedrock zone porewaters, it 
appears that the porewaters at the top of the intermediate zone encountered by drillhole 
OL-KR47 experienced the same location-dependent evolution with respect to the most 
recent time period. 
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Figure 7-7. 18O versus 2H signatures of porewater, fracture groundwater and surface 
water from the deep drillholes OL-KR39 and OL-KR47 and the horizontal drillhole 
ONK-PH9. Figures a) to c) show the samples from the near surface, shallow, 
intermediate and deep zone, respectively. The grey line is the global meteoric water line 
(GMWL). The errors of porewater 18O and 2H are determined by Gaussian error 
propagation. 

The presence of an old fresh water component becomes more evident from -150 to -400 
m elevation in drillhole OL-KR39 and from -210 to -380 m elevation in drillhole OL-
KR47, where porewater from both drillholes has less negative 18O values between 
-7.4‰ and -9.9‰ V-SMOW (Figure 7-8). Here, the porewaters are generally enriched 
in 18O compared to the corresponding fracture groundwaters and therefore a transient 
state is established (Figure 7-8). In the 18O-2H diagram, porewaters from this part of 
the intermediate zone plot to the right of the GMWL around the Subglacial reference 
water and sampled brackish fracture groundwater (Figure 7-7b).  

Few porewater samples from OL-KR47 and ONK-PH9 plot close to Baltic Sea water on 
the 18O-2H diagram. In terms of porewater Cl concentrations, Br/Cl ratios and the 
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distance to the nearest water conducting fracture, a major influence of Baltic Sea water 
can be excluded. In fact, the similar isotope signatures can be attributed to the 
superposition of different isotopic signals which can be, for example, the signatures of 
Subglacial and Littorina Sea water. Most of the porewater samples appear to plot on a 
mixing line between these two end members (Figure 7-7b). However, taking the Br/Cl 
ratios of those porewater samples into account, a third, isotopically unknown non-
marine Cl-bearing component, has to be taken into account. In contrast, porewater from 
OL-KR39 taken from the intermediate bedrock zone is enriched in 18O and plots 
significantly more to the right of the GMWL compared to porewater from other 
drillholes (Figure 7-7b). The differences in the isotopic behaviour of porewaters 
between the two drillholes corresponds to differences in chloride and bromide 
concentrations and also suggests the presence of an old dilute warm climate component 
in the porewater. This component is present in greater amounts in porewater from OL-
KR39 compared to porewater from OL-KR47 at equal depths.  

Porewater from a depth of -380 m elevation from drillhole OL-KR47 is depleted in 18O 
compared to the porewaters from above, and indicate steady state with fracture 
groundwater at similar depth. This particular sample plots close to the GMWL (18O = -
10.74‰ , 2H = -79.9‰) in the same range as fracture groundwater from the 
intermediate bedrock zone. In combination with the Cl and Br concentrations and the 
distance to the nearest water conducting fracture (44 m), the similarity in isotope 
signatures are caused by a superposition of different signals, i.e. the same effect as 
explained above. Nevertheless, it can be said that a more minor proportion of a warm 
climate meteoric component is preserved in the porewater than observed above, which 
may be interpreted as indicating the presence of a relevant proportion of a cold climate 
meteoric component.  

The porewater profile from drillhole ONK-PH9 gives a good resolution of the presence 
of several meteoric water components. It indicates the influence of meteoric water from 
certainly one, presumably two cold climate (or glacial) events and one old warm climate 
event as shown by the fluctuations from depleted (-10.7‰ V.SMOW) to enriched 
(-5.9‰ V-SMOW) and again depleted 18O values (-12.4‰ V-SMOW) as a function of 
distance from the highly conducting HZ20B zone (Figure 7-8). For a better clarification 
of the number of cold climatic components preserved in porewater of samples from 
ONK-PH9, the influence of low transmissive fractures along the profile and their 
connection to the hydraulic zone HZ20B has to be taken into account, which is not the 
case so far. Porewaters from drillhole ONK-PH9 plot on a wide range close or to the 
right of the GMWL on the 18O-2H diagram (Figure 7-7b) indicating the influence of 
different water components. In combination with porewater Cl and Br and the Br/Cl 
ratios, these findings clearly indicate the presence of several fresh water components 
formed under different climatic conditions in the porewater. As discussed before the 
influence of different fresh water components was also detected in porewaters from OL-
KR39 and OL-KR47; now these can be brought into a spatial and hence temporal 
sequence based on the data from drillhole ONK-PH9. 

In the low flow to stagnant deep bedrock zone from -400 to -800 m elevation, porewater 
18O values of samples from drillhole OL-KR47 become consistently enriched (-10.2 to 
-5.8‰ V-SMOW) in the first 100 m and remain almost constant and most enriched in 
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18O (-6.9 to -4.4‰ V-SMOW) compared to the porewaters at shallower depth (Figure 
7.8). An exception of this trend is the porewater from sample -503 m elevation which 
still retains the characteristics of the intermediate zone. Porewater from the deep 
bedrock zone from drillhole OL-KR39 has 18O signatures of about -7 ‰ V-SMOW 
and is enriched in 18O compared to porewater from the intermediate bedrock zone.  

The difference in isotope composition between porewater and sampled fracture 
groundwater becomes greater with increasing depth in drillhole OL-KR47 and a 
transient state is established. Porewater from the deep bedrock zone from drillhole OL-
KR39 (-400 to -423 m elevation) is also in a transient state with fracture groundwater. 

  



109 

 

 

 

Figure 7-8. 18O values of porewaters and fracture groundwaters from the deep 
drillholes OL-KR39 and OL-KR47 (top left) compared to the distance along drillholes 
between each porewater sample and the nearest water conducting fracture (top centre) 
and the transmissivity of the water conducting zones (top right). At the bottom the 18O 
values of porewater and fracture groundwater along the fracture profile in the 
horizontal drillhole ONK-PH9 (-306 m elevation) are shown. The red and green lines in 
the top left diagram indicate the average 18O values of Baltic and Littorina Sea water, 
respectively. The blue area in the bottom diagram indicates the end of the highly 
transmissive zone HZ20B. The errors of porewater 18O signatures are determined by 
Gaussian error propagation and depend mainly on the porewater to test the water ratio 
used in the experiment. Fracture positions and their transmissivities are plotted 
according to Pöllänen (2006), Tarvainen & Heikkinen (2008), Toropainen (2009) and 
Karttunen et al. (2010). 
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In the 18O-2H diagram, porewater from the upper part of the deep bedrock zone from 
drillhole OL-KR39 plots to the right of the GMWL suggesting the influence of a warm 
climate meteoric component in a higher proportion than present in porewater from 
drillhole OL-KR47 (Figure 7-7c). In contrast, porewater from OL-KR47 plots close to 
the GMWL between the end-member components of Subglacial groundwater and 
Littorina Sea water, i.e. above present day fracture groundwaters and porewater from 
the shallow bedrock zone. The shift towards enriched isotope compositions is associated 
with the same general changes in the porewater chemistry. Thus, in both drillholes the 
Cl and Br concentrations increase in this part of the deep bedrock zone and the Br/Cl 
ratios reach values far above those of marine water (cf. Section 7.2). In drillhole OL-
KR47, the enrichment in 18O and 2H is paralleled in addition by the change from the Cl 
isotope composition most depleted in 37Cl to 37Cl values of around 0‰ SMOC. 

Compared to the fracture waters sampled from similar depths, porewaters from the 
lower deeper bedrock zone (-500 to -800 m elevation) are enriched in 18O by more than 
4‰ V-SMOC supporting the transient state between porewater and fracture 
groundwater as already observed for the chemical tracers (cf. Section 7.3). In the 18O-
2H diagram most of these deep porewaters tend to plot close to the GMWL, except for 
four samples which plot significantly to the right and to the left of the GMWL (Figure 
7-7c). The overall trend shown by the porewaters mimics that observed for saline 
groundwaters sampled from similar depths, although at more enriched isotope 
compositions (Figure 7-8). This is consistent with an old dilute warm climate 
component that is slowly being modified by mineralised saline fracture groundwaters 
presently occurring at these depths. In addition, water-rock interactions have taken place 
which might have modified the porewater and fracture groundwater compositions in this 
rather stagnant deep zone. An old dilute warm climate component must be present in 
these porewaters because of the moderately low Cl and Br concentrations, but similar 
Br/Cl ratios, compared to the saline fracture groundwaters occuring at these depths (cf. 
Figures 7-2 to 7-4). In turn, an identifiable influence of Glacial meltwater and/or a cold 
climate component can be excluded based on mass balance calculations of the more 
enriched isotope composition of the porewater compared to the saline fracture 
groundwater, the latter being responsible for the mineralisation. In combination with the 
very low fracture frequency at these depths in drillhole OL-KR47, and the long 
distances between the porewater sample and water conducting fractures, the warm 
climate fresh water component must have been present in the fracture system for a very 
long period of time, probably since Tertiary times, whereas the ingress of saline fracture 
groundwater occurred at a considerably later stage as indicated by the large 
compositional differences still present between porewater and the fracture groundwaters 
occurring at these depths. 

7.4 Dissoved gases in porewater 

Gases dissolved in porewater were investigated on drillcore samples from the horizontal 
drillhole ONK-PH9 (-306 m elevation), drilled from the ONKALO access tunnel 
intersecting the main regional water conducting hydraulic zone HZ20B.  

The description and interpretation of the gas results is hence limited to the fracture 
groundwater and porewater systems encountered at a depth level of -306 m elevation. In 



111 

 

 

addition to the chemical and isotopic porewater tracers, the obtained gas results provide 
valuable information on the palaeohydrogeological evolution of this fracture 
groundwater/porewater system intersected by drillhole NK-PH9 . 

Gas concentrations dissolved in porewater and fracture groundwater are reported 
according to standard conditions (STP = Standard Temperature, 0°C, and Pressure,1 
bar). 

7.4.1 Hydrocarbon gas contents in porewater 

Hydrocarbon (HC) gases dissolved in porewater and groundwater are commonly formed 
by biological processes either directly by microbial processes at low temperatures 
(biogenic HC) or by thermal breakdown of more complex organic precursors 
(thermogenic HC). Additional production of hydrocarbons can also occur in the crust or 
in the mantle via abiogenic mechanisms (abiogenic HC) at elevated temperatures. The 
molecular ratio between methane (CH4=C1) and the sum of ethane (C2H6=C2) and 
butane (C3H8=C3), expressed as C1/(C2+C3), is characteristic and, in combination with 
the gas isotopic composition, allows discrimination between the different origins of 
these hydrocarbon gases (Whiticar, 1999, Schoell, 1988). Biogenic hydrocarbons have 
C1/(C2+C3) ratios of generally ≥ 1,000 due to the limited formation of higher HCs (C2 
and C3) in low temperature bacterial processes. In contrast, thermogenic hydrocarbons 
have molecular C1/(C2+C3) ratios generally ≤ 100, depending on the precursor material. 
During the abiogenic hydrocarbon formation, higher hydrocarbons are produced by the 
polymerisation of methane. The molecular ratio of such abiogenic HCs is considered to 
be in the same range as those of the thermogenic HCs. Later in the evolution of a gas-
water-rock system, the molecular C1/(C2+C3) ratio of once formed hydrocarbons can be 
modified, for example, by bacterial activities such that a signal can be transported into 
the porewater. 

In contrast to the non-reactive natural tracers, chloride, bromide, chlorine isotopes, 
stable water isotopes and helium, the hydrocarbon gases are not conservative. In 
addition, concentration changes can be caused physically by transport mechanisms and 
by geochemical reactions in the bedrock system, for example, induced by bacterial 
activity or thermal events. Biogenic processes are known to occur in the water 
conducting fractures at the Olkiluoto site (Posiva, 2009), but are not yet known to occur 
in the low permeable rock matrix. Thus, the hydrocarbon signals present in fracture 
groundwater and transmitted to the porewater are probably not further changed by 
microbiological processes in the rock matrix. As for the dissolved conservative tracers, 
the exchange of hydrocarbon gases between fracture groundwater and porewater 
presumably takes place by diffusion. 

Porewater from core samples along the fracture profile in drillhole ONK-PH9 has 
methane concentrations between 0.2 and 15.1 ml/LPW. Concentrations of higher 
saturated hydrocarbons (i.e. ethane, propane and butane (C2-C4), in porewater vary 
between <0.001 and 0.47 ml/LPW. The C1/(C2+C3) ratios determined in porewaters from 
drillhole ONK-PH9 show a large variation between 1.0 and 171.8 (Figure 7-9). 

From the highly transmissive hydraulic zone HZ20B into the adjacent, undisturbed 
bedrock porewater, CH4 concentrations increase sharply in the first 9 m from 0.2 to 15.1 
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ml/LPW STP, before they continuously decrease to 5.6 ml/LPW STP along the next 46 m 
of the drillhole (Figure 7-9). Along the same profile, the concentrations of the higher 
hydrocarbon in the porewater describe somewhat different trends than CH4. These 
differences are, however, no longer expressed in the C1/(C2+C3) ratios, except for one 
sample (Figure 7-9). In this case the first 9 m away from the transmissive HZ20B zone 
the molecular ratios of hydrocarbons in the porewater generally increase from 1.0 to 
176, and for the next 46 m they subsequently decrease to 20 in both cases showing 
similar trends to the CH4 concentrations. In the low transmissive bedrock, porewater 
CH4 concentrations are distinctly higher compared to fracture groundwater in the highly 
transmissive HZ20B zone (CH4 = 0.6 ml/LPW ) suggesting a transient state between 
these two reservoirs with respect to dissolved methane. Transient conditions are 
consistent with those observed for Cl, Br and stable isotopes (cf. Sections 7.3 and 7.4). 
Unfortunately, no data exist for the groundwater C1/(C2+C3) ratio. The significantly 
elevated CH4 concentrations in the porewater combined with the C1/(C2+C3) ratios in 
the first 9 m from the highly transmissive HZ20B zone might indicate the presence of 
components of biogenically formed CH4 and higher hydrocarbons from a thermogenic 
source that exchanged in the past from the fracture system into the porewater. This is 
also evident in brackish Cl type groundwater sampled at different drillholes at similar 
depth (cf. Section 8.2.2). The transient state observed today between porewater and 
fracture groundwater indicates that the circulation of present day low CH4 groundwater 
in the HZ20B zone has been too short to achieve equilibrium between the two 
reservoirs, and CH4 and higher hydrocarbons are now transferred along a reversed 
chemical gradient from the porewater into the fracture groundwater. 
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Figure 7-9. Porewater methane concentrations (centre) and hydrocarbon C1/(C2+C3) 
ratio (top) of porewater and fracture groundwaters in core samples from the fracture 
profile in the horizontal drillhole ONK-PH9 at -306 m elevation. The blue area in the 
upper diagrams indicates the end of the highly transmissive zone HZ20B. The positions 
of water conducting fractures are shown at the bottom. The cumulated errors of 
porewater CH4 concentrations and C1/(C2+C3) ratios are ± 24% and ± 25%, 
respectively. Fracture positions and their transmissivities are plotted according to 
Karttunen et al. (2010). 

The CH4 concentrations and C1/(C2+C3) ratios also display a consistent pattern with 
respect to the distance between the porewater samples and the nearest water conducting 
fractures and the fracture transmissivities. The porewater sample with the highest CH4 
concentration and C1/(C2+C3) ratio is located closest to a water conducting fracture with 
a transmissivity of 2.2*10-10 m2/s, whereas the samples with lower CH4 concentrations 
and C1/(C2+C3) ratios are located further away from conducting fractures with 
transmissivities of 3.5*10-11 and 1.0*10-10 m2/s (Figure 7-9). This indicates that the 
same signal (i.e. the change from low to high concentrations) would arrive retarded in 
these samples. However, without having isotopic data and low transmissive fracture 
groundwater data at hand, similar concentrations could also be produced by different 
microbial processes in the low transmissivity fractures. 
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The ‘background composition’ of hydrocarbon gases in porewater may/could be that 
obtained for the last sample collected from the fracture profile in drillhole ONK-PH9, 
some 55 m away from the highly transmissive HZ20B zone where no influence of 
recent fracture groundwaters is present. Interestingly, this sample shows a similar 
C1/(C2+C3) ratio as that observed in the fluid inclusion fluids in quartz of the same rock 
(cf. Chapter 4). This indicates that porewater some 55 m away from the highly 
transmissive HZ20B zone might still preserve a similar hydrocarbon signature as 
presently exists in fluids entrapped in fluid inclusions, i.e. a very old hydrothermal 
signature. 

7.4.2 He concentrations in porewater 

Radiogenic 4He (the most abundant He isotope) is produced in bedrock systems by the 
natural decay of uranium and thorium residing in the minerals of the rock. Nucleogenic 
3He has about 106 lower abundance than 4He which means that the measured He 
concentration in a water is essentially equal to the 4He concentration. This allows the 
comparison of the 4He concentrations determined for porewater with total helium 
concentrations determined for fracture groundwater.  

Due to the strong activation energy during the production process, most of the 
radiogenic He is readily released to the surrounding porewater (Ballentine & Burnard 
2002). Once released into the porewater He is transported by diffusion from the rock 
matrix into the adjacent fracture groundwater. The chemical inert character of He and its 
continuous in situ production makes it a valuable tracer to investigate solute transport 
processes. Transport processes can be evaluated by comparing the calculated 4He 
production rate, its measured concentration in the rock, porewater and groundwater, and 
possible external input of 4He into the system (Ballentine & Burnard 2002). 

Helium concentrations in porewater along the fracture profile from drillhole ONK-PH9 
vary between 0.9 and 5.7 ml/LPW. Away from the highly transmissive HZ20B zone He 
concentrations in porewater increase from 0.9 to 3.6 ml/LPW in the first 7 m along the 
profile. The ‘background’ concentration not influenced by the recent groundwaters 
flowing in the HZ20B zone was found to be 5.7 ml/LPW  in a sample some 45 m from 
the HZ20B zone (Figure 7-10). This concentration is similar to that detected in brackish 
Cl type groundwater sampled from other drillholes at similar depth (cf. Chapter 8.2.2). 
Compared to fracture groundwater in the HZ20B zone, porewater some 1 m away from 
this zone has higher He concentrations than present day fracture groundwater, indicating 
transient conditions between the two reservoirs. This finding is consistent with the 
above described results for chemical and isotopic tracers as well as for the dissolved 
reactive gases, all of which indicate transient conditions in this zone.  
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Figure 7-10. Helium concentrations of porewater in core samples from the fracture 
profile in the horizontal drillhole ONK-PH9 at -306 m elevation. The blue area in the 
upper diagram indicates the end of the highly transmissive zone HZ20B. The positions 
of the water conducting fractures are shown at the bottom. The cumulated errors are -
22 % and +32 %. Fracture positions and their transmissivities are plotted according to 
Karttunen et al. (2010). 

Porewater some 45 m away from the HZ20B zone has He concentrations about ten 
times higher than the present day fracture groundwater in this zone. A rough estimate 
about the residence time of He in this porewater can be made using the He in situ 
production and assuming closed system behaviour, i.e. no gain or loss of He from the 
system (cf. Section 8.2.2). Such an apparent residence time for He in the porewater of 
the rock matrix would become about 13 Ma, based on in situ production of 4He alone 
(cf. Eichinger et al. 2013). Because of the above described transient conditions between 
porewater and fracture groundwater, a He loss from the porewater system towards the 
fracture groundwater occurs so that the apparent residence time would be more of a 
minimum value. In turn, this estimate also neglects a helium flux from below clearly 
indicated by the higher He concentrations in groundwaters from greater depth. Such an 
input would obviously result in a reduction of the estimated apparent residence time. 
Nevertheless, the estimate gives an order of magnitude of the time scales involved in the 
exchange between porewater and fracture groundwater at the Olkiluoto site. 

7.5 Analytical and conceptual uncertainties 

The concentrations of conservative dissolved anions (Cl-, Br-) and isotope signatures 
(18O, 2H and 37Cl) of porewater from crystalline rocks are derived by indirect 
methods, which strongly depend on the accuracy of the water content determination and 
its representativeness of in situ conditions. Effects that could influence the measured 
water content from in situ conditions are related to desaturation, stress release and the 
formation of a drilling disturbed zone (DDZ). By applying adequate handling 
techniques, desaturation is controlled and minimised if not excluded. The effects of 
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stress release and the formation of a DDZ are limited to the time the core is in contact 
with the drilling fluid, which is at most 1–2 hours. The perturbation of in situ water 
contents by stress release and a DDZ was quantified previously for granitic and 
monzodioritic rocks at Forsmark and Laxemar in Sweden, using NaI spiked drilling 
fluid (Waber et al. 2009a, b, Waber et al. 2011). The effect of drilling fluid 
contamination induced by stress release could be quantified as being less than 10% and 
the effect of the drilling disturbed zone on the porewater content and composition as 
less than 1 %. Preliminary results from drillhole OL-KR55, where several sections were 
drilled using NaI spiked drilling fluid, indicate that the influence of stress release and a 
DDZ on the water content and porewater composition of a core sample taken at ~ -750 
m elevation. is between 4 and 10%.  These results and the almost constant depth 
distributions of water contents and pore diffusion coefficients of all lithologies (cf. 
Section 6.1 and 6.2) suggest for the Olkiluoto bedrock that the water contents and water 
content porosity, the chemical and isotopic composition of porewater, and the pore 
diffusion coefficients derived by applying indirect methods, appear indeed to represent 
in situ conditions within the given analytical uncertainties. 

The determination of gases dissolved in matrix porewater is also based on indirect 
extraction methods which can be influenced to a similar degree by the same processes 
described above. An additional potential process, which can lead to a reduction of the in 
situ gas content, is the formation of a free gas phase after the core is recovered from the 
drillhole, and hence from the in situ hydrostatic pressure. Such a free gas phase might 
be formed in the pore space because of the lower solubility of gases at low pressure and 
would require that the porewater is gas oversaturated at atmospheric pressure. Up to 
now, it is not well known how free gas phases created during decompression of the rock 
in the porewater behave in the in situ pore space of crystalline rocks. For sedimentary 
rocks it is assumed that the loss of gases, due to a degassing of a possible free gas phase 
from the pore space, can be neglected due to the high suction power potentials in the 
rock matrix and the short time of exposure to the atmosphere between core recovery and 
preparation of the experiments. Due to the fact that in practice the exposure time to the 
atmosphere was only in the range of few minutes, it can be assumed that the loss of gas 
by out-gassing of a possible free gas phase is low within the given uncertainty range. 
This potential disturbing effect will be evaluated in detail by future laboratory 
experiments. 

Concentrations of dissolved hydrocarbons in porewater can be influenced by bacterial 
processes during the experiments. Bacteria, which are not present in situ, may be 
brought in the system due to contact of the drillcores with drilling fluid and 
groundwater. Such bacterial activities were minimised by sterilising the core surfaces, 
but the possibility of artefacts being brought in by biogenic activities cannot be fully 
excluded so far. 

The exchange of fracture groundwater and porewater, which is dominated by diffusion, 
depends inter alia on the distance between porewater samples and the nearest water 
conducting fracture in three dimensions. Thereby, it has to be kept in mind that the 
present interpretation of porewater tracer data is hindered to some degree by the 
limitation of a drillhole intersecting water conducting fractures only in one dimension 
along the drillhole. Thus, a steeply dipping fracture subparallel to the drillhole might be 
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closer to the porewater sample than the nearest fracture seen in the drillhole log and 
drillcore. As a consequence, the time periods deduced from an observed porewater 
signature represent maximum times because in reality the distance to the nearest water 
conducting fracture might be less than indicated by the drillhole investigations.  
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8 PALAEOHYDROGEOLOGY AND EVOLUTION OF GROUNDWATER 
SALINITY 

8.1 Palaeohydrogeology and climate 

The crystalline bedrock at Olkiluoto has been subjected to polyphase hydrothermal 
events during the Precambrian or early Phanerozoic, and the imprints of these events 
can be recognised from the evidence of the complex alteration of host rock and in the 
walls of fractures. Such events may also have influenced the current groundwater 
chemistry, particularly the high salinities and gas contents (Blyth et al 2000, Gehör et al. 
2002, Frape et al. 2005, Eichinger et al. 2006, Sahlstedt et al. 2010, Eichinger et al. 
2010). Also, understanding the transient glacial/postglacial evolution in the Baltic Sea 
region during Quaternary and the Holocene is vital when evaluating hydrogeochemical 
data in deep drillholes, since they provide constraints on the possible groundwater types 
and their mixtures that may occur in the bedrock (Figure 8-1).  

Several glacial periods have occurred during the Quaternary in Fennoscandia. However, 
pre-Weichselian (<116 ka) evidence is limited in Finland except for the till deposits of 
the Saale glaciation (380–130 ka) which are common in northern and western Finland; 
apparently there is no pre-Saalian evidence for tills in Finland (Lunkka et al. 2001, 
2004, Lunkka 2008). Following the Saalian period, the Eem interglacial prevailed from 
130–116 ka ago when the Baltic basin contained the Eemian Sea. This was much more 
saline than the present Baltic Sea due to the opening of the seaway in Karelia from the 
White Sea to the Baltic basin (Lunkka et al. 2004, Miettinen et al. 2005). Based on Eem 
organic sediments in western Finland, Karelia and Estonia, Fennoscandia at this time 
was a large island for at least 2 to 2.5 ka ago when the temperature in northern Europe 
was about 1 to 2oC warmer than at present. 

About 116 ka ago the cold Weichselian Stage commenced in Fennoscandia. The 
Weichselian is divided into three different sub stages: Early (116–75 ka ago), Middle 
(75–25 ka ago) and Late Weichselian (25–10 ka ago). During the Early Weichselian the 
glaciation reached only to northern Finland (Andersen and Mangerud 1989, Lunkka 
2008) and Olkiluoto remained without ice cover. Geological observations (Andersen 
and Mangerud, 1989) and glaciological inversion models (Kleman et al. 1997) suggest 
that Finland was under an ice cover during the Middle Weichselian, particularly during 
70–60 ka ago (Lunkka et al. 2004). However, research on later mammoth remains has 
indicated that a large ice free area existed in southwest Finland and even in southeast 
Sweden about 37–26 ka ago (Ukkonen et al. 1999, Arppe and Karhu 2006, Ukkonen et 
al. 2007). According to Arppe and Karhu (2006) the mean annual temperatures for the 
Middle Weichselian ice free period were about 2–6 ºC lower than today.  

Late Weichselian glaciation started about 25 ka ago in Fennoscandia and the ice sheet 
reached its maximum (Last Glacial Maximum, LGM) about 22–18 ka ago (Lunkka 
2008). At that time Olkiluoto was under a thick ice cover estimated to be about 2–3 km 
thick in Finland when the glaciation reached its maximum (Salonen et al. 2002). After 
the glaciation maximum about 18 ka ago the ice covered glaciers started to melt rapidly 
due to fast climate warming (Lunkka 2008, Salonen et al. 2002). However, a new cold 
period, younger Dryas, started suddenly about 12.7 ka ago and the glaciers remained 
stagnant or started to advance slightly until 11.5 ka ago. After that, the climate warmed 
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up and the present interglacial stage started in the northern hemisphere due to the solar 
insolation maximum (Lunkka 2008). In Fennoscandia the Late Weichselian stage ended 
about 10 ka ago when Finland was already ice free (Salonen et al. 2002). 

The interpretation of the Weichselian glacial/postglacial events that have evidently 
affected the groundwater composition around the Baltic Sea (and ultimately into the 
underlying bedrock) in the Fennoscandian Shield, is based on Quaternary geological 
information from various sources including Eronen et al. (1995), Eronen & Lehtinen 
(1996), Donner et al. (1999) and Salonen et al. (2002). Furthermore, it has been 
discovered that the glacial/postglacial events are reflected in the deep groundwater 
chemical and isotopic compositions, not only at Olkiluoto but at several other sites in 
Finland (Figure 8-1) and Sweden (Pitkänen et al. 1996, 1998, 1999, 2001, 2002, 2004; 
Laaksoharju and Wallin (eds), 1997; Luukkonen 2001; Gehör et al. 2002; Smellie et al. 
2002; Posiva 2005; Andersson et al. 2007, and Laaksoharju et al. 2008). 

 

Figure 8-1. Postglacial shoreline in southern Finland from about 11.5 ka ago until the 
present (after Eronen et al. 1995, Pitkänen et al. 2004). Marine regression and uplift 
was due mainly to crustal rebound after the Weichselian glaciation. Also shown are 
sites in Finland whose hydrogeochemical conditions are found to be related to their 
location relative to deglaciation and Baltic Sea evolution. 

Complete Weichselian deglaciation started about 11.5 ka go (Figure 8-1), and soon after 
that Olkiluoto emerged from the ice cover (about 11 ka ago) but remained below the 
surface of the mildly saline Yoldia Sea which had a maximum depth of about 100 m. 
Glacial meltwater close to the retreating ice margin was able to infiltrate the bedrock 
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under considerable hydraulic pressure. The exact penetration depth is still unknown, but 
depths of 200 to 300 m seem likely according to groundwater stable isotopic data 
(Pitkänen et al. 2004, Luukkonen et al. 2005, Andersson et al. 2007). However, it is 
important to remember when interpreting hydrogeochemical data that the 
Fennoscandian Shield has endured several glacial cycles during the Quaternary.  

Table 8-1. Estimated Quaternary glacial meltwater, Littorina Sea water and Subglacial 
groundwater compositions with inferred Baltic Sea and mean ocean water compositions 
(Pitkänen et al. 1999, Posiva 2009). For Subglacial groundwater,  discussion of mixing 
of groundwaters in Sections 8.2.3 and 10.5.  

 1)Glacial 
water 

2)Littorina 
Sea 

Subglacial  
groundwater 

3)Baltic  
Sea 

4)Ocean  
water 

T (°C) 1.0 10.9 8 8.5 20.0 
O2 (mg/L) 7.2 6.6 - 7.2 4.3 
pH 5.8 7.6 8.2 7.7 7.5 
Density (g/mL) 1.000 1.008 - 1.002 1.030 
HCO3 (mg/L) 0.16 92.5 13.4 78.7 144.2 
SO4 (mg/L) 0.05 890 1 450 2540 
PO4 (mg/L) 0.0003 0.06 - 0.02 0.22 
Ntot (mg/L) 0.19 0.27 - 0.21 0.5 
Cl (mg/L) 0.70 6500 3000 3025 19550 
F (mg/L) 0.00 0.49 1 0.27 1.3 
Br (mg/L) 0.001 22.2 21 10.3 67 
NO3 (mg/L) 0.07  -   
SiO2 (mg/L) 0.01 1.84 - 0.58 6.61 
Fetot (mg/L) 0.0001 0.002 - <0.01 0.002 
Al (mg/L) 0.0001 0.002 - <0.01 0.002 
Na (mg/L) 0.15 3674 1350 1760 10860 
K (mg/L) 0.15 134 5 66 391 
Ca (mg/L) 0.13 151 510 82 412 
Mg (mg/L) 0.1 448 27 219 1310 
Mn (mg/L) 0.0 0.0 - <0.01 0.0 
Sr (mg/L) 0.0001 2.68 - 1.20 8.24 
Li (mg/L) 0.0 0.07 - 0.04 0.18 

Charge Balance (%) 1.03 0.97 0.9 2.13 0.27 

2H (‰ SMOW) -166.0 -37.8 -86 -60.8 0 

13C (PDB) -25.0 -1.0 - -1.68 -1.0 

18O (‰ SMOW) -22.0 -4.7 -12 -7.55 0 
3H (TU) 0.0 0.0 - 15.4 15.4 
14C (pM) 28.0 43.0 - 115.8 100 
87Sr/86Sr  0.70940 - 0.70945 0.7094 

1) pH, Na, K, and SO4 values estimated from Taylor et al. (1992). 14C value is 
based on conservative isotopic decay and 13C value indicates organogenic 
origin of carbon. 2) Regression between average Baltic Sea water (Puskakari, 
Eteläriutta) and global mean ocean water (Fairbridge 1972, Harrison 1992) 
with assumption that maximum Cl content in Littorina Sea water has been about 
6,500 mg/l (Kankainen 1986). 14C value is based on conservative isotopic decay. 
3) Average of ’94 samples from Puskakari and Eteläriutta. 4) Global mean ocean 
water (Fairbridge 1972, Harrison 1992). 
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Infiltrating glacial meltwater potentially contains oxygen although no signals of such 
oxidation (e.g. down to 200-300 m depth in the bedrock) have been observed so far at 
Olkiluoto. The impact of the Yoldia stage probably resulted in only minor contributions 
to the bedrock groundwater composition, since the margin of the retreating ice sheet 
was at the same latitude of Olkiluoto at the time of the Yoldia Sea formation. That is, 
the seawater of the Yoldia Sea was probably fairly dilute close to the ice margin due to 
the large volumes of glacial meltwater; in addition, this sea stage lasted only a couple of 
hundred years at Olkiluoto. 

 

Figure 8-2. Emergence of Olkiluoto from the Baltic Sea due to land uplift.(Figure 
adapted from Hartley et al. 2012). 

The Olkiluoto site also remained submerged during the stages of the fresh water 
Ancylus Lake (starting some 10.8 ka ago) and the saline Littorina Sea (starting around 
8.5–8.0 ka ago). During the main part of the Littorina stage, between about 8.0 ka and 
4.5 ka ago when the sea at Olkiluoto had a depth of about 50 to 30 m, the TDS in the 
seawater was about 4‰ higher than modern Baltic Seawater at the Finnish coast 
(Donner et al. 1999). Since that time, the salinity of the seawater has been reduced 
steadily to its current value of about 6‰ off Olkiluoto Island. The denser, brackish 
seawater of the Littorina Sea could have percolated into the bedrock by gravity, 
resulting in a density turnover because the density of the groundwater in the bedrock 
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had probably decreased due to meltwater infiltration, at least in its upper part. As the 
Littorina Sea stage contained the most saline water it is assumed to have had the 
greatest penetration depth, eventually mixing with the glacial and preglacial 
groundwater mixtures, which were already present in the bedrock. This mixing affected 
the groundwater composition more rapidly in the most conductive hydrogeological 
features, i.e. fractures and fracture zones. In the low permeable parts of the bedrock 
between these features, the groundwater chemistry has been affected significantly less 
by advective mixing or diffusion. Dissolved oxygen in infiltrating seawater is rapidly 
removed by microbial processes in sea bottom sediments, therefore, subsequent 
chemical conditions in the bedrock must have been anaerobic. Table 8.1 presents 
estimates of the compositions of glacial meltwater during the Weichselian deglaciation 
and of Littorina Sea water; the latter estimate is based on the compositions of modern 
seawaters. The estimates for the compositions of the present Baltic Sea water and mean 
global ocean water relate to surficial seawaters. 

As a result of continuous land uplift (Figure 8-2), Olkiluoto Island begun to emerge 
from the Baltic Sea about 3–2.5 ka ago (Eronen & Lehtinen 1996) and currently the 
postglacial uplift at the site is about 6 mm/yr (Eronen et al. 1995, Kakkuri 1987). The 
infiltration of fresh meteoric water (precipitation) successively formed a lens on top of 
the brackish water because of its lower density. As the present topography of Olkiluoto 
Island is fairly subdued, the flushing of the bedrock is limited and the thickness of the 
freshwater lens is, therefore, moderate; the interface ranges from the surface down to a 
few tens of metres. Infiltrating meteoric water is aggressive and contains carbonic acid 
and oxygen due to aerobic respiration in the unsaturated organic soil layer. Thus, 
infiltration may also induce weathering processes in the bedrock if these agents were 
not consumed within the overburden.  

8.2 Hydrogeochemical site description model 

8.2.1 Groundwater types 

The hydrogeochemical model of the Olkiluoto site is based on the chemical, isotopic 
and microbiological data of groundwater samples from overburden, fractures and matrix 
pores, and minerals, and on geochemical modelling in conjunction with knowledge of 
the hydrogeological and geological features of the site. The interpretation of the 
baseline conditions and evolutionary processes between them supplements the 
geochemical concept presented by Pitkänen et al. (1999, 2004), Pitkänen & Partamies 
(2007), Andersson et al. (2007) and Posiva (2009).  Actual deviations with the previous 
models are not observed but, clearly, more detailed hydrogeochemical information and 
analysis results have been obtained, which clarify earlier uncertainties, particularly from 
low-transmissive fractures at ONKALO, and from salinity, i.e. its origin and 
distribution in deep bedrock and under the sea. Groundwater samples from new 
drillholes support the earlier concept, thus indicating the strength of the previous 
hydrogeochemical model presented in SR2008.  

The changes in climate and the geological environment have had a significant effect on 
local palaeohydrogeological conditions, which in turn have permitted infiltration and 
evolution of specific end-member waters in the bedrock (Pitkänen et al. 1996, 1999, 
2004, Posiva 2005, 2009, Andersson et al 2007). As a consequence of these changes, 
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the baseline groundwater compositions and the chemical data show a considerable 
variability with depth (Figure 8-3), notably in salinity, anion compositions, stable 
isotopic compositions of water and distribution of dissolved gas phases, all of which 
indicate differences in the water sources originally infiltrated in the bedrock. 

The fracture groundwater salinity over the depth range 0-1000 m at Olkiluoto divides 
groundwater samples into three groups according to their total dissolved solids (TDS): 
fresh (TDS 1 g/L), brackish (1< TDS <10 g/L) and saline (10< TDS <100 g/L) (Davis 
1964). Fresh groundwater is found only at shallow depths, in the uppermost tens of 
metres (Figure 8-3a). Brackish groundwater dominates at depths, varying from 30 m to 
400 m. Fresh and brackish groundwaters are further classified into three groups on the 
basis of characteristic anion contents (Figure 8-3b,c,d), which also reflect the origin of 
salinity in each groundwater type. 

Chloride is normally the dominant anion in all bedrock groundwaters, but the near-
surface groundwaters are also rich in dissolved carbonate (high DIC in Fresh/Brackish 
HCO3 type), the intermediate layer (100-300 m) is characterised by high SO4 
concentrations (Brackish SO4-type) and the deepest layer solely by Cl (Brackish Cl-
type), where SO4 is almost absent. In crystalline rocks high DIC contents are typical of 
meteoric groundwaters which have infiltrated through organic soil layers, whereas high 
SO4 contents indicate a marine origin in crystalline rocks without SO4 mineral phases. It 
is worth noting that salinity and Cl content in most brackish SO4 type groundwaters are 
clearly higher than in modern Baltic Sea water which indicates seawater infiltration 
from an earlier Baltic stage, i.e. Littorina Sea (Pitkänen et al. 1996, 1999, 2004). 
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Figure 8-3. a) TDS, b) Cl, c) DIC, and d) SO4 concentrations as a function of depth at 
Olkiluoto. Note: logarithmic axis is used for TDS and Cl whereas axis is linear for DIC 
and SO4. 

Saline groundwater dominates below 400 m depth. The highest salinity observed so far 
is 84 g/L in groundwater samples, however, monitoring of electrical conductivity in 
drillhole water indicates 125 g/L (brine, Davis 1964) salinity below 900 m depth in OL-
KR1 (Ahokas et al. 2013). 

Sodium and calcium (Figure 8-4a,b) are the dominant cations in all groundwaters and 
show similar trends to TDS and Cl (Figure 8-3a,b). Potassium and magnesium (Figure 
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8-4c,d) are enriched in SO4-rich groundwaters, supporting their similar major origin 
from seawater as for SO4 in the upper part of bedrock. All parameters in Figure 8-4 
have fairly coherent trends with depth in brackish Cl-type and saline groundwaters, 
whereas their contents show clear deviations from the deep trends in HCO3- and SO4-
rich groundwater types. This demonstrates the different origin of the deep brackish Cl-
type and saline groundwaters compared to shallower HCO3- and SO4-rich groundwater 
types, and also the limited interaction between the deep and shallow aquifers. 
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Figure 8-4. a) Na, b) Ca, c) K and d) Mg concentrations as a function of depth at 
Olkiluoto. Note: logarithmic axis is used for Na and Ca, whereas the axis is linear for K 
and Mg. 

Mixing of end-member waters controls the wide salinity variation in groundwaters. 
Recognised significant end-member water types are currently considered to comprise 
fresh meteoric recharge, brackish Littorina-stage seawater, fresh meltwater from the 
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Weichselian glaciation and extremely old brine that also shows water-rock interaction 
features modified under elevated temperature. In addition, a pre-Holocene cooler 
climate meteoric component and a notably warmer climate component than in present-
day meteoric water are interpreted from the fracture water data and from matrix 
porewaters, respectively. 

8.2.2 Evidence of the origin and residence times of groundwaters 

Stable isotopes of water 

The stable isotope composition of groundwater (δ2H and δ18O)  is, in most cases, 
controlled by meteorological processes, and the shift along the global meteoric 
waterline (GMWL) depends on climatic conditions in precipitation, i.e. it reflects 
climatic changes and the altitude of the land mass (Figure 8-5). Current recharge 
groundwater has rather a coherent isotopic signature (~ -11.5, -85) as is observed from 
the results of overburden groundwaters. Cold climate precipitation has a lighter isotopic 
composition (more negative values for example compared to current recharge), whereas 
warmer climate waters show a heavier composition. A few brackish SO4-type and 
brackish Cl-type groundwater samples show evidence of cold climate signatures, which 
most probably result from the glacial meltwater influence in them (Pitkänen et al. 1996, 
1999a, 2004).  
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Figure 8-5. Relationship between 18O and 2H in Olkiluoto water samples. Arrows 
depict the compositional changes caused by the named conditions. Current recharge 
composition at Olkiluoto is based on shallow groundwater samples from the overburden 
and bedrock. The domestic water in the Korvensuo reservoir, originally river water, is 
used in the drilling. Global meteoric water line (GMWL) after Craig (1961). 

A shift to the right and below the GMWL typically indicates evaporation in surficial 
waters, which are enriched due to fractionation in heavier isotopes, particularly 18O, 
relative to the vapour phase. Therefore, the Baltic Sea water composition is, for 
example, below the GMWL. This influence is reflected in most of the brackish SO4-
type groundwaters, however, they are lighter than estimated for the Littorina Sea water 
(Table 8-1) or modern Baltic Water, which indicates a glacial water contribution 
generally associated with the brackish SO4 type groundwater samples. The shift above 
the GMWL is unusual and is observed mainly in shield brines. In order to produce such 
strong fractionation in oxygen and hydrogen isotopes, it has been proposed that this is 
due to effective primary silicate hydration under a low water-rock ratio, in which the 
preferential fractionation of deuterium into water shifts the fluid composition above the 
GMWL (Clark & Fritz 1997, Frape et al. 2005, Gascoyne 2004).  

Br/Cl ratio 

Chloride and bromide are useful indicators of fluid and salinity source due to their 
largely conservative nature in solution. In the absence of halite-brine interactions and 
hydration reactions, their concentrations are only modified by dilution and the Br/Cl 
ratio by mixing of waters with different original ratio (Fontes & Matray 1993, Svensen 
et al. 2001). The depth dependence of the Br/Cl ratio suggests two different end-
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member compositions contributing to the salinity in the Olkiluoto deep groundwaters 
(Figure 8-6a). The marine origin of dissolved solids is indicated by the similar ratio in 
HCO3- rich and SO4-rich brackish groundwaters as in seawater. Deep saline and 
brackish Cl type groundwaters show another ratio which is twice the marine signature. 
This high ratio probably relates to the relative enrichment of Br in residual fluids, which 
may represent halite precipitation along with evaporation (surficial process) and/or 
silicate hydration in bedrock at elevated temperatures during some ancient episodes. 

Light 18O signatures seem to be evident in the upper part of the bedrock down to 200-
250 m depth (Figure 8-6b). This indicates the depth limit of melt water circulation in the 
fracture networks during and after the last Weichselian glaciation. 

Chlorine isotopes 

Stable Cl isotope ratios (δ37Cl) have been widely used in hydrogeological studies to 
investigate sources of dissolved Cl and the mixing of fluids (Clark & Fritz 1997, Frape 
et al. 2005, Gascoyne 2013). Stable Cl isotopes (principally 35Cl and 37Cl) may be 
fractionated from each other naturally, as a result of partitioning between minerals and 
aqueous solution. The heavier isotope (37Cl) is preferentially taken up by mineral 
structures due to the stronger bonding of the Cl ion to solid phases relative to aqueous 
phases, although fractionation factors are small. Chlorine isotope fractionation 
measured on the large scale is attributed to diffusion, which occurs as a result of 
concentration gradients, and the isotopes are thereby separated because 35Cl is more 
mobile than 37Cl. The more distant fluids are thus depleted in 37Cl away from the source 
(Hendry et al. 2000). 

Stable Cl isotope ratios are rather stable with the range of variation only slightly over 
1‰ in groundwaters (Figure 8-7a). The uncertainty of the analyses is relatively high (± 
0.2‰) given the range of the results, but the tendency of brackish SO4-type 
groundwaters to be lighter than saline and brackish Cl-type groundwaters indicates 
different chloride sources or long-term fractionation processes for these groundwaters. 

Chlorine-36 is a radioactive isotope (half-life 301 000 years) produced by cosmic 
radiation in the upper atmosphere and in the subsurface by the in situ neutron flux. 
Chlorine-36 present in surface water and groundwater behaves conservatively, in 
exactly the same manner as stable Cl isotopes, and is therefore useful for identifying 
possible origins of dissolved Cl in ancient saline groundwaters extending back to early 
Quaternary and late Tertiary times (Andrews et al. 1989a, Clark and Fritz 1997). With 
time, the 36Cl will accumulate and decay until the rate of production equals the rate of 
decay (i.e. secular equilibrium) and this occurs in a closed system after a period of up to 
1.5 million years. Groundwaters with 36Cl values at secular equilibrium with in situ 36Cl 
will therefore have been shielded from atmospheric infiltration and resided in this rock 
for at least 1.5 million years. 
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Figure 8-6. Relationships between a) Br-Cl ratio and b) δ18O values with depth in 
Olkiluoto groundwater samples. The Br-Cl ratio is almost constant in marine waters 
(current oceanic value 0.0034). Relative enrichment of Br in brackish Cl and saline 
groundwaters might be dated back to ancient fractionation between Br and Cl, either in 
hydrothermal fluid circulation (Svensen et al. 2001, Liebscher et al. 2006) and/or in an 
evaporation basin before infiltration (Nordstrom et al.1989, Frape et al. 2005). Under 
such conditions Cl is preferentially transferred in solid phases and Br remains in the 
fluid phase. The shaded area of low δ18O values in the upper part of the bedrock 
indicates an increased glacial water fraction near the surface, prior to the start of 
Littorina seawater infiltration. Subsequent seawater and meteoric water input has 
removed this signal from most of the other data. 

High 36Cl/Cl ratios in low Cl groundwaters (Figure 8-7b) are probably derived mainly 
from cosmogenic sources (Gascoyne 2013) and show the openness of the shallow parts 
of the bedrock at Olkiluoto. As the Cl concentration increases in HCO3-rich and 
brackish SO4-type groundwaters, the isotope ratios reach their minimum values in the 
Olkiluoto data. The low ratio below 10*10-15 reflects low ratios in seawater (< 1*10-15 
in ocean and 3 to 4*10-15 in the Baltic Sea), which is relatively well buffered against 
cosmic production due to its enormous Cl pool compared to the annual input (Andrews 
et al. 1989a, Gascoyne 2001, Argento et al. 2010). The amount of 36Cl formed by in situ 
production seems to be rather insignificant in these groundwaters which indicates 
relatively short residence times. The low isotope ratios also indicate that mixing with 
surface waters or with deeper, saline groundwaters has been negligible to the Cl pool of 
these groundwaters (Gascoyne 2001). 



132 

 

 

 

Figure 8-7. Chlorine isotopic compositions at Olkiluoto; a) δ37Cl vs. Cl content and b) 
36Cl/Cl vs.1/Cl. Calculated secular equilibrium with host rock 36Cl/Cl production is 
indicated by a red band (Gascoyne 2001, 2012). 

Rather consistent 36Cl isotope ratios of brackish Cl and saline groundwater are 
comparable to the secular equilibrium calculated from in situ neutron production rates in 
the Olkiluoto bedrock and therefore likely to be older than 1.5 million years. (Gascoyne 
2001). The similarity of 36Cl/Cl ratios between Olkiluoto, Forsmark and Äspö/Laxemar 
data also supports secular equilibrium, although these deep groundwaters at Olkiluoto 
have slightly lower values than those at the Swedish sites or the calculated reference 
level. The slightly lower values of 36Cl/Cl may be due to lower U and Th contents in the 
bedrock and/or higher rare earth contents (particularly Gd and Sm) in the rock, thus 
resulting in a lower neutron flux and 36Cl production rates compared to the Swedish 
sites or to those used in the calculation of secular equilibrium production (Gascoyne 
2013). Mineralogical heterogeneity in the distribution of U and Th, and the shielding 
effects of REEs (e.g. in common minerals), may decrease 36Cl production relative to the 
calculation which assumes geochemical homogeneity (Chmiel et al. 2003). 

Helium 

The dominant source of helium from radioactive decay in crustal waters offers a 
qualitative measure of groundwater residence time (Clark & Fritz 1997). Helium 
remains rather rare in nature because of its efficient degassing and subsequent escape 
from the atmosphere. Therefore, the concentration of He remains low in the atmosphere 
which limits its capability of dissolving in infiltrating water. During groundwater 
migration radiogenic He gas (particularly the 4He isotope) diffuses from the rock matrix 
thus increasing the concentration of He gas dissolved during recharge (e.g. Andrews et 
al. 1989b). Atmospheric He is identified by its high 3He/4He ratio (RA) compared to 
crustal-derived, dominantly 4He gas (~0.02RA). The main source of excess He, 
compared to the atmospheric equilibration level, is the generation of 4He by radioactive 
decay of U and Th and their alpha emitting daughters in rock minerals. Helium 
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concentrations and radiogenic 4He have been observed to increase considerably along a 
flow path thus providing a competent tracer tool for hydrogeological conditions, for 
example, distinguishing recharge and discharge areas in addition to flow directions in 
the groundwater system. 

 

Figure 8-8. Depth distribution of helium (at standard temperature and pressure, STP) 
in a) logarithmic, and b) linear scale in Olkiluoto groundwaters. Data from Pitkänen & 
Partamies (2007), Pitkänen et al. (2007b), Pitkänen et al. (2008), Pitkänen et al. (2009), 
and Penttinen et al. (2011). 

Mantle helium (~8RA) is the largest reservoir of 3He and can be recognised by its 
isotope ratio. Mantle-derived He is progressively diluted by crustal He during its 
migration in the crust and in the groundwater system. Ballentine and Barnard (2002) 
stated that in granitic systems mantle influences appear to be minimal, according to their 
modelling results. Also shield areas that have a thick, cool lithosphere and are 
tectonically inactive, have typically crustal 3He/4He ratios ~0.02RA implying that 
groundwater and gas reservoirs have been insulated for long periods from mantle 
volatile additions (Newell et al. 2005). Gas data from Olkiluoto do not include any 
isotope results, but the observed high He concentrations in groundwater (Pitkänen & 
Partamies 2007) are probably crustal in origin and are mostly 4He.  

The helium results (in STP) in Figure 8-8 show clearly an increasing trend as a function 
of depth and salinity. Over the first 200 to 300 m helium contents remain rather 
constant, remaining below 1 mL/L but increase steadily in waters below this depth zone. 
The break between the trends of SO4-rich and SO4-poor groundwater types at 200 to 
300 m (Figure 8-8b) clearly indicates different accumulation histories of He in these 
groundwater domains.  The saline waters have the most scattered results, especially 
between 450 and 650 m depth, with a range from 6 mL/L to 18 mL/L. The maximum 
helium concentration 22 mL/L is found below 800 m.  
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As expected, helium contents seem to separate groundwater samples fairly distinctly 
relative to their mean residence times (cf. Pitkänen et al. 2004, Posiva 2009). The 
youngest HCO3- and SO4-rich groundwaters in the upper 200 m have very low He 
contents; HCO3-rich groundwaters less than a few tens of µL/L and SO4-rich samples 
from tens of µL/L to a few mL/L . The tendency of the He content to increase with 
depth in brackish SO4-type groundwaters indicates a longer mean residence time, 
probably caused by a higher fraction of an older groundwater component of glacial age 
or even older (Pitkänen & Partamies 2007).  

Brackish Cl-type groundwater samples also show increasing He content and mean 
residence time with depth. The contents are similar to those measured in matrix 
porewater from ONK-PH9 (see Chapter 6, Eichinger et al. 2012), which indicate long-
term interaction between brackish Cl-type groundwaters and matrix porewaters at about 
300 m depth. The concentrations at 400 m depth show a similar level, around 10 mL/L, 
to that in saline groundwater. The uppermost brackish Cl samples have the strongest 
glacial signal (Figure 8-5b), suggesting the diluting effect of glacial meltwater in the 
content of dissolved He. The increasing trend deeper in saline groundwaters probably 
represents the increasing age of groundwater with depth and salinity, or actually vice 
versa, the increasing slow dilution of the original brine at shallower depths over time. 
The rather large variance may reflect uncertainties in the He gas data, which may result 
from problems in groundwater sampling under in situ pressures with pumping at the 
surface (Pitkänen & Partamies 2007). 

Consequently, dissolved helium in groundwaters at Olkiluoto is considered to originate 
mainly from the bedrock, either by diffusion and in situ production in the shallow crust 
or by deep crustal degassing. The break in He depth trend between 200 and 300 m 
probably illustrates the difference between the diffusion-dominated deep groundwater 
system and  the upper, advective, (mixing)-dominated system in the bedrock. 

Dissolved 4He can be used to estimate the groundwater residence time. The in situ 
production rate of He in groundwater in a closed system after time t can be calculated, 
according to (Andrews et al. 1989b): 

[He] = ρφ-1t(1.19*10-16[U] + 2.88*10-17[Th]), 

where [He] is the groundwater helium content in mol/m3*a, ρ is the density of rock in 
kg/m3, φ is th matrix porosity of rock, and  [U] and [Th] are the uranium and thorium 
contents of the rock in ppm. The residence time of groundwater can be conversely 
calculated from the measured He content. The calculated results may overestimate the 
residence time, because additional 4He may be supplied from external sources, as with 
the crustal He flux or due to the release of stored He from rock minerals.  

The highest He contents in the most saline groundwaters (ca. 21 mL/L) measured at 
Olkiluoto represent a residence time of 40 Ma accumulation of 4He, according to the 
parameters used by Delos et al. (Table 4-4, 2011). A corresponding accumulation time 
for 4He in the upper part of the brackish Cl-type groundwaters would be a few millions 
of years. The amount of He (0.2 mL/L) typical in Littorina-derived SO4-rich 
groundwater samples at Olkiluoto (Pitkänen & Partamies 2007) represents 0.37 Ma in 
situ production of 4He, which greatly overestimates the age of the Littorina period. The 
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calculation result is, however, very sensitive to the mixing of groundwater types. Mass 
balance calculations (Pitkänen et al. 1999a, 2004, Partamies & Pitkänen 2014) have 
shown that brackish SO4-type groundwaters contain generally a fraction of older 
groundwater components. A 10% fraction of brackish Cl-type groundwater in brackish 
SO4-type groundwater sample is sufficient to increase the He content to the observed 
level and the calculated mean residence time, therefore, to hundreds of thousands of 
years.  

Delos et al. (2011, pp. 28 - 33) have simulated the residence time for the production of 
the observed helium profile (Figure 8-8, see also Figure 4-7 in Delos et al. 2011) in 
brackish Cl and saline groundwater below 250 m depth at Olkiluoto. They used the 
analytical formulation proposed by Andrews et al. (1989b) to model the production and 
diffusion of He, which assumes that the radiogenic production of He is the only source. 
This approach also assumes that the production source is constant (constant U and Th 
contents) throughout the domain (infinite depth in this case) and that He storage in the 
rock matrix is disregarded. The residence time of groundwater at Olkiluoto was 
calculated to be 35 Ma. This indicates a diffusive behaviour for this deep groundwater 
zone and that advection, with consequent relatively high horizontal flow rates, would be 
limited above this zone.  

The uncertainty is significant and has been evaluated to be one order of magnitude in 
the calculated result (Delos et al. 2011). Such uncertainties are due to a contribution 
from the mantle from the variation in U and Th concentrations in the modelled domain 
and due to the limited release of produced He in groundwater. The mantle contribution 
is probably insubstantial, but, for example, higher He production at greater depths (e.g. 
from the deep-seated rapakivi granites) would decrease the residence time; whereas 
entrapment of He in the rock matrix would increase it. The production rate of He in the 
rapakivi granite may be double that of the Olkiluoto migmatites and therefore may 
halve the simulated residence time. Mahara et al. (2008) estimated the 4He accumulation 
rate in groundwater at Äspö, utilising the 36Cl/Cl ratio at secular equilibrium in 
groundwater. They concluded that 4He accumulation rates probably vary between the in 
situ production rate and a rate which is 27 times greater than that. This higher 
accumulation rate is slightly higher than the shorter uncertainty limit for the residence 
time of Delos et al. (2011), but still provides a million year scale residence time for He 
in brackish Cl and saline groundwaters. 

Methane and hydrocarbons 

One typical feature in Olkiluoto groundwaters is the relatively high dissolved gas 
contents particularly in methane and other hydrocarbons in brackish Cl and saline 
groundwaters (Pitkänen & Partamies 2007, Posiva 2012; Section 7.4.4). Generally CH4 
contents increase with depth and it is the dominant gas species below 300 m depth 
(Figure 8-9). 
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Figure 8-9. Dissolved methane, ethane and propane volume contents (at standard 
temperature and pressure, STP) in groundwater samples with depth at Olkiluoto. Data 
from Pitkänen & Partamies (2007), Pitkänen et al. (2007b), Pitkänen et al. (2008), 
Pitkänen et al. (2009), and Penttinen et al. (2011). 

In SO4-rich groundwater types above 300 m, the CH4 content is mostly below 1 mL/L 
whereas in SO4-poor types the CH4 increases from about 10 ml/L to 1,000 ml/L at 200 
m and 800 m depth, respectively. Other short chain hydrocarbons also increase with 
depth as well as their relative abundance compared to CH4. 

Methane and other hydrocarbons may be either of organic or inorganic origin. The 
thermogenic breakdown of organic precursors in deeply-buried organic sediments in 
sedimentary basins dominates in large natural gas deposits (Whiticar 1990). 
Thermogenesis also produces much higher hydrocarbons, thus the molecular ratio 
between CH4 and higher hydrocarbons (C1/C2+) is low. Microbial methanogenesis by 
archaebacteria proceeds in low temperature environments, either with fermentation from 
an organic precursor (Eq. 8-1) or through a carbonate reduction (Eq. 8-2) pathway. The 
production of higher hydrocarbons in methanogenesis is strongly limited, therefore the 
molecular ratio (C1/C2+) is very high. Carbon isotope ratio (13C) of microbial CH4 is 
very light compared to precursor materials (organic carbon, CO2), because microbes 
favour light isotopes whereas in thermogenic CH4 13C tends to approach the ratio of 
the original organic matter (Whiticar 1990, 1999, Clark & Fritz 1997, Pitkänen & 
Partamies 2007).  

CH3COOH → CH4 + CO2 (Eq. 8-1) 
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CO2 + 4H2 → CH4 + 2H2O (Eq. 8-2) 

 
The main CH4 pool in the most deepest saline groundwaters at Olkiluoto (Figure 8-10) 
has a relatively low molecular ratio indicating a thermal, non-bacterial end member, 
which is interpreted to have an abiogenic origin (Pitkänen & Partamies 2007, Posiva 
2012; Section 7.4.4). The molecular ratio (C1/C2+) increases and the 13C value of CH4 
becomes lighter with decreasing CH4 content as the depth decreases in the groundwater 
system, suggesting the formation and relative enrichment of microbial CH4 in brackish 
Cl type groundwaters. Figure 8-10 provides insight into the mixing between 
microbially- or thermally-generated CH4 end members. The fields of typical bacterial 
and thermal hydrocarbon gas end-member compositions are shown, as well as two 
calculated mixing curves between potential end members (Pitkänen & Partamies 2007, 
Posiva 2012). The area bounded by mixing curves covers most of the hydrocarbon data. 
Based on the calculated mixing contours, CH4 in saline groundwaters near the brackish-
saline interface may be as high as 50% bacterial in origin and, therefore, in brackish Cl-
type waters significantly more than this. Thermal CH4 dominates in the most saline and 
CH4-rich samples. 

The formation of CH4 at higher temperatures indicates very long residence times for the 
bulk of the hydrocarbon gases, on at least the same time scale as the brine end member. 
Abiogenic hydrocarbons may have formed in situ or at a much greater depth and then 
migrated to shallower depths more recently. Such slow migration may have resulted in 
the high concentrations of CH4 in the deep samples; however, this may also be due to 
microbial methanogenesis. 

The contents of all hydrocarbon gases are very low in young HCO3- and SO4-rich 
groundwater types (Figure 8-9) mostly below 1 mL/L. Hydrocarbons are in principle 
thermodynamically instable in the presence of SO4 and microbial formation of CH4 is 
inhibited, because sulphate reduction is energetically favoured over methane 
production. In such a system hydrocarbons may be used, for example, in microbial 
reduction of sulphate, iron and manganese if they are available (Boetius 2000, Knittel 
and Boetius 2009, Beal et al. 2009, Kniemeyer et al. 2007). 

An abiogenic source for crustal CH4 has also been suggested (e.g. Sherwood Lollar et 
al. 1993b, 2002; Ward et al. 2004) at a number of Precambrian Shield sites. The 
abiogenic CH4 can be formed in the deep crustal environment from inorganic carbon 
sources (CO2, CO, graphite), for example, in hydrothermal systems during water-rock 
interactions or by the low grade metamorphism of graphite-carbonate bearing rocks 
with hydrogen (e.g. Eq. 8-2). Higher hydrocarbons are produced, for example, by 
polymerisation from the reduction of CO or CO2 and the molecular ratio (C1/C2+) is 
considered to be at a similar level to that of thermogenic hydrocarbons from organic 
precursors. 
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Figure 8-10. Molecular ratio of C1/C2+ vs. 13C(CH4) of brackish-Cl and saline 
groundwater samples at Olkiluoto (modified after Pitkänen & Partamies 2007).  CH4 

and salinity generally decrease in samples upwards and from right to left. Mixing 
curves are calculated between the potential bacterial and thermal end members and 
provide a conservative estimate of bacterial CH4 contributing to the samples (contours). 
The relative compositional effects of accumulation (migration of deep crustal CH4), 
depolymerisation and anaerobic oxidation of longer chain alkanes (C2+), and oxidation 
of CH4 compositions are also indicated. 

8.2.3 Synthesis of fracture groundwater evolution 

Source waters of groundwater types 

The interpretations of chemical and isotopic data (Pitkänen et al. 1996, 1999a, 2004, 
Posiva 2005, Andersson et al. 2007, Posiva 2009) indicate that there are water types 
from at least six different sources which are influencing current groundwater types at 
the site. They originate from different periods, ranging from modern times, through 
former Baltic stages, to pre-glacial times and are mixed in varying ratios in the 
groundwaters: 

Modern Meteoric water which infiltrated during terrestrial recharge (during the last 0-2500 
a), plots over a limited area along the GMWL in Figure 8-4. Shallow 
groundwaters from overburden and bedrock (Fresh HCO3-type) are the best 
representatives of this source, but clear imprints of early meteoric infiltration, 
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mixed with former groundwaters, can be seen down to 100 m to 150 m depth 
(Brackish HCO3-type).  

 Seawater from the Gulf of Bothnia (0-2500 a) has a signature showing evaporative 
effects. The influence of current sea water can be seen as a slight increase in 
salinity in fresh HCO3-type samples in overburden and shallow bedrock. 

 Water in the Korvensuo reservoir (domestic water used in drilling - originally river 
water) shows an even stronger evaporative tendency than seawater in Figure 8-5. 
The signature of the reservoir is observed from a few shallow groundwater 
samples in the vicinity of the reservoir in baseline groundwater data.  

Relic The influence of Littorina seawater (2500-8500 a, major infiltration during early 
more saline stage) dominates in brackish SO4-type groundwater, as well being 
observed in brackish HCO3-type samples. Both groundwaters tend to shift to the 
right from the GMWL towards the current seawater composition (Figure 8-5). The 
marine origin of dissolved solids is indicated by the marine signatures of Br/Cl 
(Figure 8-6a), SO4/Cl, Mg/Cl ratios (Pitkänen et al. 1999a, 2004) and low 36Cl/Cl 
isotope ratios (Gascoyne 2001, 2011, Figure 8-7b), and the Littorina origin by a 
higher salinity than in modern Baltic. The low 36Cl/Cl isotope ratio also 
necessitates relatively short residence time in bedrock. 

 The colder climate meteoric water signature in the groundwater data (Figure 8-5, 
Figure 8-6b) probably results from the inclusion of glacial meltwater (more than 
10 000 years ago). The influence is observable, both in brackish SO4-type 
groundwater and in brackish Cl-type groundwaters. Brackish SO4-type 
groundwater does not even reach the stable isotope composition of current 
seawater and few samples show very light stable isotope composition. Brackish 
Cl-type groundwaters shows similar non-marine chemical signatures to saline 
groundwater (e.g. Figure 8-7a) and notably higher rock-derived He contents 
(Pitkänen & Partamies 2007), which indicate a much longer mean residence time 
than brackish SO4-type groundwater.  

 The stable isotopic signature in saline groundwater (Figure 8-5) above the GMWL 
indicates strong hydration of silicates. There are several indications for assuming 
an extremely long residence time for saline water. In particular, the observations 
from fracture infillings and fluid inclusion studies (Chapter 4, Blyth et al. 2000, 
Sahlstedt 2012a,b) indicate elevated temperatures for hydration and a saline source 
water (see also Pitkänen et al. (2004) pp. 84-86 or Posiva (2005) pp. 180-182). 
Therefore, the highly saline water source (brine) intruded and formed under 
elevated temperature and/or under the influence of hydrothermal fluids, which, 
according to present geological knowledge, prevailed possibly during Palaeozoic 
times under a thick sedimentary cover (Kohonen & Rämö 2005). The infiltration 
of residual fluids during the formation of intracontinental evaporites (e.g. 
Zechstein Sea) in central northern Europe during late Permian (250-260 Ma) may 
be the last potential event to produce such brines with a distinct high Br/Cl ratio. 
Late metamorphic fluids observed in secondary fluid inclusions in quartz grains 
may also have an influence on the background level of saline groundwaters 
(Chapter 4, Eichinger et al. 2010, 2012). In any case the initial composition of the 
source brine has been dramatically altered by water-rock interaction, as indicated 
by the stable isotopes (Figure 8-5) or a Ca-Na-Cl type composition, which deviate 
from evaporite residual fluids (cf. García‐Veigas et al. 2011). The high Br/Cl ratio 
with a linear dilution trend from ultra high salinities is generally interpreted to 
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result from the freshwater dilution of residual brines derived from evaporated 
seawater (Frape et al. 2005, Pinti et al. 2011). The original brine end-member has 
later been diluted at Olkiluoto with meteoric water from precipitation during a 
slightly colder climate than at present (Figure 8-5). Brackish Cl-type groundwaters 
represent the end product of this dilution. The 36Cl/Cl isotope ratios and He 
contents of saline and brackish Cl-type groundwaters also support very long 
residence times for saline fluids (Gascoyne 2012, Pitkänen & Partamies 2007, 
Delos et al. 2011).   

Mixing of groundwaters 

Current groundwaters are mixtures of end-member water compositions which represent 
formation waters. These formation waters reflect specific geological conditions, such as 
Littorina seawater, glacial meltwater and original brine, and are further modified by 
water-rock interaction processes. The groundwater data contain reference samples that 
are the most extreme derivatives of those end-member waters. There have also been 
certain groundwaters representing intermediate stages, which occurred in the bedrock 
when hydrogeological conditions changed during deglaciation and postglacial times. 
These influences are still observable in the compositions of conservative tracers.  

Comparison of 18O and Cl data (Figure 8-11) indicates four extreme reference 
groundwaters which can govern the other groundwater compositions by mixing. Based 
on age, brine reference, glacial reference, Littorina reference and meteoric water, and 
with the addition of Baltic seawater (basically diluted Littorina) and glacial water, it is 
possible to determine the mixing traces of the other samples. For example, water 
infiltrating from the Korvensuo reservoir has an extraordinary shift on the HCO3-rich 
groundwaters along the vertical axis in Figure 8-11. The influence on the baseline 
conditions is, however, restricted to shallow depths in the vicinity of the reservoir.  

It is, however, noteworthy that obvious mixing trends in the data (Figure 8-11) cannot 
be described using reference waters alone. The linear dilution of saline groundwater 
could be solved by the mixing of two end members, for example with brine reference 
and fresh to brackish water with 18O between -12 and -13‰. This fresh to brackish 
water could be a constant mixture of other fresh and brackish reference waters (or their 
original end members). However, a high Br-Cl-ratio, extremely low HCO3 and SO4 
contents and a mixing trend in stable isotopic composition of saline and brackish Cl-
type groundwaters, indicate that these groundwater types do not contain postglacial 
water components, i.e. Littorina-derived seawater and meteoric recharge. Therefore, it 
can be assumed that saline groundwater has not been diluted by pure Weichselian 
glacial meltwater, as also shown by the stable isotope trend of saline and the brackish 
Cl-type groundwaters trend (Figure 8-5). The dilution of saline groundwater is, 
accordingly, due to an older event than the time since the last glaciation, and may be the 
sum of several fresh water infiltrations, perhaps glacial meltwater as well as meteoric 
recharge, for example during earlier Quaternary glacial cycles.  

The tendency in isotope compositions of brackish Cl saline groundwaters to become 
heavier with increased salinity (Figures 8-5 and 8-11) also excludes permafrost as a 
reason for salinity enrichment. The stable isotope composition should become lighter 
with increasing salinity in the residual fluid if freezing and salt exclusion were the 
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process behind the high salinities (Stotler et al. 2011). The fractionation of the stable 
isotopes of water in the freezing process favours heavy isotopes in ice, which should 
result in a lighter isotope composition in groundwater with the progress of permafrost, 
i.e. with depth. Therefore the light signal in Olkiluoto groundwaters is essentially 
caused by cold climate water infiltration, because stable isotopes of groundwater seem 
to shift to heavier compositions with depth (Figure 8-6b). 

 

Figure 8-11. 18O versus Cl concentrations in Olkiluoto groundwater samples. Note: 
saline and brackish-Cl groundwater types may contain only trace amounts of Littorina 
or younger water components. Arrows depict ancient dilution of brine to brackish Cl-
type and postglacial mixing by groundwater derived from the Littorina Sea. Indicated 
reference compositions are used in the hydrogeochemical modelling. 

The less saline samples of the saline groundwater dilution trend are brackish Cl-type 
groundwaters, which plot (Figure 8-11) near a triple point, which is formed by the 
mixing lines between Littorina and glacial meltwater (Holocene mixing) and the ancient 
saline groundwater dilution. They have been sampled at about 300 m depth (Figure 8-
6b). The groundwater composition at the triple point has been earlier named as 
subglacial reference groundwater (Pitkänen et al. 1999a, 2004, Posiva 2005, Luukkonen 
et al. 2005, Andersson et al. 2007, Posiva 2009, Partamies & Pitkänen 2014). An 
approximate composition of subglacial reference groundwater is presented in (Table 8-
1, further details in Partamies & Pitkänen 2014 and Posiva 2009, pp. 317). The 
composition represents the most diluted, identifiable component of the ancient dilution 
of original brine prior to glacial meltwater infiltration during the Weichselian glaciation. 
This subglacial groundwater composition is considered to have been dominant at 200 to 
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250 m depth, where the groundwaters were sampled that were used in the interpretation. 
The salinity was probably lower at shallower depths at that time.  

As the Cl content decreases still further in brackish Cl-type groundwaters, 18O values 
clearly drop relative to the saline groundwater dilution trend (Figure 8-11). These 
samples plot along the mixing trend between an estimated Littorina seawater 
composition and a potential glacial meltwater composition (Table 8-1) down on the 
vertical axis (i.e. practically no Cl in the meltwater). The association with Littorina 
mixing and the contrast with brine dilution also indicate that the meltwater was derived 
from the Weichselian ice sheet and that its main influence was limited to the upper 300 
m (c.f. Figure 8-6b). 

Previous reviews of glacial waters (Pitkänen et al. 1999a, 2004) suggested 18O values 
between -22 to -20‰ for glacial meltwater, which fits well with the mixing trend from 
Littorina seawater and the approximated intersection on the vertical axis in Figure 8-11. 
The estimate also corresponds with the 18O data (average -22.1‰) measured from 
modern glacial meltwaters in Baffin Island, Canada, near the Arctic Circle (Lacelle et 
al. 2006). Glacial meltwaters obtained in the Greenland Analogue Project (GAP) show a 
range for 18O values from -30 to -25‰, whereas spring waters have values around -
20‰ near the ice edge (Harper et al. 2011). Heavier values in spring waters may partly 
derive from local precipitation (-20 to -18‰) and partly from evaporation, which 
suggests that the original meltwater signal may not necessarily survive the infiltration 
process. 

The salinity of the groundwater was evidently lower above 250 m depth than in the 
subglacial reference groundwater after glacial meltwater intrusion and before the 
Littorina Sea stage. The dilution probably continued upwards, with near-surface fresh 
glacial meltwater dominant in the groundwater. The most extreme sample measured to 
date with a light stable isotope composition, indicating glacial meltwater mixing, is 
observed at 60 m depth and represents brackish SO4-type groundwater (Figure 8-5, 
Figure 8-6b). 

Mass balance modelling results (Posiva 2009, Partamies & Pitkänen 2014) indicate that 
brackish SO4-type groundwater generally includes a notable subglacial component. This 
indicates that groundwater prior to Litorina infiltration was still slightly saline at those 
depths.  A few brackish Cl-type samples also support the assumption that brackish 
conditions dominated just below 100 m depth (Figure 8-4). Prior to Littorina seawater 
infiltration, the salinity (TDS) profile may have resembled the combined salinity trend 
of HCO3-type and brackish-Cl type groundwaters of today (Figure 8-4).  

The infiltration of Littorina seawater clearly increases both the salinity and 18O values 
in the brackish SO4-type groundwaters (Figure 8-11). The highest values are measured 
in groundwaters sampled from depths between 100 to 300 m, the same range from 
which less saline brackish Cl-type and HCO3-type groundwaters are observed (Figure 8-
6b).  

A mixing tendency between HCO3-rich and SO4-rich groundwaters is also observable in 
Figure 8-11 representing the dilution of Littorina-derived groundwaters by meteoric 
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infiltration after Olkiluoto Island emerged from the sea about 2 500 years ago. The 
deviation in Figure 8-11 towards the subglacial triple point may be related to 
heterogeneity in mixing and therefore in groundwater compositions caused by complex 
flow paths in the upper part of the bedrock.  

The four groundwater types form a relatively layered horizontal 3-D structure in 
bedrock fractures (Figure 8-12). The HCO3-rich groundwater seems to be slightly 
deeper in the central and southwestern parts of the site, whereas brackish SO4 type 
water occurs at shallower depth closer to the shoreline and reaches the sea bottom at 
some distance from the shoreline (Posiva 2013; Chapter 7, Section 7.3.6). Although 
HCO3-rich and SO4-rich groundwaters have infiltrated slightly deeper in major 
hydrogeological zones, similar layering of groundwater types is also evident. Brackish 
SO4 type groundwater has partly displaced brackish Cl type groundwater deeper in 
highly transmissive zones, almost reaching the saline groundwater interface as indicated 
in Figure 8-1. In poorly transmissive rock, less saline brackish Cl type groundwater 
could have been conserved in pockets at similar depths to SO4-rich groundwater, even 
over the depth range in which HCO3-rich meteoric groundwater has penetrated along 
highly transmissive flow paths. Recent samples from low transmissive fractures in 
ONKALO consolidate this view. There may have been insufficient time for Littorina-
derived groundwater to flow into these relatively tight fractures or for balancing the 
chemical disequilibrium between the poorly transmissive bedrock and major 
hydrogeological features by diffusion. The saline groundwater type has a relatively 
horizontal upper surface at 300 to 400 m depth and would require a notable change to 
disturb either the hydraulic conditions or the salinity gradient. Any salinity difference is 
not observed associated with fracture transmissivity in the saline groundwater layer 
suggesting that hydrogeological variations during former glacial periods have not been 
able to develop sufficiently high gradients to disturb the deep saline groundwater 
volume. Glacial water infiltration has been limited to 100-300 m depth at Olkiluoto. 
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Figure 8-12. Illustrated hydrogeochemical site model of the baseline groundwater 
conditions with main water-rock interactions at Olkiluoto. Changes in colour describe 
alteration in the water type. The hydrogeologically most dominant zones are also 
presented with indications of groundwater flow (→) and mixing (↔). Rounded 
rectangles contain the main source and sink reactions controlling pH and redox 
conditions. Enhanced chemical reactions dominate in the infiltration zone at shallow 
depths, and at the interface between the Na-Cl-SO4 and Na-Cl groundwater types. Note 
that the illustration depicts hydrogeochemical conditions in a variably conductive 
fracture system. However, according to Br and Cl results of matrix porewaters, the 
distribution of water types are similar in pore spaces although salinity reaches 10 g/L 
(limit of saline water) in matrix porewater at 600 m depth. 

Redox conditions at Olkiluoto have been considered to be anoxic except for a few cases 
in the shallow infiltrating groundwater. This interpretation is also supported by the 
observations of scarce iron oxyhydroxides associated with fracture surfaces below the 
uppermost ten metres. Pyrite and other iron sulphides are instead common in fractures 
with no indications of oxidative corrosion throughout the investigated depth zone (cf. 
Chapter 5, Sahlstedt et al. 2009, 2012a,b), indicating the presence of a strong 
lithological buffer against oxic waters over geological time scales.  
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8.2.4 Water-rock interaction 

Water-rock interactions, such as carbon and sulphur cycling and silicate reactions, 
buffer the pH and redox conditions and stabilise the groundwater chemistry at Olkiluoto 
(Figure 8-12 and 8-13; details in Pitkänen et al. 2004, Posiva 2009, 2013). During 
infiltration, water-rock interaction caused by weathering processes plays a major role in 
increasing the input of solutes into shallow groundwater.  Weathering processes induced 
by dissolved gases, i.e. CO2 and O2, dominate typically in shallow, low pH water 
recharging through the organic soil layer into the inorganic overburden and bedrock. 
Soil air forms a significant source of these gases above the groundwater table and the 
open system equilibration with these gases enables notable increase of DIC and SO4 
during infiltration. Carbon dioxide is mainly generated by microbes in the aerobic 
oxidation of organic carbon, which probably consumes the majority of the oxygen from 
the recharging water below the groundwater table. Oxygen is also depleted slightly by 
biochemical activity in the oxidation of organic sulphur and CH4 that is produced by the 
anaerobic decay of plant debris. The pH is controlled by the sensitive equilibrium of 
dissolved CO2 (carbonic acid) and its dissociation products (bicarbonate and carbonate 
ions) and fracture calcites. Carbonic acid, as a proton source, is the major agent in 
weathering, dissolving minerals and increases salinity during infiltration, which is 
observed comparing groundwater data with seawater dilution line. 

 

Figure 8-13. The sequential redox system in groundwaters with depth at Olkiluoto. 
Relative concentrations of redox-sensitive dissolved species according to 
hydrogeochemical data and corresponding redox couples, correlated with Berner’s 
(1981) classification of redox environments, are also shown. Metastable interfaces with 
major hydrogeochemical activity are connected with the disappearance of O2 and the 
appearance of dissolved sulphide (Posiva 2013, Chapter 7). 

Although the results cannot specify the actual sources dissolved to increase the salinity, 
probably the dissolution of calcite and silicates, such as plagioclase, K-feldspar, biotite 
or their clayey alteration products, is relevant. Cation exchange is evidently an 
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important process in an aquifer which has been exposed to salinity changes by 
sequential meteoric and seawater intrusions. Cation exchange probably retards Ca and 
Mg enrichment at shallow depths, with Na being released to the groundwater. The 
former infiltration of marine-derived, SO4-rich groundwater has resulted in the uptake 
of Na and the release of Ca to the groundwater, whereas the exchange of Ca for Na 
should have dominated deeper in a system that is diluting Ca-rich saline groundwater 
(e.g. Pitkänen et al. 2004).  

Redox conditions at Olkiluoto have been considered to be anoxic except for a few cases 
in the shallow infiltrating groundwater. This interpretation is also supported by the 
observations of scarce iron oxyhydroxides associated with fracture surfaces below the 
uppermost ten metres. Pyrite and other iron sulphides are instead common in fractures 
with no indications of oxidative corrosion throughout the investigated depth zone (cf. 
Chapter 5, Sahlstedt et al. 2009, 2012a,b), indicating the presence of a strong 
lithological buffer against oxic waters over geological time scales.  

Hydrochemical, isotopic and microbial results indicate a sequential redox zoning in the 
baseline hydrogeochemical system at Olkiluoto. Redox zones are characterised by the 
dominant redox species and are controlled by the mixing interfaces of redox processes, 
which in theory transfer the mixing system from instability between the zones towards 
thermodynamic equilibrium (Figure 8-13). However, in low temperature environments, 
these reactions are not spontaneous and do not reach thermodynamic equilibrium. In 
reality they are kinetically controlled and mediated by microbes, using DOC, and 
methane or hydrogen as an energy source in reducing oxygen, sulphate or carbonate. 
Microbes do not necessary totally deplete the reactants, due to the presence of energy 
thresholds and low concentrations of reactants which restrict their activity. 

The hydrogeochemical system includes two natural metastable interfaces where the 
majority of chemical processes are concentrated as well as microbial activity (Figure 
8.13). The upper is the infiltration zone, mainly in the overburden, and the lower lies at 
200–300 m depth, where SO4-rich groundwater changes to a SO4-poor but methane-rich 
groundwater. At the upper interface, oxic waters infiltrate through the organic rich layer 
in the overburden and degradation of organic carbon activates the weathering processes. 
The oxygen consumption, together with iron oxyhydroxide and SO4 reduction, seem to 
decrease the DOC content to a low level and stabilise HCO3- and SO4-rich 
groundwaters internally. Mass balance calculations indicate mass transfer of several 
mmol/L between infiltrating groundwater and solid phases, which is activated by CO2 
ingassing in open system (Partamies & Pitkänen 2014). Dissolution of calcite and 
silicates neutralise groundwater in short flow paths and they form a significant buffer 
against acid intrusion in the bedrock. The tendency to attain calcite equilibrium in the 
early stages of groundwater infiltration indicates that calcite controls pH and buffers it 
to slightly alkaline conditions also in the future. The general occurrence of calcite in 
fractures devoid of any significant dissolution structures already in shallow depths, and 
the old age of the calcites (cf. Chapter 5, Sahlstedt et al. 2009, 2012a,b), prove that not 
even significant environmental and hydrogeological changes during glacial cycles in the 
past could destabilise the buffering capacity included in calcite infills.  

At the lower interface between sulphidic and methanic redox environments 
(corresponding to brackish SO4 and brackish Cl types in Figure 8-12), the instability of 
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SO4 and CH4 in a common system should result in the formation of dissolved sulphide 
and carbonate as reaction products in microbial processes to exploit the energy 
difference. The detailed mechanism of the microbial use of CH4 under anaerobic 
conditions is still unclear, although it seems hydrogeochemically evident by the 
distribution of SO4

2-, HS- and CH4 at Olkiluoto (Figure 8-13). The insolubility of iron 
sulphides (pyrite) depletes the ferrous iron pool, which results in an excess of dissolved 
sulphide which is occasionally observed. Calcite precipitation, due to its acidic nature, 
may activate some dissolution of silicates in this zone. Isotopic indications of CH4 
oxidation in groundwater or fracture calcites are also rare and therefore they represent a 
very minor mass transfer in this process. Nevertheless, mixing of brackish SO4-type 
groundwater in CH4-rich groundwaters caused by hydrologic disturbances seems to 
activate sulphide production as is observed in the monitoring results.  However, 
sulphide production has decreased, although both CH4 and SO4 are abundantly available 
in the system. This raises the question as to whether CH4 really is a significant energy 
source in microbial SO4 reduction, or is there some other substrate in the CH4-rich 
groundwater which activates microbes.  

The methanic system and high CH4 concentration has provided a considerable buffering 
capacity against oxidants diffusing/mixing in the deep groundwater system and has 
chemically stabilised the brackish Cl and saline groundwaters internally. The slight 
enrichment of H2 with depth may be controlled by the decreased activity of 
methanogens in the most saline groundwaters to produce CH4 with very low DIC 
contents. The DIC content decreases with depth due to the increasing Ca contents and 
the tendency to maintain calcite equilibrium (Pitkänen et al. 2004). Major fractions of 
H2 and CH4 are probably abiogenic in origin at Olkiluoto (Pitkänen & Partamies 2007) 
and probably they are primary components in deep brine. They may migrate upwards 
and accumulate very slowly in the groundwater. Recent calculations show that CH4 is 
relatively far from saturation (max. saturation ratio is about 0.5) in the deepest 
groundwater samples with the highest CH4 contents (Paloneva 2009, Keto 2010). This 
indicates a very low accumulation rate of CH4, either due to a lack of microbial 
formation or to very slow migration from greater depths. The dilution of saline 
groundwater (Figure 8-14) has to be more rapid than CH4 production otherwise CH4 
should be saturated in the saline groundwater system. 
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9 HYDROGEOLOGICAL FLOW MODELLING 

This Section/Chapter describes the evolution of Olkiluoto's hydrogeology since 8 ka ago 
until the present day (Note, ‘present day’ means the baseline conditions of the site's 
hydrogeological and hydrogeochemical state, i.e., the conditions that prevailed before 
the commencement of the excavation work at ONKALO. Furthermore, the impact of the 
ongoing and future underground excavations and the far future evolution are not 
covered by the scope of this report). The palaeohydrogeological modelling discussed in 
this section is based on Hartley et. al. (2012) and involves a description of the 
mathematical model for the physics of groundwater flow and transport of salinity, and 
the initial state and boundary conditions affecting the site's hydrogeological evolution in 
terms of reference waters. The modelling is a purely physical one, such that while the 
influence of groundwater density varies from that of meteoric water to deep brine, no 
flow is taken into account and neither chemical reactions nor sorption is considered. 
Besides the initial state and boundary conditions, the hydrogeological evolution 
naturally depends also on the fabric of the bedrock, i.e, its division into hydraulic units, 
and the hydrogeological site scale zones within sparsely fractured rock masses and their 
properties. As part of the description of the bedrock fabric the model also encompasses 
the dynamic factor of matrix diffusion, i.e., the interaction with the rock porosity is not 
contributing to the Darcian groundwater flow affecting the evolution of the groundwater 
chemical composition. 
 
As will be shown, the hydrogeological model by Hartley et al (2012) portrays a very 
stable hydrogeologic system at Olkiluoto; that becomes virtually stagnant at depths 
below 400 metres.  On the other hand, Eichinger et al. (2006, 2010, 2012) proposed an 
interesting interpretation of the palaeohydrogeological evolution at Olkiluoto to the end 
of explaining the seeming disequilibrium between fracture and pore waters (Chapter 7).  
They suggest a pervasive transient state of Olkiluoto’s groundwater salinity.  We 
conclude this chapter with a suite of simple scoping calculations to arrive at parameters 
that might capture such a hydrogeological environment at depths at Olkiluoto for 
present-day observers.  This led us -- besides to manipulate the pore diffusivity -- to 
invoke a number of assumptions of which the most critical one is an upwelling brine 
groundwater flux at depths. 
 
9.1 Mathematical model of groundwater flow and transport 

Much of the palaeohydrogeological discussion in this section is based on modelling 
work carried out by Hartley et al. (2012). As part of the comprehensive site descriptive 
modelling (Posiva 2011) modelling commenced by developing a hydrogeological site 
scale discrete fracture network model that was used to derive block properties (based on 
a size of 50m) for the larger model area that was applied to the description of 
Olkiluoto's palaeohydrogeological evolution. 

Hartley et al. (2012) used an ECPM (Equivalent Continuous Porous Medium) model to 
represent groundwater flow through a fractured rock. The flow of groundwater of 
variable salinity, allowing for rock-matrix diffusion, has been modelled using the 
following equations (Hoch & Jackson 2004):  



150 

 

 

 Darcy's law: 
 

q
k

g  (9.1) 

 Conservation of mass: 

 
⋅ q 0 

(9.2) 

 Transport of dissolved solids (the advection-dispersion equation: 

 
⋅ q ⋅ D ⋅  

(9.3) 

 Matrix diffusion: 

 ′ ′
 

(9.4) 

where 

q  is the specific discharge (or Darcy velocity) [ms−1]; 

k  is the effective permeability tensor due to the fractures carrying the flow 
[m2]; 

  is the groundwater viscosity (which depends on the salinity) [Pa·s]; 

P  is the (total) pressure in the groundwater [Pa]; 

  is the groundwater density (which depends on the salinity) [kgm−3]; 

g  is the gravitational acceleration [ms−2]; 

t  is the time [s]; 

 is the effective porosity due to the fractures carrying the flow (which is 
sometimes referred to as the kinematic porosity: for numerical values see 
Table 9-1) [–]; 

c  is the salinity in the groundwater flowing through the fractures (expressed 
as a mass fraction) [–]; 

D  is the (effective) dispersion tensor [m2s−1];  

m
T L T v

 

where:  

 is the molecular diffusivity [m2s−1];  

  is the tortuosity;  

 and  are the longitudinal and transverse dispersion lengths [m]. 
Values 30m and 10m have been used. 
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v q/  is the porewater velocity vector [ms−1]. 

iD  is the intrinsic diffusion coefficient for diffusion into the rock matrix, 

which is referred to as the effective diffusion coefficient in the Swedish 
radioactive waste disposal programme [m2s−1]; 

 is the specific fracture surface area, which is the average surface area of 
the matrix per unit volume [m2m−3]; for numerical values cf. Table 9-1. It 
is based on the volume of rock: For smooth planar fractures,  is given 
by 2P32, where P32 is the fracture area per unit volume, which is a 
measure of fracture intensity; 

w  is a coordinate in the rock matrix [m]; the half thickness d, or the 
diffusion length, of the matrix blocks is calculated from the specific 
surface area as 1/ .  

c  is the solute concentration of the groundwater in the rock matrix 
(expressed as a mass fraction) [–]; 

  is the capacity factor of the rock matrix [–].  For a non-sorbing solute this 
is taken to be equal to the diffusion accessible porosity,  [–], for 
which a value of 0.01 was used. 

In addition to the parameter of permeability, hydrogeologists often characterise the 
linear dependence between the specific discharge and hydraulic gradient with the 
concept of hydraulic conductivity K [m/s] which is related to the permeability simply as 


g

kK  . 

Features that are characteristically two-dimensional are conveniently described in terms 
of the transmissivity T [m2/s] rather than the hydraulic conductivity. 
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Table 9-1. Kinematic porosity and the specific fracture surface area , are used in the 
base case model for each hydraulic domain and depth zone (Hartley et al. 2012). 

Domain Depth Zone Kinematic Porosity  
(m–1) 

NHU DZ1 2.2E-04 3.238 

NHU DZ2 6.8E-05 0.692 

NHU DZ3 3.5E-05 0.698 

NHU DZ4 1.3E-05 0.372 

CHUW DZ1 1.9E-04 3.238 

CHUW DZ2 6.6E-05 0.692 

CHUW DZ3 4.1E-05 0.698 

CHUW DZ4 1.4E-05 0.372 

CHUE DZ1 2.1E-04 3.238 

CHUE DZ2 5.4E-05 0.692 

CHUE DZ3 3.1E-05 0.698 

CHUE DZ4 1.4E-05 0.372 

SHU DZ1 2.0E-04 3.238 

SHU DZ2 5.9E-05 0.692 

SHU DZ3 1.9E-05 0.698 

SHU DZ4 1.4E-05 0.372 

Hydro 

zones 

DZ1 1.0E-03 3.732 

DZ2 1.0E-03 1.255 

DZ3 1.0E-03 1.059 

DZ4 1.0E-03 0.863 

 
The equations given above have to be supplemented by appropriate boundary and initial 
conditions. Suitable boundary conditions for the groundwater flow equations for the 
task in hand are prescriptions of either the groundwater pressure or the groundwater flux 
around the boundary of the domain modelled. Suitable boundary conditions for the 
equation for the transport of salinity are prescriptions of the salinity, that are fixed, but 
time dependent salinities are applied at all model boundaries. The boundary conditions 
for the diffusion equation are that the salinity in the groundwater in the matrix at the 
fracture surface is equal to the salinity in the groundwater in the local fractures: 
 
  cwc  )0(   (9.5) 
 
and that the flux of salinity in the matrix is zero at the maximum penetration depth d  
into the matrix: 
 

0 
(9.6) 
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If the model is used to represent diffusion into the entire rock matrix between the 
fractures, d would be taken to be equal to half the fracture spacing (because salinity 
could diffuse into the block from the fractures on either side of the block). The model 
could also be used to represent cases in which the distance that salinity can diffuse into 
the rock matrix is more limited by giving  a value smaller than the “half fracture 
spacing”. 

In the modelling, the groundwater density and viscosity vary spatially in three 
dimensions based on equations of state that are a function of total groundwater salinity, 
total pressure and temperature. The salinity for a given water composition is simply the 
sum over end-member waters of the product of the end-member water fraction and the 
salinity of that end-member water. The salinities for the reference waters were 
calculated from the Total Dissolved Solids (TDS, g/L) using: 
 
  Salinity = TDS / , (9.7) 
 
where the density  is a function of salinity (and temperature, and total pressure). The 
density and viscosity were obtained using empirical correlations for NaCl brines 
(Laaksoharju et al. 2005; Kestin et al. 1981). 

The primary variables to be computed are the groundwater pressure and its salinity. The 
model must describe both the initial state and (transient) boundary conditions for both 
primary variables. 

9.2 The initial state 

The palaeohydrogeological flow model selected for the Olkiluoto site describes the 
evolution of reference end-member waters from 8 ka ago, which corresponds to the 
salinity peak of the then Littorina Sea. The initial state was set to 8.0 ka ago and 
assumes a mixture of Brine and Glacial waters and a brine dilution product of 
Subglacial water in the upper bedrock (cf. Section 8.2.3). Brine is dominant below −650 
m elevation and deeper, glacial is present to −200 m elevation and higher, whereas 
Subglacial is predominant below −200 m elevation down to about −600 m elevation 
(Figure 9-1).  
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Figure 9-1. Initial conditions specified in the fracture water and porewater. 

For simplicity, this initial state is considered the same for fracture groundwater and 
porewater and thus no disequilibrium between the water in a flowing fracture and 
adjacent rock matrix is imposed at the initial state. Because the Littorina Sea water and 
Meteoric Water end members represent water types introduced by external conditions, 
they are not introduced within the flow domain at the initial state. Boundary conditions 
have been specified for the whole time period corresponding to the present 
understanding of the Littorina Sea stage and taking into account evolving salinity and 
the enlarging land mass area of the Olkiluoto island.  

From the initial state onward, the mixing of the end-member waters with each other is 
governed by groundwater flow described by the flow equation satisfying Darcy’s law 
and transport of dissolved solids modelled by the advection-dispersion equation in 
which matrix diffusion is also considered.  The chemical composition of the 
groundwaters measured in the present day by analysis of groundwater samples from 
packed-off borehole sections, can be compared to the predications of transient coupled 
groundwater flow and solute transport models. 

An end-member water is defined in terms of concentrations of its geochemical 
constituents such as chloride, sodium, etc.  Each end-member water is chosen to 
represent groundwater from a particular origin or location, for example, reference 
waters have been defined to represent both ancient Brines and more recent meteoric 
waters arising from precipitation. 

It is thought that below around 400 m depth Saline water and Subglacial water have 
remained undisturbed for long time periods due to the predicted low flow rates at this 
depth. This notion will be supported through demonstrating that the model that predicts 
such very low flow rates is consistent with site data collected at Olkiluoto over the past 
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20 years. Above the elevation of –400 m, groundwater mixing can take place driven 
through a combination of pressure differences arising from changes in the water table 
and buoyancy forces arising from differences in groundwater density. Thus, the 
influences from the water table may only be increasing along with time due to land 
uplift; changes in the rainfall, vegetation, being more sporadic drivers of the system 
may add another but presumably weaker influence when considering long term 
evolution. 

Complete Weichselian deglaciation started about 11 500 years ago, with Olkiluoto 
emerging from ice cover approximately 11 000 years ago.  It is thought that glacial melt 
water associated with the retreating ice sheet was able to infiltrate the bedrock under 
pressure. The penetration depth is estimated at 200-300 m based on groundwater stable 
isotopic data (Pitkänen et al. 2004, Posiva 2013). Hence, an initial condition for 
subsequent modelling specifies that above the Saline water, the groundwater is 
composed of Glacial and Subglacial waters.  

The peak salinity of the Littorina Sea (starting around 8.5–8.0 ka ago) has been 
estimated to be about 12 g/L and remained stable until 4.5 ka ago. Since then the 
salinity of the seawater has been reduced steadily to its current value of about 6 g/L. As 
a result of land rebound and sea level changes, the Olkiluoto island began to emerge 
from the Baltic Sea about 3.0–2,5 ka ago (Eronen & Lehtinen 1996).  During the 
Littorina Sea and Baltic Sea stages the denser seawaters were expected to displace the 
less dense Glacial and Subglacial waters. Since Olkiluoto was under water at this stage, 
this flow was purely density driven. The infiltration to depth stopped only when the 
Littorina and Baltic Sea waters encountered the more dense Saline water. The variation 
in salinity of the Littorina and Baltic Seas over time is represented by using a variable 
mixture of the Littorina and Meteoric end-member waters. When Olkiluoto island 
emerged from the Baltic Sea 2.5-2.8 ka ago Meteoric water started to infiltrate and mix 
with the pre-existing groundwaters. Meteoric water was less dense than the 
predominately Littorina water that it encountered, therefore in order to displace this 
water the driving hydraulic forces must have been sufficient to overcome the opposing 
buoyancy forces. The infiltration of fresh meteoric water from precipitation dates from 
this stage in the evolution of the site. 

The following five end-member waters (Table 9-2) were defined in order to model the 
palaeohydrochemical evolution of the groundwater for the different geological stages 
experienced at Olkiluoto over the last 8.0 ka: 

 Brine: The composition in Table 9-2 is based on a single deep groundwater 
sample. This is an ancient water found only at depth and is characterised by a 
high salinity and chloride content, and its non-marine origin implies low 
magnesium and sulphate contents. In addition it has enriched δ2H and δ18O 
levels. Under present-day conditions brackish Cl and saline type groundwaters 
are present with an increasing concentration fraction of Brine Water found 
below approximately elevation –200 m.   

 Littorina: Representing Littorina Sea water. It is characterised by a high SO4 
content and its saline source implies a moderate chloride content of around 
6,500 mg/L. Based on hydrogeochemical analyses, Littorina Sea water derived  
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groundwater today has been interpreted to have reached the depth of 300 m in 
the bedrock. 

 Meteoric: Representing water due to precipitation infiltrating through the ground 
surface. Since the models are chemically conservative, the composition of this 
reference water (i.e. the shallow groundwater sample) also accounts for near 
surface interactions of the infiltrating water with the near surface bedrock and 
Quaternary deposits. It is characterised by a high HCO3 content and its non-
saline source implies a low chloride content. Based on hydrogeochemical 
analyses, the Meteoric Water infiltration today has been interpreted to have 
reached the depth of 100-150 m in the bedrock. 

 Glacial: Representing glacial melt water it is characterised by significantly 
depleted δ18O levels; moreover, a non-saline source implies low chloride 
content. The only possible source of this Glacial reference water is the assumed 
initial condition were Glacial water, along with Brine and Subglacial water, is 
present in the rock fractures and matrix. 

 Subglacial: Representing an ancient dilution of Brine, it is composed of meteoric 
and brackish waters from periods before the Weichselian glaciations. The only 
source is the assumed initial conditions were Subglacial water, along with Brine, 
is present in the bedrock matrix and fracture water. 

Table 9-2. Chemical composition assumed for each of the reference waters (cf. Table 
8-1). 

 Brine Littorina Meteoric Glacial Subglacial 

TDS (g/L) 68.8 11.9 0.5 0.0 4.9 

Cl (g/L) 43.000 6.500 0.060 0.001 3.000 

HCO3(g/L) 0.012 0.093 0.291 0.000 0.013 

SO4 (g/L) 0.001 0.890 0.048 0.001 0.001 

Mg (g/L) 0.002 0.488 0.016 0.000 0.027 

Br (g/L) 0.348 0.022 0.000 0.000 0.021 

δ2H 
(‰-VSMOW) 

–49.8 –37.8 –82.1 –166.0 –86.0 

δ18O 
(‰-VSMOW) 

–10.1 –4.7 –11.5 –22.0 –12.0 

Na (g/L) 9.750 3.674 0.025 0.000 1.350 

K (g/L) 0.022 0.134 0.007 0.000 0.005 

Ca (g/L) 15.700 0.151 0.092 0.000 0.510 

 

In order to describe the palaeohydrogeological evolution of the Olkilouto site it is 
necessary to define appropriate initial conditions. The initial conditions were taken to be 
a mixture of Brine, Glacial and Subglacial end-member waters in the fracture water 
(Figure 9-1). In the modelling by Hartley et al. (2012) the matrix porewater is assigned 
the same initial condition as the fracture water, i.e. the assumption is made that the 
fracture water is in equilibrium with the porewater at the initial state.  The proportion of 
Brine water in both the fracture water and porewater was given by the fit to the present 
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day data. The possibility of initial non-equilibrium at the initial state is discussed in 
Section 9.5.  

9.3 Boundary conditions 

Numerical modelling (that is, solutions of the flow and transport equations for 
groundwater pressure and groundwater salinity) of the palaeoevolution at Olkiluoto 
required specifying the boundary conditions at every point in time, although in a strict 
sense these can only be known for the present day. Thereby, the boundary conditions in 
the past must be assumed, while the present day conditions clearly help in making 
realistic assumptions. However, because of the inherent uncertainties in the boundary 
conditions, the flow model area must be large enough so that the boundaries are actually 
located far from the area of central interest (i.e. the rock block embracing the 
repository). While clearly this is not possible for the top boundary overlying directly 
above the repository, their uncertainty may be managed by, for example, calibrating 
against water elevations in stand pipes. Such observations are directly related to the 
water table on the island (Figure 9-2). 

No-flow boundary conditions are imposed on the bottom and sides of the model; 
thereby the model is set not to be affected by possible regional groundwater flow arising 
from the landmass of continental Finland. 

On the ground surface the boundary condition is determined in terms of the recharge 
flux, R, into or out of the model. It is defined as a function of the current head, h, in the 
model, the topographic surface elevation, z, and the maximum potential groundwater 
recharge, Rp. The potential groundwater recharge to the saturated zone is equal to the 
precipitation minus evapo-transpiration (P–E) and minus overland flow and flow 
through the unsaturated zone (Rp=P–E–Qs).  Overland flow and flow through the 
unsaturated zone are subtracted since only the potential recharge to the saturated zone is 
of interest. 

Appropriate functions for the flux, R, require certain characteristics. For recharge areas, 
the head, h, or water table, is below ground surface and so the recharge must be equal to 
the full recharge, .  In discharge areas the water table is just above the ground surface 
and so the head is just above ground surface. This can be achieved by taking a suitably 
large flux out of the model, i.e. a negative value of R, whenever the head exceeds the 
ground surface. In the palaeohydrogeological model  is determined as follows:  

 ,
/ ,
/

 

 

where  and  are small numbers (0.01 and 0.005, respectively), and z0 is the elevation 
of the shoreline. This function implies that if the water table is more than	  below the 
topographic surface then recharge equals the full potential groundwater recharge.  
Above that, the recharge reduces until the water table is at the surface. If the water table 
is above the topographic surface, then recharge becomes negative, i.e. discharge, and an  
appropriate flux of groundwater is taken from the model to reduce the head until the 
water table is restored to just above topographic height. Hence, this boundary condition 
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ensures a specified flux if the water table is low and a specified head where the water 
table is at or above ground surface.  

Recharge is the flux (m3/m2 a) due to precipitation which reaches the water table after 
evapo-transpiration and surface run-off are accounted for. A value of 120 mm/year is 
used based on an analysis reported in (Karvonen, 2008). The average yearly 
precipitation (including snow melt) is 550 mm/a. All of the water flowing to the 
saturated zone need not be transported to the sea via bedrock, as much of the transport 
could be through the overburden; a value of 1×10–4 m/s was used for the conductivity of 
the overburden. 

 
 

 

Figure 9-2. Top: The water table at Olkiluoto computed by Hartley et al. (2012). 
Bottom: The water table inferred from shallow observation pipes. The values in each 
case are expressed with respect to sea level that sets the reference level for the water 
pressure head throughout this report. 



159 

 

 

The surface condition showed in Figure 9-2 represents the present day water table. It 
clearly is a momentary state of the evolution driven by land uplift since the first patches 
of the island started to rise above the sea level. Before this happened about 2.5 ka ago, 
the water table was perfectly stable for about 5.5 ka years after the initial state. This 
obviously shows there was no groundwater flow driven by surface conditions. (Note,  as 
it was discussed earlier, some very weak groundwater flow may have occurred due to 
the (unstable) spatial differences in groundwater salinity, because since the initial state 
onward the salinity of the Littorina Sea water was higher than the salinity of the 
groundwater in the upper part of the bedrock).  

Fortunately, the rate of the land uplift is fairly well known and the present-day rate is 
about 6 mm/a thereby it is possible to calculate and partly even verify the past locations 
of the shoreline at Olkiluoto (Figure 9-3); and through this, the topography (Figure 9-4) 
and also the hydraulic boundary condition (i.e., the recharge flux ). (Note, today 
perhaps the most conspicuous evidence of land uplift is the Olkiluodonjärvi wet land 
area, a former small lake and a former bay that became segregated from the Baltic Sea 
1491–1638 years ago (Eronen et al. 1995, Vuorela et al. 2009). Nowadays 
Olkiluodonjärvi is characterised as a typical young peatland initiated on an uplifted 
shore.  Another relatively recent evolution is the disappearance of the strait and the 
emergence of the land bridge between the main island of Olkiluoto and Ilavainen. This 
strait still existed about 260 years ago).  

The boundary conditions for the groundwater salinity are set such that on the lateral and 
bottom boundaries the initial state values are kept unchanged. On the surface the salinity 
is assumed to have stayed at 12 g/L until 5 ka ago and, from there on, to decrease to the 
present-day concentration 2.5 ka ago (Figure 9-5). 
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Figure 9-3. Shoreline displacement combining the effects of postglacial land uplift and 
global sea level changes (Chapter 3 of Löfman et al. 2009). 
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Figure 9-4. Emergence of Olkiluoto from the Baltic Sea due to land uplift. (Figure 
from Hartley et al. 2012,, cf. also Figure 8.2 this report). 
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Figure 9-5. Salinity evolution of the sea at Olkiluoto. 

9.4 Modelling results 

From the initial state until the time the highest topography of Olkiluoto started to 
emerge from the sea some 2.5 ka ago, groundwater flow was driven by the density 
difference of the saline Littorina Sea water of which the TDS concentration at the initial 
state was set at 12 g/L. During 5.5 ka ago prior to the onset of freshwater infiltration 
from rainfall, the Littorina Sea water intruded into the upper parts of the bedrock at 
Olkiluoto were transport to greater, more saline depths was retarded and its 
concentration diluted by matrix diffusion. Dilution was further influenced by mixing. At 
4.0 ka ago before the emergence of Olkiluoto above sea level, the figure shows mass 
fractions of around 0.5 at elevations of approximately –300 m (Figure 9-6).  
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Figure 9-6. The mass fraction of Littorina Sea water at 4.0 ka ago (top) and 2.0 ka ago 
(bottom). 

Hydrozones have allowed the Littorina Sea water to infiltrate to greater depth in some 
areas. By 2.0 ka ago the Littorina Sea water was displaced below Olkiluoto island to an 
elevation of approximately –150 m. According to the results of the numerical flow 
modelling, remnants of the Littorina Sea water still persists in the bedrock today and the 
model predicts their dominance in the groundwater surrounding the Olkiluodo island. 
The hydraulic driving force due to the Littorina Sea water salinity was weak however, 
especially in relation to the hydraulic gradients that progressively developed along with 
continuing land uplift. These much stronger hydraulic gradients lead to a quick 
introduction of fresh waters in the topmost layer of the bedrock within the expanding 
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perimeter of the island. At 2.0 ka ago minimal Meteoric Water had infiltrated, with 
mass fractions of 0.3 down to elevations of about –40 m. At present, Meteoric Water 
has become the dominant mass fraction, with values greater than 0.8 predicted down to 
elevations around –150 m. Naturally, outside the perimeter of the island, no Meteoric 
Water infiltration can take place (Figure 9-7). 

 

 

Figure 9-7. The mass fraction of Meteoric water at 2.0 ka ago (top) and at present 
(bottom). 
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The only source of the Glacial reference water is the assumed initial condition were this 
water, along with Brine and Subglacial water, is present in the rock fractures and 
matrix. By 2.0 ka ago the Glacial water was present at reduced mass fractions at 
elevations down to –800 m (Figure 9-8). The influence of hydrogeological zones is 
apparent were their presence allows Littorina and Meteoric waters to displace the 
Glacial water to a greater extent than in the sparsely fractured rock. 

 

 

Figure 9-8. The mass fraction of Glacial water at the initial state 8.0 ka ago (top) and 
predicted at present (bottom). 
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The Subglacial water is present at mass fractions of around 0.5 at elevations between 
about 300 m to 800 m at present (Figure 9-9). Above this elevation the associated end-
member water has been displaced by Littorina and Meteoric waters, and below this 
depth Brine is present. The influence of hydrogeological zones is apparent in Figure 
9-9, where the presence of hydrogeological zones allows Littorina and Meteoric waters 
to displace the Subglacial water to a greater extent than in the sparsely fractured rock 
mass. 

 

Figure 9-9. The mass fraction of Subglacial water at 2.0 ka ago (Hartley et al. 2012). 

While the uppermost 300 m has been influenced by changes in the hydrogeochemical 
environment during the last 8.0 ka years, deeper in the bedrock, the groundwater flow 
circulation became much more stagnant and therefore the regime dominated by Brine at 
the initial state remained practically unchanged (Figure 9-10). This is a consequence of 
the high density of this reference water, combined with its location at depth, where only 
weak groundwater flow is expected. 
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Figure 9-10. The mass fraction of Brine predicted in the Base case model at 2.0 ka ago. 

Hartley et al. (2012) found that the key parameters for the palaeohydrogeological 
evolution are the bedrock hydraulic conductivity in the top 100 m and the fracture 
surface area (σ), affecting both the rate of rock matrix diffusion and the depth into the 
matrix that can be accessed in a given time, hence the retardation of the mixing front. 

Comparing computed and measured baseline pressure heads show that by and large the 
model captures the observed baseline heads albeit the variability in the computed heads 
is not quite as large as is shown by the observations (Figure 9-11). Especially in the 
very deep bedrock the computed and measured head agree fully. This is because the 
deep groundwater pressures are now dominating the high salinities of the groundwater 
making the topographical gradients and details in the hydrogeological fabric of the 
bedrock less important in comparison. 
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Figure 9-11. Computed and measured pressure heads at Olkiluoto (Hartley et al. 
2012). 

It also is informative to take a more detailed look at selected borehole specific results 
(Figures 9-12 to 9-15). It is noteworthy that in many boreholes the topmost observation, 
i.e. that which is nearest to the water table, corresponds to the highest head measured in 
the borehole apart from the deepest values which reflect the influence of the greater 
salinity of the deep groundwater. On the other hand, below the topmost measurement in 
many boreholes the head shows a conspicuous flatness down to the depth of 400-500 
metres; maybe the clearest example is the measured head in drillhole OL-KR3 in which 
the head is nearly constant (Figure 9-12). Such behaviour also means that the vertical 
hydraulic gradient is very weak; this in turn means that the deep groundwater recharge 
is also weak. However, the highest topmost head does imply that some recharge or 
freshwater infiltration takes place, but it is just restricted to take place in the immediate 
vicinity of the surface where the infiltrated water flow soon becomes essentially 
horizontal. 
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Figure 9-12. Measured and predicted pressure head in drillholes OL-KR1 to OL-KR4 
(Hartley et al. 2012). 

 

Figure 9-13. Measured and predicted pressure head in drillholes OL-KR5 to OL-KR8 
(Hartley et al. 2012). 
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Figure 9-14. Measured and predicted pressure head in drillholes OL-KR9 to OL-KR12 
(Hartley et al. 2012). 

 

Figure 9-15. Measured and predicted pressure head in drillholes OL-KR13 to OL-
KR15 (Hartley et al. 2011). 
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Deeper than 500 metres the pressure head gradually increases and the groundwater 
salinity also increases strongly; this will be discussed later. It is then interpreted that this 
increase of the pressure head in the very deep bedrock at Olkiluoto is purely due to the 
increase of hydrostatic pressure of groundwater with its salinity increasing 
monotonically with depth. This means that the increase of the deep head is not giving 
rise to groundwater flow. The fact that the measured heads coincide so perfectly with 
the deepest measured heads should actually be taken as a confirmation of this: the flow 
rates of the groundwater flow at the depth of several hundreds of metres below the 
surface at Olkiluoto are nearly non-existent. 

9.5 Additional test simulations of salt transport 

So far, this Chapter has developed hydrological modelling support to the view that 
while the uppermost 300 to 400 m depths have been influenced by changes in 
hydrogeochemical environment during the last 8 ka years, the deeper groundwater 
regime has remained nearly unchanged as is inferred from the analyses of deep rock 
water samples. This is consistent with the current interpretation that deep groundwater 
flow circulation at Olkiluoto is nearly non-existent, which in turn is consistent with the 
fact that the deep saline groundwaters at Olkiluoto show a monotonic increase in 
salinity and, consequently, hydrostatic pressure, and that both these characteristics are 
perfectly captured by the site-specific groundwater flow and transport modelling 
showing a vanishing deep groundwater flow. 

The modelling demonstrates a good qualitative agreement between the modelling and 
hydrogeochemical and hydrogeological observations; thus building confidence in the 
modelling discussed earlier in this chapter.  However, interpretations in strong 
contradiction with the developed idea of the palaehydrogeochemical evolution at the 
site have recently been proposed (see Chapter 7 of this report). These interpretations 
have based on the striking difference between the chemical compositions of porewaters 
and fracture groundwaters; especially their salinities.  While the hydrogeological flow 
modelling would allow salinity differences to occur within the topmost 300 to 400 m of 
the bedrock this difference would typically show less saline groundwaters and more 
saline porewaters since the initial state, which one would expect to preserve longer 
within the matrix pores, generally depicts greater water salinities than what is expected 
today.  What has been surprising, while the pore water studies show consistent and large 
contrasts between the two water regimes, the pore waters are also consistently more 
dilute, less saline.    

In principle, it is quite straightforward to explain such a difference in chemical 
composition by assuming that it is an indication of ongoing (diffusion) processes  
toward an equilibrium, but that the samples collected and analysed are still far from 
equilibrium which lies well into the future. However, the fact that the porewaters are so 
much less saline poses a hard dilemma as it means that the depiction of nearly stagnant 
deep groundwater environment is unavoidably incorrect and that Olkiluoto's highly 
saline groundwaters must have entered the site relatively recently (cf. Figure 9-16), 
unless the mass transfer associated with the matrix diffusion is so weak that 
understanding the site would be broadly valid within the time scales of several tens of 
thousands to hundred thousands of years.  In order to test some hypotheses which might 
help to reconcile these opposing possibilities, a suite of simple analytical and numerical 
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computations were carried out.  For example, the base case model of Hartley et al. 
(2012) has the longest distance of three metres to the nearest water conducting fracture. 
Based on Figure 9-16, at such a distance the current relative concentration of 0.4 
(estimated, e.g. Figure 7-2) would be achieved within about 8.5 to 10 ka ago. If this 
were correct, the deep bedrock of Olkiluoto must have been pervaded by non-saline 
water at the time when Olkiluoto was just free from the Weichselian ice sheet which at 
that time was greatly saline, but very old. This suggests that these waters must have 
quickly entered the Olkiluoto bedrock; however, there is no known hydrogeological 
process that could explain such a rapid and large scale and fast transport of deep saline 
groundwaters, which today are considered to be practically immobile. 
 

 
 
Figure 9-16.  Relative porewater concentration as a function of distance from the next 
water conducting fracture for a few moments of time elapsed since the initial time (cf. 
Figure 7-1). Note also that the longest distance in the base case model of Hartley et al. 
2012 is 3 metres. 
 
Furthermore, it is very difficult to reconcile the great groundwater salinities with a 
hypothesis of their relatively recent intrusion: what could possibly be their origin.  It 
only is evident that they cannot originate from the Littorina Sea water as it has not been 
saline enough.  Instead some – hypothetical – very deep and very saline water source 
would need to be assumed.  In addition to the source or end-member of groundwater the 
hydrogeological system must be driven, pushed upward by a hydraulic gradient of 
which the origin should also be explained.  However, we will entertain such an idea of a 
paleohydrogeological hypothesis in the following. 
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Regional flow hypothesis.   It is now postulated that groundwater flow at Olkiluoto, 
especially the displacement of groundwater salinity is driven by a regional gradient. By 
this we mean the hydraulic gradient brought about by the undulation of the water table 
on the length scale of tens of kilometres and longer. 

It is first noted that the current groundwater flow model (Posiva 2013, Hartley et al. 
2012) would not allow regional groundwater flow field to emerge even at depths.  
While it can be accepted that at very great depths (a few kilometres and deeper) the 
regional gradient may overcome the hydraulic gradient brought about by the site scale 
water table, there is little doubt that down to the repository depth and somewhat deeper 
the site scale water table dominates under the current conditions which have developed 
since 2 500 to 2 800 years ago when the highest hills began to emerge from the sea.  On 
the other hand, the site data also imply the groundwater conditions at great depths are 
not affected by the local water table gradients.  Earlier than 2500 to 2800 years ago that 
Olkiluoto was submerged, thus no site scale hydraulic gradients were acting. The stage 
of submersion had started several thousand years earlier along with the withdrawal of 
the Weichselian ice sheet at Olkiluoto.  While it still is far from clear whether such 
conditions might have allowed regional groundwater flows to prevail within the topmost 
1 000 metres of the bedrock at Olkiluoto, for the current purpose we simply assume this 
was the case, that in the pre-historical period a regional gradient gave rise to an upward 
movement of very saline and very deep groundwaters at Olkiluoto. It also is impossible 
to know the strength of the regional gradient, but we assume it would be the same order 
of magnitude than seems fitting for the current coastal area: over the distance of 100 
kilometres east, toward the inland Finland the topographical elevation is roughly 100 
metres.  This would roughly correspond to a gradient of 0.1%. 

Next, while further simplify by assuming the hydraulic conductivity of the deep rock at 
Olkiluoto is K = 10−10 m/s.  Multiplying this with the gradient of 0.1% yields a Darcy 
flow rate of 10−13 m/s.  For the current order-of-magnitude estimations, we assume a 
very simple fracture geometry in the bedrock: infinite but parallel fractures are located 
at a distance of 20 metres for each other. For the base case we further assume that 
aperture of the fractures is 1 mm, which, through the cubic law, gives the transmissivity 
of T =10−6 m2/s (Figure 9-17). A fracture with T =10−6m2/s at every 20 m corresponds to 
an average hydraulic conductivity of 5×10−8m/s; so this is not actually consistent with 
the conductivity that was used to estimate the deep upwelling flow rate of 10−13m/s. 

It is reasonable to assume that the current matrix salinities – by and large – represent 
their long term average.  Along with this line of thinking, during the submerged periods 
groundwater flow originating from a regional or super-regional groundwater field is 
from depths toward the surface and during the island stages the flow direction is the 
opposite. 

For the computations on a simple single fracture set-up (Figure 9-17) the following base 
case and variants were used: 
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 For the base case pore diffusivity the same value is used as in Figure 7-1,  = 

4×10−11m2/s – with variant cases of 1/10; 1/100 and 1/1000 of the base case 
value.  The smaller the value the weaker (and slower) is the diffusive mass 
transfer between fracture water and porewater.  

 For the matrix porosity we use same average values as those used for the results 
in Figure 7-1,	  = 0.6% and variant cases  = 0.4%; 0.2%; and 0.1%.  This 
parameter together with  determines the strength of the diffusive mass transfer 

between fracture water and porewater (we recall the mass transfer at the 

fracture-pore interface is determined with  , that is the concentration 

gradient at the interface times the effective diffusivity ). 

 The thickness of the matrix block is set to 20 metres. 

 Fracture aperture is 2b=1×10−3m (base case) and 2b = 5×10−4 m (a variant). 

 At the initial state the porewater salinity concentration is 40% of that of the 
fracture water salinity concentration.  

 



175 

 

 

 

Figure 9-17. A simple single fracture set-up, dimensions and initial state, to be applied 
in test calculations for matrix diffusion time scales. Dependency of the parallel plate 
transmissivity T on the fracture aperture when assuming a value of coefficient C of 10. 

First, it is necessary to calculate the time needed until the concentration equilibrates, 
assuming there is no groundwater flow but the initial state has groundwater and 
porewater according to Figure 9-17; in other words, the porewater concentration is 40% 
of the groundwater concentration at the same depth.  Obviously, the results are sensitive 
to the fracture to matrix water volume ratio Rwc, but as seen from Figure 9-18 for Rwc 
that would realistically correspond to a small fracture aperture (i.e. small flow porosity)  
and accordingly the groundwater concentration achieves close to the porewater 
concentration within a few hundreds of years at the most.  
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Figure 9-18. Impact of water content ratio, Rwc, on the time evolution of the 
groundwater. No imposed regional saline water flux.  The flow porosity ( ) 
changes from 5×10−6 (for  = 0.0008) to 5×10−3 (for = 0.8; for which the 
fracture aperture is 10 cm in the calculation case). 

 
Clearly the (matrix) diffusion porosity has a great influence on the diffusion mass 
transfer and thus, naturally, on the time scale toward equilibrium between the 
groundwater and porewater (Figure 9-19).  However, the values that would allow the 
groundwater to maintain their observed concentrations would be very low deed, but 
then the porewater would soon attain the groundwater salinity.  
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Figure 9-19. Impact of diffusion porosity on the time evolution of the groundwaters’s 
salinity concentration. The fracture to matrix water volumn ratio Rwc changes from 
0.008 (upper left) to 0.5 (lower right). 
 
Perhaps it is more interesting to see what influence the diffusion coefficient has on the 
equilibrium time scale (Figure 9-20).  What occurs is that the groundwater is able to 
maintain its initial salinity concentration for longer time periods only if the diffusion 
coefficient Dp is much smaller (1/100...1/1000) than the average value determined in the 
porewater studies.  
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Figure 9-20. Impact of diffusion coefficient Dp on the time evolution of the 
groundwater's salinity concentration; 2b=10–3m,  = 0.6%. 
 

The results above corroborate the notion that one must consider moving groundwater in 
order to realise the current difference between groundwater and porewater.  Thus, it is 
assumed that a regional hydraulic gradient gave rise to an upward Darcian flow of 
10−13m/s; that is in order to collect one litre of water from an area of 1m2 would take 
more than 300 years.  Such a flow rate is thus very small and far below any possibility 
of direct observation.  Moreover, instead of the initial state defined in Figure 9-17, it is 
assumed that at the initial state both the groundwater and porewater salinities are the 
same, that is 0.4 times the present-day groundwater salinity.  Thereby, the question to 
ask is whether the system would regain the current disequilibrium of the two water 
regimes.   
 
Starting again with the base case values (Figure 9-21, top left) for the pore diffusivity 
and diffusion porosity, it can be seen that not even after 100 000 years has the current 
disequilibrium between fracture and porewaters been regained.  This obviously is due to 
attributing an accessively strong matrix diffusion parameter, and because of this, it more 
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or less retains the initial porewater concentration (Figure 9-21, bottom left).  On the 
other hand, as is corroborated in the case (Figure 9-21, top right) with a decreased 
porosity to one third, and despite a modest change as such, reproduces the present day 
fracture water profile.  However, this case is not able to reproduce the matrix porwater 
profile either. 
 

   

 
Figure 9-21. Top: the TDS salinity in the fracture at different times for a regional 
saline water (120 g/L) flux with 10-13m/s at a depth of 100 m. The present day TDS 
profile is indicated with a dashed line. Bottom: TDS salinity in the matrix at a depth of 
500 m.  
 
Since it may be reasoned that the current matrix salinity is close to a long term (e.g. 
105a) average, it can be concluded that the most desirable outcome to be sought is when 
the fracture water salinity profile  t=104a is close to the present-day profile, while the 
porewater salinity at t=104 a shows only a small deviation from TDS=8 g/L at a distance 
of, for example, 1.5 m into the matrix. 
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After carrying out a suite of 1+1 dimensional calculations over a time period of 100 000 
years, the results showd that parameter values for a diffusion porosity of 0.6% and 
matrix pore diffusivity of Dp=1·10−12m2/s, appear to be broadly consistent with the 
present-day contrast between the groundwater and porewater salinities in the case where 
there is a weak, but constant saline groundwater flux upward at a depth of 1 000 metres 
(Figure 9-23, top row).  With this pore diffusivity a desired disequilibrium of t=104a is 
arrived at; however, if an even longer lasting upwelling of the deep brine is assumed 
(t=105a), the desired disequilibrium may be attainable with Dp=4·10−12m2/s (Figure 9-
23, bottom row); with both cases suggesting much lower pore diffusivities than that of 
the base case (Dp=4·10−11m2/s).  
 

 

 

Figure 9-23. Left: The TDS salinity in the fracture at different times for a regional 
saline water (120 g/L) flux with 10-13 m/s at a depth of 100 m, and for the matrix 
porosity of 0.6 % and pore diffusivity of 1x10-12m2/s (top) 4x10-12m2/s (bottom). Right: 
The TDS salinity in the matrix at the depth of 500 m for the pore diffusivity of 1x10-12 
m2/s (top) 4x10-12 m2/s (bottom). The present day TDS profile is indicated with a dashed 
line. 
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Generally speaking, acceptable results were obtainable if the pore diffusivity was 
clearly less than the average one obtained from porewater studies (Chapter 7).  
Otherwise, the salinity contrast between fracture and matrix would not be captured over 
the period of 105 a (Figure 9-22).  All test calculations suggest that laboratory 
experiments overestimate Dp values for the bedrock if matrix diffusion as transport 
process is interpreted to be in a transient state at the present-day Olkiluoto.   

These results hinge strongly on the assumption that the regional groundwater flow 
would have to have a vertical component at the Olkiluoto area.  On the other hand, the 
current groundwater flow model by Hartley et al (2012) is unable to incorporate the 
regional flow at the Olkiluoto area.  It is also clear that the current borehole 
observations could hardly show any signals of the regional flow, save possibly the 
deepest parts of the deepest drillholes and also the ‘sea borehole’ OL-KR47 (Figure 1-
1), as the landmass of Olkiluoto clearly dominates the groundwater flow at least down 
to the repository level.  This argument is confirmed by groundwater flow simulations 
that agree with the observations from the deep rock.  On the other hand, the sea 
borehole OL-KR47 would also be most sensitive to regional influence as the local 
gradients above it must be very low.  In such a case, the pressures in OL-KR47 would 
show an anomalous strength, i.e. the deep groundwater pressures would be higher than 
what local hydrological conditions would be able to explain.  Furthermore, as it turned 
out, OL-KR47 seems indeed to exhibit a pressure anomaly that local conditions seem 
not able to explain (Figure 9-24), but this conclusion must remain very preliminary until 
more such data can be acquired. 

 
 

Figure 9-24. Left: measured  groundwater pressures (red dots) in KR47 compared with 
flow simulation results. Right: measured groundwater pressures compared with saline 
profile pressure. 
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In order to achieve the porewater and groundwater concentrations consistent with 
interpretations of the porewater analyses, additional data of regional flow conditions 
together with fine tuning of transport parameters, are required. On the other hand, actual 
mechanisms to retard diffusion velocities may include anion exclusion which has been 
interpreted in experiments of rock specimens from Olkiluoto and also from other sites in 
Finland  (Valkiainen et al. 1995; Kaukonen et al. 1997; Rasilainen et al. 2001; Klobes et 
al. 2006, and Chapter 6 in this report). In addition, the influence of alteration on mineral 
surfaces (sericitization) in inter- and intracrystalline pore space during retrograde 
metamorphism in Precambrian rocks should not be neglected in this respect.    
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10 SYNTHESIS OF RESULTS AND DISCUSSION 

10.1 Geological Setting  

The crystalline bedrock in southwestern Finland including and surrounding the 
Olkiluoto site (cf. Chapter 2) is Precambrian in age and characterised by a complex 
mixture of supracrustal, metasedimentary and metavolcanic rocks (i.e. schists, gneisses 
and pegmatitic granites) reflecting polyphase orogenic and hydrothermal events during 
the Precambrian or early Phanerozoic, the most important of which took place during 
the Svecofennian orogeny (~1900–1800 Ma ago). The dominant rock type is mostly a 
migmatised, high grade metamorphic mica gneiss containing cordierite, sillimanite or 
garnet porphyroblasts. Large areas to the east and south-east of Olkiluoto island are 
characterised by younger rapakivi granites (~1570 Ma ago) and to the north-east exists 
the still younger unmetamorphosed Satakunta sandstone formation (~1400–1300 Ma 
ago) preserved in a graben-like structure. The youngest rocks comprise cross-cutting 
olivine-rich dolerite dykes and sills which occurred ~1270–1250 Ma ago.  

Culmination of regional metamorphism during the Svecofennian orogeny gave rise to 
temperature and pressure conditions of 660–700oC and 3.7–4.2 kbar resulting in upper 
amphibolite grade facies. Subsequent retrogressive processes have modified these 
mineral assemblages observed as sericitisation and saussuritisation of feldspars and 
chloritisation of mafic minerals. Hydrothermal alteration and greisen-type 
mineralisation are documented from the nearby rapakivi granite producing secondary 
products such as Fe-sulphides (pyrrhotite, pyrite), clay minerals (illite, smectite-group, 
kaolinite) and calcite. The effects of the hydrothermal activity in the rapakivi granite 
have strongly influenced the rocks at the Olkiluoto site. However, because the rock 
types at Olkiluoto represent a wide range of composition, and it is difficult also to 
differentiate visually between unaltered and altered rock, geochemistry is used in 
addition to identify the extent of the alteration, typically that of potassium 
metasomatism. Most importantly,  potassium metasomatism is distinguished by  
elevated CO2  as exemplified by calcite being one of the most common phases in the 
altered Olkiluoto rocks.  

On the basis of refolding and cross-cutting relationships, these metamorphic 
supracrustal rocks have been subjected subsequently to a polyphased ductile 
deformation and five stages have been recognised (D1–D5, cf. Posiva 2009). At 
Olkiluoto, the lithological layering and weak foliation created by the first phase of 
deformation (D1) are often (sub)parallel and represent the oldest observed structural 
elements. Stage D2 (~1880–1860 Ma ago) is locally the most intensive phase producing 
thrust-related folding, strong migmatisation and pervasive foliation. The subsequent 
stage D3 (~1860–1830 Ma ago) resulted in refolding, rotating and shearing of these 
earlier structures. The central and southeastern parts of the Olkiluoto site, the ONKALO 
area and the region about 500 m eastward from it, have been affected more strongly by 
stage D4 (possibly associated with the post-orogenic granite intrusions of southwestern 
Finland ~1815–1770 Ma ago) which resulted in a few centimetres to several metres 
wide thrust related ductile shear zones, subparallel to the regional direction. It also 
produced closed to open folds with axial planes striking NNE and dipping to the ESE. 
Probably the youngest stage of ductile deformation is D5, the fold structures of which 
can be detected as small flexures or as outcrop scale undulations of earlier formed 
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planar elements. Whether these belong to a separate deformation phase or are just 
interference structures is currently under discussion (Posiva 2009). 

According to the observations from the ONKALO tunnel and from outcrops, the 
presently observed faults at Olkiluoto are either gently SE-dipping thrust faults or 
approximately N-S or NE-SW striking, steeply dipping strike-slip faults, both types 
representing reactivated earlier non-brittle features. The fault zones are conceptualised 
as consisting of one or more fault core zone(s) with a zone of influence adjacent to the 
core. These large brittle deformation zones are important for hydrogeochemical 
interpretation as they are potentially mechanically unstable and constitute the main 
transmissive elements of the rock mass. Fracturing at all scales affects the mechanical 
stability of the rock mass and provides potential paths for groundwater flow and solute 
migration (cf. Chapter 3). For example, the current subhorizontal compressive stress 
regime at Olkiluoto is likely to promote opening of subhorizontal/horizontal fractures 
and fault zones, and, respectively, promote groundwater flow in these features. 

Since the main influence of the Svecokarelian orogeny, hydrothermal activity and 
changes in groundwater flow and chemistry are often reflected in the nature of the type 
and composition of the fracture coatings and fracture minerals, and corresponding 
studies have been used at Olkiluoto to interpret a number of events. Examples include 
the extensive hydrothermal alteration zones (tens of centimetres to tens of metres) 
generated by the rapakivi magmatism (~1650–1540 Ma ago). The main alteration 
phases are kaolinisation, illitisation, carbonitisation, sulphidisation and silicification and 
the most common fracture filling types are those that contain clay mineral phases 
(kaolinite, smectite and chlorite) and calcite. Sulphides (pyrite and pyrrhotite) are also 
present in equivalent but variable amounts. Much effort has been spent to characterise 
the generations of clay mineral phases and a variety of clay-sized phyllosilicates are 
distinguished (kaolinite, smectite and chlorite groups, and illite). The fracture infillings 
typically contain variously illite, kaolinite, chlorite, montmorillonite and other 
smectites. Fracture fillings of illite and their subsequent alteration are favoured in 
neutral hydrothermal fluid circulation while kaolinite is associated with more acid 
conditions (White & Hedenquist 1995). 

The effects of geological processes on rock chemistry and mineralogy at Olkiluoto 
related to Palaeozoic or Mesozoic times are restricted to fluid inclusions and some 
dating techniques. The oldest fluid inclusions observed in the rock matrix (cf. Chapter 
4) hosted by quartz crystals are secondary, i.e. they were formed after the host 
metamorphic quartz had finished growing and acquired its metamorphic texture. These 
inclusions, subdivided into different generations, formed when fluid infiltrated small 
scale brittle fractures and subsequently the fractures healed by dissolution-precipitation 
processes. The fluids were trapped at temperatures within the brittle field of quartz 
(below 400°C), following the peak of the last metamorphic event in the Olkiluoto 
bedrock. Apart from this maximum constraint, the age of the fracturing and inclusion 
formation events is not known. In total, five different fluid inclusion generations could 
be detected independently of the depth and lithology within the bedrock of varying 
compositions.  The chloride concentrations of the entrapped palaeofluids range between 
6 and 104 g/kg H2O (~ 1 and 17 wt-% of NaCleq) in the individual generations and 
therefore have varied significantly with time. Generally, these chloride concentrations 
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are constant over depth, suggesting that differing fluids uniformly flushed the entire 
investigated bedrock section. 

Fluid inclusions in the quartz and feldspars of the rock matrix contain gases such as 
CO2, CH4, H2, N2 and higher hydrocarbons in various proportions depending on their 
generation and partly on depth. As indicated by the hydrocarbon ratios and isotope 
analyses, the origin of bulk methane, which is present in all inclusion types, and bulk 
hydrocarbons, may be a result of the thermal breakdown of organic matter. This, and the 
fact that the inclusions were formed well after the peak metamorphism of the bedrock, 
suggest that the hydrocarbons in secondary fluid inclusions have been transported into 
the Olkiluoto bedrocks  

Fluid inclusion studies of fracture mineral phases imply: a) temperatures ranging from 
about 50-240ºC from calcites (cf. Chapter 5), b) a minimum of 100oC from fracture 
apatite annealing studies dated to 413±14 Ma ago (cf. Chapter 2), and c) several zircons 
reflect Palaeozoic disturbance in the U-Pb system based on lower intercept values. 
Salinities in primary inclusions of fracture calcites varied from 1.1 to 32 wt-% of 
NaCleq. Divalent cations, for example Ca, probably dominates in high salinity inclusions 
and they represent the lower end of the temperature range, i.e. < 100 ºC. 

Calcite is common throughout the Olkiluoto site and is the most recent fracture mineral 
to form; several generations have been identified in the hydrothermally altered zones 
but also in fractures outside these zones (For details refer to Chapter 5, Sections 5.1.3, 
5.1.4, 5.1.5 and 5.3.1). The oxygen isotope composition of the late stage calcite fillings 
is typically within the calculated limits for calcites precipitating in equilibrium with 
present day groundwaters at low temperatures. Because of its late formation it has both 
blocked fluid circulation pathways and/or pervasively filled open fracture networks. 
This is exemplified by the common occurrence of friable clay mineral fillings often 
associated with zones of dense carbonate vein stocks in water conducting fractures of 
greater conductivity (cf. Chapter 2).  

Isotopic dating of fracture calcite is not straightforward; however, as an example, 
associated clay minerals could be dated with respect to the well crystallised, high 
temperature calcites. This showed that fracture illite at Olkiluoto yields ages ranging 
from 1.38 Ga to 550 Ma, confirming that specific geological events (e.g. rapakivi 
magmatism) have affected the Olkiluoto bedrock. However, these ages cannot be 
unambiguously related to any specific calcite generation(s). Nevertheless, carbon-14 
dating of some late stage calcite samples suggests a pre-Holocene origin, thus pre-
dating the infiltration of the Littorina Seawaters into the Olkiluoto bedrock (cf. Chapter 
5). 

Sulphides (pyrite and pyrrohtite) are associated also with the carbonate/clay mineral 
fillings and, in common with hydrothermal conditions, there is a relationship between 
the sulphides and the host rock geochemistry (e.g. with the mica-rich gneisses). 
Furthermore, pyrrhotite bearing fractures are related to graphitic gneisses were 
sometimes pyrrhotite and graphite are the major mineral filling phases. 

The most recent alteration, i.e. surface weathering, is indicated mostly by rocks of 
higher porosity showing an abundance of chlorite instead of biotite, the presence of pink 



186 

 

 

and indistinct feldspars, the occurrence of goethite, red-brown haematite and iron 
oxyhydroxides, and some coated fracture surfaces with secondary minerals and also 
clay. The occurrences of these alterations tend to be restricted to shallow depths at a 
maximum of some tens of metres.  

10.2 Hydrogeological setting and groundwater flow modelling  

Olkiluoto island, separated from the mainland by a narrow strait, is some 12 km2 in 
extent and is surrounded by quite shallow brackish seawater (less than 12 m in depth) 
with a salinity of about 6‰ (cf. Chapter 3).  It is topographically fairly flat with most 
variation less than 5 metres above the average sea level (m.a.s.l.) and the highest point 
to the south-west part of the island is about 18 m.a.s.l. The bedrock surface relief is 
relatively subdued with an overburden of 2–5 metres comprising layers of minor clay, 
silt and gravel; natural hydraulic gradients are therefore gentle and the most elevated 
parts of the bedrock are exposed.  The present isostatic uplift rate is at 6 mm/a and is 
responsible for establishing the changing hydrological conditions at Olkiluoto during 
the Holocene to the present day (cf. Section 10.3). 

At present, Olkiluoto island forms a distinct hydrological unit were surface waters 
discharge directly into the sea. The annual precipitation is about 530 mm, but varies 
markedly annually and monthly with an annual surface runoff of about 175 mm and an 
annual total evapotranspiration of about 319 mm. Only 1–2% of precipitation seeps into 
the upper bedrock (below -10 m elevation) and only about 0.01% reaches below -420 m 
(cf. Section 3.1). The low rates of infiltration are reflected by the pressure profiles in the 
drillholes that often show very weak vertical hydraulic gradients indicating restricted 
deep vertical groundwater flow conditions. This is supported by the groundwater 
pressures which increase consistently with depth, corresponding to increasing 
groundwater depth and salinity, and thereby not contributing any driving force to the 
groundwater.  

The groundwater salinities at Olkiluoto (cf. Chapter 8.2.1) exhibit a distribution with 
depth such that recently infiltrated meteoric fresh water can be found close to the 
surface, traces of Littorina Sea and older glacial meltwater exist to -200 to -300 m 
elevation, whilst at greater depths these progressively give way to increasingly more 
saline groundwaters. Currently, observations lend support to the existence of very deep 
(greater than -900 m elevation) salinities surpassing 100 g/L (i.e. brine).   

Groundwater flow in the Olkiluoto bedrock takes place in connected fracture networks 
created by brittle deformation (cf. Chapter 3). Within the Olkiluoto investigation site, 
small portions of these fractures are intercepted and mapped based on data derived from 
surface outcrops and investigation trenches, surface based drillholes and ONKALO's 
underground pilot holes and exposed tunnels walls. This, together with groundwater 
pressures, flow measurements, responses to pumping tests and the ONKALO 
construction, constituted a database to support the hydrostructural modelling. Further 
essential background data for the modelling included the ductile deformation model and 
the site scale brittle deformation zones modelled in the geological model version 2.0. As 
a result, the hydrostructural model (Vaittinen et al. 2011) describes subhorizontal to 
moderate dipping site scale hydrogeological zones. For the ONKALO construction, the 
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most important hydrogeological zones are HZ19A–C and HZ20A–B as these very high 
transmissity zones have been intersected by the ONKALO tunnels and shafts. 

The hydrostructural model was further complemented by Hartley et al. (2012) such that 
hydrogeologically the Olkiluoto bedrock was divided into large site scale 
hydrogeological zones mostly of the order or 10−7 m2/s to 10−5 m2/s, and the sparsely 
fractured rock mass encompassing single discrete fractures showing no preferential 
orientation and usually with low transmissivity between these hydrogeological zones. 
Within each hydrogeological zone, a gradual depth trend in mean transmissivity was 
interpreted, but with significant spatial variability.  

The sparsely fractured bedrock described by Hartley et al. (2012) between these 
hydraulic zones occurr in four statistically homogeneous hydraulic units or domains 
based on ‘Tectonic Units’ characterised with imprints of polyphase ductile deformations 
present in the Olkiluoto rock mass dating back to 1.86 to 1.75 Ga ago, i.e. a) Northern 
Hydraulic Unit (NHU), b) Central Hydraulic Unit West (CHUW) and Central Hydraulic 
Unit East (CHUE), and c) Southern Hydraulic Unit (SHU).     

In addition to these Hydraulic Units, Hartley et al. (2012) introduced the vertical 
division in the Olkiluoto bedrock based on a significant reduction in both the intensity 
and transmissivity of the Posiva Flow Log (PFL) fractures into four depth zones broadly 
as follows: 

 Depth Zone 1 (DZ1): 0 to -50 m elevation; PFL P10 intensity of 1.6 m-1 

 Depth Zone 2 (DZ2): -50 m to -150 m elevation; PFL P10 intensity of 0.35 m-1  

 Depth Zone 3 (DZ3): -150 m to -400 m elevation; PFL P10 intensity of 0.35 m-1  

 Depth Zone 4 (DZ4): below -400 m elevation; PFL P10 intensity of 0.19 m-1 

Because there are significant lateral variations in the intensities of PFL (Posiva Flow 
Log) fractures, the definition of the depth zones was further refined to divide each 
individual drillhole into four depth zones according to the hydraulic and hydrochemical 
characteristics of the bedrock. This showed that the decrease in the fracture 
transmissivity with depth is the most important parameter, possibly reflecting increasing 
effective stress with depth. An estimate for the intensity of open fractures outside the 
site scale hydrogeological zones model shows that the portion of open fractures is about 
31% of all fractures (cf. Chapter 3).   

The description of fracture orientation is based on three sets: East-West, North-South 
and Subhorizontal.  Using the Hydro-DFN description of bedrock fracture properties the 
effective block properties were calculated on a 50 m block scale by the process of 
upscaling to provide an equivalent continuum porous medium (ECPM) model of the site 
(cf. Chapter 3). The effective block conductivities were subsequently used in the 
palaeohydrogeological flow modelling performed by Hartley et al. (2012). 

The palaeohydrogeological model selected for the Olkiluoto site describes the evolution 
of reference end-member waters from 8 ka ago (cf. Chapters 8, 9), which corresponds to 
the salinity peak of the then Littorina Sea. The initial state was set to 8 ka ago and 
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assumes a mixture of Brine and Glacial waters and a relic Subglacial water in the upper 
bedrock. Brine is dominant below -600 m elevation and deeper, glacial is present to -
200 m elevation and higher, whereas Subglacial is predominant below -200 m elevation 
down to about -600 m elevation. For simplicity, this initial state is considered the same 
for fracture groundwater and porewater and thus no disequilibrium between the water in 
a flowing fracture and adjacent rock matrix is imposed at the initial state. Because the 
Littorina seawater and Meteoric water end members represent water types introduced by 
external conditions, they are not introduced within the flow domain at the initial state. 
Boundary conditions have been specified for the whole time period corresponding to the 
present understanding of the Littorina Sea stage and taking into account evolving 
salinity and the enlarging land mass area of the Olkiluoto island.  

From the initial state onward, the mixing of the reference waters with each other is 
governed by groundwater flow described by the flow equation satisfying Darcy’s law 
and transport of dissolved solids modelled by the advection-dispersion equation in 
which matrix diffusion is also considered.  

As shown in Chapter 9, the hydrogeological model portrays a very stable hydrogeologic 
system at Olkiluoto that becomes virtually stagnant at depths below 400 metres.  
However, the interpretation in Chapter 7 of the palaeohydrogeological evolution at 
Olkiluoto suggests the apparent disequilibrium between fracture groundwater and 
porewaters, which requires a pervasive transient state of groundwater salinity.  A suite 
of simple scoping calculations were tested to arrive at parameters that might capture 
such a hydrogeological environment at depths at Olkiluoto.  

Following these scoping calculations over a time period of 100,000 years the parameter 
values arrived at a diffusion porosity of φm of 0.6% and a matrix pore diffusivity of 
Dp=1·10–12m2/s to 4·10–12m2/s. This appeared to be broadly consistent with the present-
day contrast between groundwater and porewater salinities in the case where there is a 
weak but constant saline groundwater flux upward at a depth of 100 metres (cf. Figure 
9-22).  It was noted that the pore diffusivity determined from the calculations was 
clearly lower than diffusivities determined in laboratory samples (cf. Chapter 6). If the 
laboratory obtained value for the diffusivity was used, the salinity contrast between 
fracture and matrix would mostly disappear (Figure 9-21). Within this context it is 
worth mentioning that these hydraulic model calculations were run using constant 
transport properties across the model domain and were thus not accounting for the 
observed heterogeneity in porosity and anisotropy of the different rock types. For 
example, the salinity contrast would remain better (and thus reflect the observations) 
over the considered time period by using a diffusion porosity of φm = 0.2%  (Figure 9-
22) which is within the variance of measured porosity values. Keeping these limitations 
of the hydraulic model approach in mind, it appears from the test calculations that 
laboratory experiments tend to somewhat overestimate the pore diffusivity values for 
the bedrock if matrix diffusion as a transport process is interpreted to be in a transient 
state at the present-day at Olkiluoto while the regional upward Darcy flux would need to 
be confined to 10−13 m/s. If the upward flux is slower, the time to evolve into current 
hydrogeochemical conditions is longer, and the pore diffusivity and diffusion porosity 
need to be even smaller. 
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10.3 Palaeohydrogeochemistry and groundwater evolution 

Understanding the transient glacial/postglacial evolution in the Baltic Sea region during 
the Quaternary and Holocene is central to interpreting the palaeohydrogeochemistry of 
Olkiluoto and its surroundings, since it provides constraints on the possible groundwater 
(and porewater) types that may occur in the bedrock (e.g. Waber et al. 2012). During the 
Quaternary, i.e. over the last ~2.6 Ma, Fennoscandia has experienced multiple 
glaciations and interglacials. However, because younger ice sheets have been 
successively eroded and older, underlying strata have been reworked, the palaeoclimatic 
evolution during early and middle Quaternary times is poorly known. Of the several 
glacial periods that have taken place in Finland during the Quaternary, the cold 
Weichselian Stage (116–10 ka ago), in particular the Late Weichselian (25–10 ka ago) 
and the Holocene time that followed, have had the main hydrogeochemical impact on 
present groundwaters (cf. Chapter 8). Although this is to some extent the case for the 
rock matrix porewaters, there are indications that dilute, warm climate meteoric water 
components in the porewaters (which may extend back to early and middle Quaternary 
times and probably beyond), also have influenced the Olkiluoto region (cf. Chapter 7). 

During the Quaternary, southeastern Sweden and southwestern Finland were repeatedly 
covered by ice during the Elsterian stage (~ 500–414 ka ago), the Saalian stage (~ 380–
130 ka ago) and finally the Weichselian stage (~ 116–10? ka ago). However, periods of 
glacial coverage were interrupted by the Holsteinian interglacial (~ 414–398 ka ago, 
possibly lasting until ~ 325 ka ago) and the Eemian interglacial (~ 130–116 ka ago) 
which may have been up to 5oC warmer than present day conditions (Wohlfarth et al. 
2008). Much colder conditions accompanied by permafrost were experienced during the 
first two stadials of the Weichselian ~ 115–110 ka ago and ~ 90–80 ka ago respectively, 
and during these times Olkiluoto appears to have been ice free. Southern Finland was 
probably under ice cover first time 70 – 60 ka ago. 

The main Weichselian deglaciation commenced ~ 11.5 ka ago, although there is some 
evidence of ice-free conditions having existed during the Middle Weichselian (cf. 
Section 8.1). The climate finally changed to warmer conditions, which marks the onset 
of the present Holocene interglacial. Olkiluoto appeared from under the ice cover ~ 11 
ka ago, although still remaining submerged during the mildly saline Yoldia Sea stage (~ 
100 m deep) which lasted for about two hundred years, followed by the fresh water 
Ancylus Lake stage (from ~ 10.8 ka ago) and the saline Littorina Sea transgression 
stage (which commenced ~ 8.5–8 ka ago), before finally emerging from the more 
brackish Baltic Sea ~ 3–2.5 ka ago. The current postglacial uplift at Olkiluoto is about 6 
mm annually. During the Holocene, the climate displayed several small oscillations of 
about 1°C between warmer and colder periods compared to present conditions. The 
most pronounced oscillation was during the Holocene thermal maximum between ~ 7–4 
ka ago when the mean annual temperature was between 1.5°C and 3°C higher than at 
present (cf. Waber et al. 2011 and references therein). After this period the oscillations 
were again more moderate (or only short term) until the present.  

Based on groundwater stable isotopes and Br-Cl data, together with evidence from 
heavily saline fluid inclusions of fracture calcites precipitated at 50 to 100°C, the 
groundwaters prior to the Weichselian deglaciation suggest the presence of a 
hydrothermally altered brine host dating back to Palaeozoic times. Subsequently, this 
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brine was diluted progressively by temperate to boreal climate meteoric waters or a 
mixture of dilute waters with varying stable isotopic compositions. It is probable that a 
salinity gradient representing a transition from dilute groundwater mixtures to more 
saline groundwaters was established with increasing depth, much the same as present 
conditions. The interpreted ‘Subglacial groundwaters’ represent the most dilute member 
of this evolution, prior to the start of the last deglaciation, and is supported by porewater 
studies. The last potential event that may have contributed to the high salinity (and high 
Br/Cl ratios) of these brines (maximum of 125 g/L so far measured) is mixing with 
residual fluids possibly formed under evaporation of seawater during the evolution of 
the Zechstein Sea in the late Permian (~ 250–260 Ma ago) (cf. Chapter 8). 

With the onset of the Weichselian deglaciation ~ 11.5 ka ago (and also during earlier 
glacial cycles), meltwaters close to the retreating ice margin were hydraulically injected 
into the bedrock under considerable head pressure. At Olkiluoto the original infiltration 
depths are not known, but are not thought to have penetrated more than about 200–300 
m based on stable isotope data of groundwaters (cf. Chapter 8). This would conform to 
the quite rapid decrease in measured bedrock transmissivity at depths greater than about 
200 m (cf. Chapter 3). Glacial meltwater is considered to be dilute, oxidising and 
aggressive, but there is no large scale evidence in the fractured bedrock at Olkiluoto of 
significant oxidation which could mean a very efficient redox buffer capacity of the 
upper few metres of the bedrock. The Yoldia Sea and the Ancylus Lake stages are 
considered quite dilute and have made only minor contributions to the bedrock 
groundwater, because there was not any driving force for infiltration over these periods; 
the Littorina Sea stage, in contrast, has had a major impact. When the Littorina Sea was 
at its maximum 8–4.5 ka ago the sea at Olkiluoto had a depth of about 50–30 m and the 
salinity was about 4‰ higher than modern Baltic Sea. Because of its greater salinity, 
these density driven brackish waters infiltrated the bedrock, often along the same water 
conducting fractures that hosted the passage of the earlier glacial meltwaters.  Following 
emergence of Olkiluoto, the infiltration of fresh meteoric water (precipitation) 
successively formed a lens on top of the brackish water (because of its lower density), 
and the present interface ranges from the surface down to a few tens of metres (Chapter 
8). As a result of these events, brine, glacial, marine and meteoric waters are expected to 
be mixed in a complex manner at various levels in the bedrock, depending on the 
hydraulic character of the deformation zones and groundwater density.  

Several groundwater types have been selected to describe the Olkiluoto site (cf. Chapter 
8): a) Fresh groundwater (TDS ≤ 1 g/L) found only at shallow depths (tens of metres), 
b) Brackish groundwater (TDS up to 10 g/L) is dominant at intermediate depths from -
30 to -400 m elevation and is subdivided with increasing depth into a Fresh/Brackish 
HCO3 type high in DIC and mostly of meteoric origin, a Brackish SO4 type where 
enriched Mg and K support a significant marine component, and a Brackish Cl type 
where DIC and SO4 are almost absent, and finally saline type groundwaters (TDS > 10 
g/L) which dominate below -400 m elevation and indicate hydrochemical isolation. 
These subdivisions based on hydrochemistry reflect closely the hydrogeological studies.  

Generally, the groundwater types are present as a relatively layered horizontal 3D 
structure in the bedrock although their depth of occurrence may vary depending on 
location (i.e. inland or coastal) and/or reflecting local variations in hydrogeology. On a 
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more localised heterogeneous scale, often restricted to less conductive fractures or dead-
end fractures (i.e. pockets or lenses), older groundwater types (e.g. glacial meltwater, 
Littorina Sea) may be found at higher levels than expected, and likewise younger 
groundwaters (or groundwater components) at greater depth in the hydrogeological 
zones.  

10.4 Porewater studies  

From all possible evidence, porewater chemistry is most likely to reveal processes that 
have affected the bedrock system over long geological time periods (thousands to 
millions of years). Porewaters reside in the connected inter- and intragranular pore 
space of the rock matrix were solute transport may be dominated by diffusion and 
therefore its geochemical character will evolve at a much slower rate than that of the 
circulating fracture groundwaters, thus providing the opportunity to observe effects of 
older, pre-Holocene processes (cf. Chapter 7).  

The porewaters and the circulating fracture groundwaters are connected systems and 
changes in groundwater composition will cause disequilibrium with the porewater due 
to a change in the chemical (and isotopic) gradient and ultimately a change in the 
porewater chemistry. These changes depend on the interconnected porosity of the host 
bedrock (i.e. influencing the rate of diffusion) and the frequency of water conducting 
fractures; the greater the frequency the less time required to establish steady state) 
between two or more water conducting fractures. Where the fracture frequency is low 
and there are greater distances between water conducting fractures, steady state is 
established more slowly and a transient system is more typical. 

These general patterns have been observed and described from other Fennoscandian 
crystalline rock localities (e.g. Waber et al. 2009a,b) were the upper shallow bedrock is 
often characterised by a high frequency of water conducting fractures, is therefore 
highly transmissive, and therefore rapidly achieves steady state provided there is 
groundwater stability. At intermediate depths, there is commonly a decrease in the 
frequency of water conducting fractures, a corresponding increase in the distance 
between these fractures, an overall decrease in transmissivity, and a transient system is 
likely assuming inadequate time has passed. At still greater depths, water conducting 
fractures tend to be sporadic, the host rock transmissivity is very low and groundwater 
flow may be very low to stagnant. Under such conditions, i.e. virtually isolated from the 
upper bedrock, steady state conditions can be expected and both the groundwater and 
porewater are usually very much older than at shallower bedrock depths.  

The attraction of a transient situation is the possibility that the porewater still retains a 
chemically conservative or stable isotopic signature that may be indicative for an older, 
now exchanged, fracture groundwater. For chemically conservative tracers, the 
preservation of such signatures over a long period of geological time depends on the 
distance of the porewater sample to the nearest water conducting fracture in three 
dimensions, the solute transport properties of the rock (i.e. diffusion coefficient, 
porosity), and the boundary conditions (i.e. fracture groundwater composition). The 
interpretation of an observed porewater signature is greatly facilitated if such a signature 
has been transmitted from constant boundary conditions. In reality, however, 
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superimposed signatures resulting from changing boundary conditions with time are 
more realistic.  

Unravelling complex superimposed signatures can be approached by comparing 
datasets of different tracers that carry different information with respect to the 
conditions during infiltration of a fracture groundwater. Thus, the porewater Cl 
concentration will give an indication about the salinity, whereas the Br/Cl ratio and the 
Cl isotope composition (accounting for the fractionation during diffusion) will provide 
information of the salinity source, and the stable water isotopes may reveal the climatic 
conditions and/or origin of the water itself. Noble gases, and to a lesser extent reactive 
gases, dissolved in porewater might provide additional information about the origin and, 
in a qualitative way, also about the residence time of the porewater and (ongoing) 
reactions. Besides the spatial and temporal dependence of a tracer signature once 
established in the porewater, the interpretation of such a signature needs to be consistent 
for all conservative tracers in the porewater.  

Porewaters have been extracted from Olkiluoto drillcore material sampled from two 
deep subvertical drillholes (OL-KR39 located in the centre of Olkiluoto and OL-KR47 
located at the coast) and one subhorizontal drillhole originating from the ONKALO 
access tunnel (ONK-PH9) and penetrating the host bedrock. Samples also were taken 
along a continuous profile from drillhole ONK-PH9 into the intact bedrock where it 
intercepted a major water conducting zone (HZ20B). Furthermore, for the first time, 
core samples from this drillhole were analysed for reactive and noble gases dissolved in 
the porewater, in addition to their chemical and isotopic characterisation.  

Compared to the surrounding fracture groundwaters from equivalent depths, porewaters 
from drillholes OL-KR39 (in the centre of Olkiluoto island) and OL-KR47 (at the coast) 
show closely similar chlorinity ranges to about -100 m elevation (< 2,000 mg/L). From -
100 to -400 m elevation the range in groundwater chlorinity increases from 2,000 to 
5,000 mg/L whereupon the porewater remains less than 3,000 mg/L, although from 
approximately -300 to -400 m elevation there is a clear separation in chlorinity between 
OL-KR47 (2,000 mg/L to just under 3,000 mg/L Cl) and OL-KR39 (about 1,000 mg/L 
Cl). Groundwaters at the approximate -400 to -600 m elevation levels (limit of data) 
show a systematic increase from 6,500 mg/L Cl to just under 20,000 mg/L Cl. 
Correspondingly, the only available porewater data from about -450 to -800 m elevation 
(from OL-KR47 at the coast) show a systematic increase to just under 6,800 mg/L Cl at 
-700 m elevation and a more rapid increase to 13,000 mg/L Cl at about -800 m 
elevation, still significantly less saline that the fracture groundwaters (cf. Chapter 7). 

Relating these data to the measured and modelled transmissivity subdivisions, 
comparison of the chloride content between the porewaters and the groundwaters 
generally suggest; a) close to steady state conditions in DZ1(0 to -50 m elevation) and 
the upper half of DZ2 (-50 to -100 m elevation), and b) transient conditions in the lower 
half of DZ2 (-100 to -150 m elevation) and in the deeper depth intervals of DZ3 (-150 to 
-400 m elevation) and DZ4 (> -400 m elevation). From these observed trends it is 
suspected that additional data from much greater depths would indicate steady state 
conditions.  
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Based on the general subdivision into shallow, intermediate and deep bedrock intervals, 
indicated from the hydrogeology and the groundwater and porewater hydrochemical 
trends, the following general porewater descriptions can be summarised (cf. Chapter 7): 

The shallow bedrock interval (0 to -150 m elevation). This depth interval shows that the 
brackish fracture groundwater and the porewaters plot on or close to the seawater 
dilution line suggesting that chloride and bromide are largely derived from a marine 
water component, probably of Littorina seawater as indicated by the porewater 37Cl 
ratios and fracture groundwaters (cf. Pitkänen et al. 1996). However, the lower total Cl 
and Br concentrations in the porewater compared to Littorina seawater imply that a 
meteoric fresh water component is present in these porewaters, although its origin may 
differ for each drillhole location. Because the shallow bedrock zone is highly 
transmissive with a high frequency of water conducting fractures and short distances 
between the porewater samples, the stable isotope signal from the fracture groundwater 
is rather quickly transmitted to the porewater. In drillhole OL-KR39 the porewaters are 
in isotopic equilibrium with fracture groundwaters at similar depths. In contrast, 
porewater from a depth of -65 m elevation in drillhole OL-KR47, located at the coast, 
shows more depleted values from those in OL-KR39 and also the ones measured in the 
fracture groundwaters sampled nearby, representing a transient state and the 
preservation of a cold climate dilute water component. Deeper down, porewater from a 
depth of -140 m elevation in drillhole OL-KR47 has isotope signatures similar to those 
observed in drillhole OL-KR39, and similar to those of fracture groundwaters at similar 
depth sampled directly in the drillhole, indicating steady state conditions between the 
two reservoirs with respect to the isotope compositions. The difference between the two 
drillholes, located in different environments, i.e. coastal versus central location, has 
been interpreted as indicating that in the OL-KR47 area a pre-Holocene cold water 
component is better preserved than in the OL-KR39 area.  

 The intermediate bedrock interval (-150 to -400 m elevation) shows once again that 
porewaters and related fracture groundwaters evolved differently at the two drillhole 
locations, as indicated by differing Br/Cl ratios and δ37Cl values, besides the lower Cl 
and Br concentrations in the drillhole OL-KR39 porewaters.  

Because of the lower fracture frequency, the generally greater distance between the 
porewater sample, the nearest water conducting fracture, and the different drillhole 
locations, the intermediate depth compositions of porewater in drillhole OL-KR39 
indicate the presence of a pre-Littorina dilute water component and a pre-Littorina non-
marine Cl-rich component. These are possibly similar to the brackish Cl-type fracture 
groundwater found today at such depths. There are no indications in the intermediate 
depth zone of drillhole OL-KR39 for a Littorina seawater component. In contrast, 
porewater compositions in drillhole OL-KR47 indicate the presence of a pre-Littorina 
dilute water component, a marine Littorina Sea water component, and also traces of an 
unknown, but also pre-Littorina non-marine brackish component. The transient 
conditions, compared to the varying distances between the two reservoirs, suggest the 
presence of dilute water in the fracture systems over a very long geological time period 
(tens to hundreds of thousands of years), lasting in parts of the bedrock until a few 
thousands of years before present according to the diffusion model presented in Figure 
7-1. This old dilute water component, where porewater from both drillholes reflect more 
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enriched 18O values between -7.4‰ and -9.9‰ V-SMOW, suggest warmer infiltration 
conditions than have existed during the Weichselian and Holocene.  

The porewater profile from drillhole ONK-PH9 at intermediate depth gives a better 
resolution of the presence of several meteoric water components. It appears to indicate 
the influence of meteoric water from at least two cold climate (or glacial) events and 
one old warm climate event as shown by the fluctuations from depleted (-10.7‰ 
V.SMOW) to enriched (-5.9‰ V-SMOW) and again depleted 18O values (-12.4‰ V-
SMOW) as a function of distance from the highly conducting HZ20B zone. Porewaters 
from drillhole ONK-PH9 plot on a wide range close or to the right of the Local 
Meteoric Water Line indicating the influence of different water components. Transient 
conditions between porewater and fracture groundwater are also detected for dissolved 
methane and helium in the bedrock system encountered by drillhole ONK-PH9. This 
indicates that the circulation of present-day low CH4 and low He groundwater in the 
HZ20B zone has been too short to achieve steady state between the two reservoirs, and 
CH4 and He are now transferred along a reversed chemical gradient from the porewater 
into the fracture groundwater nearby HZ20B. The background concentration of He in 
the porewater from a sample taken some 55 m from the HZ20B, which is not influenced 
by the recent groundwater flowing there, is ten times higher than that of fracture 
groundwater, indicating long residence times of porewater. The ‘background 
composition’ of hydrocarbon gases in porewater indicates the preservation of a similar 
hydrocarbon signature as present in the fluids entrapped in fluid inclusions, i.e. a very 
old hydrothermal signature.  

Deep bedrock zone from -400 to -800 m elevation. Within this depth interval porewater 
samples were only available from drillhole OL-KR47 drilled at the coast and inclined 
under the Baltic Sea, and were restricted to the final 25 m from drillhole OL-KR39 
(final depth of drillhole = -425 m elevation). Furthermore, only four water conducting 
fractures are present with measureable transmissivity at depths of -437 m elevation and 
-568 to -576 m elevation.  

The chemical and isotopic composition of porewater in the deep bedrock zone displays 
signatures of: a) an old non-marine Cl-bearing component, similar to the precursor of 
the saline type fracture groundwater, and b) a dilute meteoric water component which 
should be present prior to the ingress of brackish saline type fracture groundwater down 
to a depth of -800 m elevation. The preserved signals are independent of the distance to 
the nearest water conducting fracture, which vary below -500 m elevation between 15 m 
and >>50 m. This suggests a very long influence of such old dilute warm climate 
meteoric waters over periods of several hundreds of thousands up to millions of years 
during pre-Holocene times, possibly extending back to Tertiary times. 

10.5 Palaeohyrogeochemical model 

The Olkiluoto site has had a complex geological and environmental history from 
Precambrian to the Quaternary. The Quaternary time period has been dominated by a 
large climatic variation of cold glacial cycles with temperate interglacials and sea-level 
changes, all of which have contributed to the hydrogeochemical evolution at the 
Olkiluoto site.  
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Fluid inclusions in quartz grains and fracture calcites indicate a salinity variation from 1 
to 32 wt.% (NaCleq) present in circulating fluids from late metamorphic episodes in the 
Precambrian to lower temperature (~50ºC) conditions probably in the Palaeozoic. The 
highest salinities are observed in fracture calcites which also indicate notable 
concentrations of divalent cations, probably of Ca as observed in the most saline 
groundwaters at present (cf. Chapters 2 and 4).  

Data from quartz fluid inclusions, fracture calcites and pyrites show that reducing 
methanic and sulphidic redox conditions, as indicated in the past by methane in fluid 
inclusions, and in the present by sulphide- and methane-bearing groundwaters, have 
alternated during geological times. Today, they divide the hydrogeochemical system at 
about the –300 m elevation level with sulphidic redox conditions prevailing above this 
depth. In contrast, the latest fracture calcite fillings indicate that in the past (more than 
50 ka ago) methanic conditions have prevailed in the upper part of the bedrock. Well 
preserved sulphide and calcite grains, and the Mn content of latest calcites, also show 
that infiltration of reactive waters (low pH and/or oxygenated) have been limited in the 
bedrock to very shallow depths (< 10 m). This indicates that long term stability (over 
the time span of glacial cycles) and sufficient buffering capacity of the water-rock 
system against aerobic infiltration, has dominated continuously until present times at 
Olkiluoto. 

Investigation results from matrix porewaters and fracture groundwaters indicate at least 
five to six different end-member water types that have contributed to current 
groundwater compositions. Salinity in these end-member waters varies from fresh water 
to highly saline brine and they seem to represent source waters from different 
environmental conditions, i.e. meteoric and marine waters from glacial to warm, and 
humid to arid climates. The interpreted end-member waters are: 

1. Ancient brine, which is possibly an evaporitic residual fluid from the late 
Palaeozoic period (e.g. Permian Zehstein Sea or similar from some earlier 
period) has interacted and become altered in the bedrock. Highly saline fluid 
inclusions in fracture calcites probably represent remnants of it. Brine signatures 
are dominant in saline and brackish Cl type groundwaters and are also 
strengthened in matrix porewaters below 150 m depth. 

2. Warm climate, fresh water, which has infiltrated most probably during the 
Tertiary period. It has been interpreted from matrix porewaters where it is a 
significant, pervasive component in deep bedrock, therefore suggesting a long 
term circulation of such fresh waters in the bedrock fracture system under stable 
hydrologic conditions.  

3. Cool climate, meteoric water, which is evidently Quaternary in age and older 
than the Weichselian deglaciation as indicated by the rather light stable isotopic 
composition of the saline groundwater dilution line beneath the level of current 
recharge (cf. Figures 8-5 and 8-11). Subglacial end water (Table 8-2, Figure 8-
11) of brine dilution is the best reference of this water end member. This could 
also be a mixture of glacial and warm climate waters (cf. above). Subglacial 
signals are also observed in a few matrix porewater samples down to 
intermediate depths in the bedrock. 



196 

 

 

4. Glacial meltwater infiltrated during the Weichselian glaciation is an important 
component in brackish groundwaters to 250 m depth; furthermore, indications 
are also observed occasionally in matrix porewaters at shallow to intermediate 
depths. 

5. Marine water infiltrated from Littorina Sea is observed in brackish SO4 and 
HCO3 type groundwaters, where it is the main salinity source. Matrix porewaters 
show Littorina type signatures (Br/Cl, stable isotopes) at corresponding depths 
as fracture groundwaters, but also diluted marine signals in a few cases deeper in 
the bedrock and rather far from the nearest transmissive fractures. This suggests 
an older marine water influence, for example, from former interglacial periods in 
the Quaternary. 

6. Recent temperate climate meteoric water dominates in fresh and brackish 
HCO3 type groundwaters and at shallow depths in matrix porewaters. 

Obtained data from matrix porewater and fracture groundwaters indicate congruent 
hydrogeochemical evolution in the upper part of the bedrock, where HCO3- and SO4-
rich water types dominate the fracture groundwater (< -300 m elevation). Depending on 
the distance between porewater and the nearest water conducting fractures, 
groundwaters and porewaters in different domains are in a steady-state (short distance) 
or a transient state (longer distance) with respect to salinity and isotopic compositions. 
These observed transient states in salinities most probably result from rather short 
circulation times of Littorina derived brackish SO4 type groundwater in the fracture 
system, which is less than 8 ka years old and decreases with depth and transmissivity. 
The equilibration by diffusion during this time period between matrix and increased 
salinity in fractures could only be expected if the distance between transmissive 
fractures is short, which is only 2–3 m due to uncertainties of in situ diffusion in 
bedrock and the real residence time of Littorina-derived groundwater in a particular 
fracture. The results from the intersection of ONK–PH9 and HZ20B show that similar 
salinities are limited to a few tens of centimetres within the high porous intersection, 
though the interaction time of Littorina derived groundwater in this case (at a depth of -
300 m elevation) is surely less than 8 ka years old.  

Circulation of brackish SO4 type groundwater is limited to quite high transmissive 
fractures between -200 and -300 m elevation, whereas brackish Cl type groundwater 
dominates in less transmissive fractures, progressively changing to saline type with 
depth at around -400 m elevation. These brine derived fracture groundwaters generally 
indicate very long residence times in the bedrock (Frape et al. 2005). However, there is 
a systematic disequilibrium between the obtained matrix porewater and the brine type 
fracture groundwater down to the maximum depth studied so far. At these depths, 
diffusion distances between porewater samples and transmissive fractures are long 
(mostly >10 m), indicating that a very long interaction time in the order of 105 to 106 
years would be required to attain steady state in the groundwater system (Figure 7-1).   

The brine seems to be older than the warm climate meteoric water. This suggests that 
following the brine infiltration into the bedrock fractures, the brine was possibly 
displaced in the bedrock by warm climate meteoric water. To dilute the matrix 
porewaters in deep bedrock conditions would require a long period of hydraulically 
stable conditions (105 to 106 years). The observed current transient conditions between 
porewater and fracture groundwater at these depths suggest that saline groundwater may 



197 

 

 

have been subsequently slowly upwelling in the fractures. According to diffusion 
lengths (Figure 7-1) such a process appears plausible since pre-Weichselian times (105 
years and less). These hydrogeological conditions have been simulated within the time 
frames interpreted from the porewater results, assuming a slow upwelling of saline 
groundwater and current porewater salinity as representing steady state, initial 
groundwater conditions. However, simulations indicate a much lower pore diffusivity, 
particularly Dp (one tenth of laboratory measurements) than obtained from laboratory 
experiments to maintain the salinity contrast between fracture and pore groundwaters. 
The lower diffusivity indicates substantially longer interaction times (in order of 105 to 
106 years) than suggested in Figure 7-1. High He contents, which are similar in 
porewater and brackish Cl type groundwater at common depth may also suggest 
millions of years interaction times.     

Matrix porewaters in the brackish Cl and saline fracture groundwater zones do not 
show, however, a clear indication of cool to cold climate meteoric waters typical for the 
Quaternary period in Finland. Several hypotheses might explain this. The upwelling of 
saline groundwater may have hindered infiltration of Quaternary meteoric waters deep 
in the bedrock. Also, the periods of cold climate (glacial meltwater) circulation in the 
fractures may have been too short, or limited, for example by permafrost conditions. 
However, the influence of meteoric waters of interglacials (with similar isotopic 
signatures as today) or of long, slightly colder climate conditions characterising the 
early Weichselian (116–70 ka ago, cf. Sections 8.1 and 10.3), are also missing from the 
deep porewater data, although such signals are interpreted for fracture groundwaters 
(i.e. trend of brine dilution; Figure 8-11).  

The modelling of data derived from studies of matrix porewater, the fracture 
groundwater samples and the hydrogeology, has resulted in interpretation conflicts 
between the palaeohydrogeological evolution in the deep saline groundwater system. 
The problems are probably consequences of simplified initial and boundary conditions 
used in each of the models and they are reflected on the evolution rate evaluation of the 
palaeohydrogeological evolution. However, a certain range of evolutionary rates can be 
estimated according to the models suggesting that interaction between saline 
groundwater and porewater has evidently continued for a long time, but to approach 
steady state between fracture and porewaters is probably a much slower process under 
in situ bedrock conditions than interpreted from the porewater results alone (Figure 7-
1). This is probably due to heterogeneities in pore diffusivity in the migmatitic lithology 
over distance scales of metres to tens of metres. Therefore, the maximum evolutionary 
rates calculated from porewater studies may be an order of magnitude longer under such 
conditions as suggested by flow simulations, the absence of Quaternary signals in deep 
porewater data and the He gas data.  
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11 COMPATABILITY OF POREWATER OBSERVATIONS TO 
GROUNDWATER CHEMISTRY AND HYDROGEOLOGICAL FLOW 
MODELLING 

Hydrogeological studies at Olkiluoto have shown that the bedrock can be subdivided 
into four main bedrock depth zones on the basis of tansmissivity and fracture frequency: 
a) 0 to -50 m elevation, b) -50 to -150 m elevation, c) -150 to -400 m elevation, and d) > 
400 m elevation. The groundwater flow is considered very low to almost stagnant below 
-400 m elevation whilst fracture groundwater studies show that the most important 
hydrochemical change is at 300 m elevation which divides a glacial-postglacial dynamic 
upper system from a less dynamic deeper system where an old brine component 
becomes increasingly important. Porewater in rock samples collected within a short 
distance from a water-conducting fracture (<2 m) display similar chemical and isotopic 
composition as the fracture groundwater. At larger distance porewaters are significantly 
more dilute than fracture groundwaters from similar depths (apart from the uppermost 
bedrock zone at 0–50 m), a trend that extends at least to -800 m elevation in drillhole 
OL-KR47. However, based on present data the hydrochemical trends are generally 
consistent and compositionally similar for the porewater chemistry in rock samples at 
distances >2m from the nearest conducting fracture and that of the fracture 
groundwater. 

Attempts to integrate the hydrogeology, groundwater chemistry and porewater 
chemistry, and their relationship to the palaeoevolution of the Olkiluoto site before and 
since the last glaciation, have encountered some difficulties. These include the choice of 
initial boundary conditions for the hydrogeological modelling, the necessitity to 
consider alternative scenarios to explain present conditions, the choice of model input 
parameter values for diffusion and matrix pore diffusivity, and resolving potential 
problems associated with sampling and analysis of the porewaters. 

11.1 Initial boundary conditions 

The initial boundary conditions for the palaeohydrogeological modelling assume a 
maximum salinity equilibrium between fracture groundwaters and porewaters in the 
entire bedrock based on the set salinity peak achieved at 8 ka ago during the Littorina 
Sea transgression. Initial boundary conditions for the porewater evolution, however, 
extend further back in time and consistently recognise a dilute component (possibly an 
old warm climate meteoric water type), which is at least pre-Holocene in age, but may 
extend further back in geological time. The presence of such an old dilute meteoric 
water type would not be unusual considering oscillations between glacial and 
interglacial conditions which have occurred throughout Quaternary times and the long 
periods of freshwater dominated infiltration before that as suggested by the heavy stable 
isotopic compositions of porewaters.  

In Chapter 7 the time needed for matrix diffusion to even out groundwater concentration 
differences for various matrix block thicknesses is estimated (cf. Figure 7-1).  From this 
figure it can be seen, for example, that any signature present some 5 ka ago in a 
porewater sample located 2 metres or less from a fracture above and below, would be 
almost completely exchanged by the signature prevailing in the groundwater of the 
fractures since this time (cf. Figure 7-1, top left), and provided that the fracture 
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groundwater composition remained constant over this time.  A signature of a once 
established very diluted chloride content of glacial meltwater (e.g. 1 mg/L) would be 
enriched in a porewater sample located 5 m from the nearest water conducting fracture 
above and below, if Littorina seawater (6.5 g/L) circulated in the fracture over the last 
8.5 ka, reaching about 60 % of the Littorina Cl-concentration (cf. Figure 7-1, top-right). 
The model calculations for distances between 10 and 50 metres between a porewater 
sample and a water-conducting fracture above and below indicate that Holocene waters 
might not have influenced the porewater at such distances (cf. Figure 7-1 centre and 
bottom left). Glacial water, which could have infiltrated since the beginning of the 
Weichselian glaciation (~ 112 ka ago) would remove a saline signature of a porewater 
sample taken 10 m above and below a fracture (cf. Figure 7-1 centre left).  A signature 
present at the beginning of Quaternary times in the porewater of the rock matrix cannot 
be preserved in a distance of 50 m from the nearest water-conducting fracture in all 
dimensions assuming different, but constant fracture groundwater conditions over the 
same time period (Figure 7-1, bottom left). 

It also is important to note (cf. Figure 7-1) that the presented transient state of the 
concentration contrast between groundwaters and porewaters and the evaluated 
associated transient time scales against distances from porewater samples and the 
nearest intersecting fracture, the field data fail to corroborate any such dependency. 
Even the determined concentration profile of the ONKALO pilot hole ONK-PH9 
samples cannot be explained with such a simple diffusion hypothesis assuming constant 
boundary conditions (i.e. fracture groundwater composition) over the modelled time 
period. In other words, there is no straightforward correlation between the distance from 
a fracture and the concentration difference between groundwater and porewater. Several 
reasons may account for that: 1) The assumption of constant fracture groundwater 
composition in a specific fracture over long periods of times (> thousands of year) is not 
supported and seems not valid, 2) the field data are restricted to the drillhole dimension 
and near-by water-conducting fractures not intersected by the drillhole;  therefore 
different transmissivities and thus different fracture water composition might also 
influence the porewater composition in the rock sample collected from the borehole, 
and 3) the weak correlation between a PFL fracture and porewater samples may well 
arise from the fact that the intensity of PFL fractures decrease with depth and at the 
same time the groundwater salinities become increasingly stronger; therefore, an 
observed porewater signal at greater distance from the water-conducting fracture is 
more commonly the result of superimposed events (i.e. changes in fracture groundwater 
composition) rather the result of a single event (i.e. constant boundary condition). In 
addition the variation in diffusivities and porosities between rock types and alteration 
degree together with their anisotropic nature cause large variation in local diffusion 
properties in the bedrock. 

In principle, however, it is quite straightforward to explain such a difference in chemical 
composition between porewater and groundwater by assuming that it is an indication of 
an ongoing (diffusion) transient process toward a steady state, and that present sampling 
and analysis have only coincided at a time when steady state between porewater and 
groundwater has not yet been established.  However, the fact that the porewaters are so 
much and so consistently less saline poses a dilemma based on the initial state boundary 
conditions chosen for the palaeohydrogeological modelling, as it means that the 
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depiction of a nearly stagnant deep groundwater environment would be unavoidably 
incorrect and the Olkiluoto's highly saline groundwaters should have entered the site 
relatively recently. 

The present palaeohydrogeological evolutionary scenario (cf. Chapter 10.5) includes 
uncertainties which cannot be fully explained by presently available data, namely, the 
hydrological data do not indicate present day upwelling of highly saline groundwaters. 
However, it is not inconceivable that a regional gradient on the scale of tens of 
kilometres and more, which would result in a hydraulic head difference below detection 
limit in the measurements, could be the driving force. Thus, the possibility of a regional 
groundwater flow at Olkiluoto, especially the displacement of groundwater salinity, to 
move deep saline water under a regional gradient from higher altitude inland areas to 
discharge at coastal areas, cannot be totally excluded. Note, in the context of regional 
groundwater gradients, it is also significant that the occurrences of saline groundwaters 
are not only limited to coastal areas in Finland (Blomqvist, 1999 and references within), 
but are partly even observed on large scale regional water divides (e.g. at Miihkali, 
Juuka, Tipasjärvi and Sotkamo in Eastern Finland. 

It should also be noted, however, that the current groundwater flow model for Olkiluoto 
(cf. Chapter 3 and 9) would not allow a regional groundwater flow field to emerge even 
at depth. While it can be accepted that at very great depths (a few kilometres and 
deeper) the regional gradient may overcome the hydraulic gradient brought about by the 
site scale water table, there is little doubt that down to repository depths, and somewhat 
deeper, the site scale water table dominates under the current conditions which have 
developed since 2.5–2.8 ka ago when the highest land elevations began to emerge from 
the sea. On the other hand, the site data also imply that the groundwater conditions at 
great depths are not affected by the local water table gradients. Earlier than 2.5–2.8 ka 
ago when Olkiluoto was submerged, no site scale hydraulic gradients were acting. The 
stage of submersion had started several thousand years earlier along with the withdrawal 
of the Weichselian ice sheet at Olkiluoto. It is therefore unclear whether such conditions 
might have allowed regional groundwater flows to prevail within the uppermost 1,000 
metres of the bedrock at Olkiluoto. 

11.2 Model input parameter values and alternative scenarios 

Other uncertainties centre around the model input values used in extrapolating rates of 
diffusion (cf. Chapter 7 and Figure 7-1) when comparing porewater calculations to 
those indicated by the palaeohydrogeological modelling (cf. Chapter 9 and Figure 9-1). 
Porewater diffusion calculations are one-dimensional only when taking into 
consideration the distance to the nearest water conducting fracture zone as observed in 
one dimension in the drillhole. In reality, there is always the possibility that other water 
conducting fracture zones occur at other orientations in close proximity to the sampled 
drillhole, at locations indicating shorter diffusion distances. Logically, this uncertainty 
should decrease with depth, where water conducting fracture zones tend to be less 
frequent and distances between them greater. However, possible localised heterogeneity 
of these deeper fracture systems, and the general bedrock anisotropy typical of 
Olkiluoto as a whole, still may result in erroneous distances being selected. There is, 
therefore, no clear dependence on the distance between the porewater samples and the 
nearest observed transmissive fracture in the drillholes, which further highlights the 
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complexity when interpreting the transient between porewater and fracture groundwater 
systems. 

Because of the significant heterogeneity in diffusion properties in the Olkiluoto rock 
types and in lithology around transmissive fractures, together with potential anion 
exclusion in pores connected by very small apertures (cf. Chapter 6), straightforward 
evaluation of salinity evolution over long distances in the intact bedrock may be 
impeded. The results of hydrogeological simulations clearly indicate lower diffusivity in 
matrix pores than measured from hand specimens in the laboratory, which further 
emphasises potential factors to restrict in situ diffusion in the Olkiluoto bedrock    

Some uncertainties are also related to the experimentally derived porewater 
concentrations. For example, one explanation to salinity differences between matrix 
porewaters and fracture groundwaters may be anion exclusion and/or ion filtration 
which seems indicated from several laboratory experiments based on Olkiluoto and 
Finnish rock samples dealing with small-sized core samples (cf. Chapter 6). These anion 
exclusion and/or ion filtration results suggested a significant lowering of the diffusion 
coefficients for Cl compared to the values used in the diffusion calculations based on 
the matrix porewater results, and therefore may explain the in situ salinity differences 
between the porewaters and fracture groundwaters over long time scales. Sericite 
infillings in micro pores may divide the void size to nanometre scale, which tends to 
reduce the pore size accessible to anions due to electrostatic forces. Thus, anion 
concentrations in permitted pore voids in the matrix may be closer to the fracture 
groundwater concentrations than those obtained from back-calculation of the porewater 
Cl concentration by using the water-loss porosity as a proxy for the total anion-
accessible porosity.  The in situ diffusion coefficients may still be lower than those 
measured from drillcore samples due to the heterogeneity of the bedrock. In addition, 
the possible diluting influence of drilling fluid contamination and gas release on matrix 
pore fluids, which could reduce the observed salinity difference between matrix 
porewater and fracture groundwater, are also open questions.  

Other uncertainties are associated with the heavy stable isotope compositions observed 
in the matrix porewaters, interpreted as an indication of warm climate meteoric 
infiltration; to date similar heavy signatures have not been observed in fracture 
groundwater data in Finland or neighbouring areas, but have been observed in 
porewater from Laxemar and Forsmark (Waber et al, 2009 a, b). These unique 
observations have, however, not yet been further evaluated if the stable isotope 
composition of the matrix porewater in situ may be exposed to isotope exchange 
between minerals in microfractures under extremely low water-mineral surface ratios, 
which might alter the stable isotope signature to a heavier value than in the original 
fluid. 

Even though possible drilling fluid contamination has recently shown to be within the 
uncertainty band given for the porewater concentrations for Swedish granodioritic rocks 
(Waber et al. 2011) and for veined gneiss and tonalite-granodiorite-granite gneiss from 
Olkiluoto (Meier, 2012), other processes occurring during the experiments that could 
potentially modify the in situ porewater concentrations, such as anion exclusion, ion 
filtration and isotope exchange, cannot yet be completely ruled out. However, based on 
analogy with similar crystalline rocks (e.g. impregnation experiments with resins of 
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variable molecular size), effects such as anion exclusion, ion filtration and isotope 
exchange during the experiment may not be a major problem.   

11.3 Future emphasis   

Several areas of uncertainty have been highlighted and discussed above, and it is 
important that these uncertainties are rigorously addressed. Plans are presently 
underway and additional corroborative (or otherwise) data should be available in the 
near future. 

The influence of uncertainties is meandering between the two models, both of which 
can explain the salinity difference between fracture groundwaters and matrix porewater. 
The first one is the presented paleohydrogeochemical model (cf. Chapter 10.5) based on 
the slow upwelling of saline groundwater. This is not supported by hydrological data 
although the necessary head difference may be below detection limit or masked by the 
local head field. Hydraulic head data obtained from drilling deeper than existing 
drillholes, or below the sea at Olkiluoto, may give more precise information of a 
potential regional gradient, because such measurements are probably not disturbed by 
the variation in local hydraulic heads on the island. Investigations of drillhole OL-
KR56, which is 200 m deeper than any previous drillhole, are already under way. 

The second model is simply based on anion exclusion/ion filtration. The difference 
between fracture groundwater and matrix porewater may be false due to anion 
exclusion/ion filtration, i.e. diffusion porosity for Cl and other anions is smaller than 
water-loss porosities, which are used to calculate porewater concentrations. Thus, 
porewater salinities may be incorrectly low and a balance may in fact prevail between 
fracture groundwaters and matrix porewaters. If this is the case, a Tertiary age dilute 
groundwater period would not be noticeable. Still, even in this case evidence of 
porewaters characterised by a heavy stable isotope composition need further 
investigation, although the inaccuracy of the available data is significant compared to 
the fracture groundwater data. Further knowledge of groundwater equilibration and 
fractionation under low water/mineral surface area conditions and low temperature is 
needed, for example data from very low transmissive fractures would be helpful. 

Calculated diffusion models (cf. Chapter 7 and Chapter 9) deviate from pore 
diffusivities in order to achieve the obtained salinity contrast between porewater and 
fracture groundwater. This may result from much lower diffusivity at metre scale in situ 
conditions, than measured from hand specimens in the laboratory due to heterogeneous 
bedrock structures (i.e. variation in lithology, orientation and porosity around fractures). 
This heterogeneity, together with anion exclusion, may cause the obtained differences 
between porewater and fracture groundwater and may indicate chemical evolution 
between the two extreme models above.    

These uncertainties may be assessed by selecting a well-defined porewater profile 
extending from a transmissive fracture into the undisturbed rock matrix. The study 
should comprise: a) integrated drillcore characterisation, b) porosity description of the 
rock samples with measurements to specify anion exclusion including at least two 
different conservative tracers (HTO, Cl-36) with different sink/source terms, and c) out-
diffusion experiments and diffusion modelling exercises to simulate system evolution. 
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Extension of the porewater and fracture groundwater studies deeper than current data in 
the bedrock, where presumably longer interaction times between saline groundwater 
and matrix porewater can be expected, may shed light on the importance of potential 
factors that may restrict or favour diffusion in the bedrock.  

These types of investigations are already under way at Olkiluoto. The REPRO project 
includes diffusion experiments under in-situ conditions in deep bedrock. In situ 
experiments are supported by extensive laboratory studies using the drillcore samples 
from the experimental in situ drillholes (Aalto et al. 2009, Voutilainen et al. 2014). 
Rock matrix diffusion properties will be studied in situ using matrix diffusion and 
through diffusion experiments. Laboratory studies include also out-diffusion experiment 
of the matrix porewater in addition to the matrix diffusion and through diffusion 
experiments. Rock matrix porosity and pore structure in rock matrix will be studied by 
several alternative methods including: water saturation, Argon pycnometry, CT 
tomography for 3D structure characterisation, impregnation with 14C-PMMA, 
diffusivity measurements using He gas and, electromigration experiments of through 
diffusion. Rock structures have been studied regarding potential anisotropy in diffusion 
properties. Matrix porewater characterisation using gas compositions are under way 
with deep samples from drillhole OL-KR56.    
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The present land uplift In Finland varies from ~0 in SE Finland to ~11 mm/a in the Bothnian Bay area 
109. 

During the present Baltic Sea stage, the climate in Finland has been wet and cool Subatlantic 108. In 
Baltic Sea, TDS is ~6 g/l 98. 

8500–4500 BP: The Littorina Sea stage started when the saline water rose above the threshold in the 
Straits of Denmark and began to enter the Baltic basin 98,111. Littorina Sea water TDS was ~12 g/l 98. In 
the beginning of the Litorina Sea stage, the climate in Finland was wet and warm Atlantic; later it 
changed to drier but was still ~2°C warmer than present. Until the end of the stage, the climate was 
turning subboreal, i.e. wet and cooler than present 

108.  

10800–8500 BP: The Ancylus Lake. As the rate of land uplift in central Sweden was faster than the rise 
in ocean level, this caused the Baltic basin once more to form a freshwater lake 15,111. During the Yoldia 
and Ancylus stages, the climate in Finland changed from preboreal to boreal 108. 

Glacio‐isostatic uplift was extremely rapid at the end of, and immediately after deglaciation. Major 
late‐ or postglacial faults in northern Fennoscandia date back to this time 52,53,56,64. The rate of land 
uplift decreased significantly from ~9500–8800 BP 21,106,137. The Lapland postglacial fault province is 
related to a spreading ridge in the Norwegian‐Greenland sea, >3 km thick Plio–Pleistocene sediments 
in the Norwegian Sea, and >1 km deep Pleistocene erosion on the Lofoten‐Barents Sea shelf 54,105. 

~10000 BP: Ice melted in Finland, and from 9000–5500 BP the climate was ~2°C warmer than present 
65,67,111. 

11580–10800 BP: The Yoldia Sea stage started when retreating glaciers opened the Billingen channel, 
and the level of the Baltic Ice Lake dropped 

98,111. 

Some postglacial faults have been reported in western Finland (e.g. in Kustavi and Korsholm) 62. 
Present seismic activity in SW Finland has been measured, e.g. in the Arlanda Fault which runs from 
Härnösand over the Bothnian Sea to Pori area, and is located along the northern edge of the Satakunta 
Sandstone about 35 km from the Olkiluoto site 109. 

Kokemäenjoki river formed ~6500 BP, when Liekonvesi at Vammala broke out of the sea. The estuary 
was located in Harjavalta ~4000 BP, in Nakkila ~2000 BP and in Pori ~500 BP 40. 

Most of the Satakunta region emerged during the early Littorina stage 69,110. 

Easternmost areas of Satakunta emerged during the Ancylus Lake stage 69,110. 

Satakunta is located north of the Salpausselkä end‐moraines and south of the Central Finland end‐
moraine, and was covered by the Baltic ice lobe during the deglaciation 

67. 

10800 BP: The dividing line between the Yoldia Sea and Ancylus lake shorelines runs from Pori through 
Jyväskylä to Kajaani 110. 

The age of mires varies between 1300 and 10500 years ago in SW Finland 70. 

Based on varved clays  and 14C‐ and palaeomagnetic datings, the First and the Second Salpausselkä 
were formed in front of the Baltic Ice Lake, i.e. ~12.3–12.1 ka and ~11.8–11.6 ka ago, respectively 
(during the Younger Dryas), and the Central Finland endmoraine ~11.2–11.1 ka ago 67,112. 

Olkiluoto lies about 300 km south from the area of maximum land uplift 45,69. At Olkiluoto, the current 
uplift rate is 7.23 mm/a and the horizontal movement is 0.81 mm/a towards the SE 109. 

The Olkiluodonjärvi mire/bog formation was controlled by the shore displacement and isolation 
occurred around 1491–1638 A.D. 21,137. 

~500 BP: Olkiluoto area resembled closely to that of today, but, for example, Liiklankari and Otpää 
were still separate islands 69. 

~1000 BP: Olkiluoto started to form when several small islands amalgamated 69. 

~2800 BP: The first emergence of high land (e.g. Selkänummenharju and Liiklankallio) of the present 
Olkiluoto island rose above the sealevel. In 2000 BP and 1500 BP the sealevel was respectively 12.8 
and 10.1 m above the present sealevel 

69. 

In the Quaternary sediments of Olkiluoto, two sandy to silty till beds are reported at several locations. 
The upper bed is often layered due to changes in groundwater level over time. The upper till bed is 
deposited in the last flow phase of the Weichselian continental ice. Bedrock striations indicate a WNW‐
ESW ice movement. The lower bed, which is preserved in bedrock depressions, was deposited during 
an earlier flow phase of the Weichselian; according to till fabrics, in places this was from north to south 
37,38,39. 

During the main part of the Littorina stage, the sea at Olkiluoto had a depth of about 30 to 50 m 21,98. 
the TDS in the seawater was about 4‰ higher than modern Baltic Sea at the Finnish coast, and since 
that time the salinity has been steadily reduced to the current 6‰ at Olkiluoto 

16,98. 

No postglacial active faults have been detected in the Olkiluoto bedrock; furthermore, the tills in 
Olkiloto show signs of disturbance related to bedrock movements 37,38,39,62. 

In Gulf of Bothnia, in the vicinity of Olkiluoto, various disturbed sedimentary structures are interpreted 
as indications of ~10650–10200 BP palaeoseismicity, i.e. few hundreds of years after the deglaciation 
of the area 

41,42,50,54. 

Olkiluoto emerged from the ice cover ~11 ka ago, but remained below the mildly saline Yoldia Sea 
which had a depth of about 100 m21,98. Based on groundwater stable isotopes, glacial meltwater close 
to the retreating ice margin possibly infiltrated the bedrock to depths of 200–300 m 96,98. 

0.0117 

2.588 

Pleistocene 

15–11.58 ka: The Baltic Ice Lake stage. Lake formed after the glacier retreated to the southern margin 
of the Baltic Basin 6,111. 

~18–12.7 ka: Rapid warming of climate and melting of ice ended with Younger Dryas ~12.7–11.7 ka 
65. 

The sealevel rose remarkably fast during the deglaciation 13. This originated because of the vast 
amounts of melt waters produced by the melting continental glaciers and the thermal expansion of the 
sea‐water 23,138. 

During the Late Weichselian glacial maximum ~22–18 ka 
58,66,123, Fennoscandia was covered by a 

continental ice sheet with a maximum thickness of about 2.5–3 km 24,94, the weight of which made the 
Earth’s crust sink by downwards several hundred metres 137. At that time, the sealevel laid some 120 
metres below the current level 13. 

~116 ka–11.5 ka: Weichselian glacial period. Rapid climate changes. Brørup (MIS 5c) and Odderade 
(MIS 5a) interstadials, ~103–96 ka and ~84–75 ka, respectively 

65. 

~130–116 ka: Eem interglacial (MIS 5e): the Baltic Basin contained the Eemian Sea 66,78. A fresh‐water 
stage has been interpreted to have preceded the Eemian marine transgression 107. Based on Eem 
organic sediments in W Finland, Karelia and Estonia, a seaway through Karelia connected the North 
Sea with the Barents Sea ~125 ka ago, and Fennoscandia was an island for at least 2,000–2,500 years 
6,26,66,78. The Eemian Sea was warmer and more saline than present Baltic Sea ‐ even ca. 6°C and 15‰ 
higher than present 26. There were no rapid climate changes during Eem interglacial 65. 

~380–130 ka: Till deposits of the Saale glaciation (MIS 8–6) are common in western Finland 66,85. 

414–398 ka: Holsteinian Interglacial (MIS 11–9) 25. 

500–414 ka: Elster Glaciation (MIS 14–12) 139. 

800–500 ka: Cromerian Complex (MIS 19–15) 
25. 

~13.1 ka: Retreating ice margin reached the coast of southern Finland 112. The Gulf of Finland and the 
Second Salpausselkä became ice‐free between ~13.0–11.6 ka ago 67. 

The Pleistocene continental glaciation eroded the bedrock mainly by polishing the weathered surfaces 
134. 

~37–26 ka: Studies on the isotopic composition of mammoth skeletal remains have indicated that a 
large ice free area existed in southwest Finland and even in southeast Sweden 4,128,129. 

~58–25 ka: Warmer stage in the late Middle Weichselian; the Scandinavian ice sheet strongly oscillated 
and southern Finland was several times free of ice 65,113. However, it is possible that the westernmost 
part of Finland was glaciated at that time since this area is so close to the Weichselian glaciation centre 
97. 

~70–60 ka: The Scandinavian ice sheet advanced into southern Finland and beyond 67,111. 

At several sites in SW Finland, two till beds are found overlying organic sediments that were deposited 
during the Eemian interglacial stage or Early Weichselian interstadials 

85. 

In the Suupohja area, in Ostrobothnia, Quaternary strata show complex sedimentation due to several 
transitions from ice melting to subaerial conditions, succeeded by glacial advances 97. In this area, 
preservation of sediments deposited before the last glacial cycle is closely related to: a) the proximity 
of the glaciation centre, b) deep depressions in the crystalline bedrock, c) subglacial hydrology, and d) 
the cold‐based ice and deeply frozen ground during the latest and earlier glaciations. Sub‐till sediments 
in the area are dated as 160–70 ka whereas also younger ages of 70–40 ka, are reported in SW Finland 
85,97. 

~130–70 ka: There was no glacier in southern Finland during Eem and Early Weichselian 65,67. In 
western Finland, the Eemian sea level reached a maximum of at least 20 m higher than the Holocene 
Litorina Sea. In addition, pollen studies show that many trees had a more northerly distribution in 
Finland during Eem than during the Holocene 

107. 

There is no evidence of pre‐Saalian (–380 ka ago) tills in SW Finland 67. 

During the Late Weichselian (MIS 2) (25–10 ka ago) glacial maximum ~22–18 ka ago, Olkiluoto was 
under a thick ice cover 

58,66,123. 

A lower till bed observed in several bedrock depressions at Olkiluoto, is interpreted to have been 
deposited in an earlier flow phase of the Weichselian 37,38,39. 

Ice sheet oscillation during the Middle Weichselian (MIS 4 and 3) (75–25 ka ago), occurred in southern 
Finland, especially during the latter part 

65,113. Olkiluoto was probably free of ice during ~37–26 ka ago 
when there were large ice‐free areas in southern Fennoscandia based on studies of mammoth remains 
4,128,129. The mean annual temperatures in the ice free period of the Middle Weichselian was about 2–
6°C lower than present 

4. 

During the Early Weichselian (MIS 5d–5a) (116–75 ka ago) the glaciation reached only northern Finland 
and Olkiluoto remained without ice cover 3,65,98. 

Due to isostatic depression of the crust, large parts of western and southern Finland, including 
Olkiluoto, were submerged in the saline Eemian Sea when the Saale ice sheet was retreating 

31. Eemian 
air temperatures at Olkiluoto were from 4–5°C higher, and the global sea level approximately from 4–6 
metres higher than present 22,31,44. 

A limited U‐series date, 172.6 ka, have been reported for a fracture calcite sample from Olkiluoto site. 
This sampe has O isotope signature indicative of lower formation temperature 9,80. 
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Pliocene 

~2.6 Ma: Dramatic climate cooling with large ice sheets forming in the northern hemisphere 103. 

During Late Pliocene and Pleistocene, the tectonic uplift was amplified by isostatic rebound in 
response to the glaciation. Thick sedimentary sequences were deposited resulting from uplift and 
increased erosion 

105,120. 

 

 

5.332 

23.03 

Miocene 

The second major episode of the Western Scandinavian uplift occurred in Neogene starting from late 
Oligocene, and had its centre in southern Norway 

92,120. Palaeozoic and Mesozoic sedimentary cover of 
Finland was probably removed during the Palaeogene to Neogene uplift 47,92. Heavy mineral studies 
show that Finland and Sweden have been the source area for the sand rich deltas in the present day 
Denmark 102. 
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Oligocene 

Strong climate changes occurred related to several dramatic drifting episodes occurred during the 
Oligocene 

79. 

First prograding deltaic complex developed, sourced from the Fennoscandian Shield 102. 
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55.8 

Eocene 

Towards the Eocene‐Oligocene boundary, the greenhouse climate, prevailing since the Mesozoic, 
changed to modern icehouse climate. Growing ice caps in Antarctica and Greenland caused generally 
lowering eustatic sea level, and depositional regime changed 102. 

On the basis of microfossils, the clay of the Akanvaara deposit in eastern Lapland was deposited in the 
Eocene under marine conditions. The Akanvaara clay is possibly a relict of a more extensive marine 
clay bed, deposited in an arm of the Arctic Ocean 

127. 
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223



65.5 

Palaeocene 

The first phase of western Scandinavian uplift, amounting close to 1500 m in northern Sweden, 
occurred in the Palaeogene in connection with the opening of the North Atlantic and emplacement of 
the mantle plume in Iceland 120. 

The Tertiary erosion topographically resulted in almost horizontal plains with residual hills in Lapland 
61. A deeply weathered basement is presently underlying the Quaternary cover and remnants of 
Eocene microfossils in Lapland represent the Palaeocene‐Eocene erosional surface. Based on offshore 
data, the peneplanation may have begun already in the late Cretaceous 105. 

Based on fission track studies, the modelled histories of the Precambrian basement define cooling 
from ~65°C at ~60 Ma 83. 

During the Palaeogene and Neogene, tectonic uplift of 1–2 km took place in western Scandinavia in 
connection with the opening of the North Atlantic Ocean 92,105,120. It has been estimated that uplift in 
the Bothnian Sea area at this time was about 500 m 5,92. 

Strongly weathered rocks are observed at a several localities at the Olkiluoto site from the bedrock 
surface to depths of a few metres. Typically, they have been preserved in depressions and are covered 
by Quaternary sediments. There are no age data of this phenomenon, but presumably these rocks 
represent the Palaeocene‐Eocene erosional surface in Olkiluoto 1,63. 

65.5 
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Mesozoic 

Cretaceous   

During the Cretaceous, the uplift of the Caledonian foreland basin declined or possibly ceased, at least 
in Southern Sweden, and the transgression of the Cretaceous Sea caused deposition of sediments that 
have subsequently been eroded 60. The FT models typically reach temperatures >60°C again at the end 
of the Cretaceous. This may represent a slight reburial due to deposition of sediments from Cretaceous 
tectonics in the North Atlantic shear zone. 12,83. 

The Palaeozoic‐Mesozoic sedimentary cover still existed at the time of the Lappajärvi meteorite impact 
approximately 75 Ma ago, but was eroded away probably during the late Mesozoic or early Cenozoic 
47. Favourable conditions for deep chemical weathering are considered to have prevailed in Finland 
during the late Mesozoic 

47. 
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Jurassic   

The Middle Jurassic tectonic event in the Tornquist Zone, in the SW margin of the Fennoscandian 
Shield, characterised by differential uplift of the blocks, took place and was accompanied by basaltic 
volcanism 87. 
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251.0 

Triassic   
~200 Ma: In the late Palaeozoic and early mesozoic, denudation and isostatic uplift of the Caledonides 
resulted in almost total peneplanation 

47. 
 

Two studied diabase dikes in Olkiluoto yield a secondary magnetic remanence component that may be 
related to the formation of Pangaea supercontinent at ~250 Ma 76. 

251.0 

299 

Palaeozoic 

Permian   

Extensive evaporite formations of Zechstein Sea origin, located along the southern and western 
margins of Fennoscandia, are dated as ~250–260 Ma 115. 

The Caledonian foreland basin was uplifted and exposed during the late Palaeozoic and Mesozoic 60. 

~260–230 Ma: Karikkoselkä impact took place in late Permian or early Triassic, and based on acritarch 
results, Proterozoic rocks in central and western Finland were overlain by early and/or middle 
Cambrian and early to late Ordovician deposits 130. 

Formation of hyper‐saline fluid inclusions in platy gray fracture calcites in Olkiluoto may have a 
connection to the Permian evaporites of northern Europe 8,96,115. 

299 

318.1 

Carboniferous   

During the Late Palaeozoic, the continents gradually formed the supercontinent Pangaea. The final 
completion of Pangaea took place during the Late Carboniferous period 

92. 

During uplift in the Carboniferous period, the southwestern Fennoscandian Shield was exposed. 
Sediments probably associated with this erosional event are found in, for example, the Lithuanian 
basins today 11. 

In Caledonian foreland basin deposits, fission track ages from southern Sweden imply that heating 
above about 100°C must have taken place before the Late Carboniferous, and a sedimentary load is a 
conceivable explanation for such a regional heating 

11. 

In Forsmark, Sweden, there is interpreted to have been a Palaeozoic downward migration of a 
sedimentary brine, which was mixed with an original fluid in the crystalline rock and caused 
precipitation of a fracture mineral generation between ca. 180 and 60°C, however, most calcites at 
temperatures between ca. 100 and 60°C. This precipitatiopn can be effect of Caledonian orogeny or its 
foreland basin 114. 

Upper Carboniferous to Lower Permian sedimentary rocks, limestones, are present in the fault‐
bounded Oslo Graben but are absent from the rest of the Fennoscandian Shield 

92. 
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416.0 

Devonian   

Late Silurian re‐heating was followed by Late‐Devonian–Mesozoic cooling to temperatures about 60°C 
83. 

The Sokli carbonatite complex was intruded in eastern Lapland from 368–363 Ma based on Rb‐Sr 
dating. Another member of the Devonian Kola alkaline province, the Iivaara alkaline complex, is dated 
at 373–363 Ma 

88. 

~400 Ma: Finland lay on the equator and, for example, the Sokli intrusion underwent complex 
weathering resulting in a 26 m thick reddish brown layer of dissolved carbonate 88. 

~420–350 Ma: The Caledonian foreland stage. Minor rock units belonging to the Scandinavian 
Caledonides are present in the far northwest part of Finland. 

In the Fennoscandian Shield, the Palaeozoic is known as a period of regional Pb and U mobilisation 
59,116. In addition, U‐Pb data from zircons in the Fennoscandian Shield commonly yield late Palaeozoic 
lower intercepts on the U‐Pb concordia. This is in agreement with the interpretation based on apatite 
fission track studies; i.e. the rocks of the present bedrock surface in Finland and Sweden were heated 
at the same time. This can be explained by thick terrestrial or shallow‐water ("Old Red") deposits from 
erosion products of Caledonides 59,121, i.e. extensive Silurian to Devonian deposits most likely covered 
large parts of the Fennoscandian Shield, with an estimated thickness of about 3–4 km in Sweden and 
thinning to the east. Also, Sm‐Nd dating on fluorites in SE Fennoscandia gives roughly similar ages, 
although with high uncertainties 2. However, none of Silurian to Devonian strata have survived in 
Finland 47,60.  

Apatite fission track studies indicate extensive Silurian to Devonian deposits with thicknesses of ~1 km 
in the Satakunta area and at least ~1 km in the Åland Archipelago 

11,12,60. These deposits were derived 
from the eroded Caledonian mountain chain along the north‐western margin of the Fennoscandian 
shield 92. 

From the U‐Pb system, lower concordia intercept ages concerning 41 diabases, rapakivi and other 
granite samples from SW Finland, were distributed in the Late Palaeozoic and Early Mesozoic 121. 

Fluid inclusion analyses have suggested the 50–70°C trapping temperatures in platy grey fracture 
calcites, which are possibly related to deep burial in Devonian 1,8,47,60. 

An apatite fission track study of a sample from 998 m depth shows an apatite annealing age of 413±14 
Ma 

60. Total annealing implies temperatures of at least ca. 100°C. 

Data from several zircons in Olkiluoto reflect Palaeozoic disturbance in U‐Pb system based on lower 
intercept ages. This is common phenomenon in the Fennoscandian shield 

71,73,74,121. Two altered zircon 
grains give ~0.4 Ga U‐Pb ages. These grains are supposed to be high‐U pegmatitic granite zircons of 
which U‐Pb systems were vulnerable for later hydrothermal events 74. 

416.0 

443.7 

Silurian   

Late‐Silurian re‐heating in southern Finlanda at 420±20 Ma based on apatite fission track studies 83. 

Phanerozoic low temperature fluorite‐calcite‐galena dikes occurring along the margins of the 
Fennoscandian shield are dated with the Sm‐Nd method at ~0.42 Ga 2. 

~425 Ma: Baltica and Avalonia, collectively known as Balonia, collided with Laurentia, which resulted in 
closure the Iapetus Ocean and the main stage of the Caledonian orogeny 92. 
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488.3 

Ordovician   

The Ordovician sequences are rather thin, varying from a few metres to commonly less than 100 m. 
This indicates very low deposition rates, only a few millimetres per 1,000 years 43. 

In the Ordovician, an epicontinental sea with repeated transgressions and regressions covered most of 
the southern part of the Fennoscandian Shield. The sedimentation was predominantly governed by 
carbonates 

92. 

The U‐Pb age of the Halti‐Ridnishokka intrusion from the Finnish Caledonian has an age of 0.44 Ga 
132. 

Ordovician rocks in the Bothnian Sea bottom are carbonate‐dominated and their maximum thickness 
is about 350 m. The youngest preserved rocks in the Bothnian Sea area comprise Upper Ordovician 
calcilutitic limestones 47. 
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Age data reveal uraninite mobilisation ages of ~0.45 Ga from East‐Uusimaa 133 

542.0 

Cambrian   

Before the Ordovician transgression, there was a major erosion of Cambrian sequences 92. 

~600–420 Ma: The stage of platform sedimentation. In response to the opening of the Iapetus Ocean, 
a shallow marine continental margin was created. Siliciclastic sediments (mainly Cambrian) and 
platform carbonates (mainly Ordovician) are preserved in the Bothnian Sea area, while minor cover 
remnants (e.g., the Lauhanvuori and Hailuoto Fms. and the Dividal Group) and other scattered 
indications (e.g., clastic dikes) are found in the mainland 47.  

In the bottom of the Bothnian and Åland seas, Mesoproterozoic sandstones, and in places crystalline 
bedrock, are overlain by Cambrian to Ordivician strata 47. Cambrian rocks form a mudstone‐sandstone 
sequence with a maximum thickness of 200 m 47. 

Acritarch results from Karikkoselkä, Lappajärvi and Söderfjärden impact craters suggest that sea 
covered central and western Finland during Neoproterozoic to beginning of the Middle Cambrian, and 
during the late Middle Cambrian the area was dry land 130. 
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Neoproterozoic   

~600 Ma: The kimberlites in eastern Finland were emplaced during the onset of the platform 
sedimentation stage 88. 

During the Vendian, the Baltica craton drifted from an equatorial position toward the South Pole 125, 
resulting in large scale glaciation. Based on microfossils and geochemistry, the age range for this 
Vendian glaciation is ~650–590 Ma 

124. 

During the Neoproterozoic erosion period until the beginning of the Vendian, 650 Ma ago, the Baltica 
craton, including the present‐day Fennoscandian Shield was located in the tropical zone, where a 
warm and moist climate favored both physical and chemical weathering 92. Finnish bedrock was 
eroded almost to its present level 134. 

~800–540 Ma: After the Sveconorwegian orogeny, Laurentia and Baltica together with all the other 
continents formed one single worldwide supercontinent, Rodinia. This supercontinent started to break 
up at about 750–725 Ma 

92,124,125. 

Glaciogenic sediments of ~850–630 Ma are found in every continent except Antarctica; "Snowball 
Earth" 35? 

~900–600 Ma: The Neoproterozoic exhumation stage. In the late Precambrian, the crystalline 
basement became exposed over large areas in northern Europe 47. 

~950 Ma: The Caledonian foreland sediments were deposited over large areas with a thickness of at 
least 8 km ~100 km east of the Sveconorwegian orogen. Most of these sediments were removed at the 
end of the Proterozoic when a sub‐Cambrian palaeosurface was estabilished 

60
. 

Lake Sääksjärvi, located northeast of the Satakunta sandstone, hosts an approximately 5 km wide 
impact structure of early Cambrian age (~560 Ma) 19,82,91,95. This structure consists of 180 m thick 
suevite breccia and an impact melt breccia located above a deformed Proterozoic mica gneiss 95. 

~600 Ma: Clastic dikes (sandstone‐filled fractures) in the Åland archipelago indicate that the sub‐
Cambrian peneplain is close to the present erosional level 92,134. 

A fault breccia (<2 micron fraction), sampled from a low angle SSE dipping zone in ONKALO (chainage 
87 m), has an illite K‐Ar age of 550±11 Ma corresponding to a Neoproterozoic – Lower Cambrian age, 
and can be linked with a platform sedimentation stage which existed in Finland at 600–420 Ma ago, 
the younger end coinciding temporally with Caledonian events. 47,72. 

An apatite fission track study of a sample from 42 m depth shows an apatite annealing age of 787±27 
Ma 60. (AFT ages greater than ~300 Ma show a high degree of local variability in Finland, reflecting 
variations in annealing behavior magnified over very long time scales. Also, the Radiation Enhanced 
Annealing is challenging the validity of modeling AFT data in Finland and other cratonic settings 33.) 

Another fault breccia sampled from sub‐horizontal zone OL‐BFZ101 in ONKALO tunnel chainage 68 m 
yields an illite K‐Ar age of 912±18 Ma corresponding to a Neoproterozoic‐Tonian age. This age can be 
roughly temporally linked with late events related to Sveconorwegian orogeny; Sveconorwegian 
foreland basin stage at ~950 Ma and the beginning of the Neoproterozoic exhumation stage at ~900–
600 Ma 47,60,72. 
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The 1120 Ma Salla and 1042–1013 Ma (Sm‐Nd) Laanila‐Ristijärvi diabase dikes were intruded in the 
shield in northern Finland. 

1120 Ma (Salla) and 1042–1013 Ma (Laanila‐Ristijärvi) basaltic dikes were intruded in the shield in 
northern Finland 100–200 Ma after the Postjotnian magmatism 77. These ages with Postjotnian 
magmatism correspond to the initial extension and final closing stages, respectively, of the 
Sveconorwegian orogeny in the southwest 

47. 

~1150–950 Ma: The main phase of the Sveconorwegian orogeny; the collision between the Baltica and 
Laurentia cratons 119. 

~1.27–1.25 Ga: The Postjotnian olivine diabases in Finland and Sweden (Central Scandinavian Dolerite 
Group), and related diabases in Greenland, are considered to represent the initial rifting between the 
Baltica and Laurentia cratons prior to the Sveconorwegian orogeny 

47,100.  

~1250–1100 Ma: An extensional period of the Sveconorwegian orogeny 119. 

~1265 Ma (and at least 200 Ma before that) the Laurentia craton and Baltica cratons formed a 
coherent continent with present day northern Fennoscandia facing eastern Greenland 92. 

~1340–1265 Ma: An early Sveconorwegian thrusting phase (The first phase of the Sveconorvegian 
orogeny) 

119. 

~1600–1300 Ma: The intracratonic rift basin stage. After the emplacement of the locus classicus 
~1.67–1.54 Ga rapakivi granites and related rocks, thick fluvial deposits began to fill the developing 
intracratonic rift basins. These rock sequences (e.g. the Satakunta and Muhos Formations) are 
preserved in tectonic depressions and graben structures delineated by reactivated fracture zones 47. 

1.27–1.25 Ga: The Satakunta sandstone was cut by Mesoproterozoic olivine diabase dikes and sills, e.g. 
Sorkka diabase in Eurajoki  1,121. The olivine diabases  are cut by younger diabase dikes trending almost 
north‐south. These undated dikes are rarely exposed but can be clearly seen in the low altitude 
aeromagnetic map 1. 

The upper parts of the sandstone were deposited about 1.4–1.3 Ga ago but the oldest parts are 
possibly as old as the initial graben where it is located 

51,46,47. Its depositional history is complex and it 
was formed in a fluvial depositional environment 47. Based on one drillhole and geophysical 
interpretation, the thickness of the sandstone is at least 600 m, and probably as much as 1,800 m 18,47. 

Hydrothermal alteration is reported in and around the vicinity of Eurajoki rapakivi. Prior to, or in early 
stage of hydrothermal alteration, greisenisation had taken place. It represents slightly higher 
temperatures (260–480°C) and smaller volumes of rock than the main hydrothermal fluid circulation 
1,30,101. 

A sample from Tarkki rapakivi yields cooling age of 1570±4 Ma through 500°C, and cooling age of 
1560±4 Ma through 300°C, based on hornblende and biotite Ar‐Ar analyses. This represents fairly rapid 
cooling 

89. 
The hornblende sample 1747‐01 yields a plateau age of 1570 ± 4 Ma. This is interpreted to represent 
cooling through the argon closure temperature of hornblende (ca 500 ° C). 4.4.2. Biotite 1750‐01 The 
biotite sample 1750‐01 yields a plateau age of 1560 ± 4 Ma. This is interpreted to represent cooling 
through the argon closure temperature of biotite (ca 300 ° C). 

The Eurajoki rapakivi stock, which is located few km:s east of Olkiluoto, has two granitic phases of 
different ages: a hornblende‐bearing Tarkki granite with and age of 1571±3 Ma and a light‐coloured 
topaz‐bearing Väkkärä granite with an age of 1548±3 Ma 29,122,131. Intrusion of rapakivi granites 
occurred at a depth of ~5 km 

134.  

The northern part of the Mesoproterozoic Laitila rapakivi batholith, dated at 1583±3 Ma, is located 
about 15 km east of Olkiluoto 131. 

~1.65 Ga: The Satakunta sandstone and its submarine extension in the Bothnian Sea below the 
Palaeozoic rocks, started to deposit in a graben structure formed during the rifting period before the 
exposition of the rapakivi granites 48. It has been interpreted to be a fluvial sediment formation 
deposited in an alluvial environment 

46.  

 

K‐Feldspars from 6 samples from Olkiluoto and its vicinity show cooling below 125–150°C in ~1200–
1250 Ma interval based on an Ar‐Ar study 89. 

Fault breccia samples from ONKALO (chainage 960 m) yields a K‐Ar age of 1225±24 Ma corresponding 
to a Mesoproterozoic‐Ectasian age. This age agrees well with the ages from Postjotnian diabase dikes 
in W Finland 72. 

N‐S to NE‐SW contraction in a strike slip regime, indicates a syn‐ or post‐1.4–1.3 Ga age 
75. 

Two illite K‐Ar age determinations of <2 micron fraction fault breccia sampled from a subvertical fault 
zone OL‐BFZ100 show K‐Ar ages of 1385±27 Ma and 1373±27 Ma, which corresponds to a 
Mesoproterozoic‐Ectasian age related to Subjotnian or Postjotnian events 72. Rb‐Sr ages of 1.031 Ga, 
1.353 Ga and 1.365 Ga are reported on three illite samples 7,8. Most of the illite ages in Olkiluoto 
predate the age of the Post‐Jotnian olivine diabase dikes, which could start again or prolong the 
hydrothermal circulation 

1. 

K‐Feldspars from 4 samples from Olkiluoto and its vicinity show cooling below 225–275°C in period 
~1430–1525 Ma ago based on Ar‐Ar study 89. 

ENE‐WSW to NE‐SW extension between the period 1560 Ma and 1270 Ga 
75.  

Typical products of rapakivi induced hydrothermal alteration in Olkiluoto are Fe‐sulphides (pyrrhotite, 
pyrite), clay minerals (illite, smectite‐group, kaolinite) and calcite 1. Estimated temperature interval, 
based on fluid inclusion studies on fracture calcites, extends from slightly over 300°C to less than 100°C 
1,8,27. 

Greisen veins related to the late‐stage evolution of the rapakivi granites (Tarkki 1571±3 Ma, Väkkärä 
1548±3 Ma 

131) were formed when emanating fluids from the consolidating magma flowed into 
fractures in surrounding rocks, and the mineralisation of quartz, K‐feldspar, micas and iron‐rich chlorite 
took place. Accessory minerals in the veins include topaz, fluorite, garnet, beryl, genthelvite and 
bertnandite 

29. The orientations of the hydrothermal greisen‐related veins have three distinct maxima 
for vertical‐subvertical fractures striking approximately NNW‐SSE, NW‐SE and SWW‐NEE 75. The 
Greisenisation at Olkiluoto seems to have no significant volume, but it is a clear sign of the high heat 
production capacity of the rapakivi granites 1,30. Eight analyses on altered domains of pegmatitic 
granite zircon grains plot on a discordia line with an upper intercept age of 1.58 Ga clearly evidencing 
first the Rapakivi event and thereafter modern lead loss 74. 

Mesoproterozoic SSE‐NNW extension, diabase dikes intruded into subvertical fractures striking NE‐SW 
and E‐W at approximately 1560 Ma ago, and occur as planar dikes which transform into en echelon 
segments at the fracture tips 

76,75. 
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1.79–1.77 Ga: Orogenic collapse and lithospheric delamination stabilises the Fennoscandian Shield 57. 

1.80 Ga: Amalgamation of Laurentia, Fennoscandia, Amazonia, Sarmatia, and an unknown continent in 
the southwest comes to its end at 1.81–1.79 Ga 57. 

1.82 Ga: Peak of the Svecobaltic orogeny and onset of the Nordic orogeny. Oblique collision of 
Fennoscandia with Sarmatia results in the migration of a transform fault into the continent. This 
develops into a crustal‐scale shear zone that divides the Svecobaltic orogen into two different 
compressional regimes. A retreating subduction zone is active in the southwest and a transpressional 
regime prevails in the southeast. The Nordic orogeny starts with collision of Amazonia and 
Fennoscandia in the northwest and crustal‐scale thrusting takes place in the hinterland 

57. 

1.84 Ga: The Sarmatian crustal segment collides with the Fennoscandian crustal segment on the 
southeastern margin. This initiates the Svecobaltic orogeny expressed as basin inversion and thrusting. 
Subduction in the west and southwest is still active. Docking of Laurentia to Fennoscandia in the 
northeast leads to the emplacement of the Lapland granulite belt and reactivation of the Belomorian 
mobile zone 57. 

1.85 Ga: Subduction toward the southeast and northeast and NE begins at the southern margin, and 
large scale extension occurs in the hinterland 57. 

1.87 Ga: Attempted collapse of the Fennian orogen. At the western margin the subduction zone 
migrates southwards 57. 

1.88 Ga: Peak of the Fennian orogeny, a strong compressional stage. The Keitele‐Bergslagen collision 
results in strong shortening within the collision zone, overthrusting at the western margin of the 
Karelian craton, basin inversion in Lapland, and reactivation of the Lapland‐Savo suture zone. 
Subduction under the Bothnia is still active and back‐arc rifting occurs in the Skellefte district. Eastward 
subduction under the Norrbotten microcotinent (mc) commences and is followed by extension. Local 
extensional domains in the Kola and Belomorian areas develop 57. 

The Svecofennian metasedimentary and metavolcanic rocks were deposited 1890 Ma ago, but 
subsided within a few million years to depth of about 20 km 

134. 

1.89 Ga: Subduction switch over and onset of subduction toward the north under the Bothnia 
microcontinent (mc). Locking of subduction under the Keitele mc. Ocean is consumed by subduction 
toward the south under the combined Tavastia island arc and Bergslagen microcontinent (mc) 57. 

1.90 Ga: Docking of the Bothnia mc with the Norrbotten and Keitele mc. Differences in relative plate 
motions result in a transform fault between the Karelia and Bothnia mc. Subduction reversal and the 
onset of subduction toward the north under the Keitele mc 

57. 

1.91 Ga: Peak of the Lapland‐Kola and Lapland‐Savo orogenies. Initial stage of collision of the Bothnia 
mc with the Norrbotten and Keitele mc 57. 

1.93 Ga: Subduction and back‐arc rifting in the Lapland‐Kola area, westward subduction under the 
Keitele mc (Savo belt) and Norrbotten mc (Kittilä), and subduction towards the northeast under the 
Norrbotten mc (Knaften) 

57.  

2.06 Ga: Breakdown of the Archaean continent 57. 

Rifting of the Archaean craton continued during the Jatulian time at ~2.2–2.0 Ga 
77. 

Continental rifting of the stabilised Archaean craton was initiated at ~2.5–2.4 Ga 77. 

2.45 Ga: Fennoscandian Shield formed a unity with the Laurentia 77. 

~1.8 Ga: A post‐collisional period of intense uplift has been suggested in the Turku area, southwestern 
Finland 135. The present erosional level lay at a depth of 15 km 134. 

In the pelitic migmatite belt, D4 structures are local subvertical or SE‐dipping shear zones that strike N‐
S to NNE‐SSW 136. In the Pori area in the psammitic migmatite belt, D4 structures are local, open Z‐
shaped folds and dextral shear zones 90. D4 shear zones may be associated with the postorogenic 
granite‐intrusions of SW Finland dated at 1.82–1.77 Ga 

121,131,136. 

In southern Finland, the Fennian orogeny was followed by a new period of crustal shortening and 
thickening at 1.84–1.8 Ga, caused by an oblique continent‐continent collision between the 
Fennoscandian plate and the Sarmatian plate in the SE. This stage, defined as the Svecobaltic orogeny, 
includes thrusting towards the N and NW and development of W‐NW striking crustal‐scale shear 
system 57. The migmatites were folded during transpression. The stage is characterised by a strong 
thermal pulse, which caused high temperature (700–800°C) metamorphism, pressures of 4–5 kbar and 
almost total melting of the sedimentary rocks, manifested by potassium granites, dated at 1.85–1.82 
Ma 17,49,136. The peak metamorphism took place in Turku area in 1824±5 Ma 135. Regional D3 

deformation phase is related to these granites in the pelitic migmatite belt. The fold axis is generally 
horizontal or moderately plunging, and the fold limbs are often strongly sheared 135,136. However, in 
the psammitic migmatite belt, this phase is considered to have occurred at ~1.87 Ga 

86. 

The Fennian orogeny ended in orogenic collapse associated with regional extension and crustal 
thinning at 1.86–1.84 Ma 57. The temperature of the Svecofennian metamorphism is estimated at 650–
700°C and the pressure at 4–5 kbar, corresponding to the upper amphibolite facies under low‐pressure 
metamorphism. The peak temperature of 700–800°C was attained in the migmatite areas under 
pressures of 4–6 kbar 49. 

The earliest observed tectonic structure in SW Finland is biotite foliation S1 parallel to the bedding. The 
dominant foliation is usually penetrative S2 with tectonic/metamorphic segregation. D2 deformation is 
characterised by penetrative S2, recumbent or reclined F2 folds with NE‐SW‐trending subhorizontal to 
gently plunging fold axis and axial planes. D1/D2 deformation and associated metamorphism in SW 
Finland is related to a collision between two Svecofennian arc complexes, which would have taken 
place at 1.88–1.86 Ga 136,135. In the psammitic migmatite belt, the peak of metamorphism was attained 
during or after the D2 deformation 136. 

1.89–1.87 Ga: During the Fennian orogeny, several subduction systems developed and the collision of 
the microcontinents and the island arc complexes resulted in voluminous continental growth in the 
area, presently forming the major part of the Palaeoproterozoic area of the Fennoscandian Shield 

57. 
During the collision of the arc complexes, the supracrustal rocks were strongly deformed and 
migmatised. The collision is characterised by intense magmatic activity which appears as synorogenic 
granitoids, mainly dated at 1.89–1.88 Ga. In the Satakunta area they are mainly granodiorites, 
tonalites and trondhjemites 

1. 

The present Satakunta area was part of the island arc systems attached to several microcontinents 
prior to 1890 Ma, the supracrustal rocks of the area representing sedimentation in island arc 
environments 

57. 

1.9–1.8 Ga: Palaeoproterozoic bedrock of southern Satakunta can be subdivided into two main 
domains; a pelitic migmatite belt in the southwest and a psammitic migmatite belt in the northeast 1. 

Ar‐Ar analyses on muscovite and biotite of gneissic samples from Olkiluoto outcrops show cooling 
through 350°C and 300°C in range ~1787–1723 Ma and ~1784–1744 Ma, respectively 89. Analyses of 
white mica are mainly consistent, but differences in biotite and white mica ages between two samples 
(from depths of 145 and 515 m) may indicate offset along subhorizontal BFZ020 and BFZ021 systems. 

Semi‐brittle shearing associated with NNW‐SSE to WNW‐ESE contraction around 1.8 Ga ago 75. 

Deformation phase D5 created the latest ductile deformation structures detected at Olkiluoto. Steeply 
NE‐dipping pervasive schistosity and crenulation or small scale fold structures in certain mica rich and 
medium‐grained mica schist blocks are emblematic D5 elements 1. 

The age of the D4 deformation is estimated to be ca. 1.81 Ga. The estimation is based on the age of a 
coarse‐grained pegmatite granite spatially related to a D4 shear zone in the ONKALO access tunnel that 
yields a monazite U‐Pb age of 1811±5 Ma. Moreover, a KFP within a D4 shear zone in the tunnel has a 
monazite age of 1808±6 Ma 74. D4 deformation produced close to open folds (F4) with axial surfaces 
(S4) that strike NNE‐SSW and dip to the ESE, and ductile shear structures often sub‐parallel to the S4 
axial surfaces 1. 

Monazite U‐Pb ages in Olkiluoto pegmatitic granites range between ~1823–1817 Ma, and KFP yields 
ages of 1808±6 and 1804±3 Ma 74. Based on Ar‐Ar analyses on muscovite and hornblende, these dikes 
were intruded to cooled host rock (350–500°C) and did not reset the hornblende systematics 89. 

The approximate age of D3 deformation at Olkiluoto is 1.86–1.82 Ga, based on the U‐Pb age of a single 
pegmatitic granite dike that cuts the 1863 Ma old TGG gneiss, and is deformed by D3. The pegmatitic 
granite has a maximum age of ~1.86 Ga and a minimum age of 1823±3 Ma 71. Typical D3 elements can 
be found in three, fundamentally different structural settings; 1) regions or zones dominated by 
pervasive foliation and/or fold structures, 2) zones dominated by thrust related structural elements, 
and 3) zones dominated by structural elements developed in a strike slip or oblique slip shear 
environment 1. 

Ar‐Ar analyses on hornblendes of four gneiss samples from Olkiluoto outcrops indicate regional cooling 
through 500°C in ~1851–1844 Ma 89. 

Retrogressive metamorphism has affected the rocks following the main peak of metamorphism. These 
retrograde changes are, for example, sericitisation and saussuritisation of feldspars and chloritisation 
of mafic minerals. 

The pressure and temperature conditions during the culmination of regional metamorphism in 
Olkiluoto were about 660–700°C and 3.7–4.2 kbar. There was probably an earlier metamorphic stage 
in the pressure range of ~6 kbar. The major phase of metamorphism took place between deformation 
phases D2 and D3, and 1860–1820 Ma, which are the ages of pre‐metamorphic TGG‐rocks and cooling 
stage granitic leucosomes, respectively 126. 

The age of the D2 deformation is estimated to be close to 1.86 Ga, based on the magmatic U‐Pb zircon 
age of 1863±6 Ma for a TGG gneiss in the Ulkopää deformed in D2 and an U‐Pb age obtained for one 
D3‐related pegmatitic granite dike (maximum age ~1.86 Ga and minimum age 1823±3 Ma) that 
transects the gneiss. Also, D2‐deformed TGG gneisses in the central part of Olkiluoto has U‐Pb zircon 
ages of 1856±5 and 1851±5 Ma 71,72. Deformation phase D2 is the most significant phase of ductile 
deformation in Olkiluoto as it pervasively and homogeneously deforms the whole region. F2 folds are 
tight or isoclinal, often intrafolial structures due to high intensity of the deformation and strong 
migmatisation 

1. 

The lithological layering (S0) and the weak, subparallel biotite foliation or quartz‐feldspar segregation 
banding (S1) are prominent in restite blocks surrounded by strongly migmatitic material 1. 

Olkiluoto rocks contain inherited Palaeoproterozoic zircons dated to 2.1–1.9 Ga. Age distribution of 
inherited zircons resembles that of the Svecofennian sedimentary rocks 

73,74. 
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Neoarchaean   

~2.6–2.5 Ga: Based on palaeomagnetic studies, the Fennoscandian Shield was located north of lat. 60° 
when in Palaeo‐ and Mesoproterozoic it was between ‐30° and 30° 77. 

Sm‐Nd garnet whole rock ages record the cooling of the Iisalmi Complex granulites at ~2.6–2.5 Ga 
36. 

2.63 Ga: Granulite facies metamorphism in the Iisalmi Complex located in the Karelian province based 
on U‐Pb dating on monazite and zircon 36. 

   

2800 

3200 

Mesoarchaean   

2.9–2.7 Ga: The late Archaean orogenic event, Lopian cycle, is characterised by granitoid‐greenstone 
complexes of lower metamorphic grade 117. 

3.1–2.9 Ga: The early Archaean orogenic event, Samian cycle, is represented by high grade 
metamorphic migmatite and granitoid terrains 

117. 

 
Gneisses of Olkiluoto typically contain abundant inherited zircon cores and grains of Archaean ages 
(3.1–2.7 Ga) 73,74. 
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3600 

Palaeoarchaean   

~3.45 Ga: The earliest known fossils of stromatolites 34. 

U‐Pb analyses on zircons suggest a magmatic age of ca. 3.5 Ga for the trondhjemite gneiss in Siurua, 
considered the oldest rock so far identified in the Fennoscandian Shield 84. 

~3.85 Ga: Isotopically light carbon shows the earliest chemical signature of life 81. 
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Eoarchaean    ~4.0 Ga: Oldest rocks from the continental crust: Slave Province, Canada 10.     

4000 

4600 

Hadean   

~4.2 Ga: Oldest terrestrial minerals: detrital zircons from Australia 68. 

~4.5 Ga: Probable impact of a Mars‐sized or larger body with the Earth and formation of Moon 32,104. 

~4.6 Ga: Earth formed from the solar nebula 
14,20,99. 
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